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Preface

The U.S. light-duty vehicle fleet is responsible for about half the petroleum consumed
in this nation and about 17 percent of its greenhouse gas emissions. Concerns over national
security and climate change have increased interest in alternative ways to power the fleet.

Many technologies, with widely varying levels of current capability, cost, and com-
mercialization, can reduce light-duty vehicle petroleum consumption, and most of these
also reduce greenhouse gas emissions. However, any transition to achieve high levels of
reduction is likely to take decades. The timeframe of this study goes out to 2050. Project-
ing the cost and performance of technologies out that far entails many uncertainties. The
technical issues alone are extraordinarily complex and interrelated. Further, its statement of
task also asked the Committee on Transitions to Alternative Vehicles and Fuels to consider
the related policy options.

The committee’s analyses, while exploratory and not definitive, having significant uncer-
tainty, indicate that the costs and benefits of large reductions in petroleum consumption
and greenhouse gas emissions will both be substantial. Its work also suggests that policy
will be an essential element in achieving these reductions. Alternative vehicles and some
fuels will be more expensive than their current equivalents, at least for several decades, and
advanced technology could be used for increased power or other purposes rather than be
focused solely on reducing petroleum use and greenhouse gas emissions. Thus, it is criti-
cal to have a clear vision of the options and how they might be implemented if progress is
to be made efficiently with a minimum of disruption and a maximum of net benefits. This
report explores those options and the related issues, and it sheds light on the decisions the
nation may be making.

The members of the study committee worked extraordinarily hard on this task. I am
very grateful for their efforts. They represent a remarkably broad and accomplished group
of experts. Given the complex nature of the task at hand, producing a report that was sat-
isfactory in every detail to every member was challenging. Given the difficulty we have
had in achieving consensus, I will not attempt to summarize the result here. The report
speaks for itself.

The committee and I greatly appreciate the efforts made by our highly qualified consul-
tants and the many others who contributed directly to our deliberations via presentations
and discussions and the many authors on whose work we relied.

The committee operated under the auspices of the NRC’s Board on Energy and Envi-
ronmental Systems. We owe a special debt of gratitude to James Zucchetto, Alan Crane,
Evonne Tang, David Cooke, and Alice Williams of the NRC staff. In spite of what must have

Vil
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viii

seemed like an endless succession of in-person and conference call consultations among

the full committee and working groups, meetings to gather information, and revision of

the text, their energy and professionalism never wavered. The committee and I personally
offer our heartfelt thanks.

Douglas M. Chapin, Chair

Committee on Transitions to

Alternative Vehicles and Fuels

Copyright © National Academy of Sciences. All rights reserved.
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Overview

This National Research Council report assesses the
potential for reducing petroleum consumption and green-
house gas (GHG) emissions by the U.S. light-duty vehicle
fleet by 80 percent by 2050. It examines the technologies
that could contribute significantly to achieving these two
goals and the barriers that might hinder their adoption.
Four general pathways could contribute to attaining
both goals—highly efficient internal combustion engine
vehicles and vehicles operating on biofuels, electricity,
or hydrogen. Natural gas vehicles could contribute to the
additional goal of reducing petroleum consumption by 50
percent by 2030.

Scenarios identifying promising combinations of fuels
and vehicles illustrate what policies could be required to
meet the goals. Several scenarios are promising, but strong
and effective policies emphasizing research and develop-
ment, subsidies, energy taxes, or regulations will be neces-
sary to overcome cost and consumer choice factors.

All the vehicles considered will be several thousand
dollars more expensive than today’s conventional vehicles,
even by 2050, and near-term costs for battery and fuel cell
vehicles will be considerably higher. Driving costs per mile
will be lower, especially for vehicles powered by natural
gas or electricity, but vehicle cost is likely to be a significant
issue for consumers for at least a decade. It is impossible to
know which technologies will ultimately succeed, because
all involve great uncertainty. It is thus essential that policies
be broad, robust, and adaptive.

All the successful scenarios combine highly efficient
vehicles with at least one of the other three pathways. Large
gains beyond the standards proposed for 2025 are feasible

from engine and drivetrain efficiency improvements and
load reduction (e.g., weight and rolling resistance). Load
reduction will improve the efficiency of all types of vehicles
regardless of the fuel used.

If their costs can be reduced and refueling infrastructure
created, natural gas vehicles have great potential for reducing
petroleum consumption, but their GHG emissions are too
high for the 2050 GHG goal.

Drop-in biofuels (direct replacements for gasoline)
produced from lignocellulosic biomass could lead to large
reductions in both petroleum use and GHG emissions.
While they can be introduced without major changes in fuel
delivery infrastructure or vehicles, the achievable production
levels are uncertain.

Battery costs are projected to drop steeply, but limited
range and long recharge time are likely to limit the use of
all-electric vehicles mainly to local driving. Advanced bat-
tery technologies are under development, but all face serious
technical challenges.

Battery and fuel cell vehicles could become less expensive
than the advanced internal combustion engine vehicles of
2050. Fuel cell vehicles are not subject to the limitations of
battery vehicles, but developing a hydrogen infrastructure in
concert with a growing number of fuel cell vehicles will be
difficult and expensive.

The GHG benefits of all fuels will depend on their produc-
tion and use without large net emissions of carbon dioxide.
To the extent that fossil resources become a large source of
non-carbon transportation fuels (electricity or hydrogen),
then the successful implementation of carbon capture and
storage will be essential.
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Summary

Internal combustion engines operating on petroleum fuels
have powered almost all light-duty vehicles (LDVs) for the
past century. However, concerns over energy security from
petroleum imports and the effect of greenhouse gas (GHG)
emissions on global climate are driving interest in alterna-
tives. LDVs account for almost half of the petroleum use
in the United States, and about half of that fuel is imported
(EIA, 2011). LDVs also account for about 17 percent of the
total U.S. GHG emissions (EPA, 2012).

In response to a congressional mandate in the Senate’s
Fiscal Year 2010 Energy and Water Development Appropria-
tions Bill (Report 111-45) for the U.S. Department of Energy,
Energy Efficiency and Renewable Energy (DOE-EERE), the
National Research Council (NRC) convened the Committee
on Transitions to Alternative Vehicles and Fuels (see Appen-
dix B) to assess the potential for vehicle and fuel technology
options to achieve substantial reductions in petroleum use
and GHG emissions by 2050 relative to 2005. This report
presents the results of that analysis and suggests policies to
achieve the desired reductions. The statement of task (see
Appendix A) specifically asks how the on-road LDV fleet
could reduce, relative to 2005,

e  Petroleum use by 50 percent by 2030 and 80 percent
by 2050, and
e GHG emissions by 80 percent by 2050.

SCOPE AND APPROACH

Four general pathways could contribute to attaining both
goals—highly efficient internal combustion engine vehicles
(ICEVs) and vehicles operating on biofuels, electricity,
or hydrogen. Natural gas vehicles could contribute to the
additional goal of reducing petroleum consumption by 50
percent by 2030.

This study considered the following types of LDVs:

e [ICEVs that are much more efficient than those
expected to be available by 2025;

e Hybrid electric vehicles (HEVs), such as the Toyota
Prius;

e  Plug-in hybrid electric vehicles (PHEVs), such as the
Chevrolet Volt;

e Battery electric vehicles (BEVs), such as the Nissan
Leaf; BEVs and PHEVs are collectively known as
plug-in electric vehicles (PEVs);

e  Fuel cell electric vehicles (FCEVs), such as the Mer-
cedes F-Cell, scheduled to be introduced about 2014,
and

e  Compressed natural gas vehicles (CNGVs), such as
the Honda Civic Natural Gas.

The non-petroleum-based fuel technologies examined in
the study are hydrogen, electricity, biofuels, natural gas, and
liquid fuels made from natural gas or coal. For each fuel and
vehicle type, the committee determined current capability
and then estimated future performance and costs, plus bar-
riers to implementation, including safety and technology
development timelines. The report also comments on key
federal research and development (R&D) activities appli-
cable to fuel and vehicle technologies.

BEVs, FCEVs, and CNGVs! can operate only on their
specific fuel, although hydrogen and electricity can be
produced from a variety of sources that might or might not
involve the control of emissions of carbon dioxide, the main
GHG responsible for human-induced climate change. The
engines in ICEVs, HEVs, and PHEVs can use fuels produced
from petroleum, biomass, natural gas, or coal.

The committee recognizes the great uncertainties regard-
ing future vehicles and fuels, especially costs, timing of
technology advances, commercialization of those advances,

'Vehicles that operate on CNG can also be designed as dual-fuel vehicles
that can switch to gasoline when CNG is not available, or as hybrid electric
vehicles. To keep the analysis manageable, these options are not considered
in this report.
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SUMMARY

and their penetration into the market. As a result, the com-
mittee developed a range of estimates for use in this study.

For vehicle technologies, the committee used two sets
of assumptions for cost and performance: (1) midrange
estimates that are ambitious but reasonable goals in the
committee’s assessment; and (2) optimistic estimates which
are potentially attainable, but will require greater successes
in R&D and vehicle design. Both sets are predicated on
the assumption that strong and effective policies are imple-
mented to continually increase requirements or incentives
(at least through 2050) to ensure that technology gains are
focused on reducing petroleum use and GHG emissions.

Alternate assumptions were also developed for fuels to
aid in assessing uncertainties. For example, several produc-
tion processes were considered for hydrogen and biofuels,
and both conventional generation and low-GHG-emission
scenarios were considered for electricity.

In its assessment of the current state of LDV fuel and vehi-
cle technologies and their projections to 2050, the committee
built on earlier studies by the NRC and other organizations
as listed in Appendix D. In addition, the committee exam-
ined publicly available literature and gathered information
through presentations at open meetings. Insofar as possible,
the committee assessed the fuels and vehicle technologies on
a consistent and integrated basis. Its approach accounted for
important effects, including the following:

e Potential projected performance characteristics of
specific vehicles and fuel systems,

e Costs of the technologies including economies of

scale and learning,

Technical readiness,

Barriers to implementation,

Resource demands, and

Time and capital investments required to build new

fuel and vehicle technology infrastructure.

The committee also considered crosscutting technologies.
For vehicles, these included weight reduction and improve-
ments in rolling and aerodynamic resistance; for fuels, car-
bon capture and storage (CCS). In addition, the analysis took
into account sector-wide effects such as consumer prefer-
ences and potential changes in vehicle miles traveled (VMT).

The committee then analyzed the impact of the vari-
ous options. Vehicle performance was projected using a
model developed by the committee and its consultants that
estimates the impact of reductions in energy losses. Costs
were projected for expected technologies relative to a 2010
base vehicle. These analyses and the results are described
in Chapter 2. Efficiencies, costs, and performance charac-
teristics were analyzed consistently for all vehicle classes
and powertrain options, with the partial exception of travel
range. Fuel technologies were analyzed individually using
consistent assumptions and cost data across all fuels as
shown in Chapter 3.

The vehicle and fuel data were then used to forecast
future LDV fleet energy use and GHG emissions using
two models described in Chapter 5. VISION was used to
assess technology pathways to on-road fleets in 2050 based
on inputs from the vehicle and fuel analyses developed in
Chapters 2 and 3. LAVE-Trans—a spreadsheet model that
takes into account consumer choices (discussed in Chap-
ter 4), which are affected by vehicle and fuel characteristics,
costs, and policy incentives—was used to compare different
policy-driven scenarios. These scenarios are not intended as
predictions of the future but rather to evaluate the relative
potential impact on future petroleum use and GHG emissions
of technological success and policy options, and the resulting
costs and benefits.

By their nature, all models are simplifications and
approximations of the real world and will always be con-
strained by computational limitations, assumptions, and
knowledge gaps. All the models’ estimations depend criti-
cally on assumptions about technologies, economics, and
policies and should best be viewed as tools to help inform
decisions rather than as machines to generate truth or make
decisions. The LAVE-Trans model in particular uses the
committee’s assumptions about technological progress over
several decades, how people behave, what things cost and
what they are worth. It predicts, in a formal relational struc-
ture, how the vehicle fleet composition would then evolve
and what the impact would be on petroleum use and GHG
emissions. Some of the LAVE-Trans results were surprising,
but the committee examined them and the model, fixed mis-
takes, and revised assumptions, until it was satisfied with the
robustness of the outputs that resulted from the inputs. Even
so, there is considerable uncertainty about the results pre-
sented here. Input assumptions are estimates that may prove
inaccurate. The model’s handling of market relationships
may be simplistic. Nevertheless, as described in Chapter 5,
the results are robust for a variety of inputs, and, as long as
the results are used with an understanding of the models’
strengths and weaknesses, they should be valuable assets in
thinking about potential policy actions.

The major results of the committee’s work are listed
below; additional findings and policy options are embedded
in individual chapters of the report.

MEETING THE GOALS OF REDUCING PETROLEUM
USE AND GHG EMISSIONS

Finding: It will be very difficult for the nation to meet
the goal of a 50 percent reduction in annual LDV
petroleum use by 2030 relative to 2005, but with addi-
tional policies, it might achieve a 40 percent reduction.

Future petroleum use is likely to decline as more efficient
vehicles enter the market in response to the Corporate Aver-
age Fuel Economy (CAFE) standards and GHG requirements
for 2025, more than compensating for the increased number
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of vehicles on the road and the miles traveled. These vehicles
will be mainly ICEVs, with an increasing share of HEVs. In
addition, biofuels mandated by the Renewable Fuel Standard
(RFS) could displace a significant amount of petroleum fuels
by 2030, especially if coupled with advances in processes for
producing “drop-in” cellulosic biofuels (direct substitutes for
gasoline or diesel fuel).

Additional policy support may be required to promote
increased sales of CNGVs, BEVs, and FCEVs. Even then
the nation is unlikely to reach a 50 percent reduction in
petroleum use by 2030 because very little time remains for
achieving the required massive changes in the on-road LDV
fleet and/or its fuel supply. Many of the vehicles on the road
in 2030 will have been built by 2015, and these will lower
the fuel economy of the on-road fleet.

Finding: The goal of an 80 percent reduction in LDV
petroleum use by 2050 potentially could be met by
several combinations of technologies that achieve at
least the midrange level of estimated success. Contin-
ued improvement in vehicle efficiency, beyond that
required by the 2025 CAFE standards, is an important
part of each successful combination. In addition, bio-
fuels would have to be expanded greatly or the LDV
fleet would have to be composed largely of CNGVs,
BEVs and/or FCEVs.

The committee considers that large reductions in LDV
use of petroleum-based fuels are plausible by 2050, possibly
even slightly more than the 80 percent target, but achieving
reductions of this size will be difficult. A successful transi-
tion path to large reductions in petroleum use will require
not only long-term rapid progress in vehicle technologies for
ICEVs and HEVs, but also increased production and use of
biofuels, and/or the successful introduction and large-scale
deployment of CNGVs, BEVs with greatly improved bat-
teries, or FCEVs.

Extensive new fuel infrastructure would be needed for
FCEVs. CNGVs would require new supply lines in areas
where natural gas is unavailable or in limited supply, and
many filling stations. The infrastructure needed for BEVs
would mostly be charging facilities, since electricity supply
is already ubiquitous. The technology advances required do
not appear to require unexpected breakthroughs and can pro-
duce dramatic advances over time, but they would have to be
focused on reducing fuel use rather than allowing increases
in performance such as acceleration. Thus, a rigorous policy
framework would be needed, more stringent than the 2025
CAFE/GHG or RFS standards. Large capital investments
would be required for both the fuel and vehicle manufactur-
ing infrastructure. Further, alternative vehicles and some
fuels will be more expensive than the current technology
during the transition, so incentives to both manufacturers and
consumers may be required for more than a decade to spur

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

purchases of the new technology. Figure S.1 shows potential
petroleum use for technology-specific scenarios.

Finding: Large reductions are potentially achievable
in annual LDV GHG emissions by 2050, on the order
of 60 to 70 percent relative to 2005. An 80 percent
reduction in LDV GHG emissions by 2050 may be
technically achievable, but will be very difficult.
Vehicles and fuels in the 2050 time frame would have
to include at least two of the four pathways: much
higher efficiency than current vehicles, and operation
on biofuels, electricity, or hydrogen (all produced with
low GHG emissions). All four pathways entail great
uncertainties over costs and performance. If BEVs or
FCEVs are to be a majority of the 2050 LDV fleet, they
would have to be a substantial fraction of new car sales
by 2035.

Achieving large reductions in net GHG emissions from
LDVs is more difficult than achieving large reductions in
petroleum use. In addition to making all LDV highly effi-
cient so that their fuel use per mile is greatly reduced, it will
be necessary to displace almost all the remaining petroleum-
based gasoline and diesel fuel with fuels with low net GHG
emissions. This is a massive and expensive transition that,
because LDVs emit only about 17 percent of U.S. GHGs,
would have to be part of an economy-wide transition to
provide major GHG reduction benefits.

The benefits of biofuels depend on how they are produced
and on any direct or indirect land-use changes that could lead
to GHG emissions. Several studies indicate that sufficient
biomass should be available to make a large contribution to
meeting the goals of this study, but the long-term costs and
resource base for biofuels produced with low GHG emissions
need to be demonstrated. Hydrogen and electricity must be
produced with low-net-GHG emissions, and the costs of
large-scale production are uncertain. Achieving the goals
does not require fundamental breakthroughs in batteries, fuel
cell systems, or lightweight materials, but significant con-
tinuing R&D yielding sustained progress in cost reduction
and performance improvement (e.g., durability) is essential.

Overall, the committee concluded that LDV GHG emis-
sions could be reduced by some 60 percent to somewhat
more than 80 percent by 2050 as shown in Figure S.2. The
cost will be greater than that for meeting the 80 percent
petroleum reduction goal because options such as CNGVs, or
BEVs operating on electricity produced without constraints
on GHG emissions, cannot play a large role.

Finding: None of the four pathways by itself is pro-
jected to be able to achieve sufficiently high reduc-
tions in LDV GHG emissions to meet the 2050 goal.
Further, the cost, potential rate of implementation
of each technology, and response of consumers and
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FIGURE S.1 Estimated U.S. LDV petroleum use in 2030 and 2050 under policies emphasizing specific technologies. Midrange values are
the committee’s best estimate of the progress of the technology if it is pursued vigorously. All scenarios except the Committee Reference
Case (current policies, including the fuel economy standards for 2025) include midrange efficiency improvements. Controls for GHG emis-
sions from hydrogen and electricity production are not assumed because the main objective is to reduce petroleum use.
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manufacturers to policies are uncertain. Therefore,
an adaptive framework that modifies policies as tech-
nologies develop and as conditions change is needed
to efficiently move toward the long-term policy goals.

Continued improvements in vehicle efficiency, espe-
cially load reduction (e.g., through the use of light weight
but strong materials), are essential to achieving high GHG
reductions and are included in all scenarios as a key step in
improving the feasibility of all the other pathways. In addi-
tion, some combination of biofuels, BEVs, and FCEVs (with
the last two operating on low-GHG electricity or hydrogen)
must play a large role. Given the uncertainties surrounding
all four of these pathways, there is no single, clearly sup-
ported choice of vehicle and fuel system that will lead to 80
percent reduction in GHG emissions.

Much more efficient or alternative vehicles are currently
more costly than today’s ICEVs and their prices are projected
to remain high until the newer technologies are more mature.
Achieving an extensive transition by 2050 will thus require
government action. These transition costs are in addition to
those associated with bringing the technologies to readiness
and providing needed infrastructure.

Displacing the incumbent ICEVs and petroleum-based
fuels will be difficult. Technologies may not be as successful
as anticipated, and the policies to encourage them may not
be as successful as modeled by the committee. Furthermore
the costs would likely be very large early on, with benefits
occurring much later in time. It is essential, then, to ensure
that policies, especially those that focus on investment in
particular technologies, are not introduced too early (for
example, before those new fuel and vehicle technologies
are close to market readiness, taking into account the best
available information on consumer behavior) or too late
(for example, not allowing for the benefits of learning to
be realized and to contribute to meeting the goals). Further,
it is essential that policies are designed so that they can be
adapted to changing evidence about technology and market
acceptance, and to market conditions.

In pursuing these goals, costs and benefits of the intended
action should both be assessed. Action should be under-
taken only upon a reasoned determination that the benefits
of intended proposed regulation justify its costs. Scenario
analysis has identified strong tipping points for the transi-
tion to new vehicle technologies. If policies are insufficient
to overcome the early cost differentials, then the transition
to such technologies will not occur, and the costs will have
been largely wasted.

Finding: Substantial progress toward the goals of
reducing LDV petroleum use and GHG emissions is
unlikely unless these goals are set and pushed on a
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nationwide basis through strong and effective policy
intervention by the federal government.

All four transition paths are based on technology options
that are currently more expensive than their ICEV equivalent,
and some will require substantial infrastructure changes and
possibly consumer adaptation. Thus, success will depend
on consistent and sustained policies that support reduced
petroleum use and GHG emissions.

Finding: Even if the nation falls short of the 2050 goals,
there are likely to be environmental, economic and
national security benefits resulting from the petroleum
use and GHG emissions reductions that are achieved.

Finding: The CAFE standard has been effective in
reducing vehicle energy intensity, and further reduc-
tions can be realized through even higher standards
if combined with policies to ensure that they can be
achieved.

Policy Option: The committee suggests that LDV fuel
economy and GHG emission standards continue to be
strengthened to play a significant role after model year
2025 as part of this country’s efforts to improve LDV fuel
economy and reduce GHG emissions.

Finding: “Feebates,” rebates to purchasers of
high-fuel-economy (i.e., miles per gallon [mpg])
vehicles balanced by a tax on low-mpg vehicles is a
complementary policy that would assist manufactur-
ers in selling the more-efficient vehicles produced to
meet fuel economy standards.

Policy Option: The committee suggests that the U.S. gov-
ernment include “feebates’ as part of a policy package to
reduce LDV fuel use.

Finding: Several types of policies including a price
floor for petroleum-based fuels or taxes on petroleum-
based fuels could create a price signal against petro-
leum demand, assure producers and distributors that
there is a profitable market for alternative fuels, and
encourage consumers to reduce their use of petroleum-
based fuels. High fuel prices, whether due to market
dynamics or taxes, are effective in reducing fuel use.

The impact of increases in fuel prices, especially on low-
income and rural households, could be offset by using the
increased revenues from taxes or a price floor for reductions
in other taxes. Alternatively, some or all of the revenue gen-
erated could be used to replace income lost to the Highway

Copyright © National Academy of Sciences. All rights reserved.



Transitions to Alternative Vehicles and Fuels

SUMMARY

Trust Fund as gasoline sales decline, so that transport infra-
structure could continue to be supported.

Finding: Fuel cells, batteries, biofuels, low-GHG
production of hydrogen, carbon capture and storage,
and vehicle efficiency should all be part of the current
R&D strategy. It is unclear which options may emerge
as the more promising and cost-effective. At the pres-
ent time, foreclosing any of the options the committee
has analyzed would decrease the chances of achieving
the 2050 goals.

The committee believes that hydrogen/fuel cells are at least
as promising as battery electric vehicles in the long term and
should be funded accordingly. Both pathways show promise
and should continue to receive federal R&D support.

Policy Option: The committee supports consistent R&D to
advance technology development and to reduce the costs
of alternative fuels and vehicles. The best approach is to
promote a portfolio of vehicle and fuel R&D, supported by
both government and industry, designed to solve the criti-
cal technical challenges in each major candidate pathway.
Such primary research efforts need continuing evaluation
of progress against performance goals to determine which
technologies, fuels, designs, and production methods are
emerging as the most promising and cost-effective.

Finding: Demonstrations are needed for technologies
to reduce GHG emissions at appropriate scale (for
example, low-carbon hydrogen and CCS) to validate
performance, readiness, and safety. Integrated dem-
onstrations of vehicles and fueling infrastructure for
alternative vehicle and fuel systems will be necessary
to promote understanding of performance, safety, con-
sumer use of these alternatives, and other important
characteristics under real-world driving conditions.

Policy Option: The committee supports government involve-
ment in limited demonstration projects at appropriate scale
and at appropriate times to promote understanding of the
performance and safety of alternative vehicles and fuel-
ing systems. For such projects, substantial private sector
investment should complement the government investment,
and the government should ensure that the demonstration
incorporates well-designed data collection and analysis to
inform future policy making and investment. The infor-
mation collected with government funds should be made
available to the public consistent with applicable rules that
protect confidential data.

Finding: The commercialization of fuel and vehicle
technologies is best left to the private sector in response

to performance-based policies, or policies that target
reductions in GHG emissions or petroleum use rather
than specific technologies. Performance-based policies
for deployment (e.g., CAFE standards) or technology
mandates (e.g., RFS) do not require direct government
expenditure for particular vehicle or fuel technologies.
Additional deployment policies such as vehicle or fuel
subsidies, or quantity mandates directed at specific
technologies are risky but may be necessary to attain
large reductions in petroleum use and GHG emissions.
For alternative-vehicle and fuel systems, government
involvement with industry is likely to be needed to
help coordinate commercial deployment of alterna-
tive vehicles with the fueling infrastructure for those
vehicles.

Policy Option: The committee suggests that an expert
review process independent of the agencies implementing
the deployment policies and also independent of any politi-
cal or economic interest groups advocating for the technol-
ogies being evaluated be used to assess available data, and
predictions of costs and performance. Such assessments
could determine the readiness of technologies to benefit
Jrom policy support to help bring them into the market at
a volume sufficient to promote economies of scale. If such
policies are implemented, there should be specific goals and
time horizons for deployment. The review process should
include assessments of net reductions in petroleum use and
GHG emissions, vehicle and fuel costs, potential penetra-
tion rates, and consumer responses.

TECHNOLOGY- AND POLICY-SPECIFIC FINDINGS

Vehicles (Chapter 2)

e Large increases in fuel economy are possible with
incremental improvements in currently known
technology for both load reduction and drivetrain
improvements. The average of all conventional LDV's
sold in 2050 might achieve CAFE test values of 74
mpg for the midrange case. Hybrid LDVs might
reach 94 mpg by 2050. On-road fuel economy values
will be lower.

e To obtain the efficiencies and costs estimated in
Chapter 2, manufacturers will need incentives or
regulatory standards or both to widely apply the new
technologies.

e The unit cost of batteries will decline with increased
production and development; in addition, the energy
storage (in kilowatt-hours) required for a given vehi-
cle range will decline with vehicle load reduction and
improved electrical component efficiency. Therefore,
battery pack costs in 2050 for a 100-mile real-world
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travel range are expected to drop by a factor of about
5. However, even these costs are unlikely to create
a mass market for BEVs, because a battery large
enough for a 300-mile real-world range would still
present significant weight and volume penalties and
probably could not be recharged in much less than
30 minutes. Therefore, BEVs may be used mainly for
local travel rather than as all-purpose vehicles.
BEVs and PHEVs are likely to use lithium-ion bat-
teries for the foreseeable future. Several advanced
battery technologies (e.g., lithium-air) are being
developed that would address some of the drawbacks
of lithium-ion batteries, but their potential for com-
mercialization by 2050 is highly uncertain, and they
may have their own disadvantages.

PHEVs offer substantial amounts of electric-only
driving while avoiding the range and recharge-time
limitations of BEVs. However, their larger battery
will always entail a significant cost premium over
similar HEVs, and their incremental fuel savings will
decrease as the efficiency of HEVs improves.

The technical hurdles that must be surmounted to
develop an all-purpose vehicle acceptable to consum-
ers appear lower for FCEVs than for BEVs. However,
the infrastructure and policy barriers appear larger.
Well before 2050 the cost of FCEVs could actually
be lower than the cost of an equivalent ICEV, and
operating costs should also be lower. FCEVs are
expected to be equivalent in range and refueling time
to ICEVs.

If CNGVs can be made competitive (with respect to
both vehicle cost and refueling opportunities), they
will offer a quick and economical way to reduce
petroleum use, but as shown in Figure S.2, the reduc-
tions in GHG emissions are insufficient for CNGV's
to be a large part of a fleet that meets the 2050 GHG
goal.

Although fundamental technology breakthroughs
are not essential to reach the mpg, performance, and
cost estimates in Chapter 2, new technology develop-
ments would substantially reduce the development
cost and lead time. In particular, continued research
to reduce the costs of advanced materials and battery
concepts will be critical to the success of electric
vehicles.

Fuels (Chapter 3)

Meeting the GHG and petroleum reduction goals
requires a massive restructuring of the fuel mix used
for transportation. The use of petroleum must be
greatly reduced, implying retirement of crude oil pro-
duction and distribution infrastructure. Depending
on the progress in drop-in biofuels versus non-liquid
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fuels, refineries, pipelines, and filling stations might
also become obsolete. For BEVs to operate with low
GHG emissions, coal- and natural gas-fired electric-
ity generation might have to be greatly reduced unless
CCS proves cost-effective. Reliance on natural gas or
hydrogen for transportation would require additional
infrastructure. With currently envisioned technology,
sufficient biofuels could be produced by 2050 to meet
the goal of 80 percent reduction in petroleum use
if the committee’s vehicle efficiency estimates are
attained.

With increasing economic natural gas reserves and
growing domestic natural gas production mostly
from shale gas, there is enough domestic natural gas
to greatly increase its use for the transportation sector
without significantly affecting the traditional natural
gas markets. Currently the cost of natural gas is very
low ($2.5 to $3.5/million Btu) and could remain low
for several decades. Environmental issues associated
with shale gas extraction (fracking) must be resolved,
including leakage of natural gas, itself a powerful
GHG, and potential contamination of groundwater.
There are several opportunities, direct and indirect,
to use natural gas in LDVs, including producing
electricity for PEVs and producing hydrogen for
FCEVs. The fastest way to reduce petroleum use is
probably by direct combustion in CNGVs coupled
with efficiency improvements, but that approach is
likely to interfere with achieving the GHG goal in
2050.

Making hydrogen from fossil fuels, especially natural
gas, is a low-cost option for meeting future demand
from FCEVs, but such methods, by themselves, will
not reduce GHG emissions enough to meet the 2050
goal. Making hydrogen with low GHG emissions is
more costly (e.g., renewable electricity electrolysis)
or requires new production methods (e.g., photoelec-
trochemical, nuclear cycles, and biological methods)
or CCS to manage emissions. Continued R&D is
needed on low-GHG hydrogen production methods
and CCS to demonstrate that large amounts of low-
cost and low-GHG hydrogen can be produced.
Natural gas and coal conversion to liquid fuel (GTL,
CTL) can be used as a direct replacement for petro-
leum gasoline, but the GHG emissions from these
fuels are slightly greater than those from petroleum-
based fuels even when CCS is employed at the pro-
duction plant. Therefore, these fuels will play a small
role in reducing petroleum use if GHG emissions are
to be reduced simultaneously.

Carbon capture and sequestration is a key technol-
ogy for meeting the 2050 goal for GHG emissions
reductions. Insofar as fossil fuels are used as a source
of electricity or hydrogen to power LDVs, CCS will

Copyright © National Academy of Sciences. All rights reserved.



Transitions to Alternative Vehicles and Fuels

SUMMARY

be essential. The only alternatives are nuclear power
and renewable energy sources, including biofuels.
Applying CCS to biofuel production could result in
slightly negative net emissions.

Consumer Barriers (Chapter 4)

Widespread consumer acceptance of alternative
vehicles and fuels faces significant barriers, includ-
ing the high initial purchase cost of the vehicles and
the perception that such vehicles offer less utility and
convenience than conventional ICEVs. Overcoming
these barriers is likely to require significant govern-
ment policy intervention that could include subsidies
and vigorous public information programs aimed at
improving consumers’ familiarity with and under-
standing of the new fuels and powertrains. Consum-
ers are used to personal vehicles that come in a wide
variety of sizes, styles, and prices that can meet most
needs ranging from basic transportation to significant
cargo hauling. Conventional ICEVs can be rapidly
refueled by a plentiful supply of retailers, effectively
giving the vehicles unlimited range. Conversely, in
the early years, alternative vehicles will likely be lim-
ited to a few body styles and sizes and will cost from a
few hundred to many thousands of dollars more than
their conventional ICEV counterparts. Some will rely
on fuels that are not readily available or have limited
travel range, or require bulky energy storage that will
limit their cargo and passenger capacity.

Additional Findings from Policy Modeling (Chapter 5)

Including the social costs of GHG emissions and
petroleum dependence in the cost of fuels (e.g.,
via a carbon tax) provides important signals to the
market that will promote technological development
and behavioral changes. Yet these pricing strategies
alone are likely to be insufficient to induce a major
transition to alternative, net-low-carbon vehicle tech-
nologies and/or energy sources. Additional strong,
temporary policies may be required to break the
“lock-in” of conventional technology and overcome
the market barriers to alternative vehicles and fuels.
If two or more of the fuel and/or vehicle pathways
identified above evolve through policy and technol-
ogy development as shown in a number of the com-
mittee’s scenarios, the committee’s model calcula-
tions indicate benefits of making a transition to a
low-petroleum, low-GHG energy system for LDVs
that exceed the costs by a wide margin. Benefits
include energy cost savings, improved vehicle tech-
nologies, and reductions in petroleum use and GHG
emissions. Costs refer to the additional costs of the

transition over and above what the market is willing
to do voluntarily. However, as noted above, modeling
results should be viewed as approximations at best
because there is by necessity in such predictions a
great deal of uncertainty in estimates of both benefits
and costs. Furthermore, the costs are likely to be very
large early on with benefits occurring much later in
time.

It is essential to ensure that policies, especially those
that focus on investment in particular technolo-
gies, are not introduced before those new fuel and
vehicle technologies are close to market readiness
and consumer behavior toward them is well under-
stood. Forcing a technology into the market before
it is ready can be costly. Conversely, neglecting a
rapidly developing technology could lead to forgone
significant benefits. Policies should be designed to
be adaptable so that mid-course corrections can be
made as knowledge is gained about the progress of
vehicle and fuels technologies. Further, it is essential
that policies be designed so that they can be adapted
to changing evidence about technology and market
acceptance, and market conditions.

Depending on the readiness of technology and the
timing of policy initiatives, subsidies or regulations
for new-vehicle energy efficiency and the provision
of energy infrastructure may be required, especially
in the case of a transition to a new vehicle and fuel
system. In such cases, policy support might be
required for as long as 20 years if technological prog-
ress is slow (e.g., BEVs with lithium-ion batteries
may require 20 years of subsidies to achieve a large
market share).

Advance placement of refueling infrastructure is
critical to the market acceptance of FCEVs and
CNGVs. It is likely to be less critical to the market
acceptance of grid-connected vehicles, since many
consumers will have the option of home recharg-
ing. However, the absence of an outside-the-home
refueling infrastructure for grid-connected vehicles
is likely to depress demand for these vehicles.
Fewer infrastructure changes will be needed if the
most cost-effective solution evolves in the direction
of more efficient ICEVs and HEVs combined with
drop-in low-carbon biofuels.

Research is needed to better understand key factors
for transitions to new vehicle fuel systems such as
the costs of limited fuel availability, the disutility of
vehicles with short ranges and long recharge times,
the numbers of innovators and early adopters among
the car-buying public, as well as their willingness
to pay for novel technologies and the risk aversion
of the majority, and much more. More information
is also needed on the transition costs and barriers to
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production of alternative drop-in fuels, especially
on the type of incentives necessary for low-carbon
biofuels. The models this committee and others have
used to analyze the transition to alternative vehicles
and/or fuels are first-generation efforts, more useful
for understanding processes and their interactions
than for producing definitive results.

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS
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Internal combustion engines (ICEs) operating on petro-
leum fuels have powered almost all light-duty vehicles
(LDVs) for a century. The dominance of ICEs over steam
and batteries has been due to their low cost, high power
output, readily available fuel, and ability to operate for long
distances in a wide range of temperatures and environmental
conditions. Although ICEs can run on many fuels, gasoline
and diesel have remained the fuels of choice because of
their low cost and high energy density, allowing hundreds
of miles of driving before refueling. Crude oil has remained
the feedstock of choice for these fuels because production
has kept pace with demand and world reserves have actually
been expanded as a result of ongoing technological progress.
The co-evolution and co-optimization of ICE and petroleum-
based fuel technology, infrastructure, and markets have
proven resilient to challenges from market forces such as
oil price spikes in a geopolitically complex world oil market
as well as environmental policies such as tailpipe pollution
reduction requirements.

For nearly 40 years, energy security concerns have moti-
vated efforts to reduce the use of petroleum-based fuels.
LDVs consume about half the petroleum used in the United
States, and about half is imported, tying Americans to a
world oil market that is vulnerable to supply disruptions
and price spikes and contributing about $300 billion to the
nation’s trade deficit (EIA, 2011).

More recently, concerns have been growing over emis-
sions of carbon dioxide (CO,), the most important of the
greenhouse gases (GHGs) that threaten to cause serious
problems associated with global climate change.! Petroleum
use is the largest source of GHG emissions in the United
States. Because LDVs account for the single largest share of
U.S. petroleum demand and directly account for 17 percent

! As used in this report, GHG means the total of all greenhouse gases, as
converted to a common base of global warming potential, i.e., CO, equiva-
lent (CO,e). For tail pipe emissions, CO, is used.
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of total U.S. GHG emissions (EPA, 2012), they have become
the subject of policies for mitigating climate change.

For these reasons, U.S. policy makers seek to both
improve the fuel efficiency of LDVs and promote the
development and adoption of alternative fuels and vehicles
(AFVs). Here “alternative fuels” refers to non-petroleum-
based fuels, including plant-based fuels that are otherwise
essentially identical to gasoline or diesel fuel, and to pow-
ertrains much more efficient than today’s or capable of using
alternative fuels, including non-liquid energy carriers such as
natural gas, hydrogen, and electricity. Numerous studies have
addressed these issues over the years, reflecting the interest in
these goals. Substantial but uneven progress has been made
on LDV efficiency, and a small but significant penetration of
hybrid electric vehicles in the marketplace has contributed to
this goal. Otherwise little progress has been made on AFVs
in the marketplace beyond the quantities of ethanol still used
almost exclusively in gasoline blends.

Since its beginnings over 100 years ago, the automo-
tive sector has succeeded through a combination of private
market forces and public policies. The energy use and GHG
emissions challenges with which we now are grappling are
the unintended and largely unforeseen by-products of that
success.

This report is the result of a study by a committee
appointed to evaluate and compare various approaches to
greatly reducing the use of oil in the light-duty fleet and GHG
emissions from the fleet. As specified in the statement of task
(Appendix A), the Committee on Transitions to Alternative
Vehicles and Fuels was charged with assessing the status
of and prospects for technologies for LDVs and their fuels,
and with estimating how the nation could meet one or both
of two goals:

1. Reduce LDV use of petroleum-based fuels by 50
percent by 2030 and 80 percent by 2050.

2. Reduce LDV emissions of GHGs by 80 percent by
2050 relative to 2005.
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The 2050 petroleum reduction goal is easier to meet than
the 2050 GHG goal because more options can be employed.
In fact, reducing GHGs by 80 percent is likely to require
reducing petroleum use by at least 80 percent. Petroleum
use by the light duty fleet was 125 billion gallons gasoline
in 2005 (EIA, 2011), so the targets are 62.5 billion gallons
in 2030 and 25 billion in 2050.

GHG emissions from the LDV fleet in 2005 were 1,514
million metric tons of CO, equivalent (MMTCO,¢) on a
well-to-wheels basis (EPA, 2012). An 80 percent reduction
from that level means that whatever fleet is on the road in
2050 can be responsible for only 303 MMTCO ,¢e/year. That
is the budget within which the fleet must operate to meet
the goal.

Achieving an 80 percent reduction in LDV-related emis-
sions is only possible with a very high degree of net GHG
reduction in whatever energy supply sectors are used to
provide fuel for the vehicles. In short, it is not possible to
greatly “de-carbonize” LDV without greatly de-carbonizing
the major energy supply sectors of the economy.

The committee determined potential costs and perfor-
mance levels for the vehicle and fuel options. Because of the
great uncertainty in estimating vehicle cost and performance
in 2050, the committee considered two levels, midrange and

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

optimistic. Midrange goals for cost and performance are
ambitious but plausible in the committee’s opinion. Meeting
this level will require successful research and development
and no insurmountable barriers, such as reliance on critical
materials that may not be available in sufficient quantities.
The more optimistic goals are stretch goals: possible without
fundamental technology breakthroughs, but requiring greater
R&D and vehicle design success. All the vehicle and fuel
cost and performance levels are based on what is achievable
for the technology.

Other factors also will be very important in determining
what is actually achieved. In particular, government policy
will be necessary to help some new and initially costly
technologies into the market, consumer attitudes will be
critical in determining what technologies are successful,
and of course, the price and availability of gasoline will be
important in determining the competitiveness of alternative
vehicles and fuels.

1.1 APPROACH AND CONTENT

To analyze all these issues, the committee constructed
and analyzed various scenarios, combining options under the
midrange and optimistic cost and performance levels to see

BOX 1.1
Analytical Techniques Used in This Report

The committee relied on four models to help form its estimates of future vehicle characteristics, their penetration into the market, and the impact on
petroleum consumption and GHG emissions. Chapter 2 and Appendix F describe two of the models. One is an ICEV model developed by a consultant
that projects vehicle efficiency out to 2050 by focusing on reduction of energy losses, rather than the usual technique of adding efficiency technologies
until the desired level is reached. The committee’s approach avoids the highly uncertain predictions of which technologies will be employed several
decades from now and ensures that efficiency projections are physically achievable and that synergies between technologies are appropriately ac-
counted for. The second is a spreadsheet model of technology costs developed by the committee, which focused on applying consistent assumptions
across all of the different powertrain types. The analytical approach for both models is fully documented and the data are available in Appendix F. The
methodology and results for both of these models were intensively reviewed by the committee, the committee staff, another consultant, and experts
from FEV, Inc., an engineering services company. Reviewers of this report were also selected for their ability to understand this approach, which they
endorsed.

The VISION and LAVE-Trans models are described in Chapter 5 and Appendix H. VISION is a standard model for analyzing transportation scenarios
for fuel use and emissions. It is freely available through the U.S. Department of Energy. The committee modified it for consistency with the committee’s
assumptions such as on vehicle efficiencies and usage and fuel availability. The committee carefully monitored the modifications and reviewed the
results, which are consistent with other analyses.

LAVE-Trans is a new model developed by a committee member for an analysis of California’s energy future and expanded to the entire nation by
the committee. It is unique among models in that it explicitly addresses market responses to factors such as vehicle cost and range, aversion to new
technology, and fuel availability. It analyzes the effectiveness of policies in light of these market responses. The committee and staff spent considerable
time reviewing LAVE-Trans and its results. In addition to presentations and discussions at committee meetings, one committee member and the study
director spent a day going over the model with the developer and his associates. Another committee member examined intermediate calculations as
well as model outputs. The results were also compared to VISION results for identical inputs and assumptions. These examinations led to recalibra-
tions and changes in model assumptions. Reviewers of this report were also selected for their ability to understand the model, and they confirmed its
validity.
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how the petroleum and GHG reduction goals could be met.
It also explored how consumers might react to new technolo-
gies. Then the committee compared the technological and
economic feasibility of meeting the goals using the available
options, the environmental impacts of implementing them,
and changes in behavior that might be required of drivers
to accommodate new technologies. Finally, the committee
examined the policies that might be necessary to implement
the scenarios.

Vehicle options are explored in Chapter 2 and fuels in
Chapter 3. Chapter 4 discusses factors that will affect con-
sumer choices in considering which vehicles to purchase,
and Chapter 5 describes how the scenario modeling was done
and the results. Box 1.1 briefly describes the models used in
Chapters 2 and 5 and how they were validated.
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Chapter 6 discusses policies that could enable the vari-
ous options and encourage their penetration into the market
as needed to implement the scenarios. Finally, Chapter 7
discusses the committee’s suggested policy options that are
drawn from Chapter 6. Several current policies are encour-
aging actions that will reduce GHG emissions and petro-
leum use. The Corporate Average Fleet Economy (CAFE)
standards require vehicle manufacturers to sell efficient
vehicles. The Renewable Fuel Standards mandate the use of
biofuels. Box 1.2 briefly describes these policies. In addition,
tax credits for battery vehicles encourage consumers to buy
them. Fuel taxes, carbon reduction measures such as carbon
taxes, and other standards and subsidies also could be used.
State and local policies may also be important, particularly
in the absence of activist federal policies, but the focus of

BOX 1.2
U.S. Policies Directly Affecting Fuel Consumption

U.S. Corporate Average Fuel Economy (CAFE) Standards

From the mid-1970s through 2010, the United States had one set of standards that applied to passenger cars and another set that applied to
light-duty trucks. These standards were administered by the National Highway Traffic Safety Administration (NHTSA) of the U.S. Department of Trans-
portation, following requirements in legislation passed by the U.S. Congress in 1975. They first became effective in the 1978 model year. The standard
for passenger cars that year was 18.0 miles per gallon (mpg). The standard increased to 27.5 mpg for the 1985 model year and varied between that
level and 26.0 mpg from model year 1986 through model year 1989. In model year 1990 it was raised again to 27.5 mpg and remained at that level
through model year 2010. The first combined light truck standard applied to model year 1985 vehicles and was set at 19.5 mpg. The light truck standard
ranged between 20.0 and 20.7 mpg between model years 1986 and 1996, remained at 20.7 mpg for model years 1996 through 2004, and increased
to 23.5 mpg by model year 2010.

More recently, the federal government implemented two new sets of standards. In 2010, complementary standards were set by the Environmental
Protection Agency (EPA) based on greenhouse gas (GHG) emissions and by NHTSA based on fuel economy. NHTSA's CAFE standard for 2016 was set
at 34.1 mpg for cars and light trucks. In 2012, new standards were set by EPA and NHTSA through 2025, although the NHTSA standards for 2022-2025
are proposed and not yet final, pending a midterm review. NHTSA's CAFE standard for 2025 is 48.7-49.7 mpg. If flexibilities for paying fines instead
of complying, flexible fuel vehicle (FFV) credits, electric vehicle credits, and carryforward/carryback provisions are considered, NHTSA estimated that
the CAFE level would be 46.2-47.4 mpg. This does not consider off-cycle credits, which could further reduce the test cycle results by up to 2-3 mpg.
Thus, for comparison purposes, the committee used 46 mpg as the tailpipe mpg levels comparable to the committee’s technology analyses in Figure
2.1. Also note that on-road fuel economy will be significantly lower—the committee used a discount factor of 17 percent in assessing in-use benefits
in Chapter 5. The standards are discussed in more detail in Chapter 5. In particular, see Box 5.1.

Renewable Fuel Standard

The federal Renewable Fuel Standard (RFS) was created under the Energy Policy Act of 2005 because Congress recognized “the need for a diversi-
fied portfolio of substantially increased quantities of . . . transportation fuels” to enhance energy independence (P.L. 109-58). The RFS was amended
by the Energy Independence and Security Act (EISA) of 2007 which created what is referred to as RFS2. RFS2 mandates volumes of four categories of
renewable fuels to be consumed in U.S. transportation from 2008 to 2022. The four categories are:

o Conventional biofuels—15 billion gallons/year of ethanol derived from corn grain or other biofuels.

e Biomass-based diesel—currently 1 billion gallons/year are required.

o Advanced biofuels from cellulose or certain other feedstocks that can achieve a life-cycle GHG reduction of at least 50 percent.

e Cellulosic biofuels, which are renewable fuels derived from any cellulose, hemicellulose, or lignin from renewable biomass and that can
achieve a life-cycle GHG reduction threshold of at least 60 percent. In general, cellulosic biofuels also qualify as renewable fuels and advanced
biofuels.
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this report is on actions the federal government can take.
Chapters 6 and 7 estimate the relative effectiveness of U.S.
policies in achieving the goals of this study.

The vehicle and fuel options discussed in this report gen-
erally are more expensive and/or less convenient for consum-
ers than those that are available now. The societal benefits
they provide (in particular, lower oil consumption and GHG
emissions) will not, by themselves, be sufficient to ensure
rapid penetration of the new technologies into the market.
Therefore strong and effective policies will be necessary to
meet the goals of this study. By “strong public policies,” the
committee means options such as steadily increasing fuel
standards beyond those scheduled for 2025, measures to
substantially limit the net GHG emissions associated with
the production and consumption of LDV fuels, and large-
scale support for electric vehicles or fuel cell vehicles to help
them overcome their high initial cost and other consumer
concerns. It also may be necessary to have policies that
ensure that the fuels required by alternative powertrains are
readily available.

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

Although the committee is generally skeptical of the value
of the government picking winners and losers, the goal of
drastically reducing oil use inherently entails a premise of
picking a loser (oil) and developing (and perhaps promoting)
winners among a set of vehicles and fuel resources.

In turn, implementation of such policies is likely to
depend on a strong national imperative to reduce oil use and
GHG emissions. The committee has not studied such an
imperative but notes that, given the length of time needed to
make major changes in the nation’s light-duty vehicle fleet,
additional policies will be needed soon to meet the goals.
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Alternative Vehicle Technologies:
Status, Potential, and Barriers

2.1 INTRODUCTION AND OVERALL FRAMEWORK
FOR ANALYSES

Virtually all light-duty vehicles on U.S. roads today have
internal combustion engines (ICEs) that operate on gasoline
(generally mixed with about 10 percent ethanol produced
from corn) or diesel fuel. To achieve very large reductions
in gasoline use and greenhouse gas emissions from the light-
duty fleet, vehicles in 2050 must be far more efficient than
now, and/or operate on fuels that are, on net, not based on
petroleum and are much less carbon-intensive. Such fuels
include some biofuels, electricity, and hydrogen. This chap-
ter describes the vehicle technologies that could contribute
to those reductions and estimates how their costs and perfor-
mance may evolve over coming decades. Chapter 3 considers
the production and distribution of fuels and their emissions.

Improving the efficiency of conventional vehicles, includ-
ing hybrid electric vehicles (HEVs), is discussed first.! It is,
up to a point, the most economical and easiest-to-implement
approach to saving fuel and reducing emissions. It includes
reductions of the loads the engine must overcome, spe-
cifically vehicle weight, aerodynamic resistance, rolling
resistance, and accessories, plus improvements to the ICE
powertrain and HEV electric systems However, if improved
efficiency was the only way to meet the goals, then, for
the expected vehicle miles traveled (VMT) in 2050, the
average on-road fleet fuel economy would have to exceed
180 mpg.? Since that is extremely unlikely, at least with

'All fuel economy (mpg) and fuel consumption numbers discussed in
Chapter 2 are based on unadjusted city and highway test results or simula-
tions, and do not include in-use efficiency adjustments.

>To meet the goal of 303 million metric tons of carbon dioxide equivalent
(MMTCO,ge), 80 percent reduction from the 1514 light duty fleet emissions
in 2005, with gasoline responsible for 10.85 kilograms CO,e/gallon (8.92
from the tail pipe, the rest from refining and other upstream activities), at
most only 28 billion gallons/year could be used (vs. 125 billion now). VMT
in 2050 is expected to be about 5 trillion miles (see Chapter 5). Therefore,
if the goal were to be met only with efficiency and no advanced vehicle
or fuel technology, average economy would have to be 180 mpg. For this
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currently identifiable technologies, additional options will
be needed. Options considered by the committee include
biofuels (discussed in Chapter 3), plug-in hybrid electric
vehicles (PHEVs), battery-electric vehicles (BEVs [PHEVs
and BEVs are collectively referred to as plug-in vehicles,
PEVs)), fuel cell electric vehicles (FCEVs), and ICE vehicles
(ICEVs) using compressed natural gas (CNGVs).

ICEVs and PHEVs will require little or no modification to
operate on “drop-in” biofuels or synthetic gasoline derived
from natural gas or coal. Vehicles that are powered by elec-
tricity or hydrogen are very different from current vehicles as
described later in this chapter. CNGVs are also discussed, as
they require a much larger fuel tank and other modifications.
Upstream impacts of producing and providing electricity,
hydrogen, and CNG are discussed in Chapter 3.

All these alternative vehicle options currently are more
expensive than conventional ICEVs. The rate at which
research and development (R&D) improves the performance
and reduces the cost of new technologies is highly uncer-
tain. To address this uncertainty, the analysis in this chapter
considers two technology success pathways. The midrange
case is the committee’s best assessment of potential cost and
performance should all technologies be pursued vigorously.
The committee also developed a stretch case with more
optimistic, but still feasible, assumptions about advances
in technology and low-cost manufacturing. Details of the
technology assessments are in Appendix F.

The committee’s estimates are not based on detailed
evaluations of all the specific technologies that might be used
by 2050. It is impossible to know exactly which technolo-
gies will be used that far in the future, especially since major
shifts from current technology will be necessary to meet this
study’s goals for reduced light-duty vehicle (LDV) petroleum

case only, the 80 percent oil reduction goal (28 billion gallons) is identical
to the GHG goal.
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use and GHG emissions.? The optimistic and midrange
estimates reflect the committee’s appraisal of the overall
development challenges facing the general pathways, and the
promise of the various technologies that might be employed
to meet the challenges. These estimates do not consider
issues of market acceptance, which are addressed in Chapters
4 and 5, and are not based on specific policies to encourage
market acceptance. Both estimates assume that policies are
adopted that are sufficiently effective to overcome consumer
and infrastructure barriers to adoption.

The committee reviewed a wide range of studies on
technology potential and cost but was not able to find a
study based on up-to-date technology assumptions and a
consistent methodology for all types of technologies through
2050. The 2017-2025 light duty fuel economy standards
were based on analyses that included major improvements
in data and estimation of technology benefits and costs, but
assessed technology only through 2025 (EPA and NHTSA,
2011). The 2009 MultiPath study (ANL, 2009) used a con-
sistent methodology through 2050, but it lacked this recent
data. Thus, the committee performed its own assessment of
technology effectiveness and costs, as described below and
in Appendix F.

In order to compare technologies, all costs discussed in
this chapter assume the economies of scale from high volume
production even in the early years when production is low.
The modeling in Chapter 5, which estimates the actual costs
of following specific trajectories, modified these costs for
early and low-volume production.

Great care was taken to apply consistent assumptions to
all of the technologies considered. For example, the same
amount of weight reduction was applied to all vehicle types,
and vehicle costs were built up from one vehicle type to the
next (e.g., hybrid costs were estimated based on changes from
conventional vehicles, and PEV costs were based on changes
from hybrid vehicles). This approach does not reduce the
large uncertainty in forecasting future benefits and costs,
but it does help ensure that the relative differences in costs
between different technologies are appropriately assessed
and are more accurate than the absolute cost estimates.

The committee made every attempt to ensure accurate
technology assumptions. Fundamental limitations for all
technologies were considered for all future assessments,
such as the ones discussed below for lithium-ion (Li-ion)
battery chemistry and for engine losses. As these limits
were approached, the rate of technology improvement was

3The committee did not assess GHG emissions from the production of
vehicles or include such emissions in its analyses of emissions trends later
in this report. Given that vehicles are expected to last about 15 years, any
differences in production emissions will not make a large difference in
lifetime emissions. In addition, data on emissions from the production of
vehicles is poor, and estimates for advanced vehicles in several decades will
be even more uncertain.
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slowed down to ensure that the estimates stayed well short
of the limits.

On the other hand, learning occurs primarily because
manufacturers are very good at coming up with better and
more efficient incremental improvements. For example,
10 years ago technology that uses turbochargers to boost
exhaust gas recirculation (EGR) was virtually unknown for
gasoline engines. This new development, enabled by sophis-
ticated computer simulations and design, has the potential
to improve overall ICEV efficiency by about 5 percent.
Certainly some of the currently known technologies will not
pan out as planned, but it is equally certain that there will
be incremental improvements beyond what we can predict
now. The estimates in this chapter reflect an effort to strike
a careful balance between these considerations.

Learning also applies to cost. Historically, technol-
ogy costs have continuously declined due to incremental
improvements. For example, 6-speed automatic transmis-
sions, currently the most common type, are cheaper to
manufacturer than 4-speed automatic transmissions, thanks
to innovative power flow designs that allow additional gear
combinations with fewer clutches and gearsets.

Although significant continuing R&D yielding sustained
progress and cost reduction in all areas is essential, the
technology estimates used for the committee’s analyses do
not depend on any unanticipated and fundamental scientific
breakthroughs in batteries, fuel cell systems, lightweight
materials, or other technologies. Therefore the estimates for
improvements may be more readily attained, especially for
2050, when technology breakthroughs are quite possible.
For example:

e Batteries beyond Li-ion were not considered for
PEVs because the challenges facing their develop-
ment make their availability highly speculative.

e Fuel cell efficiency gains were much less than
theoretically possible, based on the assumption that
developers will consider reducing the cost of produc-
ing a given power level to be more important.

e Reducing weight with carbon fiber materials was not
included in the analyses, because the committee was
uncertain if costs would be low enough by 2050 for
mass market acceptance.

e  The annual rate of reduction for the various vehicle
energy losses was assumed to diminish after 2030,
usually to about half of the historical rate of reduction
or the rate projected from 2010 to 2030. This reflects
reaching the limits of currently known technology
and implicitly assumes that the rate of technology
improvements will slow in the future, despite the
current trend of accelerating technology introduction.

e Only turbocompounding was considered for waste
heat recovery, even though other methods with much
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higher potential waste heat recovery rates are being
researched (Ricardo, 2012).

e Radical new ICE combustion techniques with poten-
tially higher thermal efficiency were not considered
due to uncertainty about cost and durability. In fact,
the assumptions for thermal energy in the commit-
tee’s modeling for the 2030 optimistic and 2050 mid-
range cases were very similar to the efficiency levels
considered achievable by Ford’s next generation
Eco-Boost engine with “potentially up to 40% brake
thermal efficiency . . . at moderate cost” (Automotive
Engineering, 2012).

2.2 VEHICLE FUEL ECONOMY AND COST
ASSESSMENT METHODOLOGY

2.2.1 Fuel Economy Estimates

This committee’s approach to estimating future vehicle
fuel economy differs from most projections of future ICE
efficiency, which have generally assessed the benefits of
specific technologies that can be incorporated in vehicle
designs (see Appendix F). Such assessments work well for
estimates out 15 to 20 years, but their usefulness for 2050
suffers from two major problems. One is that it is impossible
to know what specific technologies will be used in 2050.
The traditional approaches taken to assess efficiency, such
as PSAT and ADVISOR, depend on having representative
engine maps, which do not exist for the engines of 2050.
The second is that as vehicles approach the boundaries of
ICE efficiency, the synergies, positive and negative, between
different technologies become more and more important; that
is, when several new technologies are combined, the total
effect may be greater or less than the sum of the individual
contributions.

The three-step approach used here avoids these problems.
First, for ICE and HEV technologies, sophisticated computer
simulations conducted by Ricardo were used to establish
powertrain efficiencies and losses for the baseline and 2030
midrange cases.* These simulations fully accounted for
synergies between technologies. Second, the efficiencies and
losses of the different powertrain components and catego-
ries were determined. Using these categories to extrapolate
efficiencies and losses allowed the committee to properly
assess synergies through 2050. Third, the estimates of future
efficiencies and losses were simultaneously combined with
modeling of the energy required to propel the vehicle as
loads, such as weight, aerodynamics, and rolling resistance,
were reduced. This approach ensures that synergies are prop-

4The committee accepts the Ricardo results. However, it should be noted
that they are based in part on input data that has not been peer reviewed
because it is proprietary.

erly assessed and that the modeled efficiency results do not
violate basic principles.

The committee estimated conventional powertrain
improvements using the results of sophisticated simulation
modeling conducted by Ricardo (2011). This modeling was
used by the U.S. Environmental Protection Agency (EPA) to
help set the proposed 2025 light-duty vehicle CO, standards.
Ricardo conducted simulations on six different vehicles,
three cars and three light trucks, which examined drivetrain
efficiency (not load reduction) in the 2020-2025 timeframe.
The simulations were based on both existing cutting-edge
technologies and analyses of technologies at advanced stages
of development.

EPA post-analyzed Ricardo’s simulation runs and appor-
tioned the losses and efficiencies to six categories—engine
thermal efficiency, friction, pumping losses, transmission
efficiency, torque converter losses, and accessory losses. The
committee used these results as representative of potential
new-vehicle fleet average values in 2025 for the optimistic
case and in 2030 for the midrange case. The 2050 mid-level
and 2050 optimistic vehicles were constructed by assuming
that the rates of improvement in key drivetrain efficiencies
and vehicle loads would continue, although at a slower rate,
based on the availability of numerous developing technolo-
gies and limited by the magnitude of the remaining oppor-
tunities for improvement.

Baseline inputs for 2010 ICEVs were developed by
the committee from energy audit data that corresponded
with specific baseline fuel economy. The model calculates
changes in mpg based on changes in input assumptions over
EPA’s test cycles. Additional details of the model are in
Appendix F. The results were averaged to one car and one
truck for analysis in the scenarios, but the analysis for all six
vehicles is in Appendix F.

Starting with the results for ICEVs, the energy audit
model was then applied to the other types of vehicles consid-
ered in this report for each analysis year and for the midrange
and optimistic scenarios. PHEVs were assumed to have fuel
economy identical to their corresponding BEVs® while in
charge-depleting mode (that is, when energy is supplied by
the battery) and to HEVs in charge-sustaining mode (when
energy is supplied by gasoline or diesel). Natural gas vehicles
were assumed to have the same efficiency as other gasoline
fueled vehicles.

Care was taken to use consistent assumptions across the
different technologies. For example, the same vehicle load
reduction assumptions (weight, aero, rolling resistance) were
applied to all of the drivetrain technology packages.

SThe BEVs evaluated have a 100 mile range. BEVs with longer range
would have substantially heavier battery packs (and supporting structures),
adversely affecting vehicle efficiency. PHEVs might have higher electric
efficiency than long-range BEVs.
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Variables considered by the model (not all variables were
used for each technology) were the following:

e Vehicle load reductions:
—Vehicle weight,
—Aerodynamic drag,
—Tire rolling resistance, and
—Accessory load;
e ICE:
—Indicated (gross thermal) efficiency,
—Pumping losses,
—Engine friction losses,
—Engine braking losses, and
—Idle losses;
e Transmission efficiency;
e Torque converter efficiency;
e  Electric drivetrain:
—Battery storage and discharge efficiencies,
—FElectric motor and generator efficiencies, and
—Charger efficiency (BEV and PHEV only);
e Fuel cell stack efficiency,
—Also the FCEV battery loop share of non-
regenerative tractive energy;
e  Fraction of braking energy recovered; and
e  Fraction of combustion waste heat energy recovered.

Details of the input assumptions for alternative tech-
nologies and of the operation of the model are described in
Appendix F.

2.2.2 Vehicle Cost Calculations

Future costs are more difficult to assess than fuel con-
sumption benefits. The committee examined existing cost
assessments for consistency and validity. Fully learned out,
high-volume production costs were developed as described
in this chapter and in Appendix F.

The primary goal was to treat the cost of each technology
type as equitably as possible. The vehicle size and utility
were the same for all technology types. Range was the same
for all vehicles except for BEVs, which were assumed to
have a 100 mile real-world range. Care was taken to match
the cost assumptions to the efficiency input assumptions.
Results from the efficiency model were used to scale the size
of the ICE, electric motor, battery, fuel cell, and hydrogen
and CNG storage tanks (as applicable). Consistent assump-
tions of motor and battery costs were used for HEVs, PHE Vs,
BEVs, and FCVs. Costs were calculated separately for cars
and light trucks.

For load reduction, the cost of lightweight materials,
aerodynamic improvements, and reductions in tire rolling
resistance were assumed to apply equally to all vehicles and
technology types.
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ICE technology includes a vast array of incremental
engine, transmission, and drivetrain improvements. Past
experience has shown that initial costs of new technologies
can be high, but generally drop dramatically as packages of
improvements are fully integrated over time. The incremental
cost of other technologies was compared to future ICE costs
(FEYV, 2012).

For HEVs, costs specific to the hybrid system were added
to ICE costs, and credits for smaller engines and compo-
nents not needed were subtracted to arrive at the hybrid cost
increment versus ICE. Similarly, the other vehicle costs
were derived from ICEVs by adding and subtracting costs
for various components as appropriate. Battery, motor, and
power electronics costs were assessed separately for electric
drive vehicles.

2.3 LOAD REDUCTION (NON-DRIVETRAIN)
TECHNOLOGIES

Many opportunities exist to reduce fuel consumption
and CO, emissions by reducing vehicle loads, as shown in
Table 2.1. The load reduction portion of improved efficiency
will benefit all the propulsion options by improving their
fuel efficiency, reducing their energy storage requirements,
and reducing the power and size of the propulsion system.
This is especially important for hydrogen- and electricity-
fueled vehicles because battery, fuel cell, and hydrogen
storage costs are quite expensive and scale more directly
with power or energy requirements than do internal combus-
tion powertrain costs. In particular, load reduction allows a
significant reduction in the size and cost of electric vehicle
battery packs.

TABLE 2.1 Non-drivetrain Opportunities for Reducing
Vehicle Fuel Consumption

Structural materials
Component materials
Smart design

Light weighting

Rolling resistance Tire materials and design
Tire pressure maintenance

Low-drag brakes

Aerodynamics C, (drag coefficient) reduction

Frontal area reduction

Accessory efficiency Air conditioning
Efficient alternator
Efficient lighting
Electric power steering

Intelligent cooling system
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2.3.1 Light Weighting

Reducing vehicle weight is an important means of reduc-
ing fuel consumption. The historical engineering rule of
thumb, assuming appropriate engine resizing is applied and
vehicle performance is held constant, is that a 10 percent
weight reduction results in a 6 to 7 percent fuel consump-
tion savings (NHTSA/EPA/CARB, 2010). The committee
specifically modeled the impact of weight reduction for
each technology type, as this rule of thumb was derived for
conventional drivetrain vehicles and other technologies may
differ in their response to weight reduction.

A variety of recent studies (see Appendix) have evaluated
the weight reduction potential and cost impact for light duty
vehicles through material substitution and extensive vehicle
redesign. The long-term goal of the U.S. DRIVE Partnership
sponsored by the U.S. Department of Energy DOE) is a 50
percent reduction in weight (DOE-EERE, 2012).° Lotus
Engineering projects a 2020 potential for about a 20 percent
weight reduction at zero cost and 40 percent weight reduc-
tion potential at a cost of about 3 percent of total vehicle
cost, from an aluminum/magnesium intensive design (Lotus
Engineering, 2010).

2.3.1.1 Factors That May Affect Mass Reduction Potential

Towing Capacity Mass reduction potential for some light
trucks will be constrained by the need to maintain towing
capacity, which limits the potential for engine downsizing
and requires high structural rigidity. Towing capacity is the
only advantage of body-on-frame over unibody construction,
thus it was assumed that the historical trend for conversion
of minivans and sport utility vehicles (SUVs) from body-
on-frame to unibody construction would continue and all
vehicles that did not need significant towing capacity would
convert to unibody construction. The committee accounted
for towing capacity by reducing the weight of body-on-
frame trucks (pickups and some SUVs) by only 80 percent
of the mass reduction of passenger cars and unibody trucks
(minivans and most SUVs). In other words, if a car in 2050
is estimated to be 40 percent lighter, a corresponding mass
reduction for a body-on-frame truck would be limited to 32
percent.

Mass Increases Due to Safety Standards Weight associated
with increased safety measures is likely to be lower than in
the past. The preliminary regulatory impact analysis for the
2025 Corporate Average Fuel Economy (CAFE) standards

%U.S. DRIVE is a government-industry partnership focused on advanced
automotive and related energy infrastructure technology R&D. The partner-
ship facilitates pre-competitive technical information to accelerate technical
progress on technologies that will benefit the nation. Further information can
be found at http://wwwl.eere.energy.gov/vehiclesandfuels/pdfs/program/
us_drive_partnership_plan_may2012.pdf.

looked at weight increases for a variety of safety regulations,
including proposed rules that would affect vehicles through
2025 and estimated a potential weight increase of 100-120
pounds (EPA and NHTSA, 2011). That is about a 3 percent
mass increase, which was factored into the committee’s
assessment of weight reduction potential.

Mass Increases for Additional Comfort and Accesso-
ries Vehicle weight decreased rapidly in the late 1970s and
early 1980s because of high fuel prices and implementation
of the initial CAFE standards, then increased significantly
during the period from the mid 1980s to the mid 2000s
when fuel prices fell and fuel economy standards were kept
constant (EPA, 2012). Thus, projecting weight trends into
the future is very uncertain.” Continued weight increases
are inconsistent with the assumptions driving this study,
i.e., a future that emphasizes improved vehicle efficiency,
increased fuel costs, and strong policies to reduce fuel
consumption. Not only will manufacturers have strong
incentive to reduce weight, but the historical increase in
comfort and convenience features is likely to slow and his-
torical increases in weight associated with emission control
technology should not continue.® The committee estimated
that weight increases associated with additional comfort and
accessories for the midrange scenarios would be roughly
half of the historical annual weight increase during a period
of fixed fuel economy standards, or 5 percent by 2030 and
10 percent by 2050. This adjustment was applied after the
weight reductions considered here for lightweight materials.
The optimistic cases did not include weight increases for
additional comfort and accessories.

Mass Reductions Related to Smart Car Technology In the
2050 timeframe, a significant portion of LDVs may include
crash avoidance technology and other features of smart car
technology. Although it is possible that such features might
lead to weight reduction, that is speculative and was not con-
sidered. The committee also did not consider driverless (or

7In addition to weight increases, improvement in powertrain efficiency
has been used to increase performance instead of improving fuel economy
in the past. The committee concluded that, as for weight discussed above,
power is unlikely to grow significantly under the conditions postulated for
this study. Past performance increases occurred primarily during periods of
little regulatory pressure, and this study assumes that strong regulations or
high gasoline prices will be required to reach the levels of fuel economy
discussed here. In addition, the average performance level of U.S. vehicles
already is high, and many drivers aren’t interested in faster acceleration.
Finally, the advanced vehicles expected in the future are likely to operate
at high efficiency over a broader range than current engines, so high power
engines will detract less from fuel economy. Hence the committee decided
that performance increases may not happen to a great degree and, if they did,
would likely not have a significant impact on fuel economy in the future.

8Future emission reductions will be accomplished largely with improved
catalysts and better air/fuel ratio control—neither of which will add weight
to the vehicle.
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autonomous) vehicles because it is not clear what the impact
on fuel use may be. While they may lead to smaller cars and
mass reduction because of improved safety, and driving a
given route may be more efficient with computer controlled
acceleration and braking and continuous information on
congestion, people may be encouraged to live further away
from their workplaces and other destinations because they
can use the time in their vehicles more productively. More
information on the potential impact of autonomous vehicles
is in Appendix F.

2.3.1.2 Safety Implications

Any effects of fleet-wide weight reduction on safety will
depend on how the reductions are obtained and on the dis-
tribution of weight reduction over different size classes and
vehicle types. However, the footprint-based standards imple-
mented in 2005 for light trucks and 2011 for cars eliminate
any regulatory incentive to produce smaller vehicles, and
there are few indications that substantial weight reduction
through the use of lightweight materials and design opti-
mization will have significant adverse net effects on safety
(DOT, 2006). Advanced designs that emphasize dispersing
crash forces and optimizing crush stroke and energy manage-
ment can allow weight reduction while maintaining or even
improving safety. Advanced materials such as high strength
steel, aluminum and polymer-matrix composites (PMC)
have significant safety advantages in terms of strength ver-
sus weight. The high strength-to-weight ratio of advanced
materials allows a vehicle to maintain or even increase the
size and strength of critical front and back crumple zones and
maintain a manageable deceleration profile without increas-
ing vehicle weight. Finally, given that all light duty vehicles
likely will be down-weighted, vehicle to vehicle crash forces
should also be mitigated, and vehicle handling may improve
because lighter vehicles are more agile, helping to avoid
crashes in the first place.

2.3.1.3 Weight Reduction Amount and Cost

Table 2.2 summarizes the weight reductions and costs per
pound saved that are used in the committee’s scenarios. The
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table also includes carbon fiber in 2050 for context, even
though the committee considers it unlikely that costs will
drop sufficiently for widespread use in vehicles and it was
not used in the vehicle benefit and cost analyses. As noted
above, the midrange case includes some weight growth from
additional consumer features.

The costs of weight reduction are ameliorated by the cost
savings associated with the corresponding secondary weight
savings from downsizing chassis, suspension and engine and
transmission to account for the reduced structural require-
ments and reduced drivetrain loads from the reduced mass.
Although estimates of the secondary savings vary, they may
approach an additional 30 percent of the initial reduction
(NRC, 2011).

2.3.2 Reduced Rolling Resistance

Rolling resistance, and the energy required to overcome
it, is directly proportional to vehicle mass. The tire rolling
resistance coefficient depends on tire design (shape, tread
design, and materials) and inflation pressure. Reductions
in rolling resistance can occur without adversely affecting
wear and traction (Pike Research and ICCT, 2011). The fuel
consumption reduction from a 10 percent reduction in roll-
ing resistance for a specific vehicle is about 1 to 2 percent.
If in addition the engine is downsized to maintain equal
performance, historically fuel consumption was reduced 2.3
percent (NRC, 2006).

In 2005, measured rolling resistance coefficients ranged
from 0.00615 to 0.01328 with a mean of 0.0102. The best
is 40 percent lower than the mean, equivalent to a fuel con-
sumption reduction of 4 to 8 percent (8 to 12 percent with
engine downsizing). Some tire companies have reduced their
rolling resistance coefficient by about 2 percent per year for
at least 30 years. Vehicle manufacturers have an incentive to
provide their cars with low rolling resistance tires to maxi-
mize fuel economy during certification. The failure of owners
to maintain proper tire pressures and to buy low rolling resis-
tance replacement tires increases in-use fuel consumption.

For this study, scenario projections of reductions in light-
duty new-vehicle-fleet rolling resistance for the midrange
case average about 16 percent by 2030, resulting in about a

TABLE 2.2 Summary of Weight Reduction and Costs Relative to Base Year 2010

Cars and Unibody Light Trucks

Body-on-Frame Light Trucks

Weight Reduction with Weight Reduction with
Reduction Cost Weight Growth Reduction Cost Weight Growth
Year (%) ($/1b) (%) (%) ($/1b) (%)
2030 25 1.08 Midrange 20 20 0.86 Midrange 15
Optimistic 25 Optimistic 20
2050 40 1.73 Midrange 30 32 1.38 Midrange 22
Optimistic 40 Optimistic 32
2050 carbon fiber 50 6.0 Optimistic 50 40 6.0 Optimistic 40
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4 percent decrease in fuel consumption, and about 30 percent
in 2050, for about a 7 percent fuel consumption decrease. For
the optimistic case, rolling resistance reductions were pro-
jected to be about 25 percent in 2030 and 38 percent in 2050.

2.3.3 Improved Aerodynamics

The fraction of the energy delivered by the drive-train to
the wheels that goes to overcoming aerodynamic resistance
depends strongly on vehicle speed. Unlike rolling resistance,
the energy to overcome drag does not depend on vehicle
mass. It does depend on the size of the vehicle, as repre-
sented by the frontal area, and on how “slippery” the vehicle
is designed to be, as represented by the coefficient of drag.
For low speed driving, e.g., the EPA city driving cycle, about
one-fourth of the energy delivered by the drivetrain goes to
overcoming aerodynamic drag; for high speed driving, one-
half or more of the energy goes to overcoming drag. Under
average driving conditions, a 10 percent reduction in drag
resistance will reduce fuel consumption by about 2 percent.
Vehicle drag coefficients vary considerably, from 0.195 for
the General Motors EV1 to 0.57 for the Hummer 2. The
Mercedes E350 Coupe has a drag coefficient of 0.24, the
lowest for any current production vehicle (Autobloggreen,
2009). Vehicle drag can be reduced by measures such as
more aerodynamic vehicle shapes, smoothing the underbody,
wheel covers, active cooling aperture control (radiator shut-
ters), and active ride height reduction.

For this study’s scenarios, reduction in new-vehicle-fleet
aerodynamic drag resistance for the midrange case is esti-
mated to average about 21 percent (4 percent reduction in
fuel consumption) in 2030 and 35 percent (7 percent reduc-
tion in fuel consumption) in 2050. For the optimistic case,
the aerodynamic drag reductions are estimated to average
about 28 percent in 2030 and 41 percent in 2050.

2.3.4 Improved Accessory Efficiency

Accessories currently require about 0.5 horsepower from
the engine for most vehicles on the EPA city/highway test
cycle. While small, this is a continual load that affects fuel
economy. Accessory load reductions were assessed using
Ricardo simulation results and the EPA Energy Audit data,
as described above. Overall, test cycle accessory loads were
reduced about 21-25 percent by 2030 and 25-35 percent by
2050.

2.4 DRIVETRAIN TECHNOLOGIES FOR REDUCING
FUEL CONSUMPTION

Currently, conventional gasoline-fueled ICE drivetrains
generally convert about 20 percent of the energy in the gaso-
line into power at the wheels. The engine cannot operate at
peak efficiency most of the time. Within the engine, energy
is lost as heat to the exhaust or transferred to the cooling

system. Moving parts create frictional losses, intake air is
throttled (called “pumping” losses), accessories are powered,
and the engine remains in operation at idle and during decel-
eration. In the transmission, multiple moving parts create
friction, and pumps and torque converters create hydraulic
losses. Also, when the vehicle brakes, much of the potential
energy built up during acceleration is lost as heat in the fric-
tion brakes. Many or most of these losses and limitations
can be reduced substantially by a variety of technological
improvements. The technologies discussed below are just a
few of the options. More information can be found in Appen-
dix F. Note that biomass-fueled vehicles are being treated as
conventionally powered vehicles in this study.

2.4.1 Conventional Internal Combustion Engine Vehicles

2.4.1.1 Gasoline Engine Drivetrains

Engines will improve efficiency in the future by increas-
ing the maximum thermal efficiency and reducing friction
and pumping losses. There are multiple technology paths for
accomplishing these improvements.

Although the dominant technology used to control fuel
flow in gasoline engines currently is port fuel injection,
engines with direct injection of fuel into the cylinders have
been rapidly entering the U.S. fleet. Gasoline direct injec-
tion (GDI, or just DI) systems provide better fuel vaporiza-
tion, flexibility as to when the fuel is injected (including
multiple injections), more stable combustion, and allow
higher compression ratios due to intake air charge cooling.
Direct injection reduces fuel consumption across the range
of engine operations, including high load conditions, and
increases low-rpm torque by allowing the intake valve to be
open longer. Future GDI systems using spray-guided injec-
tion can deliver a stratified charge allowing a lean air/fuel
mixture (i.e., excess air) for greater efficiency.

One approach that is rapidly penetrating the market is
to combine direct injection with down-sized turbocharged
engines. Turbocharging increases the amount of fuel that
can be burned in the cylinders, increasing torque and power
output and allowing engine downsizing. The degree of turbo-
charging is enhanced by GDI because of its cooling effect on
the intake (air) charge and reduction of early fuel detonation.
Further efficiency improvements are available with more
sophisticated turbocharging techniques (e.g., dual-stage
turbochargers) and combining turbocharging with some
combination of variable valve timing, lean-burn, Atkinson
cycle, and cooled and boosted EGR.

Ricardo developed engine maps specifically for an EGR
DI turbo system, which uses the turbocharger to boost EGR
in addition to intake air. This recirculates additional cooled
exhaust gas into the cylinder to reduce intake throttling (and
pumping losses), increase compression ratio, enable higher
boost and further engine downsizing, and reduce combustion
temperatures and early fuel detonation (Ricardo, 2011). This
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engine is projected to have a fuel economy benefit of 20 to 25
percent, compared to the baseline port fuel injected, naturally
aspirated engine, by 2020-2025.

Turbocharging with GDI engines is likely to become very
common by 2030 because the costs are modest and the fuel
economy improvement significant.

Engine friction is an important source of energy losses.
Friction reduction can be achieved by both redesign of key
engine parts and improvement in lubrication. The major
sources of friction in modern engines are the pistons and
piston rings, valve train components, crankshaft and crank-
shaft seals, and the oil pump. Key friction reduction measures
include the following (EEA, 2007):

Low mass pistons and valves,

Reduced piston ring tension,

Reduced valve spring tension,

Surface coatings on the cylinder wall and piston skirt,
Improved bore/piston diameter tolerances in
manufacturing,

Offset crankshaft for inline engines, and

e Higher-efficiency gear drive oil pumps.

Over the past two and one half decades, engine friction has
been reduced by about 1 percent per year (EEA, 2007). Con-
tinuing this trend would yield about an 18 percent reduction
by 2030, but considerably greater reduction than this should
be possible, especially with continued aggressive vehicle
efficiency requirements. For example, surface technologies
such as diamond-like carbon and nanocomposite coatings
can reduce total engine friction by 10 to 50 percent. Laser
texturing can etch a microtopography on material surfaces to
guide lubricant flow, and combining this texturing with ionic
liquids (made up of charged molecules that repel each other)
can yield 50 percent or more reductions in friction.

There will also be improvements to transmission effi-
ciency and reductions in torque converter losses. The pri-
mary advanced transmissions over the next few decades
are expected to be advanced versions of current automatic
transmissions, with more efficient launch-assist devices
and more gear ratios; and dual-clutch automated manual
transmissions (DCTs). Transmissions with 8 and 9 speeds
have been introduced into luxury models and some mass
market vehicles, replacing baseline 6-speed transmissions.
The overdrive ratios in the 8- and 9-speed transmissions
allow lower engine revolutions per minute (rpm) at highway
speeds, and the higher number of gears allows the engine to
operate at higher efficiency across the driving cycle. A 20 to
33 percent reduction in internal losses in automatic trans-
missions is also possible by 2020-2025 from a combination
of advances, including improved finishing and coating of
components, better lubrication, improvements in seals and
bearings, and better overall design (Ricardo, 2011). Dual
clutch transmissions, currently in significant use in Europe,
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will also improve with the perfection of dry clutches and
other improvements, with an additional reduction in internal
losses (beyond advanced automatic transmissions) of about
20 percent. Their cost should also be lower than advanced
automatic transmissions.

2.4.1.2 Estimation of Future Internal Combustion Engine
and Powertrain Efficiency Improvements

As discussed earlier in Chapter 2, the committee esti-
mated conventional powertrain improvements using the
results of sophisticated simulation modeling on six differ-
ent vehicles conducted by Ricardo for baseline (2010) and
future (2025) vehicles. EPA post-analyzed Ricardo’s simula-
tion runs and apportioned the losses and efficiencies to six
categories—engine thermal efficiency, friction, pumping
losses, transmission efficiency, torque converter losses, and
accessory losses.

The committee directly used EPA’s 2025 results for the
2030 midrange case to ensure adequate time for the technolo-
gies to fully penetrate the entire fleet. These results were also
extrapolated to 2050 by assuming that the percent annual
improvements in each of the six categories after 2030 would
be at most half the percent annual improvement calculated
for 2010 to 2030. Optimistic estimates were calculated the
same way, except that the Ricardo runs were used for 2025
instead of delaying the results until 2030. The total reduc-
tions for the various vehicles and losses are shown in Tables
2.9,2.10, and 2.11, and in Appendix F.

2.4.1.3 Diesel Engines

This report has not explicitly considered diesel engines.
Today’s diesels are about 15-20 percent more efficient
than gasoline engines, which would seem to mandate their
inclusion in a study of greatly improved fuel economy. The
committee ultimately decided, however, that a diesel case
would not add significant value to the results of the study,
primarily because the efficiency advantage of the diesel will
be much smaller in the future as gasoline engines improve.
Current diesels have a much higher level of technology than
gasoline engines in order to address diesel drivability, noise,
smell, and emission concerns, such as direct fuel injection,
sophisticated turbocharging systems using variable geometry
or dual turbochargers, and cooled EGR systems. As this same
level of technology is added to the gasoline engine, the effi-
ciency advantage of the diesel will be much smaller. Another
consideration is that combustion technology by 2050 may
blur, if not completely eliminate, the distinction between
diesel and gasoline engine combustion. For example, diesel
engines are reducing compression ratio in order to increase
turbocharger boost and reduce emissions, while gasoline
engines are increasing compression ratio due to improve-
ments in combustion chamber design, increasing use of
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variable valve timing, and better control of EGR. Another
example is development of homogenous charge compression
ignition engines, which combine features of both gasoline
and diesel engines.

2.4.2 Conventional Hybrid Electric Vehicles

HEVs combine an ICE, electric motor(s), and a battery
or ultracapacitor. All the energy comes from the fuel for the
ICE. HEVs reduce fuel consumption by:

e Turning off the engine during idling, deceleration,
and coasting;

e  Capturing a percentage of the energy that is normally
lost to friction braking (i.e., regenerative braking);

e Engine downsizing (because the electric motor
provides a portion of the maximum tractive power
required);

e Allowing easier electrification of accessories such as
power steering;

e Allowing the engine to operate more efficiently. By
using the electric motor to drive the wheels at low
load, or by operating the engine at a higher power
(and higher efficiency) during low loads and captur-
ing excess energy in the battery; and

e By allowing the use of efficient engine cycles, e.g.
Atkinson cycle, that are impractical for conventional
drivetrains.

The simplest HEV configuration has a “stop-start” system
which shuts off the engine when idling and restarts it rapidly
when the accelerator is depressed. These “micro-hybrids”
need a higher capacity battery and starter motor than ICEVs.
Stop-start systems are rapidly growing and are likely to be
universal by 2030 because they are a relatively inexpensive
way to achieve substantial fuel economy improvements. The
benefits of stop-start systems are included in the committee’s
calculations for future ICEV efficiency. The hybrid vehicle
projections assess the incremental efficiency above that of
the stop-start system.

More complex systems that allow electric drive and
substantial amounts of regenerative braking include paral-
lel hybrid systems with a clutch between the engine and
the motor, commonly referred to as P2 parallel hybrids
(e.g., Hyundai Sonata hybrid). They have an electric motor
inserted between the transmission and wheels, with clutches
allowing the motor to drive the wheels by itself or in com-
bination with the engine, or allowing the engine to drive the
wheels without motor input. Powersplit hybrids (e.g., Prius)
are another approach, with two electric machines connected
via a planetary gearset to the engine and the powertrain. The
committee determined that there is more opportunity for cost
reduction on P2 hybrid systems in the future and used P2

systems for the future hybrid efficiency and cost assessments
(see Appendix F).

About 60 percent of the fuel energy in an ICE is rejected
as heat, roughly evenly divided between the engine cooling
system (through the radiator) and the exhaust. Some of this
heat can be recovered and used to reduce fuel consumption,
especially from the exhaust, which is at a high temperature.
Turbines, such as used for turbo-chargers, can generate
electric power or transfer power to the crankshaft. Alterna-
tively, thermoelectric couples can generate electric power
directly, reducing fuel consumption by about 2 to 5 percent.
HEVs would likely benefit more than ICEVs from waste
heat recovery, as generated electric power could be used in
their hybrid propulsion systems or to recharge the battery.
This analysis assumes waste heat recovery systems will be
applied starting in 2035, and only to HEVs. More efficient
forms of waste heat recovery, such as Rankine cycle devices,
were not included in the analyses.

There is some uncertainty about the fuel consumption
benefit of advanced hybrid systems in the future. While
hybrid systems will improve (more efficient components,
improved designs and control strategies), advanced engines
will reduce some of the same losses that hybrids are designed
to attack (e.g., advanced engines will have reduced idle
and braking fuel consumption, yielding less benefit from
stopping the engine during braking and idling). In addi-
tion, even as hybrid drivetrains improve, conventional ICE
fuel consumption will shrink, and the actual volume of fuel
saved will go down. As done for ICEVs, the committee used
the Ricardo simulations of 2025 hybrid vehicles to directly
estimate losses and efficiency for the optimistic case in 2025
and for the midrange case in 2030. Unfortunately, Ricardo
did not conduct simulations of baseline hybrid systems, so
the annual rate of improvement from 2010 to 2025/2030 was
assessed using Ricardo’s ICE baseline simulations and dif-
ferences in the 2025 simulations for ICE and hybrid vehicles
to establish baseline hybrid energy losses. The committee’s
estimates are shown in Table 2.3.

TABLE 2.3 Estimated Future Average Fuel Economy and
Fuel Consumption

Cars Trucks

Midrange Optimistic Midrange Optimistic

ICE HEV ICE HEV ICE HEV ICE HEV
Average Fuel Economy (miles per gallon)
2010 31 43 31 43 24 32 24 32
2030 65 78 74 92 46 54 52 64
2050 87 112 110 145 61 77 77 100

Average Fuel Consumption (gallons per 100 miles)

2010 320 234 320 234 424 3.10 424 3.10
2030 1.55 1.28 1.36 1.09 2.19 1.84 191 1.56
2050 1.15 0.89 091 0.69 1.64 1.30 1.30 1.00
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FIGURE 2.1 Historical and projected light-duty vehicle fuel economy.
NOTE: All data is new fleet only using unadjusted test values, not in-use fuel consumption.

While the gains projected by the committee are clearly
ambitious, the rate of improvement for conventional vehicles
(including use of stop-start systems and advanced alterna-
tors) is about 3 percent/year from 2010-2050. Light-duty
trucks are expected to improve almost as much. Figure 2.1
compares these rates of improvement to past experience
and the 2016 and 2025 CAFE standards. All of the vehicle
modeling was assessed as percentage improvements over
baseline vehicles. These results were adjusted by the ratio
of the baseline used for the modeling in Chapter 5 to the
average efficiency of the baseline vehicles used in Chapter 2.

The committee estimated HEV costs by adding the cost
of the battery pack, electric motor, and other hybrid system
components to the cost previously estimated for conventional
vehicles. Credits were also applied for engine downsizing
and deletion of the torque converter and original equipment
alternator, with the exception that engine size was not reduced

on body-on-frame light trucks in order to maintain towing
capacity. Weight and other load reductions were incorpo-
rated into calculations of the size of the engine, motor, and
battery pack for each of the six vehicles. Credits associated
with engine downsizing and eliminating the torque converter
were subtracted. Except for the battery pack, hybrid system
costs were based on detailed and transparent tear-down cost
assessments conducted by FEV, Inc., on current production
HEV vehicles, with learning factors and suitable design
improvements applied to future HEV vehicles (FEV, 2012).
Batteries are discussed in Section 2.5, below.

Currently, an HEV costs about $4,000 to $5,000 more
than an equivalent ICEV, mostly for the battery, electric
motor, and electronic controls. The committee’s total direct
manufacturing cost increments for hybrids, compared with
2010 reference vehicles, are shown in Table 2.4. Details on
projected costs for hybrid systems are in Appendix F. Retail

TABLE 2.4 Efficiency Cost Increment Over Baseline 2010 Vehicle

Cars Trucks

Midrange Optimistic Midrange Optimistic

ICE HEV ICE HEV ICE HEV ICE HEV
2010 $0 $4,020 $0 $4,020 $0 $4,935 $0 $4,935
2015 $435 $3,510 $376 $3,006 $460 $4,228 $400 $3,601
2020 $986 $2,989 $867 $2,485 $1,059 $3,516 $939 $2,890
2025 $1,652 $3,017 $1,473 $2,590 $1,798 $3,446 $1,618 $2,942
2030 $2,433 $3,280 $2,195 $2,765 $2,676 $3,711 $2,436 $3,160
2035 $2,675 $3,357 $2,432 $2,973 $2,978 $3,834 $2,734 $3,408
2040 $2,960 $3,638 $2,713 $3,267 $3,332 $4,171 $3,085 $3,770
2045 $3,288 $3,949 $3,036 $3,577 $3,738 $4,540 $3,487 $4,142
2050 $3,659 $4,347 $3,403 $3,960 $4,196 $5,022 $3,941 $4,611
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price markups are discussed in Chapter 5. Additional infor-
mation on how the committee arrived at its estimates of fuel
economy improvements and direct manufacturing costs are
in Appendix F.

2.5 PLUG-IN ELECTRIC VEHICLES

Three distinctly different configurations that utilize
battery power for propulsion are in production: HEVs,
discussed in the previous section; PHEVs; and BEVs. Each
has a rechargeable battery designed for a specific service.
The Chevrolet Volt is the first mass-produced PHEV,? and
Nissan’s Leaf the first mass produced BEV'? introduced
into the U.S. market. Other manufacturers are introducing
electric vehicles of both types over the next several years.
Improvements in battery technology will be critical to the
success of electric vehicles.

Plug-in hybrids are conceptually similar to HEVs. The
same set of improvements in fuel economy that will benefit
HEVs will also benefit PHEVs. PHEV batteries have about
4-20 kilowatt-hours (kWh) of stored energy that can be
charged from the grid. PHEVs can travel 10 to 40 miles on
electricity before the engine is needed. Thus a driver who
does not exceed the electric range and charges the vehicle
before using it again will use little or no gasoline. However,
when driven beyond the charge depletion mode of the first
10 to 40 miles, the vehicles operate as conventional hybrid
vehicles (in a charge sustaining mode), eliminating the
range anxiety associated with BEVs. PHEV efficiency was
assumed to be the same as BEV efficiency when operating
on the battery pack and the same as HEV when the engine
is running.

A BEV has no engine, a significant cost savings relative
to PHEVs, but currently the battery pack for even a small,
short-range vehicle is likely to be at least 20 kWh, and a
large SUV might require 100 kWh for a range of 200 miles.
The Nissan Leaf has a battery of 24 kWh. Battery cost will
thus be a key determinant for the success of PHEVs and
BEVs. Based on the energy modeling described earlier in
this chapter, a car that today gets 30 mpg would, if built as
a BEV, require about 26 kWh/100 miles. For a range of 300
miles, the battery would need at least 78 kWh of available
energy.!! With current technology and costs, this would be
prohibitively expensive, heavy, and bulky for most applica-

9The Volt’s all-electric range is certified by EPA as 38 miles. General
Motors refers to the Volt as an extended range electric vehicle because all
power to the wheels is delivered by the electric motor, unlike, say, Toyota’s
Prius PHEV. However, both are hybrids in that they have two fuel sources.

10The EPA certified range is 73 miles, but estimates vary widely; also,
range is extremely sensitive to weather, driving conditions, and driver
behavior.

! Available energy is typically less than nameplate battery pack capacity
because batteries may not completely discharge to avoid damage to battery
life and loss of power. In addition, available energy could effectively be
reduced by energy required to offset the loss of vehicle efficiency caused
by the additional weight of a larger battery for longer range.

tions and would take prohibitively long to charge. At $450/
kWh, the current battery pack cost estimate (see Section
2.5.3 below), a 78 kWh battery costs $35,000. Prospects for
reducing the cost are discussed below.

Other considerations for plug-in vehicles include the
range that can be achieved in an affordable vehicle and the
time required for recharging. As vehicle weight, aerody-
namic resistance, and rolling resistance are improved, range
can be improved for the same battery size, or a smaller, less
expensive battery may be used for the same range. Many
PHEVs and BEVs can be plugged in at home overnight on
regular 110 or 220 volt lines. Gradual charging is generally
best for the batteries, and night-time charging is best for
the power supplier, as power demand is lower than during
the day and excess generating capacity is available (see
Chapter 3). Fast charging is more challenging for batteries,
requires more expensive infrastructure, and is likely to use
peak-load electricity with higher cost, lower efficiency, and
higher GHG emissions.

2.5.1 Batteries for Plug-In Electric Vehicles

There is general agreement that the Li-ion battery will be
the battery of choice for electric vehicles for the foreseeable
future. It was developed for the portable electronics industry
20 years ago because of its light weight, superior energy
storage capability, and long cycle life, attributes, which also
are important for electric vehicles. Cell performance has
increased steadily by improvements in the internal electrode
structure and cell design and manufacturing processes, as
well as the introduction of higher performance anode and
cathode materials.

There are several Li-ion chemistries that are being inves-
tigated for use in vehicles, but none offers an ideal combina-
tion of energy density, power capability, durability, safety,
and cost. HEVs are also shifting to Li-ion from the original
nickel-metal-hydride chemistry. HEV batteries, which are
optimized for high power, may differ from those for PHEVs
and BEVs, which will be optimized for high energy and
low cost.

Development of the cylindrical 18650 Li-ion cell for the
portable electronics industry is representative of how auto-
motive batteries may develop. In 1991, the cost of the 18650
was $3.17/Wh. Twenty years later, the same cell costs $0.20/
Wh, while the charge capacity of the cell went from 1 Amp-
hour (Ah) to over 3 Ah in the same volume (see Figure 2.2).
These improvements resulted from the introduction of new,
high-performance materials, improvements to the cell and
electrode structure design, and high volume production pro-
cesses with reduced wastage. As a rule of thumb for highly
automated cell production, cell materials account for about
60 to 80 percent of the cell cost in volume production. '?

12As used here, “materials” means processed materials ready for cell
manufacture. It does not mean raw materials, which may be much cheaper.
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FIGURE 2.2 Cost of the 18650 portable electronics Li-ion cell
(current dollars).

SOURCE: H. Takeshita, Tutorials, Florida International Battery
Seminars, 1974-2010.

Cells for vehicles are likely to be prismatic (flat plate) or
pouch-type rather than cylindrical, because these are easier
to cool and arrange in stacks. The production process for
flat plate vehicle cells differs from that for cylindrical cells,
but it is anticipated that the cost will follow a similar learn-
ing pattern as the 18650 cell. Both the Volt and Leaf use a
manganese spinel cathode and a graphite anode in a flat-plate
configuration with a LiPF electrolyte for long cycle life and
relatively low cost.

Global R&D activity in Li-ion battery technology is
funded at a level of several billion dollars annually. It
explores all aspects of the technology and aims to improve
energy-storage capacity per unit weight and volume, durabil-
ity, safety characteristics, operating temperature range, man-
ufacturing processes, and of course cost. Technologies that
will offer improved performance without negatively affecting
safety, durability, and cost, or, alternatively, improved cost
without negatively affecting durability and safety are the only
ones likely to find high-volume commercial application. In
the next five years or so, optimization of the use of existing
materials, engineering optimization of cell and component
design, manufacturing process improvement, and economy
of scale will support moderate improvements in performance
and steady reduction in cost. In the longer term (8 to 15
years), introduction of materials with higher energy density
could provide enhanced performance. Further out, probably
beyond 2030, new chemistry may be developed but at this
point in time no chemistry other than Li-ion is promising
enough to be included in this analysis.

2.5.2 Automotive Battery Packs

A battery pack for vehicles consists of an assembly of
cells, electrical components, structural components, a cool-
ing system, module management electronics, and battery
management system (BMS). A typical pack consists of 30 to
several hundred cells configured in a series/parallel arrange-
ment. The series arrangement includes 30 to 100 “virtual”

The processing of these materials is subject to considerable cost reduction,
as is the cell manufacture.
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cells in strings that provide a battery voltage of 100 to 400
volts. The virtual cells include a single cell or several cells in
parallel to provide the desired Ah capacity. In other combina-
tions, several strings could be put in parallel to provide the
total energy capacity required. Cells typically represent 50 to
60 percent of the cost of a battery in HEV applications, 60 to
70 percent of the cost of the pack in PHEV applications and
70 to 80 percent of the cost of pack in BEV applications. The
BMS, structural components, electrical components, cooling
systems, and assembly account for the balance. While the
non-cell portion of the pack grows in complexity and cost
from HEVs to PHEVs to BEVs, the number and cost of the
cells increases faster.

The BMS is designed to maximize battery life, to mini-
mize the risk of safety incidents, and to communicate to the
vehicle controller the state of charge and state of health of the
battery. The BMS monitors individual cell voltages, battery
current, and battery temperature (measured in several places
in the pack). When abnormal cell voltages, temperatures or
current are measured, the BMS “takes action” to minimize
damage to the battery or risk of safety events.

2.5.3 Battery Cost Estimates

Estimates of future vehicle battery costs vary widely
and depend greatly on assumed production levels as well as
technology development. Even current costs are uncertain
because of proprietary information, and battery companies
may sell batteries below costs in order to gain market share
in the early stages of growth. The committee assumed that
future costs of Li-ion cells for vehicles are likely to follow a
similar (but dropping somewhat more gradually) trajectory
as that for the 18650 cell shown in Figure 2.2. Those costs
fell in a regular manner for 10 years and then began to level
off as production processes matured and improved in reli-
ability. Costs of the battery pack (in addition to the cells) also
should decline at about the same rate as cells as manufactur-
ers and suppliers improve designs and production techniques.

The starting point for the committee’s projected costs for
BEV battery packs in Figure 2.3 is $450/kWh for high rates
of production.!?> Midrange BEV pack costs for 2030 are
estimated at $250/kWh and $160/kWh in 2050. Optimisti-
cally, pack costs might reach $200/kWh in 2030 and $150/
kWh in 2050.

The battery packs used in PHEVs, FCVs, and HEVs are
smaller and must still provide high levels of power. This
requires the use of batteries with higher power densities,
which increases the cost per kWh of energy storage. PHEV
pack costs are likely to be $60-70/kWh higher than BEV
pack costs. HEV costs are highest because they are much
smaller and require different characteristics. Batteries for

13Actual costs for the Leaf and Volt battery packs in 2012 are estimated
at about $500/kWh, which reflect lower production volumes. However, note
that the Leaf battery does not have a liquid cooling system, and the packs
may deteriorate faster. Hence that cost may not be typical.
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FIGURE 2.3 Estimated battery pack costs to 2050 ($/kWh).

fuel cell vehicles are between HEVs and PHEVs, as dis-
cussed later. Details on the committee’s assessment of bat-
teries are in Appendix F.

Using costs in Figure 2.3, the committee’s estimate for a
30 mile range, as shown in Appendix F, is $4,000 (optimistic)
to $4,600 (midrange). In comparison, DOE’s 2015 goal for a
battery pack for a PHEV with a 10-mile all-electric range in
2015 is $1,700 and $3,400 for a 40-mile range (Howell and
Elder, 2012). PHEV battery costs depend on assumptions
such as available energy (state of charge range) as well as
how deterioration is handled and the vehicle that is to be
propelled, but in general, the committee’s assessment is less
optimistic than DOE’s targets.

A battery recycling effort will be needed when large num-
bers of battery packs reach the end of their useful lifetimes,
and that will help to control costs. Recycling already works
well for lead acid batteries, almost all of which are returned
and the components reused in construction of new batteries.

2.5.4 Battery Technology for Future Applications

Li-ion battery technology for automotive applications
may be limited to about 250 to 300 Wh/kg and $175 to $200/
kWh (all at the pack level), although this report estimates that
costs could get down to $150/kg by 2050. Research work
around the world is examining other potential technologies
that can yield higher energy density and/or lower cost per
unit of energy. As noted before, none of the more futuristic
systems has achieved enough maturity to be considered in
this evaluation. Lithium sulfur chemistry utilizes a lithium
metal anode and a cathode based on sulfur compounds.
That system could theoretically double the specific energy
of Li-ion batteries and offer competitive cost, but to date the
cycling of both electrodes is quite problematic. Even more
attention is given to the Li-Air chemistry. This chemistry

utilizes lithium-metal anodes and an air electrode so that the
cathodic active material (oxygen) is taken from the air and
at the charged state does not add to the weight of the battery
(the battery gains weight as it discharges). This chemistry
can theoretically provide a battery system with a specific
energy of several kWh/kg. However, there are multiple inde-
pendent technical challenges including the cyclability of the
lithium electrode, cyclability of the air electrode, charge and
discharge rate capability of the air electrode, finding suitable
electrolyte, and finding a durable membrane permeable to
the electrolyte but impermeable to water and CO,. Several
independent breakthroughs would have to occur to make the
technology viable, and overall its chance of success is low.

2.5.5 Electric Motors

Almost all HEVs and PEVs use rare-earth-based interior
permanent magnet (IPM) motors. IPM motors are by far
the most popular choice for hybrids and EVs because of
their high power density, specific power, efficiency, and
constant power-to-speed ratio. Performance of these motors
is optimized when the strongest possible magnets (NdFeB)
are used. Cost and power density (power density equates
to torque and acceleration) are emerging as the two most
important properties of motors for traction drives in hybrid
and EVs, although high efficiency is essential as well.

China currently has a near monopoly on the production
of rare-earth materials, and since 2008 it has steadily raised
the price of rare-earth magnet materials to as high as $60/kg.
An automotive traction motor uses 1 to 1.5 kg of rare-earth
magnet materials, which influences the cost of motors for
electric vehicles.

The potential for a future shortage of rare-earth materials
has led DOE to search for technologies that either eliminate
or reduce the amount of rare-earth magnets in motors. The
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TABLE 2.5 Motor Cost Estimates

HEV/PHEV Costs BEV/FCEV Costs
Fixed $/kW Fixed $/kW
Midrange
2010 $668 $11.6 $668 $11.6
2030 $393 $6.3 $425 $7.3
2050 $322 $5.2 $347 $6.0
Optimistic
2010 $668 $11.6 $668 $11.6
2030 $349 $5.5 $381 $6.5
2050 $286 $4.5 $311 $5.3

DOE strategy continues ongoing cost-reduction efforts for
rare-earth-based motors while also searching for new perma-
nent magnet materials that do not use rare earths and motor
designs that do not use permanent magnets.

Recently Toyota announced that it has developed a new
material with equivalent or superior capability as rare-earth
materials for the electric motors in its line of electric vehicles
(Reuters, 2012). Toyota has also developed an induction
motor that it claims is lighter and more efficient than the
magnet-type motor now used in the Prius and does not use
rare-earth materials.

In addition, U.S. production of rare-earths is resuming.
Therefore, rare-earth materials are not likely to cause major
increases in motor costs in the future. Overall, motor costs
are likely to decline from about $2,000 now to less than
$1,000 in 2050 for a typical electric car. This decline will
result from better design and manufacturing and from the
smaller size that will be needed to power more efficient
future vehicles.

Table 2.5 presents the committee’s motor cost estimates.
These are based upon detailed tear-down cost estimates by
FEV and include the cost of the motor, case, launch clutch,
oil pump and filter, sensors, connectors, switches, cooling
system, motor clutch, power distribution, and electronic
control module. Some costs are independent of the size of
the motor within the range considered here (fixed), and oth-
ers are directly dependent (variable). Future cost projections
included learning and incorporation of the electric motor into
the transmission for HEV and PHEV applications. Further
details on electric motors are in Appendix F.

2.5.6 Barriers to the Widespread Adoption of Electric
Vehicles

2.5.6.1 Battery Cost

Cost is a key issue for the success of the electric vehicle.
Lower cost electrode materials will be an important step.
Cathode, separator and electrolyte are the main contribu-
tors to the cell cost. Most of the new cathode materials are
composed of high cost nickel and cobalt materials. However,
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lower cost, lower performance materials such as lithium iron
phosphate and manganese spinel for cathodes and graphite
for anodes can be made for about $10/kg or less in large
volume. Battery pack costs per kWh are expected to decline
by as much as two-thirds by 2050, as noted above, and pack
size will also decline as vehicles become more efficient.

2.5.6.2 BEV Range and Recharge Time

Even with expected cost reductions, batteries will still be
expensive and bulky, limiting the size that can be installed in
most vehicles. BEVs must have reasonable range at reason-
able cost if they are to widely replace ICEVs. The average
conventional vehicle has a range of at least 300 miles on a
tank of gasoline, but more range in a BEV requires a big-
ger battery, and that raises costs significantly as discussed
above. Very few affordable BEVs will greatly exceed 100
miles for the next several years and possibly much longer.
An even larger problem is recharge time. Unless batteries
can be developed that can be recharged in 10 minutes or less,
BEVs will be limited largely to local travel in an urban or
suburban environment.

Battery swapping is being tested as a solution to the
range and recharge time problems. A vehicle with a nearly
discharged battery pack would drive into a station where a
large machine would extract the pack and replace it with a
fresh one. While battery swapping would, if widely available,
solve the recharging and range problems, it also faces sig-
nificant problems: (1) vehicles and battery packs would have
to be standardized; (2) the swapping station would have to
keep a large and very expensive inventory of different types
and sizes of battery packs; (3) swapping stations are likely
to start charging the incoming batteries right away in order
to have them available for the next vehicle, possibly aggra-
vating grid peaking problems; (4) batteries deteriorate over
time, and customers may object to getting older batteries, not
knowing how far they will be able to drive on them; and (5)
most battery swapping will occur only when drivers make
long trips, thus seasonal peaks in long-distance travel, e.g.,
during holidays, are likely to aggravate inventory problems.
Although Israel has begun development of a battery swap-
ping network and other countries appear to be considering
it, the committee considers it unlikely that battery swapping
will become an important recharging mechanism in this
country.

2.5.6.3 Durability and Longevity

Battery life expectancy is a function of battery design
and manufacturing precision as well as battery operating
and charging behavior. Rapid charging and discharging can
shorten the lifetime of the cell. This is particularly important
because the goal of 10 to 15 years service for automotive
applications is far longer than for use in electronic devices.
Current automotive batteries are not expected to last for 15
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years, the average lifetime of a car. Replacing the battery
would be a very expensive repair, even as costs decline. Thus
improved longevity is an important goal.

2.5.6.4 Safety

Battery safety is a critical issue. There are three major
components that characterize the safety of a battery pack:
the failure rate of an individual cell, the probability of
propagation of a single cell fault to the pack, and the failure
rate of the electronics. Li-ion batteries are high-energy-
density systems that utilize a flammable electrolyte and
highly reactive cathode and anode materials separated by a
thin micro-porous separator. The potential thermal energy
in the cell is much larger than the electro-chemical energy
because the electrolyte is flammable in air and most anodes
are metastable compounds that require kinetic protection at
the surface. Li-ion cells contain sufficient energy to heat the
cell to over 500°C if this energy is released rapidly inside the
cell. That could cause neighboring cells to also fail, leading
to a catastrophic event. Ensuring safe operation of vehicles
that utilize large Li-ion batteries is a significant engineering
task that includes the following:

a. Protection from overcharge;

b. Protecting the battery cells from deforming during
crash;

c. Reducing the likelihood of an internal short that
could develop due to poor cell design or to a manu-
facturing defect (BMS should remove the cell from
the circuit);

d. Designing a cell in such a way that even if an internal
short does occur, it does not lead to thermal runaway
of the cell;

e. Designing the BMS in such a way that even if a single
cell experiences thermal runaway, the process does
not propagate to neighboring cells and to the pack;
and

f.  Avoiding external shorts of the whole battery or sec-
tions of it during installation, servicing, or normal
usage.

Cell, battery, and vehicle engineers have developed mul-
tiple tests to assess the ability of the cell, battery, and vehicle
to operate without endangering human life. In most tests, bat-
tery failure is allowed but fire or explosions are unacceptable.

The failure rate for Li-ion 18650 cells equates to a reli-
ability rate of about 1 out of 10,000. This level of reliability
is not satisfactory for electric vehicle batteries, where 1 out of
a million is the minimum required (Takeshita, 2011). There-
fore, it is essential to essentially eliminate cell construction
defects in the individual cells, as well as defects in the battery
pack electronics, in order to virtually eliminate the chances
of a catastrophic event. Since increasing the energy density
of the cell is associated with an increase of the thermal

energy available per unit weight and volume, insuring safety
while increasing energy density is particularly challenging.

2.6 HYDROGEN FUEL CELL ELECTRIC VEHICLES

The hydrogen FCEV is an all-electric vehicle similar to
a BEV except that the electric power comes from a fuel cell
system with on-board hydrogen storage. FCEVs are com-
monly configured as hybrids in that they use a battery for cap-
turing regenerative braking energy and for supplementing the
fuel cell output as needed. Power electronics manage the flow
of energy between the fuel cell, battery and electric motor.

The fuel cell system consists of a fuel cell stack and sup-
porting hardware known as the balance of plant (BOP). The
fuel cell stack operates like a battery pack with the anodes
fueled by hydrogen gas and the cathodes fueled by air. The
BOP consists of equipment and electrical controls that man-
age the supply of hydrogen and air to the fuel cell stack and
provide its thermal management. The vehicle is fueled with
hydrogen at a fueling station much like gasoline fueling,
and hydrogen is stored on the vehicle as a compressed gas
or cryogenic liquid in a storage tank.

The key advantages of FCEVs include the following:

e High energy efficiency;

e No tailpipe emissions—neither GHG nor criteria
pollutants—other than water;

e Quiet operation;

e Hydrogen fuel can be produced from multiple
sources, thereby enabling diversity in energy sources
(including low carbon and renewable energy sources)
away from near-total reliance on petroleum;

e  Full vehicle functionality for safe on-road driving,
including 300-mile driving range;

Rapid refueling; and
Source of portable electrical power generation for
off-vehicle use.

The key challenges of FCEVs are the following:

e Demonstration of on-road durability for 15-year
service life;

e  Maturation of the technology for cost reduction,
greater durability, and higher efficiency; and

e Availability of fuel while few FCEVs are on the
road and the eventual production and distribution of
hydrogen at competitive costs (discussed in Chap-
ter 3).

Several companies (e.g., Hyundai, Daimler, Honda, and
Toyota) have announced plans to introduce FCEVs commer-
cially by 2015, but mainly in Europe, Asia, California, and
Hawaii where governments are coordinating efforts to build
hydrogen infrastructures.

Copyright © National Academy of Sciences. All rights reserved.
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2.6.1 Current Technology for Hydrogen Fuel Cell Electric
Vehicles

2.6.1.1 Fuel Cell Powertrain

The power electronics and electric motor/transmission
are similar in efficiency and cost as for PHEVs and BEVs.
Future improvements in the performance and cost of those
systems will apply to FCEVs as well.

The battery in FCEVs has comparable power but greater
energy content than that in current HEVs because it must
power driving for 2 to 5 miles while the fuel cell warms
up in cold weather. The fuel cell must be sized for nominal
driving requirements and efficient operation. The battery will
recharge from the fuel cell directly and through regenerative
braking.

Over the past decade, FCEVs used in demonstration
fleets have shown significant technology advances toward
commercial readiness in the areas of performance and cost.
For example, the cost of automotive fuel cell systems has
been reduced from $275/kW in 2002 to $51/kW in 2010
(based on projections of high-volume manufacturing costs),
and vehicle range has increased to at least 300 miles (James
et al., 2010). Vehicles have demonstrated the capability to
meet all urban and freeway driving demands. A remaining
development challenge is proving the capability for high load
driving at high ambient temperatures.

2.6.1.2 Fuel Cell Systems

Fuel cell stacks currently used in automotive applications
are based on the polymer-electrolyte membrane/proton-
exchange membrane (PEM). PEMs operate at moderate
temperatures that can be achieved quickly so they are suitable
for the infrequent and transient usage of on-road automotive
service. Catalysts using precious metals (primarily platinum)
are needed to promote the hydrogen/oxygen reaction that
generates electricity in the fuel cell stack. Improvements
in stack durability, specific power and cost have resulted
from methods to improve the stability of the active catalytic
surface area, and from new membrane materials and struc-
tures. For example, stack lifetimes of 2,500 operating hours
(equivalent to approximately 75,000 mile range) have been
demonstrated in on-road vehicles, and laboratory tests with
newer membrane technologies have demonstrated (using
accelerated test protocols) over 7,000 hours.

The BOP consists primarily of mature technologies for
flow management of fluids and heat. Significant improve-
ments in efficiency and cost result from continuing simplifi-
cations in BOP design, as illustrated in Figure 2.4.

Further reductions in the cost of fuel cell systems
are expected to result from down-sizing associated with
improved stack efficiency and improved response to load
transients. Significant additional cost reductions will result
if vehicle loads (weight, rolling resistance, and aerodynam-
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ics) are reduced because that will allow the use of smaller
hydrogen tanks and fuel cells with lower total power.

2.6.1.3 Fuel Cell System Efficiency

Fuel cell system efficiency measured for representative
FCEVs driven on chassis dynamometers at several steady-
state points of operation has shown a range of first-generation
net system efficiencies from 51 to 58 percent. Second-
generation vehicle systems have shown 53 to 59 percent
efficiency at one-quarter rated power. System efficiency
has improved slightly while the major design changes have
focused instead on improving durability, freeze performance,
and cost (Wipke, 2010a,b). With current fuel cell system
efficiencies, fuel storage capacity and vehicle attributes
(weight, aerodynamics, rolling resistance), FCEVs are cur-
rently capable of 200 to 300 miles of real-world driving
range, and fuel efficiency over twice that of the comparable
conventional ICEV.!4

2.6.1.4 Fuel Cell System Cost

Projected costs for high volume production of fuel cells
have dropped steeply with improved technology, dropping to
$51/kW in 2010 for the fuel cell system, as shown in Figure
2.5. The fuel cell stack generally accounts for 50 to 60 per-
cent of the system cost. Costs are very sensitive to production
volume as shown in Figure 2.6.

2.6.1.5 Onboard Hydrogen Storage

Hydrogen storage costs are a significant element in the
overall costs of a FCEV. Compressed gas at 5,000 psi (35
MPa) or 10,000 psi (70 MPa) has emerged as the primary
technology path for the introduction of FCEVs because it is
a proven technology that can meet the needs of the fuel cell
(Jorgensen, 2011). Other possible future means of hydrogen
storage (cryogenic or solid state) that have not been deployed
in FCEV fleets were not considered by the committee.

The compressed gas storage capacity, and hence the
vehicle driving range, is limited by the volume and cost
of tanks that can be packaged in vehicles. Driving ranges
over 300 miles are expected to be achieved, and a 300 mile
real-world range, plus a 10 percent reserve, was used by the
committee to calculate the size and cost of the storage tank.

Carbon-fiber reinforced composite (CFRC) tanks have
been employed to achieve sufficient strength at manageable
weight. Detailed cost analyses in Appendix F show total costs
for representative 5.6 kg usable hydrogen systems are $2,900
for 35 MPa and $3,500 for 70 MPa (Hua et al., 2011). Car-

142011 Honda Clarity: ICEV fuel economy = 27 mpg, FCEV fuel
economy > 60 mpg, with both mpg values based on (adjusted) fuel economy
label values; ICEV fuel economy based on EPA, 2012; FCEV fuel economy
from DOE, 2012a.

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 2.5 Historical progression of high-volume fuel-cell stack
cost projections.

SOURCES: Kromer and Heywood (2007), NRC (2005, 2008), and
Carlson et al. (2005).

bon fiber, priced at roughly $30/kg of the hydrogen stored,
accounts for most of the cost of the CFRC wrapped layers
that provide the structural strength of the storage system. The
remaining costs are primarily attributed to flow-regulating
hardware.

2.6.1.6 Vehicle Safety

The two primary features that distinguish FCEVs from
ICEVs with respect to safety are high-voltage electric power
and hydrogen fuel. The safety of high voltage electric power
is managed on FCEVs similarly to HEVs, where safety
requirements have resulted in on-road safety comparable
to that of ICEVs. Experience from decades of safe and
extensive use of hydrogen in the agriculture and oil refining
industries has been applied to vehicle safety, and verified in
vehicle maintenance and on-road demonstration programs.

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

Fire risk is mitigated because hydrogen dissipates much
faster than do gasoline fumes and by regulatory provisions
for fuel system monitoring. The safety of high-pressure on-
board gaseous fuel storage has been demonstrated worldwide
in decades of use in natural gas vehicles. Comparable safety
criteria and engineering standards, as applied to ICEVs,
HEVs, and CNGVs, have been applied to FCEVs with adap-
tation of safety provisions for differences between properties
of natural gas and hydrogen. The United Nations has drafted
a Global Technical Regulation for hydrogen-fueled vehicles
to provide the basis for globally harmonized vehicle safety
regulations for adoption by member nations (UNECE, 2012).
Codes and standards will also be required for hydrogen fuel-
ing stations, as discussed in Chapter 3, but DOE has greatly
reduced its work in developing them.

2.6.2 FCEV Cost and Efficiency Projections

Detailed analyses of current fuel cell costs and near-
term improvements yield an estimated fuel cell system cost
estimate of $39/kW for a high volume FCEV commercial
introduction in 2015 (James 2010). This estimate reflects
recent advances in technology and material costs, especially
sharp reductions in the loading of precious metal in fuel cell
electrodes. The platinum (Pt) loading in an earlier-generation
100 kW stack with ~80 g Pt at $32/g (2005 Pt price) would
cost ~$2,500. For the 2010 loading of only 10 g Pt in a
higher-technology alloyed-Pt 100 kW stack, the cost would
be only ~$600 even at the higher 2011 Pt price of $58/g.

The committee estimates a midrange fuel cell system cost
of $40/kW in 2020, and an optimistic cost of $36/kW, assum-
ing additional cost benefit from potential near term technol-
ogy developments. All cost estimates assume commercial
introduction of FCEVs at annual production volumes over

$300
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FIGURE 2.6 Progression of fuel cell system costs with production volume.

SOURCE: James et al. (2010).
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FIGURE 2.7 Fuel cell system estimated costs.

200,000 units, with the primary economy of scale occurring
at 50,000 units (James, 2010).

Costs are likely to drop more rapidly in the earlier years
of deployment because automotive fuel cell systems are in
an early stage of development. Historically, reductions in
weight, volume and cost and improvements in efficiency
between successive early generations of a new technology
are much more substantial than between more mature gen-
erations. Reductions of 2.3 percent per year in high volume
cost in early generations of a technology, and 1 percent per
year in later generations have commonly been observed.
Therefore, for purposes of this report, technology-driven cost
reductions from 2020 to 2030 of 2 percent per year were used
for the midrange case and 3 percent per year for the optimis-
tic case. This report assumes that improved technology will
reduce costs by 2030 to $33/kW for the midrange and $27/
kW for the optimistic scenarios.

Because of the major focus of fuel cell research and
development on cost reduction prior to 2030, the committee
expects that subsequent cost reduction rates will be slower,
at 1 percent per year. By 2050, the midrange cost estimate
is $27/kW and the optimistic is $22/kW. Cost estimates are
shown in Figure 2.7. The supporting analysis is in Appen-
dix F.

An evaluation of potential world Pt supply to support
FCEVs as 50 percent of the on-road light-duty vehicle sales
by 2050 assumed the conservative achievement of 15 g Pt per
FCEV by 2050. Key documented findings are that (1) there
are sufficient Pt resources in the ground to meet long-term
projected Pt demand; (2) the Pt industry has the potential for
expansion to meet demand for 50 percent market penetration
of FCEVs (15 g Pt/vehicle) by 2050; and (3) the price of Pt
may experience a short-term rise in response to increasing
FCEYV penetration, but is expected to return to its long-term
mean once supply adjusts to demand (TTAX LLC, 2003).
Scaled to 10 g Pt per FCEV (already achieved by 2010),

TABLE 2.6 Fuel Cell Efficiency Projections

2010 2020 2030 2050
Midrange 53% 53% 55% 60%
Optimistic 53% 55% 57% 62%

the same conclusions apply to 80 percent penetration of the
light-duty sales by 2050.

For the foreseeable future, technology developments
for fuel cell systems are expected to prioritize reducing the
cost of producing a given level of power (kW), rather than
efficiency improvements. Therefore, even though significant
gains in fuel cell efficiency are theoretically possible, this
report assumes only modest improvements from the 2010
level of 53 percent as shown in Table 2.6.1

The cost of a CFRC hydrogen storage tank varies with
the pressure and volume capacity. In addition, there is a
fixed cost, independent of size, from equipment such as
valves, pressure regulators and sensors. Reduction in the
cost of CFRC tanks can be expected from two sources: new
manufacturing/design techniques and the decreasing size of
tanks as demand for fuel is reduced with improved vehicle
efficiency.

Significant cost reduction from technology advancement
is not expected by 2020, but several improvements in pro-
cessing techniques are expected to reduce the cost of carbon
fiber used in CFRC by 25 percent by 2030. The fixed cost
fraction, which is associated with flow-control equipment, is
expected to have modest potential for cost reduction because
the technologies are mature. Therefore, a 1 percent per year
cost reduction is applied to the fixed cost fraction, resulting

5The efficiency improvements in Table 2.6 were included in assessing
the size and cost of the fuel cell stack.

Copyright © National Academy of Sciences. All rights reserved.



Transitions to Alternative Vehicles and Fuels

34

TABLE 2.7 Tllustrative Hydrogen Storage System Cost
Projections

2010 2020 2030 2050
Midrange
Capacity (kg) 5.5 4.6 3.8 2.8
Cost ($) 3,453 3,031 2,402 1,618
$/kg-H, 628 659 632 578
$/kWh 19 20 19 17
Optimistic
Capacity (kg) 55 4.4 33 2.4
Cost ($) 3,453 2,938 2,055 1,326
$/kg-H, 628 668 623 553
$/kWh 19 20 19 16

in a 10 percent cost reduction in the fixed cost fraction over
the 2020-2030 period.

The midrange estimate for 2050 hydrogen storage cost
results from continuation of the technology-driven 1 per-
cent per year cost improvement over the 2030-2050 period
in recognition of research into improvements in CRFC
winding patterns and expectation of further improvements
in manufacturing costs from added experience with high-
volume production using new techniques (Warren, 2009).
Hence, improved technology is estimated to reduce costs by
26 percent between 2020 and 2050. Research on cost reduc-
tion of structural CFRC is expected to accelerate with the
new market driver of its broadened application to airplane
fuselages, and other forms of hydrogen storage could become
commercially viable.

Due to the difficulty in confirming promise among early
stage research possibilities for manufacturing carbon fibers
derived from polyacrylonitrile (PAN), or replacing it as the
precursor for carbon fiber, the committee did not assume
dramatic cost reductions for CFRC even by 2050. However,
it is noted that a reduction in storage cost associated with
achievement of a targeted <$10/kg carbon fiber and pressure
shift to 50 MPa would be consistent with a cost reduction of
35 to 40 percent, the optimistic technology-driven projection
in Table 2.7.

In addition to these technology-related cost projections,
additional reductions can be expected when the storage sys-
tem is down-sized. The volume of hydrogen that needs to be
stored for full vehicle range declines as vehicle efficiency
increases. This reduction in the variable fraction of the stor-
age cost is directly proportional to the reduced vehicle load.

Promising areas for research and future technology
development for improved energy efficiency, performance
and cost of fuel cell systems and hydrogen storage are listed
in Appendix F.

2.7 COMPRESSED NATURAL GAS VEHICLES

Increasing the use of natural gas in U.S. LDVs would
displace petroleum with a domestic fuel, reduce fuel costs,

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

and reduce tailpipe GHG emissions.!® A key driver of recent
interest in natural gas vehicles is the potential from shale-
based resources using hydraulic fracturing (“fracking”),
and the likelihood that natural gas prices will remain well
below gasoline prices for the foreseeable future. The supply
of natural gas, and its potential for conversion into liquid
fuels, electricity, or hydrogen, are discussed in Chapter 3.
This section considers its direct use as a fuel in CNGVs with
conventional ICE engines.

Adding a compressed gas storage tank is a larger problem
for ICE vehicles than for fuel cell vehicles. This is because
vehicle interior space is highly optimized and the large
CNG tank compromises the interior space and utility. In
contrast, FCEVs eliminate the internal combustion engine
and drivetrain, plus the fuel cell stack can be configured in
many different ways to optimize interior space. This allows
additional room and flexibility for hydrogen storage tanks.

Some vehicles have been converted to burn CNG, but until
recently the only dedicated CNG light-duty vehicle sold new
in the United States was the Honda Civic Natural Gas vehicle
(formerly called the GX). Chrysler has just introduced a
CNG pickup, and Ford and General Motors are expected to
follow soon. CNGVs have been much more popular in other
countries, especially Italy, although sales recently plum-
meted in Italy after the end of incentives.

2.7.1 Fuel Storage

The key issue is the vehicle storage tank. In order to store
enough natural gas for a reasonable driving range, it must
be compressed to high pressure. CNGVs can be fast-filled
at fueling stations that have natural gas storage facilities and
large compressors, or they could be filled overnight, typically
at a rate of 1 gallon of gasoline equivalent per hour (gge/hr
where gge is the amount of energy equivalent to a gallon of
gasoline) at home, tapping into the residential natural gas
service and employing smaller compressors. !’

At 3,600 psi and 70°F, a CNG tank is about 3.8 times
larger than a gasoline tank with the same energy content.
CNG tanks also are heavier in order to manage the high
pressure. The cheapest solid steel (type 1) cylinders weigh
4 to 5 times as much as the same capacity gasoline tank;
advanced (Type 3) cylinders with thin metal liners wrapped
with composite weigh about half as much as Type 1 tanks,
though at higher cost. Tanks with polymer liners weigh even
less, but at higher cost. The tank on the 2012 Honda Civic
NG vehicle holds about 8.0 gge of CNG at 3,600 psi, giv-
ing the vehicle a range of 192 miles (EPA city) to 304 miles

16A CNGV emits about 25 percent less CO, than a comparable vehicle
operating on gasoline. Upstream emissions of methane, including leakage,
are discussed in Chapter 3.

"The natural gas must be of sufficiently high quality; Honda does not
recommend home refueling at this time because of concern over moisture
in the fuel in some parts of the country.
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(EPA highway), while taking up half of the vehicle’s trunk
space. Higher pressure tanks (up to 10,000 psi) can reduce
fuel storage space, though at added cost and increased energy
required to compress the gas.

In the future, it may be possible to store CNG at 500
psi (within the 200-1500 psi range of the pressure of gas
in natural gas transmission pipelines) in adsorbed natural
gas (ANG) tanks using various sponge-like materials, such
as activated carbon. This technology, which is still under
development, could allow vehicles to be refueled from the
natural gas network without extra gas compression, reducing
cost and energy use and allowing the fuel tanks to be lighter.
Also, at lower pressure, the shape of the tank can be adjusted
as needed to fit the space available, thus minimizing the
impact on cargo space. The committee did not include ANG
tanks in its modeling.

2.7.2 Safety

When used as an automobile fuel, CNG is stored onboard
vehicles in tanks that meet stringent safety requirements.
Natural gas fuel systems are “sealed,” which prevents spills
or evaporative losses. Even if a leak were to occur in a fuel
system, the natural gas would dissipate quickly up into the
atmosphere as it is lighter than air—unlike gasoline, which
in the event of a leak or accident pools on the ground and
creates a cloud of evaporated fuel that is easily ignited.
Natural gas has a high ignition temperature, about 1,200° F,
compared with about 600° F for gasoline. While fires or even
explosions could occur, overall the safety of CNGVs should
be no worse than gasoline vehicles and is likely to be better.

2.7.3 Emissions

Compared with vehicles fueled with conventional diesel
and gasoline, natural gas vehicles can produce significantly
lower amounts of harmful emissions such as particulate
matter and hydrocarbons. Natural gas has a higher ratio of
hydrogen to carbon than gasoline, reducing CO, emissions
for the same amount of fuel consumed. However, methane is
a potent greenhouse gas, so it is important to prevent meth-
ane leakage throughout the well-to-wheels life cycle if the
greenhouse gas benefits of natural gas are to be realized, as
discussed in Chapter 3.

2.7.4 Vehicle Costs and Characteristics

Other than the tank, CNGVs do not require significant
re-engineering from their gasoline counterparts, although the
cylinder head and pistons must be redesigned for a higher
compression ratio and the ignition system modified. These
design costs are significant for low volume production, but
should be almost zero at high-volume. The lower density
of the fuel means that CNG engines have lower output than
gasoline engines of the same size, though this is mitigated to

TABLE 2.8 Comparison of the Honda Civic NG with
Similar Vehicles

Civic NG Civic LX Civic Hybrid
MSRP“ $26,805 $18,505 $24,200
mpg 27/38 28/39 44/44
Fuel cost $1,050 $1,800 $1,300
Power 110 HP 140 HP 110 HP
Cargo (cubic feet) 6.1 12.5 10.7
Weight (pounds) 2848 2705 2853
CO, (grams/mile) 227 278 202

“Manufacturer’s suggested retail price.
SOURCE: American Honda Motor Company; available at http://www.
honda.com/.

some extent by the higher compression ratios possible with
the high octane of the fuel. For the analysis in this report,
CNGVs are assumed to operate with the same efficiency
as gasoline-powered vehicles, including future efficiency
improvements. CNG engines were assumed to be 10 percent
larger than other ICE engines for the purpose of calculating
engine cost at the same power output.

CNGYV vehicles currently are sold in very low volumes
and, partly due to that, cost significantly more than their
gasoline-powered counterparts. For example, the base price
of the 2012 Honda Civic NG vehicle is about $8,000 more
than a similarly equipped Civic LX. Table 2.8 compares the
2012 Honda Civic NG with the LX and the Civic Hybrid.

The CNGV has higher up-front vehicle costs mainly
because its high-pressure storage tanks are bulky and expen-
sive. Currently, a CNGV might require nearly ten years to
recover the higher purchase price, but these costs should
come down significantly as production volume increases.
The large fuel tank also reduces vehicle interior space, espe-
cially in the trunk. CNGVs could also be built as hybrids with
the same incremental cost and benefits as gasoline HEVs.

2.8 SUMMARY OF RESULTS

The previous sections present a variety of options for
reducing oil use and GHG emissions in LDVs and a meth-
odology for estimating how much might be accomplished
by 2050. This section summarizes those results. An example
of how one vehicle might evolve illustrates how the benefits
and costs were determined. This is followed by a series of
tables showing the technology results that were input into the
energy audit model, the results of those analyses, and the data
that was input to the scenario models discussed in Chapter 5.
Detailed results can be found in Appendix F.

2.8.1 Potential Evolution of a Midsize Car Through 2050

As an illustration of how a vehicle might evolve with
increasing fuel economy technology, this section examines a
midsize car, one of the six vehicles the committee analyzed.

Copyright © National Academy of Sciences. All rights reserved.
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Both a conventional drivetrain and a hybrid electric drivetrain
are traced from a baseline 2007 vehicle to a 2050 advanced
vehicle. Similar information for a BEV and FCEV and for
the other vehicle types is shown in Appendix F. This evolu-
tion assumes that there is continuous pressure (from either
or both regulatory pressure and/or market forces) to improve
fuel economy and reduce emissions of greenhouse gases.

Table 2.9 shows details of the evolution of the vehicle with
a conventional drivetrain. As can be seen in the table, the
combination of shifting to a downsized turbocharged direct
injection engine with high EGR and an advanced 8-speed
automatic transmission drastically reduces pumping losses
within the engine and, to a lesser extent, reduces friction
losses and increases indicated thermal efficiency. The com-
bination of idle-off and an advanced alternator allow fuel use
during idling to be virtually eliminated. In addition, engine
efficiency at low loads can be improved by increasing the
charging rate of the alternator to the battery, thereby storing
the energy for later use and allowing the engine to operate at
more efficient load levels. In addition, smart alternators can
improve the capture of regenerative braking energy. There
are also improvements in transmission and torque converter
efficiency and reductions in accessory loads.

The overall result in both the 2030 mid-level and opti-
mistic case is nearly a 50 percent increase over the EPA
2-cycle tests in overall brake thermal efficiency, and a similar
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increase in fuel economy (50.5 mpg for the mid-level case)
with no changes in vehicle loads. With load reduction, 2030
fuel economy levels of nearly 66 mpg (mid) and 75 mpg
(optimistic) are possible without full hybridization. The
added benefits of the vehicle load reduction—in particular,
the weight reduction, which pays back about 6 to 7 percent
fuel economy improvement for every 10 percent reduction
in weight—are quite powerful.

By 2050, strong additional benefits can be gained by
further vehicle load reductions and, within the drivetrain,
primarily by continued improvements in indicated effi-
ciency and reductions in friction losses. Improvements in
the transmission and torque converter are minor because
most of the possible improvements have been done by 2030,
but some further reduction in pumping losses and improve-
ments in accessories is possible. Successful achievements of
these improvements can yield startling levels of fuel econ-
omy—~88.5 mpg for the mid-level case, and 111.6 mpg for
the optimistic case. Note that these estimates are for the EPA
test cycle, and on-road results will be significantly lower.

Table 2.10 tracks the evolution of the benefits of adding
a hybrid drivetrain to the technologies already onboard the
advanced conventional vehicles. Note that part of the “stan-
dard” benefits of hybrid drivetrains are already captured by
the combination of stop-start and advanced alternators in the
conventional vehicles. While the hybrid system allows elimi-

TABLE 2.9 Details of the Potential Evolution of a Midsize Car, 2007-2050

2030 2030 2050 2050

Conventional Drivetrain Baseline Midrange Optimistic Midrange Optimistic
Engine type Baseline EGR DI turbo EGR DI turbo EGR DI turbo EGR DI turbo
Engine power, kW 118 90 84 78 68
Transmission type 6-sp auto 8-sp auto 8-sp auto 8-sp auto 8-sp auto
Drivetrain improvements

Brake energy recovered through alternator, % — 14.1 14.1 14.1 14.1

Reduction in transmission losses, % n/a 26 30 37 43

Transmission efficiency, % 87.6 91 91 92 93

Reduction in torque converter losses, % n/a 69 75 63 88

Torque converter efficiency, % 93.2 98 99 99 99

Reduction in pumping losses, % n/a 74 76 80 83

Reduction in friction losses, % n/a 39 44 53 60

Reduction in accessory losses, % n/a 21 25 30 36

% increase in indicated efficiency n/a 5.6 6.5 10.6 15.6

Indicated efficiency, % 36.3 38.4 38.7 40.2 42

Brake thermal efficiency, % 20.9 29.6 30.3 325 349
Load changes

% reduction in CdA n/a 15 24 29 37

CdA (m?) 7.43 6.31 5.64 5.29 4.68

% reduction in Crr n/a 23 31 37 43

Crr 0.0082 0.0063 0.0057 0.0052 0.0047

% reduction in curb weight n/a 20 25 30 40

Curb weight, Ib 3325 2660 2494 2328 1995
Fuel economy, test mpg 32.1 65.6" 74.9 88.5 111.6

NOTE: All conventional drivetrains have stop-start systems and advanced alternators that can capture energy to drive accessories.
“Ricardo assumed stop start and smart alternator, with 14.1 percent of braking energy recovered, resulting in fuel economy = 34.9 mpg.

Fuel economy with drivetrain changes only = 50.5 mpg.
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TABLE 2.10 Details of the Potential Evolution of a
Midsize Car Hybrid, 2007-2050

Hybrid Drivetrain—P2 hybrid with 2030 2030 2050 2050
DCTS8 transmission mid opt mid opt
Engine power, kW 88 82 77 68
Drivetrain improvements
% additional pumping loss reduction 80 80 80 80
% additional friction loss reduction” 30 30 30 30
% tractive energy provided by regen 20 22 24 26
Brake thermal efficiency, % 337 343 363 385
% of waste heat recovered 0 0 1 2
Fuel economy, test mpg 81.7% 95.1 1158 150.9
Hybrid benefit over conventional, % 25 27 31 35

“Additional from conventional drivetrain in that year.
"Fuel economy with drivetrain changes only = 62.6 mpg.

nation of most pumping losses, the actual overall efficiency
improvement is modest as pumping losses were already
reduced to low levels in the conventional ICE case. Most of
the incremental efficiency gains from the hybrid system are
due to the tractive energy provided by capture of regenera-
tive braking energy.

As shown in Table 2.10, the overall hybrid fuel economy
benefit over the corresponding conventional drivetrain vehi-
cle increases from 25 to 27 percent in 2030 to 31 to 35 per-
cent in 2050; however, the hybrid benefit in terms of actual
fuel consumption actually declines in the future—from about
0.30 gallons per 100 miles for the 2030 mid-level case to
0.23 gallons per 100 miles in the 2050 optimistic case. In
other words, as non-hybrid ICEVs grow more efficient, the
actual fuel savings and monetary benefit of hybridization
may decline even as hybrid systems improve. For example,
as vehicle mass decreases, the potential energy savings from
regenerative braking also decreases.

An interesting aspect of the evolution of hybrids is the
improvement in the efficiency of electric components, not

2.8.2 Technology Results, Performance, and Costs

Tables 2.11 and 2.12 and Figures 2.8 through 2.11 sum-
marize the results from the committee’s vehicle analyses.
Note that fuel consumption was directly assessed only for
2030 and 2050. Between 2010 and 2030 and between 2030
and 2050, fuel consumption was assumed to have a constant
multiplicative reduction each year.

Table 2.11 presents the load reductions assessed by the
committee. These reductions were applied consistently to
the calculations of costs and benefit for all of the technology
types. Note that “Trucks” in this table is the sales-weighted
average of unibody and body-on-frame light trucks from
Table 2.2.

Table 2.12 presents the overall fuel economy calculated
by the committee for the average car and light truck of each
type. It is presented in miles per gallon because that is the
metric usually used in the United States. There are three
caveats with the numbers in Table 2.12. First, at very high
mpg levels, large changes in mpg are needed to have much
impact on fuel consumption (see Figure 2.1 for an illustra-
tion of this effect). Second, Table 2.12 shows the mpg results
of the test cycles which do not include the adjustment for
real-world fuel consumption. Third, the BEV and FCEV
numbers are for the vehicle and do not account for the
energy needed to produce the electricity or hydrogen. This
is especially important for BEVs, where there are substantial
losses in electricity generation. Chapter 3 adds assessments
of upstream energy losses.

Figures 2.8 through 2.11 present the incremental cost cal-
culated for each of the technology types. Note that these costs
are all incremental to a baseline 2010 conventional vehicle.
They are also direct manufacturing costs to the manufacturer.

TABLE 2.11 Load Reduction, Percent Relative to 2010

shown in the table but included in the fuel economy calcula- Rolling Aerodynamic
tions. For example, the benefits of hybridization will increase Resistance Drag Mass
with improvements in electric motor/generator efficiency, Cars  Trucks Cars  Trucks Cars  Trucks
battery in/out efficiency, anq improving cor.ltrol strategies 2030 Midrange ~ 26%  15% 18%  15% 20% 18%
as onboard computer power increases over time. Note that 2030 Optimistic ~ 40% 30% 31% 29% 30% 27%
these benefits also apply to BEVs and FCVs. Also, the 2050 2050 Midrange ~ 33% 23% 26%  24% 25% 23%
hybrids benefit from waste heat recovery. 2050 Optimistic  46% 37% 39% 37% 40% 37%
TABLE 2.12 Estimated Miles per Gallon Gasoline Equivalent (mpgge) on EPA 2 Cycle Tests

ICEV HEV BEV FCEV

Cars LT Cars LT Cars LT Cars LT
2010 Baseline (mpgge) 31 24 43 32 144 106 89 65
2030 Midrange (mpgge) 64 46 78 54 190 133 122 86
2050 Midrange (mpgge) 87 61 112 71 243 169 166 115
2030 Optimistic (mpgge) 74 52 92 64 219 154 145 102
2050 Optimistic (mpgge) 110 77 146 100 296 205 206 143
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FIGURE 2.8 Car incremental cost versus 2010 baseline ($26,341 retail price)—Midrange case.
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FIGURE 2.9 Light truck incremental cost versus 2010 baseline ($32,413 retail price)—Midrange case.

Markups for retail prices are evaluated in Chapter 5. Finally,
the cost estimates assume that high volume production has
already been realized. While this is not realistic for BEV,
PHEYV, and FCEV production in the near term, it allows
all technologies to be evaluated on a consistent basis. Cost
increases for near term, lower volume production are incor-
porated into the modeling in Chapter 5.

2.9 COMPARISON OF FCEVs WITH BEVs

FCEVs and BEVs are electric vehicles having no tailpipe
GHG emissions. Both are “fueled” by an energy carrier (elec-
tricity or hydrogen) that can be produced from a myriad of
traditional and renewable energy sources (biofuels, natural

gas, coal, wind, solar, hydroelectric, and nuclear). Three
primary considerations differentiate their prospects for intro-
duction and acceptance as LDVs: vehicle attributes, rate of
technology development, and infrastructure:

e Vehicle attributes. FCEVs provide the full utility of
current on-road vehicles. BEVs, however, require
time consuming “refueling” (recharging) and only
offer limited driving range between “refuelings.”

e Rate of technology development. A key requirement
for realization of projected technology advances for
battery and fuel cell systems is the continued dedica-
tion of research and development resources. Because
demand for improved battery technologies is driven
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FIGURE 2.10 Car Incremental cost versus 2010 baseline ($26,341 retail price)—Optimistic case.
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by their established application in portable commu-
nication/computer devices, prospects for short-term
return on R&D investments are substantial.
Infrastructure is discussed in Chapter 3, but it should
be noted that the barriers facing hydrogen are more
formidable than those facing electricity. A brand new
infrastructure for producing and distributing hydro-
gen would have to be built in concert with FCEV
manufacturing. Neither is viable without the other,
and the investments required both for manufactur-
ing vehicles and hydrogen are extremely large. Both
industries would require guarantees that the other
will produce as promised, and that probably will
entail a government role.

2030
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FIGURE 2.11 Light truck incremental cost versus 2010 baseline ($32,413 retail price)—Optimistic case.

2.10 FINDINGS

Large increases in fuel economy are possible with
incremental technology that is known now for both
load reduction and drivetrain improvements. The
average of all conventional LDVs sold in 2050
might achieve EPA test values of 74 mpg for the
midrange case and 94 mpg for the optimistic case.
Hybrid LDVs might reach 94 mpg for the midrange
case and 124 mpg for the optimistic case by 2050.
On-road fuel economy values will be significantly
lower.

To obtain the efficiencies and costs estimated in this
chapter, manufacturers will need incentives or regu-
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latory standards, or both, to widely apply the new
technologies.

The unit cost of batteries will decline with increased
production and development; additionally, the energy
storage (in kWh) required for a given vehicle range
will decline with vehicle load reduction and improved
electrical component efficiency. Therefore battery
pack costs in 2050 for a 100-mile real-world range
are expected to drop by a factor of about 5 for the
midrange case and at least 6 for the optimistic case.
However, even these costs are unlikely to allow a
mass-market vehicle with a 300-mile real-world
range. In addition to the weight and volume require-
ments of these batteries, they are unlikely to be able
to be recharged in much less than 30 minutes. There-
fore BEVs may be used mainly for local travel rather
than as all-purpose vehicles.

BEVs and PHEVs are likely to use Li-ion batteries
for the foreseeable future. Several advanced battery
technologies (e.g., lithium-air) are being developed
that would address some of the drawbacks of Li-ion
batteries, but their potential for commercialization
by 2050 is highly uncertain and they may have their
own disadvantages.

PHEVs offer substantial amounts of electric-only
driving while avoiding the range and recharge time
limitations of BEVs. However, their larger battery
will always entail a significant cost premium over
the cost of HEVs, and their incremental fuel savings
will decrease as the efficiency of HEVs improves.
The technical hurdles that must be surmounted to
develop an all-purpose vehicle acceptable to consum-
ers appear lower for FCEVs than for BEVs. However,
the infrastructure and policy barriers appear larger.
Well before 2050, the cost of FCEVs could actually
be lower than the cost of an equivalent ICEV, and
operating costs should also be lower. FCEVs are
expected to be equivalent in range and refueling time
to ICEVs.

Making CNG vehicles fully competitive will require
building large numbers of CNG fueling stations,
moving to more innovative tanks to extend vehicle
range and reduce the impacts on interior space, and
developing manufacturing techniques to reduce the
cost of CNG storage tanks.

If CNGVs can be made competitive (both vehicle
cost and refueling opportunities), they offer a quick
way to reduce petroleum consumption, but the GHG
benefits are not great.

Codes and standards need to be developed for the
vehicle-fueling interface.

International harmonization of vehicle safety require-
ments is needed.

While fundamental research is not essential to reach
the targets calculated in this chapter, new technology

TRANSITIONS TO ALTERNATIVE VEHICLES AND FUELS

developments would substantially reduce the cost and
lead time to meet these targets. In addition, continued
research on advanced materials and battery con-
cepts will be critical to the success of electric drive
vehicles. The committee recommends the following
research areas as having the greatest impact:

—Low-cost, conductive, chemically stable plate
materials: fuel cell stack;

—New durable, low-cost membrane materials: fuel
cell stack and batteries;

—New catalyst structures that increase and maintain
the effective surface area of chemically active
materials and reduce the use of precious metals:
fuel cell stack and batteries;

—New processing techniques for catalyst substrates,
impregnation and integration with layered materi-
als: fuel cell stack and batteries;

—Energy storage beyond Li-ion: PHEVs and BEVs;

—Reduced cost of carbon fiber and alternatives to
PAN as feedstock;

—Replacements for rare earths in motors;

—Waste heat recovery: ICEVs, HEVs, and PHEVs;
and

—Smart car technology.
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Alternative Fuels

This chapter discusses the fuel production and use asso-
ciated with striving to meet the overall study goals of a 50
percent reduction in petroleum use by 2030 and an 80 percent
reduction in petroleum use and in greenhouse gas (GHG)
emissions from the light-duty vehicle (LDV) fleet by 2050
compared to the corresponding values in 2005. It addresses
the primary sources of energy for making alternative fuels,
the costs of alternative fuels, and the investment needs and
the net GHG emissions of the fuels delivered to the LDV
fleet over time. Alternative fuels are transportation fuels that
are not derived from petroleum, and they include ethanol,
electricity (used in plug-in electric vehicles [PEVs] such as
plug-in hybrid electric vehicles [PHEVs] or battery electric
vehicles [BEVs]), hydrogen, compressed or liquid natural
gas, and gasoline and diesel derived from coal, natural gas,
or biomass. Petroleum-based fuels are liquid fuels derived
from crude oil or unconventional oils.

The chapter opens with a summary discussion of the study
goals, fuel pathways, trends in the fuels market, fuel costs,
investment costs, and GHG emissions for an LDV in 2030
using each fuel, and it includes a summary table for each
of the last three categories, as well as some cross-cutting
findings. More detailed discussions of each fuel follow the
summary discussion, with a section devoted to each fuel.
Also discussed are carbon capture and storage, and resource
needs and limitations.

3.1 SUMMARY DISCUSSION

3.1.1 The Scope of Change Required

The study goals are aggressive and require significant
improvements to the vehicle and the fuel system to meet the
desired goals. The number of LDVs and the vehicle miles
traveled (VMT) are expected to nearly double from 2005 to
2050, adding challenges to meeting the goals.! To reach the

'The EIA Annual Energy Outlook 2011 (EIA, 2011a) is the basis for
these projections.
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goals with twice as many LDVs on the road in 2050 means
that each LDV would consume on average only 10 percent of
the petroleum consumed compared to 2005 and emit only 10
percent of the net GHG emissions. Gasoline and diesel made
from petroleum would be nearly eliminated from the fuel
mix to reach the petroleum reduction goal. The 80 percent
net GHG emissions reduction goals can be met by various
combinations of lower fuel consumption rate (inverse of fuel
economy) and lower fuel net GHG emission (Table 3.1).
The higher the reductions in LDV fuel consumption rate,
the lower the reductions in fuel net GHG emissions would
need to be to reach the GHG reduction goal. As discussed in
Chapter 2, LDV fleet economy improvements of 3 to 5 times
may be technically feasible by 2050, meaning that the aver-
age net GHG emissions of the fuel used in the entire LDV

TABLE 3.1 LDV Fuel Economy Improvement and Fuel
GHG Impact Combinations Needed to Reach an 80
Percent Reduction in Net GHG Emissions Compared to
2005 Assuming a Doubling in Vehicle Miles Traveled
(VMT)

LDV Fuel Requisite Reduction in
Consumption Rate Net Fuel System GHG
LDV Fuel Economy Relative to 2005 Impact versus 2005
Increase versus 2005 (percent)® (percent)”
2% 50 80
3% 33 70
4x 25 60
5% 20 50
6% 17 40

“The vehicle fuel consumption rate (e.g., gal/100 mi) corresponding to a
given increase in fuel economy (e.g., miles per gallon) relative to the base
year level. For example, a quadrupling (4x) of fuel economy simply means
that the fuel consumption rate is 25 percent of the base level.

"The net reduction of system-wide GHG emissions from fuel supply sec-
tors needed to meet an LDV sector-wide 80 percent GHG reduction goal for
a given fuel economy gain when assuming a fixed doubling of VMT, that is,
without accounting for induced effects such as VMT rebound due to higher
fuel economy.
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ALTERNATIVE FUELS

fleet would have to be reduced by 50 to 70 percent per gallon
of gasoline equivalent (gge) by that time.

Finding: Meeting the study goals requires a massive
restructuring of the fuel mix used for transportation.
Petroleum-based fuels must be largely eliminated from
the fuel mix. Other alternative fuels must be introduced
such that the average GHG emissions from a gallon
equivalent of fuel are only about 40 percent of today’s
level.

3.1.2 Fuel Pathways

Many different alternative fuel pathways have been pro-
posed, and this study selected seven different fuel pathways
to analyze: conventional petroleum-based gasoline, biofuels
(including ethanol and “drop-in”? biofuels), electricity,
hydrogen, compressed natural gas (CNG), gas to liquids
(GTL), and coal to liquids (CTL). These were selected
because of their potential to reduce petroleum use, to be pro-
duced in large quantities from domestic resources, and to be
technically and commercially ready for deployment within
the study period. Most fuels selected have lower net GHG
emissions than petroleum-based fuels. Other alternative-
fuel pathways were discussed but not included for detailed
analysis because they did not meet the first three criteria. For
example, methanol is discussed in Appendix G.8 but was
not included for detailed analysis because of environmental
and health concerns that inhibit fuel distribution and retail
companies from broadly offering methanol as a fuel.

The fuel costs, net GHG emissions, investment needs, and
resource requirements were analyzed on a consistent basis
for the different fuels to facilitate comparisons among fuels.
Future technology and cost improvements for the selected
fuels are considered and compared on a consistent basis,
even though the extent of improvement for different fuels
is likely to vary.

3.1.3 Developing Trends in the Fuels Market

Several developments in the energy markets over the
past few years will have large impacts on long-term LDV
fuel-use patterns. First, the fuel economy of the LDV fleet
will increase rapidly over the next decade because of higher
Corporate Average Fuel Economy (CAFE) standards effec-
tive through 2016 and proposed through 2025. The CAFE
standards increase requirements from 23.5 mpg in 2010 to
34.1 mpg in 2016 to 49.7 mpg in 2025. Alternative fuels
and new LDV technologies would compete with future
gasoline or diesel LDVs that use much less petroleum and
have lower net GHG emissions. From a consumer viewpoint,
the decreasing volume of gasoline needed to travel a mile

2 Drop-in fuel refers to nonpetroleum fuel that is compatible with existing
infrastructure for petroleum-based fuels and with LDV ICEs.
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reduces the economic motivation to switch from gasoline to
an alternative fuel.

Second, biofuel production is expected to increase as
a result of the Renewable Fuel Standard 2 (RFS2) passed
as part of the 2007 Energy Independence and Security Act
(EISA). This legislation mandated the consumption of 35
billion gallons of ethanol-equivalent® biofuel and 1 billion
gallons of biodiesel (about 24.3 billion gge/yr based on
energy content) by 2022. The detailed requirements of RFS2
are discussed in Appendix G.1. Based on the 2010 gasoline
use of 136 billion gge/yr (8.88 million bbl/d), this mandate
increases biofuel use from 9.9 percent (0.87 million bbl/d) to
18 percent (1.59 million bbl/d) of the gasoline mix by volume
(EIA, 2011b). Although the mandated volume for cellulosic
biofuel is not expected to be met by 2022, any additional
biofuel volume in the conventional gasoline mix reduces the
need for gasoline from petroleum and the volume of other
alternative fuels needed to reach the study goals. See Sec-
tion 3.2, “Biofuels,” in this chapter for a detailed discussion.

Third, the volume of economic natural gas from shale
deposits within the United States has been increasing rapidly.
In its June 18, 2009, report the Potential Gas Committee
upgraded by 39 percent the estimated U.S. potential natural
gas reserves (defined as being potentially economically
extractable by the use of available technology at current
economic conditions) compared with its previous biannual
estimate (Potential Gas Committee, 2009). Based on the new
estimates, the probable natural gas reserves would provide
about 86 years of consumption if the consumption rate stays
at the current level. In 2011, the Potential Gas Committee
increased its estimates such that 90 years of probable reserves
exist based on 2010 consumption. Many previous studies on
alternative fuels did not include natural gas as a possible
source for LDV fuel because of limited domestic supply, and
the likely price increase in electricity and residential heating
costs associated with high natural gas use in the transporta-
tion market. With increasing domestic production, natural
gas now is a viable option for providing transportation fuels
through multiple pathways including electricity, hydrogen,
GTL, and CNG. See Section 3.5, “Natural Gas,” in this chap-
ter and Appendix G.7 for a detailed discussion.

3.1.4 Study Methods Used in the Analysis

This study considers conventional and alternative fuels
for the 2010-2050 period, and this committee undertook a
number of tasks to generate possible fuel scenarios and data
for use in the modeling efforts described in Chapter 5. The
primary sources for the data are different for each fuel and
are explained in the sections that provide details on each
fuel below in this chapter. The committee made efforts to
standardize input data and definitions between the primary

3A gallon of ethanol has about 77,000 Btu, compared with 116,000 Btu
in 1 gallon of gasoline equivalent.
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information sources. The tasks the committee performed
include:

e Assessed the current state of the technology readi-
ness for each fuel using information gathered from
presentations made to this committee and published
literature.

e Estimated future improvements to these technologies
that could be broadly deployed in the study period.*

e  Estimated the range of costs based on future technol-
ogy for each fuel delivered to the LDV at a fueling
station in a similar way for each fuel. The reference
price basis in the Energy Information Administra-
tion’s (EIA’s) Annual Energy Outlook 2011 (EIA,
2011a) is used for all primary fuel prices. Investment
costs are expressed in 2009 dollars.

e  Estimated the initial investment costs needed to build
the infrastructure for each fuel pathway.’

e Estimated the net GHG emissions per gallon of gas-
oline-equivalent for each fuel based on the methods
selected for producing the fuel. An upstream GHG
component, a conversion component, and a combus-
tion component were included in the estimate of net
GHG emissions.

3.1.5 Costs of Alternative Fuels

The costs of alternative fuels through 2035 are estimated
based on the energy raw material prices in the reference case
of the Annual Energy Outlook 2011 (AEO; EIA, 2011a), and
the basis and assumptions for the estimates are explained
in the individual fuel sections. Fuel prices beyond 2035
were estimated by the committee. Table 3.2 summarizes
the expected alternative fuel costs for 2030 on a $/gge or
$/kWh basis for some of the fuel pathways and shows the
consumer’s annual fuel costs for a new vehicle of that type
based on 2030 estimated vehicle mileage.

While the values in Table 3.2 are useful guideposts for
this analysis, there are a few factors to keep in mind. First,
the fuel costs shown in Table 3.2 are untaxed—current or
future taxes are not included and could alter the actual annual
cost that consumers pay. Second, the per-gallon of gasoline-
equivalent fuel cost estimates in 2030 are a snapshot in time
and will likely change as technology develops and world
energy prices change. Third, the untaxed fuel-purchase costs
to consumers each year appear similar for most fuels except
for CNG and the BEV, which are significantly lower than oth-
ers. Given the small separation for the other options in 2030,
untaxed fuel costs are not expected to be a significant driv-

4Some future technologies that might be developed during the study
period are not included for detailed analysis because future efficiencies and
costs are not well understood. Examples of this include photoelectrochemi-
cal hydrogen production and biofuels from algae.

SInvestment costs are explained in Appendix G.2, “Infrastructure Initial
Investment Cost.”
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TABLE 3.2 2030 Annual Fuel Cost per LDV, Untaxed
Unless Noted

Annual
Annual Consumer
Fuel Cost Consumer Use  Fuel Cost
Fuel ($/gge or kWh)  (gge or kWh) ($/yr)
Gasoline (taxed) 3.64/gge 325 gge 1,183
Biofuel (drop in) 3.39/gge 325 gge 1,102
Gasoline (untaxed) 3.16/gge 325 gge 1,027
PHEV10¢ 3.16/gge 260 gge 913
0.141/kWh 650 kWh
CTL with CCS 2.75/gge 325 gge 894
GTL 2.75/gge 325 gge 894
PHEV40? 3.16/gge 130 gge 752
0.175/kWh 1,950 kWh
Hydrogen—CCS case  4.10/gge 165 gge 676
Natural gas—CNG 1.80/gge 325 gge 585
BEV 0.143/kWh 3,250 kWh 465

NOTE: All fuel costs are based on the 2011 AEO (EIA, 2011a) for 2030.
The assumed fuel economies are representative of on-road LDV averages
for 2030 described in the scenarios in Chapter 5. The following assump-
tions were made: 13,000 mi/yr traveled and 40 mpgge for liquid and CNG
vehicles, 80 mpgge for hydrogen and 4.0 mi/kWh for electric vehicles.
PHEV 10 gets 20 percent of miles on electric, PHEV40 gets 60 percent. All
costs are untaxed unless noted. Electricity cost includes the retail price plus
amortization of the cost of a home charger.

“PHEV10 is a plug-in hybrid vehicle designed to travel about 10 miles
primarily on battery power only before switching to charge-sustaining
operation.

’PHEYV 40 is a plug-in hybrid vehicle designed to travel about 40 miles
primarily on battery power only before switching to charge-sustaining
operation.

ing force for consumers to switch from gasoline to alternate
vehicle technologies in this timeframe. Untaxed fuel cost
differences of only several hundred dollars per year will not
cover the additional vehicle costs described in Chapter 2.°

Finding: As the LDV fleet fuel economy improves over
time, the annual fuel cost for an LDV owner decreases.
With high fleet fuel economy, the differences in annual
fuel cost between alternative fuels and petroleum-based
gasoline decreases and the annual costs become similar
to one another. Therefore, over time fuel-cost savings
will become less important in driving the switch from
petroleum-based fuels to other fuels.

3.1.6 Investment Costs for Alternative Fuels

The investment costs to build the fuel infrastructure are
sizable for all of the alternative fuel and vehicle pathways.
In fact, these costs remain among the most important barriers

0As pointed out in Chapters 4 and 5, consumers tend to value about 3
years worth of fuel savings when making decisions on initial vehicle pur-
chases. Using the numbers in Table 3.2, 3 years of untaxed hydrogen saves
only $1,501 compared with taxed gasoline during 2030. The cost saved is
not enough to cover the higher cost of a fuel cell electric vehicle (FCEV).
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to rapid and widespread adoption of alternatives. Table 3.3
shows the investment costs on a $/gge per day basis and on
a $/LDV basis. This calculation includes only the investment
in building a new form of infrastructure needed to make and
deliver the fuel to the customer. It does not include invest-
ment to expand an already large and functioning infrastruc-
ture associated with producing more of the basic resource.
For instance, for hydrogen made from natural gas, the
investment cost includes the cost of converting natural gas to
hydrogen, pipelines to deliver the hydrogen, and the full cost
of a hydrogen station, but it does not include investments to
produce natural gas or deliver it to a plant. A complete list of
which costs are included or excluded is shown in Appendix
G.2 “Infrastructure Initial Investment Cost.” Details for these
investment costs are found in the individual fuel sections
below in this chapter.

The investment cost for a new petroleum refinery is
included in Table 3.3 for perspective. However, with increas-
ing fuel economy for the LDV fleet, no new refinery capac-
ity will be needed during the study period. So in effect
the initial investment cost for gasoline is near zero. The
alternative-fuel-producing industry, in 2030, must make a
$1,000 to $3,000 investment for each new alternative-fuel
LDV, whereas almost none is needed for new petroleum
gasoline LDVs. This cost differential is a major barrier to
large-scale deployment of alternative fuels.

The scale, pace, and modularity of the infrastructure
investments vary for the different vehicles and fuels. These
differences are noted in the right-most column of Table 3.3.
Two basic categories are used to describe the infrastructure
requirements: centralized and distributed. Centralized infra-
structure investments are those that are borne by a select
number of decision makers. For example, the infrastructure
for CTL, GTL, or gasoline requires large-scale plants (which
cost billions of dollars each) that individual companies would
pay for. Biofuels require large-scale investments for biore-
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fineries. Hydrogen requires hydrogen production plants plus
smaller-scale distributed investments by retailers to install
new storage tanks and fuel pumps. The investment costs
for BEVs and PHEVs in Table 3.3 include only the costs
for home, workplace, and public chargers. The centralized
infrastructure for CNG has already been built, and so the
incremental CNG infrastructure costs include home fueling
systems (paid for by car owners), or new filling stations (paid
for by retailers). Thus, the infrastructure requirements vary
from a few very large, multibillion-dollar investments (e.g.,
for biorefineries) made by a few decision makers in industry,
to millions of small multithousand-dollar investments made
by millions of decision makers such as consumers, ratepay-
ers, and retailers.

Finding: The investment cost for a new fuel infrastruc-
ture using electricity, biofuels, or hydrogen is in the
range of $2,000 to $3,000 per LDV. This is a significant
barrier to large-scale deployment when compared with
an infrastructure cost for using petroleum of only about
$530 per LDV.

3.1.7 GHG Emissions from the Production and Use of
Alternative Fuels

Operational and infrastructure costs (as noted in Tables
3.2 and 3.3) are critical factors to consider for deployment.
However, the net GHG emissions for the different vehicle
and fuel options need to be examined to determine how the
goal of 80 percent GHG reduction could be met. The esti-
mates of annual GHG emissions in 2030 for different vehicle
and fuel options are shown in Table 3.4.

Each vehicle and fuel option has a range of net annual
GHG emissions because GHG emissions depend on how
the fuels are produced. The range of net GHG emissions
for biofuels is large because the net GHG emissions depend

TABLE 3.3 2030 Fuel Infrastructure Initial Investment Costs per Vehicle

Infrastructure

LDV Fuel Use  Investment Cost
Alternative Fuel 2030 Investment Cost  per Day ($/vehicle) Cost Burden
Electricity BEV $330/kWh per day 8.9 kWh 2,930 Distributed (car owners, ratepayers)
Electricity (PHEV40) $530/kWh per day 5.4 kWh 2,880 Distributed (car owners, ratepayers)
Biofuel (thermochemical) $3,100/gge per day 0.89 gge 2,760 Centralized (industry)
CTL (with CCS) $2,500/gge per day 0.89 gge 2,220 Centralized (industry)
Hydrogen (with CCS) $3,890/gge per day 0.45 gge 1,750 Centralized (industry) and distributed (retailers)
GTL $1,900/gge per day 0.89 gge 1,690 Centralized (industry)
Natural gas—CNG $910/gge per day 0.89 gge 810 Distributed (retailers and car owners)
Electricity (PHEV10) $370/kWh per day 1.75 kWh 650 Distributed (car owners, ratepayers)
Gasoline (new refinery—if needed) $595/gge per day 0.89 gge 530 Centralized (industry)

NOTE: Basis: 13,000 mi/yr and 40 mpgge for liquid and natural gas vehicles, 80 mpgge for hydrogen, and 4.0 mi/kWh for electric vehicles. PHEV10 gets
20 percent of miles on electric; PHEV40 gets 60 percent. Investment costs are explained in the individual fuel sections.
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TABLE 3.4 Estimates of 2030 Annual Net GHG
Emissions per Light-Duty Vehicle Used in the Modeling in
Later Chapters

Annual
GHGs
Net GHG Emissions
Emissions Annual per LDV
Fuel (kg COLe) Use (kg CO,e)
CTL with CCS 12.29/gge 325 gge 4,000
GTL 11.47/gge 325 gge 3,730
Gasoline 11.17/gge 325 gge 3,630
PHEV10 0.590/kWh 650 kWh 380 3,290
11.17/gge 260 gge 2,910
Natural gas 9.20/gge 325 gge 2,990
PHEV40 0.590/kWh 1,950 kWh 1,146 2,600

11.1/gge 130 gge 1,454
Hydrogen—Ilow cost 12.2/gge 165 gge 2,010
BEV—reference grid 0.590/kWh 3,250 kWh 1,920
Biofuel—with ILUC* 5.0/gge 325 gge 1,620
BEV—Ilow-GHG grid 0.317/kWh 3,250 kWh 1,030
Biofuel—without ILUC 3.2/gge 325 gge 1,040
Hydrogen—with CCS 5.1/gge 165 gge 840
Hydrogen—low-GHG case  2.6/gge 165 gge 430
Biofuel—with ILUC,CCS ~ -9.0/gge 325 gge —2925

“Indirect land-use changes (ILUC) can have large impacts on net GHG
emissions but can vary considerably.
Basis: 13,000 mi/yr and 40 mpgge for liquid and NGVs, 80 mpgge for
hydrogen and 4.0 miles/kWh for electric vehicles. PHEV 10 gets 20 percent
of miles on electric; PHEV40 gets 60 percent. GHG estimates are explained
in the individual fuel sections.

on many factors, including the type of feedstock used,’ the
management practices used to grow biomass (e.g., overuse
of nitrogen fertilizer could increase N,O flux), any land-use
changes associated with feedstock production,® and the use
of carbon capture and storage (CCS) with biofuel produc-
tion. The range of differences for a BEV is determined by
the average GHG emissions of the grid and over time may be
quite different than shown in Table 3.4. Hydrogen has a large
range of possible GHGs determined by the several different
choices of production method.

The net GHG emissions from the three typical alternative
fuels—biofuels, hydrogen, and electricity—can be either
high or low depending on technology choices, carbon costs,
regulations, and other factors. Choices driven by technology,
economics, and policy determine the GHG emissions for
future alternative fuels.

7Corn-grain ethanol is likely to have different net GHG emissions than
cellulosic biofuel.

8Uncertainties in GHG emissions from land-use changes are a key con-
tributor to the wide range of estimates for net GHG emissions from biofuels.
Some biofuel feedstock such as corn stover would not contribute much to
GHG emissions from land-use changes.
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Finding: The GHG emissions from producing biofuels,
electricity, and hydrogen can vary depending on the basic
resource type and conversion methods used. Making
these fuels with methods involving very low GHG emis-
sions increases the technical and cost hurdles, especially
during the introductory period. Actions to encourage the
use of these more challenging methods should be timed to
coincide with large-scale deployment and not be a burden
during the introductory period for the fuel. Needed policy
actions for each fuel pathway are listed in Appendix G.3.

3.2 BIOFUELS

3.2.1 Current Status

Biofuel is a generic term that refers to any liquid fuel pro-
duced from a biomass source. A number of different biofuel
products (e.g., biobutanol and drop-in biofuels®) derived
from different feedstocks (e.g., lignocellulosic!'? biomass and
algae) have been proposed, but only corn-grain ethanol and
biodiesel were produced in commercially relevant quantities
in the United States as of the drafting of this report. Ethanol
and biodiesel have been of interest because they can be easily
synthesized using well-known processes from commercially
available agricultural products (such as corn and soybeans
in the United States, sugar cane in Brazil, and other oil
seeds elsewhere). However, neither ethanol nor biodiesel is
fully fungible with the current infrastructure and LDV fleet
designed for petroleum-based fuels.

Ethanol and biodiesel are usually shipped separately and
blended into the fuel at the final distribution point. Ethanol
can be blended into gasoline in various proportions but has
only about two-thirds of the volumetric energy content of
petroleum-based gasoline. As of 2011, ethanol supplied
almost 10 percent by volume of the U.S. gasoline demand
(Figure 3.1). Biodiesel, produced via the transesterification
of various vegetable oils or animal fats, supplied less than
1 percent of U.S. transportation fuel demand in 2011 (see
Figure 3.1). U.S. biodiesel production capacity was about 2.7
billion gal/yr in 2010 (NBB, 2010), but actual production is
significantly lower. Biomass can also be used to synthesize
drop-in fuels, that is, synthetic hydrocarbons that would be
fully fungible with existing infrastructure and vehicles.

The EISA included an amendment to the Renewable
Fuel Standard in the Energy Policy Act (EPAct) of 2005.
RFS2 mandated an increase of over 200 percent in the use
of biofuels between 2009 and 2022. (See Box 1.1 in Chap-
ter 1.) Biofuels, including corn-grain ethanol and biodiesel,
currently require government subsidies or mandates to com-
pete economically with petroleum-based fuels. Increases in
ethanol consumption can also be limited by the “blend wall”

“Biofuels that are compatible with existing infrastructure and internal
combustion engine vehicles (ICEVs) for petroleum-based fuels.

19Plant biomass composed primarily of cellulose, hemicellulose, and
lignin.
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FIGURE 3.1 Amount of fuel ethanol produced in the United States.

SOURCE: Data from EIA (2012b,c).

(NRC, 2011). In 2010, the U.S. Environmental Protection
Agency (EPA) approved the use of E15 in internal combus-
tion engine vehicles (ICEVs) of model year 2001 or newer
in response to a waiver request by Growth Energy and 54
ethanol manufacturers. Although EPA approved the use of
E15in 2010, its sale just began in July 2012 (Wald, 2012). In
April 2012, EPA approved 20 companies for the manufacture
of E15 (EPA, 2012a)."" Without an approved method for
eliminating misfueling of older cars,'? increased ethanol use
is likely to be constrained in the near term. In addition, auto
manufacturers do not recommend using E15 in any vehicles
that were initially designed to use E10 because of concerns
that E15 might damage older engines (McAllister, 2012).

Flex-fuel vehicles (FFVs) can use higher concentrations
of ethanol (up to 85 percent), and many auto manufacturers
produce flex-fuel vehicles because of the CAFE credit'3 they
receive (DOE-EERE, 2012c). However, the number of E85
fueling stations is limited (about 2,500 stations across the
United States) and varies by state (DOE-EERE, 2012a). The
price of E85 has always been higher than petroleum-based
gasoline on an equivalent energy content basis.

""When the U.S. Environmental Protection Agency (EPA) approves a new
fuel or fuel component, EPA only evaluates the fuel’s impact on the emission
control system and its ability to meet the evaporative and tailpipe emission
standards. EPA does not evaluate the impact of the new fuel on any other
aspect of vehicle performance, including degradation of vehicle components
and performance that are not associated with the emission control system.

12The Renewable Fuels Association submitted a Model E15 Misfueling
Mitigation Plan to EPA for review and approval on March 2012. The plan
includes fuel labeling to inform customers, a product transfer documenta-
tion requirement, and outreach to public and stakeholders. However, those
measures will not eliminate the possibility of accidental misfueling.

I3CAFE credits were used to incentivize vehicle manufacturers to sell
large numbers of vehicles that run on natural gas or alcohol fuels. See
Chapter 6 for details.

Although the use of corn-grain ethanol can reduce petro-
leum imports, its effects on GHG emissions are ambiguous.
Life-cycle assessments by various authors have estimated a
0 to 20 percent reduction in GHG emissions from corn-grain
ethanol, relative to gasoline (Farrell et al., 2006; Hill et al.,
2006; Hertel et al., 2010; Mullins et al., 2010).

The EISA requires the use of additional advanced and
cellulosic biofuels that will reduce petroleum imports, lower
CO,e emissions, and be produced predominantly from
lignocellulosic biomass. (See Appendix G.1 for definitions
of biofuels in EISA.) To qualify as an advanced biofuel, a
biofuel would have to reduce life-cycle GHG emissions by
at least 50 percent compared with petroleum-based fuels.!*
To qualify as a cellulosic biofuel, a biofuel would have to be
produced from cellulose, hemicellulose, or lignin and reduce
life-cycle GHG emissions by at least 60 percent compared
with petroleum-based fuels. Although RFS2 specified life-
cycle GHG reduction thresholds for each type of fuel and
EPA makes regulatory determinations accordingly, the actual
life-cycle GHG emissions of biofuels could span a wide
range (NRC, 2011). Biofuels facilities that began construc-
tion after 2007 would have to be individually certified for
both biomass source and production pathway to qualify for
renewable identification numbers (RINs).!?

The U.S. government and private investors have invested
billions of dollars to develop cellulosic biofuels (see Tables

4In its Renewable Fuel Standard Program (RFS2) Regulatory Impact
Analysis (EPA, 2010b), EPA determined the life-cycle GHG emissions to
be 19,200 g CO,e/million Btu for petroleum-based gasoline and 17,998 g
CO,¢/million Btu for petroleum-based diesel.

1 The Renewable Identification Number (RIN) system was created by
EPA to facilitate tracking of compliance with RFS. A RIN is a 38-character
numeric code that corresponds to a volume of renewable fuel produced in
or imported into the United States.
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2.3 and 2.4 in NRC, 2011); however, no commercially viable
processes are operational as of the drafting of this report.
Initial research focused on cellulosic ethanol; however,
the difficulties associated with integrating ethanol into the
existing fuel distribution system and the inability to increase
ethanol yields to the desired levels have resulted in a shift
in research emphasis away from the biochemical conver-
sion processes to the thermochemical or hybrid conversion
processes. Conversion processes of lignocellulosic biomass
to fuels are discussed below in this chapter.

3.2.2 Capabilities

The production potential of cellulosic biofuels is deter-
mined by the ability to grow and harvest biomass and the
conversion efficiency of the processes for converting the
biomass into a liquid fuel. Many studies have been published,
and they show that the currently demonstrated conversion
potential is about 46-64 gge/ton of dry biomass feedstock
(as summarized in NRC, 2011). This represents an energy-
conversion efficiency to liquid fuel of 25 to 50 percent based
on the ratio of the lower heating value of the fuel product to
that of the biomass feedstock. Much of the balance of the
biomass-energy content is used to produce electricity and to
power the conversion processes.

3.2.3 Biomass Availability

Multiple potential sources of lignocellulosic biomass
can be used to produce biofuels. They include crop residues
such as corn stover and wheat straw, fast-growing perennial
grasses such as switchgrass and Miscanthus, whole trees and
wood waste, municipal solid waste, and algae. Each potential
source has a production limit. The consumptive water use and
other environmental effects of producing biomass for fuels
are discussed in detail in Renewable Fuel Standard: Potential
Economic and Environmental Effects of U.S. Biofuel Policy
(NRC, 2011).

Several studies have been published on the estimated
amount of biomass that can be sustainably produced in
the United States (NAS-NAE-NRC, 2009b; DOE, 2011;
NRC, 2011, and references cited therein). All of the studies
focused on meeting particular production goals and none
of them projected biomass availability beyond 2030; they
are discussed in Appendix G.4. The studies had different
target production dates ranging from 2020 to 2030. The
most recent study (DOE, 2011) projected that 767 million
tons of additional biomass (above that currently consumed)
could be available in 2030 at a farm gate price of less than
$60/ton. This estimate was based on an annual yield growth
of 1 percent and would require a shift of 22 million acres of
cropland (or 5 percent of 2011 cropland) and 41 million acres
of pastureland (or 7 percent of 2011 pastureland) into energy
crop production. That amount was assumed to be available
in 2050 in this report.
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Finding: Sufficient biomass could be produced in 2050,
when converted with current biofuel technology and
consumed in vehicles with improved efficiencies consis-
tent with those developed by the committee in Chapter 2
(about a factor-of-four reduction in fuel consumption per
mile by 2050), that the goal of an 80 percent reduction in
annual petroleum use could be met.'°

3.2.4 Conversion Processes

Several technologies can be used to process biomass
into liquid transportation fuels for the existing LDV fleet.
Converting corn starch to ethanol and converting vegetable
and animal fats to biodiesel or renewable (green) diesel are
well-established commercial technologies. As of 2012, the
collective capacity of corn-grain ethanol and biodiesel refin-
eries in the United States is sufficient to essentially meet the
2022 RFS2 consumption mandates for conventional biofuels
and biomass-based diesel.

There are a number of potential processes for converting
cellulosic biomass into liquid transportation fuels. Demon-
stration facilities have been built for some of the various
technologies. Much of the focus on cellulosic biofuel has
switched away from ethanol to producing a biofuel that is
a drop-in fuel.

Three main pathways are being developed to produce
cellulosic biofuels: biochemical, thermochemical, and a
hybrid of thermochemical and biochemical pathways. The
pathways are discussed in detail in the report Liquid Trans-
portation Fuels from Coal and Biomass: Technological
Status, Costs, and Environmental Impacts (NAS-NAE-NRC,
2009b). Briefly, biochemical processes use biological agents
at relatively low temperatures and pressures to convert the
cellulosic material to biofuels—primarily ethanol and higher
alcohols.

Thermochemical conversion uses heat, pressure, and
chemicals to break the chemical bonds of the biomass and
transform the biomass into many different products. Three
main pathways are being considered for thermochemical
conversion: gasification followed by Fischer-Tropsch (FT)
catalytic processing to make naphtha and diesel, gasifica-
tion followed by conversion of the syngas into methanol
and subsequent conversion into gasoline via the methanol-
to-gasoline (MTG) process, and pyrolysis (either high-
temperature or lower-temperature hydropyrolysis) followed
by hydroprocessing of the pyrolysis oil to produce gasoline
and diesel. Other thermochemical pathways are also under
development. Thermochemical and biochemical processes
can be combined—for example, gasification of the biomass
followed by fermentation of the syngas to produce ethanol
or other alcohols.

16See Chapter 5 modeling results for further detail.
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3.2.5 Costs

The economics of biofuel production have been discussed
in a number of studies. Both NAS-NAE-NRC (2009b) and
NRC (2011) compared recent information to develop com-
parative economics. The report Renewable Fuel Standard:
Potential Economic and Environmental Effects of U.S. Bio-
fuel Policy (NRC, 2011) and the references cited therein form
the bases for the discussion of economics in this chapter.

Conversion of cellulosic biomass to drop-in biofuels is a
relatively new and evolving suite of technologies. Predicting
the future developments that can lower the cost of biofuel
production is difficult. The cost of production is primarily a
function of the cost of biomass, the yield of biofuels, and the
capital investment required to build the biofuel conversion
facility. Current conversion efficiencies are 46-64 gge/ton of
dry biomass (which gives an average value of 55 gge per dry
ton with a range of 9 gge per dry ton).

Current capital costs to build a cellulosic biorefinery vary
between 10 and 15 $/gge per year for all of the technologies
discussed above. Thus, a biorefinery that would produce 36
million gge/yr consumes about 2,000 dry tons of biomass per
day. The biorefinery would cost between $360 million and
$540 million to build. An average capital cost would be 12.5
2.5 $/gge per year. Because biorefining is a developing and
evolving technology, it is reasonable to assume that yields
will increase and that the capital costs will decrease as the
technology matures. Yields will increase because of improve-
ments in the catalysts used and in the process configurations.
The capital costs are expected to decline primarily because
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of economies of scale and improvements in the process con-
figurations. Biorefineries that are bigger and more efficient
than the first-mover facilities will be built as engineering and
construction techniques are refined over time. The analysis is
this chapter assumes that yields will increase from a baseline
of 55 gge per dry ton in 2012 at a rate of 0.5 percent per year
to a yield of 64 gge per dry ton by 2028. The capital costs are
assumed to decrease by 1 percent per year through 2050 for
an overall reduction in capital cost of 31 percent compared
to the present cost. The capital costs given in this report are
for fully engineered facilities for a relatively new technol-
ogy. Others (Wright et al., 2010) have estimated a 60 percent
decrease in capital costs as the technology evolves. Figure
3.2 shows the current and future costs to produce cellulosic
biofuels based on these assumptions and the assumption that
bioenergy feedstock is $75 or $133 per dry ton. Current esti-
mates are for a biomass cost of $75 per ton, but a sensitivity
to a higher cost is also included (see Figure 3.2).

Table 3.5 is a summary of projections of cellulosic bio-
fuels that could be available, in addition to the 2012 ethanol
and biodiesel production of 14 to 15 billion gal/yr, using
different investment rates for new plant capacity. This com-
mittee estimated that about 45 billion gge of biofuel would
be required to meet the target of 80 percent reduction in
petroleum use for the LDV fleet in 2050 and would require
about 703 million dry tons per year of biomass feedstock.
A uniform annual construction rate of about $10 billion per
year can easily produce the projected biofuel needs in 2050.
The fuel availabilities are based on the projections discussed
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TABLE 3.5 Estimates of Future Biofuel Availability

Annual Plant Investment Rate
(billion dollars per year)

1 4 7.2 10.4
Biofuel production
(billion gge per year) by
2022 0.9 3.7 6.7 9.7
2030 1.8 74 133 192
2050 4.3 173 312 450
Biomass required in 2050 68 270 488 703
(million dry tons per year)
Estimated land-use change 5.5 222 40.1 578
(million acres)
Total investment to 2050 38 152 275 396
(billion dollars)
Average number of biorefineries built 2.7 108 195 282
per year

above. Land requirements are scaled from the U.S. Billion-
Ton Update previously discussed (DOE, 2011).

Worldwide expenditures on exploration and production
of petroleum are high (Milhench and Kurahone, 2011).
For example, ExxonMobil alone invested over $32 billion
globally in capital and exploration projects in 2010. The
November 7, 2011, issue of the Oil and Gas Journal (2011)
reported that the National Oil Companies of the Middle East
and North Africa planned to invest a total of $140 billion in
oil and natural gas projects in 2012, with even more invest-
ments to follow in coming years.

If the biofuels industry grows as projected, many U.S.
petroleum refineries will close or be converted to biorefin-
eries. Conversion of a petroleum refinery to a biorefinery
will be significantly less costly and labor-intensive than the
construction of a “grass-roots” biorefinery.

In all future years, the amount of biofuels that can be
produced will most likely be limited not by biomass avail-
ability, but rather by the availability of capital to build the
biorefineries. However, a potential investor will not start
construction without secure contracts for biomass supply
and a guaranteed market for the product.'’

3.2.6 Infrastructure Needs

A large number of biomass conversion facilities would
have to be built along with specialized harvesting equipment
and a truck fleet to transport the biomass from the fields to
the conversion facilities. Economic studies have shown that
the conversion facilities need to be near where the crops are
grown. Therefore, additional product pipelines would be

7Factors that can affect actual supply of biomass for fuels are discussed
in the report Renewable Fuel Standard: Potential Economic and Environ-
mental Effects of U.S. Biofuel Policy (NRC, 2011).
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needed to transport the biofuels from the conversion facili-
ties to the existing petroleum product distribution system.
Although drop-in biofuels can use the existing petroleum-
product distribution system, feeder lines will most likely be
required between the biorefineries and the major petroleum
pipelines. However, adding feeder lines will require a rela-
tively small incremental investment.

3.2.7 Regional or Local Effects

Biomass can be grown only in certain parts of the country,
and so the conversion facilities will also be located nearby.
If drop-in fuels are produced, then the fuels can be shipped
via the existing system of petroleum-product pipelines. This
system efficiently transports large volumes of petroleum
products. Initially, the biofuel refineries will be sited near
the locations where the lowest-cost biomass is grown or
harvested. Many of these locations are in the Southeast
and Midwest United States. The major petroleum pipelines
between the Gulf Coast and the Northeast and North Central
United States bisect these regions. Tie-ins to these pipeline
systems would be relatively short.

3.2.8 Safety

The chemical properties of drop-in cellulosic biofuels will
be similar to those of existing, petroleum-based LDV fuels,
with no additional fuel-related safety hazards. Truck traffic
in rural areas is expected to increase, which could increase
traffic accidents in these areas.

3.2.9 Barriers

The primary barrier to displacing petroleum with biofu-
els is economic. At present, biofuels are more expensive to
produce than petroleum-based fuels. The corn-grain ethanol
industry had many years of government subsidies and is
currently supported by the RFS2 consumption mandate.
Subsidies or mandates are projected to be required to support
cellulosic biofuel unless the price of oil is close to $190/bbl
or conversion costs decline as projected.

As discussed above and in detail in other reports (NAS-
NAE-NRC, 2009b; NRC, 2011), ethanol involves definite
infrastructure issues. Pure ethanol cannot be used in con-
ventional ICEs because of cold-start problems. It has to be
blended with petroleum-based gasoline. The highest content
allowed in the United States is 85 percent ethanol by volume
(E85). Although E85 could contain up to 85 percent ethanol,
its ethanol content typically averages only 75 percent or even
less in the winter.

As of 2012, the fuel industry was close to reaching the
maximum amount of ethanol that can be consumed by blend-
ing into E10. Total U.S. gasoline consumption in 2010 was
just over 138 billion gallons. Blending all of this as E10
would consume only 13.8 billion gallons of ethanol, which is
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less than the 15 billion gallons of conventional ethanol man-
dated by RFS2. Fewer than 0.1 billion gallons of E85 were
sold in 2009. As the fuel economy of vehicles improves and
gasoline sales decline, even less gasoline will be available
to be blended with the volume of ethanol mandated. Drop-in
biofuels do not have this limitation.

3.2.10 GHG Reduction Potential

There is ongoing debate regarding the GHG emissions
from the production of biofuels, including the time profile
of the emissions. The uncertainties and variability associated
with the GHG reduction potential of biofuels are discussed
in detail in NRC (2011). The values for GHG emissions used
in this study were a modified version of those developed
by EPA for the RFS2 final regulations. The difference was
the treatment of emissions attributable to indirect land-use
change (ILUC). The EPA analysis distributes the GHG
emissions from ILUC over a 30-year period. For the analy-
sis in this report, all emissions contributed by ILUC were
attributed to the first year’s operation of the biofuel conver-
sion facility rather than spread over 30 years. This alternate
ILUC treatment and its impact on annual biofuel GHG
emissions are discussed in detail in Appendix G.5. These
predicted GHG emissions do not include the use of CCS in
the production facility to reduce overall well-to-wheels GHG
emissions. Applying CCS to a biofuel production facility can
potentially provide slightly negative well-to-wheels GHG
emissions (NAS-NAE-NRC, 2009a).

3.3 ELECTRICITY AS A FUEL FOR LIGHT-DUTY
VEHICLES

3.3.1 Current Status

In the United States, electricity is widely available, plen-
tiful, and relatively inexpensive. It already is used as fuel
for some LDVs available on the general market, including
PHEVs (e.g., the Chevrolet Volt) and BEVs (e.g., the Nissan
Leaf). Further, electric-power vehicles are in wide use in
commercial applications such as in warehouses and factories.

3.3.2 Capabilities

Table 3.6 shows the 2010 capability of the U.S. electric-
ity system (EIA, 2011a). The capacity factor measures the
ability of a power source to produce power and reflects both
availability to produce power and whether or not the plant
is dispatched. Capacity factor is estimated as the annual
electricity production for each source divided by the power
production it would have achieved when operating at its net
summer capacity 24 hours per day for the entire year. Power
dispatch is affected by the price of the source relative to
other competing sources because lower-priced sources are
dispatched preferentially.
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TABLE 3.6 Capability of the U.S. Electricity System in
2010
Net
Summer  Electricity
Capacity Production Capacity

Source (GW) (thousand GWh) Factor
Coal 318.1 1,879.9 0.67
Oil and natural gas steam 1135 123.9 0.13
Natural gas combined cycle 198.2 733.8 0.42
Diesel/conventional combustion 138.6 51.0 0.11
turbine
Nuclear 101.1 802.9 0.90
Pumped storage 21.8 0.2 —0.001
Renewables 123.0 371.6 0.35
Total 1,014.4  3,962.8 0.45

The average U.S. retail price for electricity is about $0.10/
kWh with substantial variation across the country because of
the time of use, local generation mix, and various incentives
or taxes. In general, electricity produced by hydro power
costs the least, followed closely by coal, nuclear, and natural
gas. Electricity generation from natural gas is expanding
rapidly for the following reasons:

e The cost of natural gas generation strongly depends
on the cost of fuel. Currently the cost of natural gas
is low ($2.5 to $3.5/million Btu) and could remain
low for a decade or more.

e CO, emissions per unit of power generated by natural
gas are about half of the CO, emissions per unit of
power generated by coal.

e Emissions of sulfur oxides (SO,), nitrogen oxides
(NO,) and other toxic air pollutants from natural gas
are much lower than the emissions from coal.

Gas turbines are well suited to provide backup power for
intermittent renewable energy generation sources, such as
wind and solar, because they can be ramped up relatively
quickly. Because of this characteristic, the share of electricity
generation from natural gas tends to increase as renewable
energy increases. The generation of electricity produces
GHG emissions, mainly CO,. In 2010, total GHG emissions
from electric power as reported in the AEO 2011 were 2.3
billion metric tons CO,e (EIA, 2011a). There are additional
emissions further upstream in the process, for example, in
mining coal, producing natural gas, transporting fuels to
the power plant, and building solar panels, wind turbines,
and power plants. These upstream emissions can be added
to the combustion emissions to estimate the total life-cycle
emission of any process, including electricity generation.
Life-cycle emissions are considered in this report’s analyses
of GHG emissions.

The capability (and demand) for electricity generation in
the United States is expected to grow slowly from the pres-
ent to 2050. For the purposes of this study, two cases in the
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AEO 2011 (EIA, 2011a) were examined: the 2011 reference
case and the GHG price case (hereafter referred to as the
low-GHG case). The low-GHG case is based on a steadily
escalating carbon tax beginning at $25/metric ton of CO,e
in 2013 and escalating at 5 percent per year, reaching $152/
metric ton in 2050. The National Energy Modeling System
(NEMS) is used by EIA to produce the AEO projections up
to 2035. Therefore, the reference and low-GHG cases had
to be extrapolated to 2050. For the low-GHG case, the total
GHG emissions, power output, and cost data were extrapo-
lated to 2050 using the years 2031 to 2035 to better capture
the accelerating effects of the carbon tax increase in shifting
the mix of generation sources. For the reference case, data
from the period 2020 to 2035 were used because the mix of
generation sources does not change much.

The low-GHG case shows that the annual GHG emis-
sions in 2050 are reduced from the reference-case emissions
by more than the desired 80 percent; however, this result
does not account for the life-cycle emission effects in the
electricity-generating sector because in the AEO analyses
some of the emissions are attributed to other sectors. To
compare fuels used in transportation on a consistent basis,
the additional upstream generation of GHG emissions for
combusted fuels will have to be included to account for the
life-cycle emissions for non-combusted fuels, for example,
renewables and nuclear.

For coal and natural gas, the upstream emission factors
in the Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation Model (GREET model; Argonne
National Laboratory) were used to calculate the total life-
cycle emissions.

The AEO 2011 estimated GHG emissions from coal com-
bustion to be 0.9552 kg CO,e/kWh.'8 For coal, the upstream
emissions embedded in the GREET model are 3.74 kg CO,e/
GJ. Using a conversion factor of 1.055 GJ per million Btu
and assuming a heat rate of 10,000 Btu/kWh for the conver-
sion of coal to electricity, the upstream emissions are 0.04
kg CO,e/kWh. Accounting for transmission line losses of 7
percent, the correction from both upstream and transmission
line losses is an additional 0.042 kg CO,e/kWh, making the
total emissions for coal-fired electricity 1.0 kg CO,e/kWh.

The existing value for natural gas combustion emissions
in the AEO model is 0.433 kg CO,e/kWh.!” The upstream
GHG emissions for natural gas in the GREET model are 13.4
kg CO,e/GJ. The heat rate used in AEO 2011 for converting
natural gas to electricity is 8,160 Btu/kWh. Using this as a
conversion factor, the upstream emissions of natural gas are
0.115 kg CO,e/kWh. Correcting for transmission line losses
of 7 percent makes the total correction 0.123 kg CO,e/kWh,
and the total GHG emissions for natural gas are 0.556 kg
CO,e/kWh.

18See http://205.254.135.24/0iaf/1605/coefficients.html.
19See http://205.254.135.24/0iaf/1605/coefficients.html.
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There are no GHG emissions assumed in the AEO
cases for nuclear and renewable electricity. The life-cycle
emissions for nuclear and renewable energy sources were
assumed to be 0.02 kg CO,e/kWh, based on the values used
in the NRC report America’s Energy Future. Technology and
Transformation (NAS-NAE-NRC, 2009a). Table 3.7 sum-
marizes the results for GHG emissions from fuels.

In addition to extending beyond the AEO’s 2035 projec-
tions, the current study had to verify that the low-GHG case
still gives the desired result of about an 80 percent reduction
in GHG emissions by 2050 after all emissions in the life
cycle are accounted for. The fraction of electricity generated
by each fuel was estimated by extrapolating the 2035 AEO
results to 2050. Because the changes in the fuel mix were
accelerating in the latter period of the EIA case, 2031-2035,
the rate in that period was used as a reasonable basis from
which to extrapolate. The result is shown in Table 3.8, which
indicates that the GHG emissions are still reduced by more
than 80 percent in 2050.

TABLE 3.7 2010 Electricity-Generation GHG Emissions
by Source

Combustion Upstream Life-Cycle
Emissions Emissions Emissions
Source (kg CO,e/kWh) (kg CO,e/kWh) (kg CO,e/kWh)
Coal 0.9552 0.042 1.0
Natural gas 0.433 0.123 0.556
Nuclear 0 0.02 0.02
Hydro 0
Renewables 0 0.02 0.02

SOURCE: EIA (2011a).

TABLE 3.8 Key Parameters of the AEO Base Case and
Low-GHG Case

Parameter 2010 2020 2035 2050
AEO base-case cost 9.6 8.8 9.2 9.4
($/kWh)

AEO low-GHG case 9.6 11.2 12.7 14.8
cost ($/kWh)

Carbon tax ($/metric 0 35 73 152
ton CO,e)

AEOQ base-case 3,963 4,158 4,633 5,140
output

(billions kWh)

AEO low-GHG case 3,963 3,823 3,976 4,190
output

(billions kWh)

AEOQ base-case 0.586 0.535 0.545 0.541
GHG emissions
(kg CO,e/kWh)

AEO low-case GHG 0.586 0.412 0.256 0.111
emissions
(kg CO,e/kWh)
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3.3.3 Grid Impact of Plug-in Electric Vehicles

Neither of the AEO grid models account for the addi-
tional load if a large number of electric-powered vehicles
are added. To assess the importance of this effect, the energy
demand in 2020, 2035, and 2050 was estimated (Table 3.9).

The electricity generation projection in the low-GHG case
is the comparison standard because the grid capacity is lower
than that in the reference case. The result of this comparison
shows that the additional load from PEVs in 2020 and 2035
is a small fraction of the projected total electricity usage
and probably well within the uncertainty in the projections.
Between 2035 and 2050, the power demand for PEVs is
assumed to rise quickly. By 2050, it is assumed to reach 7
percent of the projected power usage and has a growth rate of
about 0.5 percent per year. This load increase is well within
the historic growth of the grid, which has been as high as 7
percent per year in the mid-1980s, and even the growth rate
of 1 to 2 percent per year that has been true over the past
10 years in the United States. However, the low-GHG case
projects load growth of less than 0.1 percent a year in the
absence of BEV demand. Further, adding plants to the grid
is a time-consuming process, and construction of a new plant
can take a few years to a decade or more. Therefore, if the
low-GHG case is an accurate projection of electricity usage,
additional capacity has to be planned, permitted, funded,
and constructed at a more rapid pace than projected for the
next 20 years as large numbers of PEVs come into service
(Table 3.10). If these additional plants cannot be brought
online quickly enough, then the growth of PEV use may be
restrained or the low GHG emissions may not be achieved as
older plants with higher emissions may be required to be kept
in service. New plant demand can be reduced to the degree
that load shifting to off peak can be used. The amount of this
reduction is not well defined.

There are also temporal and local effects on power
demand from PEV charging. If owners charge their PEVs
during times that the grid is highly used (e.g., during peak

TABLE 3.9 Electric Vehicle Energy Demand Compared to
Low-GHG Case

2030 2035 2050

AEO low-GHG output (billion kWh) 3,823 3,976 4,190

Electric vehicle energy demand (billion 34 72 286
kWh)

Electric vehicle energy demand (percent 0.1 1.8 6.8
of output)

NOTE: The demand for electric vehicles was estimated assuming 13,000
miles as the base. The number of miles driven for each vehicle was taken
from Elgowainy et al. (2009). The assumed number and mix of vehicles
used to estimate the charging load are shown in Table 3.10. The number
of vehicles, number of miles, and fraction of the fleet are not predictions
by the committee, but were selected to be conservative (high) to illustrate
the impact of the charging demand on the grid. For all vehicles the energy
consumption is 0.286 kWh/mi.
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TABLE 3.10 Assumed Number of Electric Vehicles in
Fleet

2020 2035 2050
Total electric vehicles 2 million 30 million 100 million
Fraction PHEV10 0.4 0.1 0
Fraction PHEV40 04 0.5 0.3
Fraction BEVs 0.2 0.4 0.7

NOTE: BEYV, battery electric vehicle; PHEV, plug-in hybrid electric vehicle.

load periods), there could be problems with supplying
enough electricity. For instance, if most PEVs are returned to
their home base late in the afternoon with depleted batteries
and are plugged in to charge, this load will be superimposed
on the grid at a time when the daily load is already highest.
This is especially true in the summer and winter seasons
because of air conditioning and heating demands. It also may
be desirable to move the load off peak to reduce GHG emis-
sions because when peak loads are high, the oldest and likely
dirtiest sources of power will be forced into service. They
would not be used when power demands are well below the
peak. Based on the estimates above, the peak loading issue
until 2035 is unlikely to be a problem overall. But as the LDV
charging load on the grid grows, the peak loading becomes of
greater concern. However, studies have shown that practical,
effective means are available to move the load to alternate
charging times (e.g., late at night when other loads are low).
One method that utilities are considering using to change
consumer behavior is time-of-use (TOU) pricing, which
would charge consumers lower rates during off-peak hours
(generally between 11 p.m. and 5 a.m.). However, studies
show that more comprehensive, integrated, and intrusive load
management approaches based on the wide use of smart grid
technology can be even more effective than incentives such
as TOU pricing in reducing the peak load.

The present power grid has an estimated capability to
handle a large fraction of the nationwide LDV fleet simply
by taking advantage of the excess capacity in off-peak hours
at night (PNNL, 2007). However, that estimate represents a
nationwide average, and excess capacity varies throughout
the country. For example, while Texas could provide energy
for 73 percent of its LDV fleet, the California and Nevada
area only could recharge 15 percent of its local fleet with
off-peak power. This rate could be problematic given the
large number of vehicles present in this region. With larger
penetration of PEVs over the coming decade (about 25
percent), it has been suggested that there will be significant
strain in regions such as California if the grid does not adapt
(Guo et al., 2010).

The local distribution grids of each utility could also
be affected by a significant deployment of PEVs (or even
by a small number of PEVs if they are concentrated in a
small area served by a small number of local transformers).
The most likely upgrade required by the addition of PEVs
is the replacement of transformers. A study by the Elec-
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tric Power Research Institute and the Natural Resources
Defense Council (EPRI and NRDC, 2007) and discussions
by the committee with Pacific Gas and Electric Company
(Takemasa, 2011) and previous discussions with Southern
California Edison (Cromie and Graham, 2009) indicate
that the local grid effects are manageable and within the
utilities’ normal cost of doing business. See Appendix G,
Section G.2, for more discussion and an estimate of the
investment cost.

3.3.4 Costs

There are four potential major sources of investment costs
beyond the cost of the electricity itself:

e  Charging stations to transfer energy from the electric
distribution system to the PEVs;

e  Necessary upgrades to the transmission and distribu-
tion system uniquely associated with charging PEVs;

e Additional generation capacity needed to provide
fuel for large numbers of PEVs; and

e Conversion of the electric power system to real-
ize approximately 80 percent lower annual GHG
emissions.

These investment costs are estimated in Appendix G.6.
The results are summarized in the following sections.

3.3.4.1 Charging Station Costs

Three types of charging stations are available. Level 1
charging stations use normal 110 V circuits and provide
AC power to the vehicle. They are relatively low power
and require typical charging times of over 20 hours for a 24
kWh battery. Level 2 charging stations provide AC power
via a 240 V circuit (typically used today for electric clothes
dryers and electric stoves). Because energy flow goes as the
square of the voltage, level 2 charging stations will cut the
charging time by a factor of about four. So for today’s bat-
teries, the charging time will decrease to a few hours. Level
3 charging stations convert AC line voltage and provide
high-voltage DC to the vehicle. DC stations are not suitable
for home use, and DC will likely be provided at charging
stations analogous to gas stations. Level 3 charging stations
now can charge a typical battery of an electric vehicle to 80
percent of capacity—the recommended maximum level to
avoid damage and hence reduction in battery life—in 15 to
30 minutes. Preliminary data available to date suggests there
will be very limited use of DC fast chargers and that the price
of charging will be significantly higher than charging at home
using a level 1 or level 2 charging station.

The bulk of the charging station investment cost will be
borne by the electric-vehicle owner. Longer electric-only
driving distances require larger batteries and more powerful
charging stations, and so the investment cost is a function of
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the type of electric vehicle. Appendix G.6 estimates these
costs per vehicle for a wide range of electric-vehicle types,
assumes appropriate charging station mixes for both home
and commercial installations, and includes the reference and
low-GHG grid cases to 2050. Current costs for charging sta-
tions per vehicle range from about $800 for a PHEV10 to
about $4,200 for a BEV. By 2050 the investment costs per
vehicle will have dropped from about $450 for a PHEV 10 to
about $1,950 for a BEV. Appendix G.6 also converts these
costs to $/gge per day for comparison with other fuels. These
costs do not include a cost for a parking space for access
to charging. The parking space for access to charging is a
significant additional barrier as the EIA Residential Energy
Consumption Survey (2009) reported that 52 percent of
households cannot park a car within 20 feet of an electrical
outlet.

3.3.4.2 Costs of Additions and Changes to the Transmission
and Distribution System

The upgrade costs for high-voltage transmission are
included in the next two sections. The investment costs for
the distribution system are considered to be relatively small
and manageable by the local utilities. They likely will be
included in the price of the electricity. Therefore, no addi-
tional capital costs are included.

3.3.4.3 Cost of Additional Generation Needed for Large
Numbers of PEVs

The additional energy demand from 100 million PEVs in
2050 is estimated to be about 286 billion kWh. Meeting that
additional demand by new plants will require the addition
of the equivalent of about 90 1,000-MWe plants at a cost of
about $360 billion for new generating capacity and a total
of over $400 billion, including the associated high-voltage
transmission system additions.

3.3.4.4 Cost of Conversion of the Power System to 80
Percent Lower Annual GHG Emissions

Beyond the addition of new capacity to provide fuel for
PEVs, a large additional investment would be required to
reduce the annual GHG emissions from the entire U.S. power
system by about 80 percent by 2050. This investment cost
is estimated to be about $1 trillion. This cost is required to
decarbonize the power sector and is not attributable solely
to the LDV sector.

3.3.5 Regional and Local Effects

Regional and local effects for electricity-fueled LDVs
influence the method of rolling out the charging infrastruc-
ture and changes in distribution system. They also affect
the attractiveness of electricity as a fuel because of the
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pricing and GHG emissions of the local grid and because
of dominant local use of vehicles versus electric-vehicle
characteristics.

The rollout of a robust charging infrastructure is coupled
to robust sales and use of PEVs, especially BEVs as opposed
to PHEVs, because PHEVs can make use of liquid fuel if
electricity charging is unavailable. Automobile manufactur-
ers offering BEVs and PHE Vs reported to the committee that
they have found most sales to date occurring in urban areas
with high income levels and a high proportion of people
who are more environmentally minded (Diamond, 2010).
Thus, the logical basis for expansion of the use of PEVs and
the associated charging infrastructure is to proceed in urban
areas in which vehicle and charging infrastructure builds
rapidly and achieves the needed critical density. As time
goes on, these centers are likely to expand and connect along
major transportation corridors to provide power to the large
number of BEVs needed to substantially reduce petroleum
use and GHG emissions. Government support should follow
this natural growth pattern and concentrate initial resources
in limited areas rather than supporting a broad use of BEVs
and expanded charging networks at many locations. Once the
process is successful in one “center,” the support there can be
phased out and moved to another fertile area (Electrification
Coalition, 2009).

Although the U.S. power grid is interconnected, the flow
of electricity from all sources to all loads is not perfect. In
effect, the country is divided up into a number of regional
networks that, while strongly connected internally, have
weaker ties to one another. As a result, there are significant
regional and even state-to-state differences in pricing and
GHG emissions. Electricity as a fuel costs less than gaso-
line, but customers in areas with higher electricity prices
realize smaller fuel-cost savings. Some regional networks
with relatively low electricity prices may emit significantly
more GHG emissions than others with higher electricity
prices (Anair and Mahmassani, 2012). GHG emissions may
also be a function of available margin and peak loading on
the local grid. Even if the base-load power generation has
low GHG emissions, the older and dirtier power sources
will be dispatched as the load rises. Thus, the GHG emis-
sion characteristics of the local grid might also affect the
attractiveness of PEVs to buyers with strong environmental
concerns.

The dominant use of the vehicle interacts with the char-
acteristics of the PEVs, and this is likely to vary region-
ally. BEVs are used primarily as short-commute passenger
vehicles and in fleets as vehicles for light hauling, or for
relatively short-distance services. Those uses match the
BEV’s battery capability and charging time requirements
and suggest that BEVs initially, and perhaps permanently,
will be concentrated in urban locations. BEVs will not be in
wide use in rural areas with longer drives and more widely
separated charging locations.
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3.3.6 Safety

The electrical safety considerations in providing electric-
ity to the vehicle are generally well in hand. For both resi-
dential and business charging, the voltages and power levels
are well within the state of practice, and safety provisions
are well understood and codified. One of the costs associ-
ated with charging station installation is that it must meet
the requirements of the national and local electrical codes,
which means that it will most likely have to be installed by
a licensed electrician and inspected and permitted by the
appropriate governmental agency. For DC fast chargers used
as public chargers, very high power connections between the
charger and the vehicle must be made, and additional care is
warranted. There are standards in use now for DC charging
stations that fall under the formal jurisdiction and require-
ments of the national, state, and local electrical codes.

3.3.7 Barriers

There do not appear to be technical barriers in the elec-
trical system upstream of the vehicle. There are, however,
several potential financial and societal barriers:

e The investment cost for the charging infrastructure is
borne largely by the vehicle owners.

e The capital cost for the full implementation of the
needed changes to achieve a low-GHG-emitting
electrical power system is large.

e Coordinating the needed investments and infrastruc-
ture work will require overcoming the complexity of
the power system’s unique ownership, management,
and regulatory situation. The electric power system is
regulated by a large number of local, state, regional,
and federal entities. In most cases, the investors and
owners of the transmission and distribution infra-
structure are not the same as the investors and owners
of the generating sources. Further, in some cases no
benefits may accrue to some of those that have to
make investments, such as states that have neither the
loads nor the generation sources, but must support
transmission lines between adjacent states that have
loads and sources.

e  Permitting and construction of new power system
assets are very time consuming. Large power plant
projects and large transmission and distribution sys-
tem projects can take several years to over a decade
to complete.

Finding: For electricity as a fuel for LDVs to be effective
in reducing net GHG emissions, the entire U.S. electric
power system has to shift largely to electricity produc-
tion from sources that emit low GHG emissions (for
example, nuclear, renewables, and natural gas with or
without CCS).
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3.4 HYDROGEN AS A FUEL

3.4.1 The Attraction of Hydrogen

When hydrogen is used as a fuel in fuel cell electric
vehicles (FCEVs), the only vehicle emission is water.
When hydrogen is used in an internal combustion engine,
the emissions are water, some nitrogen oxides, and some
trace chemicals mostly as a result of using lubricants.
Although CO, emissions are absent from vehicle emissions
when hydrogen is used as an LDV fuel, varying amounts
of GHGs are emitted during hydrogen production. The
amount depends on the primary fuel source and the technol-
ogy used for hydrogen production. Most of the hydrogen
on Earth is found in either water or hydrocarbons such as
coal, oil, natural gas, and biomass. Because of the diverse
primary sources for hydrogen, an amount of hydrogen large
enough to fuel the entire LDV fleet could be made with
only domestic sources. Different process technologies can
be used with different primary sources to make a pathway
for delivering hydrogen to consumers at different costs and
with varying amounts of GHG emissions. The diversity of
supply sources and production technologies is an advantage
of hydrogen fuel.

3.4.2 Major Challenges

For more than 10 years, there have been serious efforts
in the United States, Europe, and Japan to develop FCEVs
and the needed production and delivery technologies to
supply hydrogen. As Chapter 2 indicates, there has been
considerable success in developing FCEVs, but some chal-
lenges remain. There also has been considerable success in
developing production, distribution, and dispensing tech-
nologies for making and delivering low-cost hydrogen, but
major challenges still exist. The two major challenge areas
are the following:

e Making low-cost hydrogen with low GHG emissions.
At present, the lowest-cost methods for hydrogen
production used by industry are based on fossil fuels
and have associated GHG emissions of varying
amounts. The low-GHG methods are currently more
expensive and need further development to become
competitive.

e  Building the hydrogen infrastructure will be a large,
complex, and expensive undertaking. Hydrogen-
fueling stations would have to be available before
FCEVs can be sold. Until a large number of FCEVss
are in use, the cost of hydrogen as a fuel will be high.
Because FCEVs are new and hydrogen as a consumer
fuel is new, there are many practical concerns such as
safety, codes and standards, permitting, and zoning
issues that need to be addressed before growth can
flourish.
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3.4.3 Current Status of the Market

Hydrogen as an industrial commodity is produced in large
quantities in the United States and in many other countries.
The amount of hydrogen produced is over 50 million tons
per year worldwide (Raman, 2004; IEA, 2007) and over
10 million tons per year in the United States (EIA, 2008b).
Most of the hydrogen is used in the chemical processing
industry and in refining crude oil, and most of it is produced
in large facilities closely associated with the end use. Over
95 percent of U.S. hydrogen is made from natural gas, with
other sources including refinery off-gases, coal, and water
electrolysis. Several hydrogen pipeline systems (Houston,
Los Angeles, and Chicago) exist to move large quantities of
gaseous hydrogen between nearby industrial users with over
1,200 miles of hydrogen pipelines. Some established indus-
trial gas companies produce, store, and distribute hydrogen
as either a gas or a cryogenic liquid to smaller users by truck.
The demand for hydrogen for industrial use has increased
consistently for several decades.

Even as the infrastructure for producing, delivering, and
using large amounts of hydrogen for this industrial market is
well developed, the infrastructure for producing, delivering,
and dispensing hydrogen for use as a transportation fuel has
yet to be developed. For illustrative purposes, if hydrogen
were to be used as a transportation fuel, then the current U.S.
production level of 10 million tons per year would be enough
to fuel about 45 million cars (at 60 mpgge and 12,000 mi/yr).
There is, however, little spare capacity in the existing system
for this new market. Therefore, a new hydrogen infrastruc-
ture is needed before large numbers of FCEVs are produced.
This infrastructure will need to be much different from the
existing one because it has to focus on wide distribution of
small amounts if distributed through retail outlets, similar to
what is done for gasoline today.

Academic, industrial, and government efforts over the
past 10 years to define this retail-fuel-oriented infrastructure
have mapped out the needed technology improvements,
established performance criteria for different parts of the
infrastructure, estimated the cost of hydrogen and the infra-
structure over time, and suggested possible implementation
methods. The NRC report Transitions to Alternative Trans-
portation Technologies—A Focus on Hydrogen (NRC, 2008)
contains an analysis of the technical needs, costs, petroleum
savings and GHG emission savings possible by moving
towards a hydrogen-fuel infrastructure.

3.4.4 Hydrogen Infrastructure Definition

Rather than being built throughout the entire United States
before FCEVs are available, a hydrogen infrastructure likely
will first be started in a few markets. Then the infrastructure
will be built up in conjunction with increasing local FCEV
sales. The concentration of demand will result in a decrease
in the high initial cost of hydrogen and the infrastructure as
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equipment for commercial-scale production is installed and
used at commercial rates. This process will then be repeated
in additional markets until a critical mass of FCEVs and
hydrogen stations is built to a market-sustainable level.

The first hydrogen stations are likely to be supplied by
truck delivery from local hydrogen-distribution points. This
is a high-cost method that may be largely replaced by hydro-
gen stations with on-site hydrogen generation capabilities
where the hydrogen is made at the retail station rather than
supplied from the large plants that now supply the bulk of
hydrogen. This approach precludes the need to transport or
deliver hydrogen, and the distributed hydrogen generation
equipment can be sized for the demand. Several technolo-
gies are available for the small hydrogen generators, includ-
ing natural-gas reforming, water electrolysis, and biofuel
reforming.

e Small natural-gas reforming—The process is the
same as that used in today’s large natural-gas reform-
ing facilities. However, the reforming apparatus for
fuel is small and packaged such that it looks like a
large appliance. These reformers have been demon-
strated at a number of hydrogen-fueling stations in
the United States, Europe, and Japan. CO, produced
in the process is released to the atmosphere because
capturing it is difficult.

e Smallwater electrolysis—Commercial alkaline water
electrolysis units are available and have been dem-
onstrated in small hydrogen stations. GHG releases
are associated with the source of electricity and can
be high or low depending on how the electricity is
produced.

e Small biofuel reforming—Ethanol reforming and
other biofuel reforming have been demonstrated in
laboratories, but research and development (R&D)
is still needed to increase hydrogen yields and
lower costs to be competitive with small natural-gas
reformers and small water-electrolysis methods.
GHG releases can be low depending on the source
of the biofuel.

As the demand for hydrogen increases in a local market,
there will come a point when large centralized facilities
similar to today’s will produce hydrogen at lower cost than
is possible with small distributed generators. These facilities
will also offer the opportunity to make low-GHG hydrogen
through the use of other primary fuels and CCS technology.
Several primary feedstock and technology choices are pos-
sible, including natural-gas reforming, coal gasification, bio-
mass gasification, and large-scale wind or solar electrolysis.

e Natural-gas reforming—This low-cost process is
widely used now for generating large amounts of
hydrogen. CCS is possible but has not yet been dem-
onstrated with a hydrogen plant.
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e Coal gasification—This process has been used com-
mercially for decades, but high CO, releases require
that CCS be available. CCS has not been demon-
strated with coal gasification.

e Biomass gasification—This process has been dem-
onstrated in the laboratory, but not yet at large pilot-
scale facilities. Further development is needed. If
CCS is used, then biomass gasification becomes a
CO, sink with negative releases.

e Large centralized electrolysis with wind or solar
power—The process is still being researched to lower
costs. This process has low GHG emissions.

Other hydrogen-production methods under research hold
long-term promise for making hydrogen at low costs, low
GHG emissions, or both, but they are not yet developed
enough to understand the availability or the cost implica-
tions. Some of these methods include nuclear high-temper-
ature chemical cycles or electrolysis, photoelectrochemical
methods, and biological systems.

3.4.5 Hydrogen Dispensing Costs and GHGs

The cost of making, transporting, storing, and dispensing
hydrogen at a station has been estimated for all of the primary
feedstocks. These estimated costs are highly dependent on
many assumptions and can vary considerably depending on
future technical advances, feedstock costs, and how quickly
the market develops (scale). The estimated costs for some
of the different hydrogen pathways based on future technol-
ogy development are shown in Table 3.11. The estimates are
expressed in dollars per gallon of gasoline equivalent ($/gge).
A gge of hydrogen contains as much energy (Btu) as a typi-
cal gallon of gasoline and is defined as 116,000 Btu/gge in
this study. The future price basis and resource requirements
used to generate the costs in Table 3.11 are shown in Table
3.12. The hydrogen costs in Table 3.11 are in some cases up
to $1.00/gge higher than those determined in prior studies

TABLE 3.11 Hydrogen Costs at the Pump ($/gge),
Untaxed

2010 2020 2035 2050

Distributed natural gas reforming 350 3.60 3.90 4.20
Distributed grid electrolysis 5.80 540 550 5.69
Coal gasification without CCS 3.80 3.80 3.80 3.85
Coal gasification with CCS 450 450 450 450
Central natural gas reforming without 330 340 3.70 4.10
CCS
Central natural gas reforming with CCS 3.60 3.60 4.00 4.30
Biomass gasification without CCS 4.10 4.10 4.10 4.10

NOTE: Basis: 2008 H,A future cases updated to 2009 dollars using CEPCI
and Nelson-Ferrer cost indexes and the AEO 2011 price basis. $2.00/gge
included for distribution and station costs for central methods and $1.88/
gge included for station costs of distributed methods.
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TABLE 3.12 Resource Prices and Requirements Used in
Table 3.11

2010 2020 2035 2050

Industrial natural gas, 4.80 5.36 7.21 9.06
$/million Btu

Delivered coal, $/ton 45.9 46.1 48.9 50.2

Industrial electricity, $/kWh 0.068 0.061 0.064 0.067

Delivered biomass, $/ton 75.0 75.0 75.0 75.0

Coal needed, kg/gge H, 9.8 9.8 9.8 9.8

Biomass needed, 12.8 12.8 12.8 12.8
kg/gge H,

Natural gas needed, 170 170 170 170
cubic ft/gge H,

Electricity needed, 45 45 45 45
kWh/gge H,

NOTE: Basis—AEO2011 (EIA, 2011a) resource prices and 2008 H,A
future cases for resource requirements

(NRC, 2008, for example). The increased costs compared to
the earlier NRC study result from several factors:

e The costs in the current study are based on the 2008
version of the hydrogen analysis (H,A) production
model developed by DOE, whereas the ones in the
previous study (NRC, 2008) were from the 2005
version.

e The distribution costs are estimated to be $2/gge,
whereas prior ones were $1.00 to $2.00/gge.

e The capital costs are inflated based on actual con-
struction cost inflation to 2009 dollars.

$12.00

$10.00 =

$8.00

(Dollars Per gge)
£ 8
5 5
il

Cost of Hydrogen

$2.00
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e The costs for biomass and coal are nearly twice what
they were in the 2008 study.

The costs in Table 3.11 represent future costs based on
using commercial-scale processes and are possible only
after about 10 million FCEVs are on the road. Prior to this,
the hydrogen cost will be higher because of underutilized or
smaller-scale production facilities. Figure 3.3 shows hydro-
gen costs versus number of FCEVs.

The GHG emissions associated with producing, deliver-
ing, and dispensing hydrogen at a station on a life-cycle basis
are shown in Table 3.13. This includes an upstream compo-
nent related to the emissions associated with production and
delivery of the base fuel to the hydrogen production plant
and, if used, the energy needed to sequester CO, plus a com-
ponent for conversion, delivery, and dispensing of GHGs.

3.4.6 Hydrogen Infrastructure Needs and Cost

Building the infrastructure for delivering hydrogen over
the vast size of the United States is a significant challenge for
the use of hydrogen for transportation. It requires developing
some new technologies, establishing codes and standards,
overcoming the problem of interdependence of establishing a
critical mass of hydrogen-refueling stations and FCEV sales,
overcoming the high initial cost of hydrogen, and increasing
the use of production methods with low GHG emissions.

The total investment costs used to calculate the hydro-
gen costs in Table 3.11 for future technologies used at
commercial-size plants are shown in Table 3.14. These

il
dlp

$0.00 T
0 5,000,000

10,000,000

15,000,000 20,000,000

Number of FCEVs on Road

FIGURE 3.3 Hydrogen cost versus number of FCEVs.
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TABLE 3.13 Total GHG Emissions (kg CO,e per gge of
hydrogen)

Plant,
Delivery and
Upstream Dispensing
H, Production Method CO,e CO,e Total CO,e
Distributed natural gas 2.78 8.66 11.44
reforming
Distributed electrolysis, 35.44 0 35.44
current grid
Coal gasification without 1.13 24.67 25.81
CCS
Coal gasification with 2.77 2.47 5.24
CCSs
Central natural gas 2.18 9.28 11.46
reforming without
CCS
Central natural gas 2.71 0.93 3.64
reforming with CCS
Biomass gasification —24.37 24.57 0.20
without CCS

NOTE: Basis—H,A 2008 future cases modified to use GREET 2011 up-
stream natural gas figures.

costs are normalized to 2009 dollars per gallon of gasoline
equivalent per day of produced hydrogen. The station costs
appear to be the largest factor for all but coal technology. The
station costs include all costs associated with building grass-
roots new stations that include hydrogen storage, compres-
sion, and dispensing and are the same for each technology.
The actual hydrogen production investment costs are shown
separately. Investment costs for CCS are included for the
large coal and natural gas facilities.

The NRC report Transitions to Alternative Transportation
Technologies—A Focus on Hydrogen (NRC, 2008) outlined
one possible hydrogen infrastructure development pathway
out to 2050 and estimated the hydrogen cost, GHG emis-
sions, and investment needs over different time periods.
The pathway in that report starts with distributed natural
gas reforming. As demand increases, coal gasification with

TABLE 3.14 Investment Costs ($/gge per day)

Plant
+ CCS Distribution Stations Total

H, Production Method

Distributed natural gas 700 0 2,345 3,045
reforming

Distributed electrolysis, current 860 0 2,345 3,205
grid

Coal gasification without CCS 2,250 225 2,345 4,820

Coal gasification with CCS 3,020 225 2,345 5,590

Central natural gas reforming 400 225 2,345 2,970
without CCS

Central natural gas reforming 740 225 2,345 3,310
with CCS

Biomass gasification without 1,040 225 2,345 3,610
CCS
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CCS and biomass gasification provide the bulk of increased
hydrogen production. This is not the only possible pathway
to supply the increasing amount of hydrogen, but it relies on
some current, low-cost, and mostly commercially developed
processes. With future R&D success, other technologies
would likely become part of the transition.

With the increasing amounts of domestically available
natural gas and the lower prices for natural gas compared
to crude oil projected in the AEO 2011 (EIA, 2011a) study
price basis, several other combinations of basic resources
and hydrogen-production processes could be viewed as pos-
sible in the future with different hydrogen costs and GHG
emissions. Some of the many possible pathways for making
large amounts of hydrogen are shown in Table 3.15 with the
resulting long-term hydrogen cost and GHG emissions.

e Alow-cost case—The emphasis is on low-cost hydro-
gen from several resources with little to no emphasis
on GHG reductions. Hydrogen is produced from: 25
percent distributed natural-gas reforming, 25 percent
coal gasification without CCS, 25 percent central
natural-gas reforming without CCS, and 25 percent
biomass gasification without CCS.

e A partial CCS case—The emphasis is on low-cost
hydrogen, but CCS is used for all coal and central
natural gas processes. Hydrogen is produced from: 25
percent distributed natural gas reforming, 25 percent
coal gasification with CCS, 25 percent central natural
gas reforming with CCS, and 25 percent biomass
gasification without CCS.

e A low-GHG case—The emphasis is on low GHG
emissions with less regard to hydrogen cost. Hydro-
gen is produced from: 10 percent distributed natural-
gas reforming, 40 percent central natural gas reform-
ing with CCS, 30 percent biomass gasification
without CCS, and 20 percent low GHG grid electric-
ity for electrolysis.

3.4.7 Recent History

More than 200 FCEVs have been demonstrated in
the United States over the past 10 years. Several of the
auto companies developing FCEVs have gone through
multiple iterations to improve performance. Five of these
companies—General Motors, Daimler, Toyota, Honda, and
Hyundai—have reaffirmed near-term (2015) commercializa-

TABLE 3.15 Alternate Scenario Hydrogen Costs and
GHG Emissions

$/gge H, kg CO,e/gge H,
Low-cost case 3.85 12.2
Partial CCS case 4.10 5.1
Low-GHG case 4.80 2.6
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tion plans for FCEVs. Because these are all multinational
companies, the commercialization plans certainly will vary
in different markets.

In the United States, there have been about 60 hydrogen
fueling stations constructed to service the FCEV demonstra-
tion efforts (DOE-EERE, 2012a). Given that the number
of vehicles is small, none of these stations is of even small
commercial size. They demonstrate, however, the importance
of distributed technologies to starting the infrastructure. Gen-
eral Motors has joined 10 companies, government agencies,
and universities to build 20 to 25 hydrogen-fueling stations
in Hawaii by 2015 (DeMorro, 2010). Several countries
have formed much larger infrastructure plans and consor-
tiums than the one in the United States to support early
FCEV commercialization. In 2010 Japan announced plans
for 1000 hydrogen stations and 2 million FCEVs by 2025
(DOE-EERE, 2011a). To support these goals, a consortium
of 13 companies was established to focus on the hydrogen
infrastructure. Germany has announced plans to build 150
hydrogen stations by 2013 and up to 1000 by 2017.

3.4.8 Barriers

Although technology is available to provide competitively
priced hydrogen from natural gas, technology improvements
are needed to provide low-cost hydrogen that is also low in
net GHG emissions. Continuous government support for
RD&D is required.

The robust performance and the durability of a fueling
station with sustained high-volume usage remain to be veri-
fied through demonstration.

The high cost of the FCEV is a barrier to wide commer-
cialization for the vehicles and hydrogen. A viable pathway
is needed for creating the initial hydrogen infrastructure and
for dealing with high initial hydrogen costs. This pathway
likely will require government actions.

The lack of an incentive to provide low-GHG fuels in gen-
eral reduces the benefits for transitioning toward alternative
fuels. It also reduces the incentive to make hydrogen from
the more costly but lower-GHG methods.

Perceived, real and unknown safety issues with hydrogen
production and use especially in a consumer environment
could result in delays in acquiring, zoning, and permitting
authorizations. There are significant practical challenges
of developing sites especially for urban stations within the
footprint of existing fueling sites.

Finding: Making hydrogen from fossil fuels, espe-
cially natural gas, is a low-cost option to meet future
demand from FCEVs; however, these methods result
in significant GHG emissions. Making hydrogen with
low GHG emissions is more costly (renewable electric-
ity electrolysis) or requires new production methods
(e.g., photoelectrochemical, nuclear cycles, biomass
gasification, and biological methods) and CCS to man-
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age emissions. Continued R&D is needed on low-GHG
hydrogen production methods and CCS to demonstrate
that large amounts of low-cost and low-GHG hydrogen
can be produced.

3.5 NATURAL GAS AS AN AUTOMOBILE FUEL

Natural gas can be used for transportation via several
pathways, each of which has advantages and challenges
(see Appendix G.7). None of them is of much commercial
significance in the United States as of 2012.

Less than 3 percent of the natural gas consumed in the
United States is for transportation, and most of that is used
for powering the transportation pipeline and distribution
system for natural gas. Natural gas as an automobile fuel
will have to compete with other existing uses of the gas (for
electricity generation, and for residential, commercial, and
industrial uses). This section addresses the direct use of CNG
in internal combustion engines (CNG vehicles, or CNGVs).
The other pathways are considered in other sections of this
report. Methanol as a transportation fuel is discussed in
Appendix G.8.

3.5.1 Current Status

3.5.1.1 Net GHG Emissions from CNG Use

Natural gas from production wells is composed mostly
of methane (70 to 90 percent), with some ethane, propane,
and butane (0 to 20 percent), CO, (0 to 8 percent), N, (0 to
5 percent), HZS (0 to 5 percent), traces of 02, and traces of
the noble gases Ar, He, Ne, and Xe (NaturalGas.org, 2011).
Natural gas holds promise for providing part of the energy
requirements of automobile transportation. Displacing a sig-
nificant portion of petroleum-based fuels would have large
societal and economic benefits by reducing the externalities
associated with petroleum importation (e.g., supply and price
instabilities, security and defense costs, oil import-related
trade and export-import imbalances).

Natural gas vehicles, fueled by CNG or liquid natural gas,
are among the most immediately attainable alternative-fueled
vehicles. Given methane’s molecular structure, natural gas
has the highest energy content or hydrogen-to-carbon weight
ratio of all fossil fuels. Nevertheless, the use of natural gas,
like other forms of primary energy, has associated GHG
emissions, including methane emissions, during explora-
tion, well drilling, and the well-to-tank transmission for
natural gas. Life-cycle analyses that account for upstream
and downstream GHG emissions for natural gas have been
published by the DOE’s National Energy Technology Labo-
ratory (DiPietro, 2010). In terms of kg COze/million Btu,
drilling and extraction generate 19.9 and pipeline transport
generates 3.3 (mostly natural gas to power the pumps), for a
total upstream (well to tank; WTT) of 23.2. Compression of
natural gas into CNG from pipeline pressure to about 3,600
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psi adds another 3.5 percent (range 2 to 5 percent), or 0.8 kg
CO,¢/million Btu to the GHG emissions.

The Argonne National Laboratory’s GREET model uses
smaller WTT estimates. For example, the 1.8b version of that
model released in September 2008 estimated the upstream
emissions to be 9.6 kg CO,/million Btu (ANL, 2011). The
model estimated vehicle tank-to-wheel (TTW) CO, emis-
sions of 53.9 kg CO,/million Btu. Thus, the well-to-wheels
CO, emissions for CNG as a fuel are 9.6 + 53.9 = 63.5 kg
CO,/million Btu. In 2011 the GREET model estimates were
updated to include higher effects of methane leakage and
other changes, yielding an upstream estimate of 14.2 kg CO,/
million Btu for shale gas. This estimate is used in this report
for all pathways using natural gas as a primary source.?
Another life-cycle analysis by Burnham et al. (2012) indi-
cated that the life-cycle GHG emissions of natural gas are 23
percent lower than those of petroleum-based gasoline and 43
percent lower than those of coal. Jiang et al. (2011) estimated
the life-cycle GHG emissions for producing electricity from
shale natural gas to be 20 to 50 percent lower than the life-
cycle GHG emissions for producing electricity from coal.

Fugitive natural gas emissions from increasing use of
natural gas are the subject of current analyses. In 2010, the
EPA reissued its methane emissions guidelines during natu-
ral gas extraction, with substantially increased figures versus
their previous estimates (EPA, 2010a). Howarth et al. (2011)
estimated the leak rate of methane as a percentage of total
natural gas produced to be in the range of 3.6 to 7.9 percent.
Of the methane leaked, 1.6 percent was attributed to methane
escaping from flow-back fluids (1.6 percent) and from drill-
out (0.33 percent). The remainder was attributed to venting
and equipment leaks, and emissions during liquid unloading,
gas processing, and transport, storage, and distribution. The
methodologies and data used in the estimates of methane
leakage by the EPA and by Howarth et al. were strongly
critiqued by an IHS CERA report, Mismeasuring Methane:
Estimating Greenhouse Gas Emissions from Upstream
Natural Gas Development (Barcella et al., 2011). Analysis
in that report suggests much lower fugitive methane emis-
sions. Burnham et al. (2012) estimated methane leakage in
the range of 0.97 to 5.47 percent for conventional natural gas
pathways and 0.71 to 5.23 percent for shale-gas pathways.
Methane leakage from the sources mentioned is a concern
because of the large global warming potential of methane,
but its extent is uncertain (Alvarez et al., 2012). The sources
of leakage are amenable to various forms of reduction or
control by conventional technologies, representing ongo-
ing considerations in sorting out the environmental aspects
of shale gas and conventional natural gas. Several studies
are underway to consolidate and define fugitive natural gas

20The CNG GHG emissions are estimated as follows: 14.2 kg CO,/mil-
lion Btu upstream plus 59.8 kg CO,/million Btu combustion plus 7 percent
of this total for pipelining and compression = 79.2 kg CO,/million Btu or
9.2 kg CO,/gge.
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emissions from shale-gas operations as of the writing of this
report.

Recognizing that some cost-effective measures exist for
reducing methane emitted from producing natural gas, in
2011, the EPA proposed amendments to its air regulations
for the oil and gas industry that will reduce GHG and other
emissions from exploration, drilling, and production (EPA,
2011c). The final regulation was issued in April 2012. In
it, the EPA estimates reductions of 1.0 to 1.7 million tons
per year of methane emissions associated with drilling and
transportation of natural gas (EPA, 2012b).

3.5.2 Capabilities

3.5.2.1 Natural Gas Supply, Demand, and Prices

The United States used about 98 quads (quadrillion,
or 105, Btu) of energy from the nation’s primary energy
sources in 2010 (LLNL, 2012). Of the 24 quads of natural gas
consumed in the United States in 2010, 98 percent originated
from North America and 85 percent was of domestic origin.
(In comparison, the United States consumed 37 quads of
petroleum, about 50 percent of which was imported.) Trans-
portation used 28 quads of primary energy, 95 percent of
which was from petroleum. With a typical 25 percent overall
efficiency, a useful energy of about 7 quads is turning the
wheels of the U.S. transportation fleet.

Of the 24 quads of natural gas, about 7 quads were used to
generate electricity. Natural gas is becoming more attractive
for electricity generation than coal, according to recent refer-
ences quoting numbers from the DOE’s Energy Information
Administration (Begos, 2012). Electricity generation from
natural gas in the United States increased from about 601
billion kWh in 2000 to 981 billion kWh in 2010. During the
same period, electricity generation from coal declined from
1,966 billion kWh to 1,850 kWh (EIA, 2011b). Between
2010 and 2035, 80 percent of all newly added electricity gen-
eration capacity is expected to come from natural gas-fired
plants (EIA, 2011a; NaturalGas.org, 2012). With recently
increased concerns about the future of nuclear energy, some
of the contemplated future nuclear electric capacity will
likely shift to natural gas-fired power plants as well.

According to the June 18, 2009, report of the Potential
Gas Committee on the assessment of the year-end 2008
natural gas reserves (Potential Gas Committee, 2009), the
United States has 1,836 tcf (trillion, or 102, standard cubic
feet; 1 tcf is equal to approximately 1 quad) of probable
natural gas resources, defined as being potentially economi-
cally extractable by the use of available technology at the
then-current economic conditions. The above number (1,836
tcf) is the sum of 1,673 tcf in traditional reserves and 163 tcf
in coal-bed reservoirs. Of the 1,836 tcf of probable reserves,
shale gas accounts for 616 tcf (33 percent). In addition to
the above probable reserves, the United States also has 238
tcf of proved natural gas resources, defined as deemed to
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be economically extractable (rather than being potentially
extractable) or already being extracted economically. The
estimated total natural gas reserves of 2,074 tcf (1,836 +
238) represent an increase of 542 tcf (35 percent) over the
estimate in the previous biannual assessment. The natural gas
consumption of the United States was about 24.1 tcfin 2010
(EIA, 2011b). Dividing the 2008 estimated total of probable
and proved natural gas reserves by the 2010 annual consump-
tion gives an estimate of 86 years’ worth of natural gas. It has
been argued that only a fraction of probable reserves can be
recovered economically (Brooks, 2010), so that the “prob-
able technically recoverable resources” would be only 441
tcf, of which 147 tcf is the shale-gas component.

The 2009 report upgraded the probable reserves mainly
by reclassifying known shale gas reserves from possible to
probable, due to the rapid evolution and deployment of new
technology. The new shale gas extraction technology com-
bines two technologies from the oil fields, horizontal drilling
and hydraulic fracturing. (See Technology Review, 2009, for
a video schematic of these processes.)

The newly reclassified shale gas reserves are located in
Louisiana, Texas, the Rocky Mountains, West Virginia, Penn-
sylvania, and New York. There are large shale gas fields out-
side the United States as well, and these fields also are likely
to be accessible via the new technology. The BP Energy
Outlook 2030 (BP, 2011) stated that in 2009, the world had
6,621 tcf of proved gas reserves, which would be sufficient
for 63 years of production at 2010 production levels. Global
reserves of unconventional natural gas could potentially add
another 30 years to natural gas use.

Most of the natural gas-based transportation fuels are
expected to gain new impetus in light of the dramatically
upgraded estimates of global natural gas resources. Future
natural gas supply and consumption volumes and prices,
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broken down to sources and uses, are published yearly
by the U.S. Department of Energy’s Energy Information
Administration, AEO. The AEO 2011 early release projects
to the year 2035 (EIA, 2012a). According to AEO (EIA,
2011a), between the years 2010 and 2035, natural gas con-
sumption will grow by 16.8 percent. The share of shale gas
will increase from 23 to 49 percent (Figure 3.4). The share
of natural gas in transportation will remain at 3 percent,
which roughly accounts for the amount of natural gas used
for operating the pipelines. In other words, the 2011 AEO is
not counting on any significant increase in the use of natural
gas for transportation in the United States. This seems to also
hold on the global scale. The BP Energy Outlook 2030 (BP,
2011) projected global use of CNG for transport to be limited
to 2 percent of the global demand for transportation fuels.

3.5.2.2 Will There be Enough Natural Gas for LDVs?

In the year 2000, the 110,000 natural gas vehicles in
the United States consumed between 8.3 and 12.3 billion
standard cubic feet of natural gas, which is between 0.036
and 0.053 percent of the U.S. natural gas consumption
(Campbell-Parnell, 2011). According to the 2011 AEO (EIA,
2011a), the U.S. LDV vehicle stock will increase from about
128 million vehicles in 2011 to about 186 million vehicles
in 2035. Assuming a 10 percent penetration of CNGVs in
2035 (EIA, 2011a), 45 mpgge, and 14,000 mi/yr, this would
translate to a natural gas consumption of 0.73 tcf/yr. Natural
gas consumption is forecasted by the AEO 2011 to increase
from 24.1 tcfin 2010 to 26.5 tcf in 2035 (with only 6 percent
for transportation; mostly natural gas consumed by powering
the pipeline system itself). Therefore, a 10 percent CNGV
penetration in the 2035 LDV fleet would add only 2.8 per-
cent to the natural gas consumption in that year. Thus, the
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FIGURE 3.4 U.S. natural gas production (trillion standard cubic feet) from 1990 to 2035.

SOURCE: EIA (2012a).
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natural gas supply is unlikely to limit the early penetration
of CNGVs.

Several studies project that LDVs powered by natural gas
will remain a niche for a while in the United States. Those
studies include The Future of Natural Gas by the Mas-
sachusetts Institute of Technology (MIT, 2011), a market
analysis of natural gas vehicles by TIAX (Law et al., 2010),
an analysis of long-term natural gas demand by Simmons &
Company (2011), and an analysis of natural gas demand for
transportation by IHS-CERA (IHS, 2010). TIAX (Law et
al., 2010) compared the incremental lifetime costs of LDVs
using different technologies and found that the direct costs
of natural gas vehicles are favorable compared to BEVs,
PHEVs, FCEVs, and flex-fuel vehicles. They concluded that
CNGVs could become significant with appropriate policy
and incentive programs and projected the use of 5.5 billion
gge of CNG (still only 0.7 tcf) by 2035.

The reasons for the slow and late development of light-
duty CNGYVs in the United States transcend the barriers of
CNGYV and vehicle conversion costs, lack of luggage and
tank volume, and the lack of refueling infrastructure. Devel-
opment of CNGVs also may be significantly hampered by
the attractiveness of alternate uses of natural gas, specifically
for electricity generation. The AEO 2011 (EIA, 2011a), for
example, shows year 2016 levelized costs for electricity
generated by 16 different power plant and fuel technologies.
Of these, the lowest levelized cost is shown for natural gas-
fired combined-cycle power plants (<7 cents/kwh), followed
by hydro (8.64), conventional coal (9.48), wind (9.70), bio-
mass (11.25), advanced nuclear (11.39), advanced coal with
CCS (carbon capture and storage) (13.62), and photovoltaic
solar (21.02). The AEO projections suggest that natural gas
will indeed be most attractive for electric power generation
because of its low levelized cost.

3.5.3 Costs

3.5.3.1 Natural Gas Fuel Costs and Cost Projections

At filling stations CNG and liquid natural gas are metered
and sold on a gallon of gasoline-equivalent basis; the conver-
sion factor of 1 gge = 5.66 1b of natural gas was determined
by the National Institute of Standards and Technology
(NIST). The prices of natural gas on a gallon of gasoline-
equivalent basis are published on the Internet, and they vary
by state, region, city, and individual filling station. Natural
gas at the time of this writing had a price advantage of about
$1 to $2/gge, depending on the particular filling station. For
example, overall average U.S. fuel prices reported for the last
quarter of 2011 were $3.37/gal for gasoline, and $ 2.13/gge
natural gas (DOE-EERE, 2012b).2!

2lIn 2011, the quarterly average price ranged from $3.37 to $3.69/gal
for gasoline and from $2.06 to $2.13/gge for natural gas (DOE-EERE,
2011b,c,d; 2012b).
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At a price differential of $1.24/gge in favor of CNG, 30
mpg, 13,000 mi/yr, and 433 gge/yr consumed, the fuel cost
savings would be about $540/yr, returning the original invest-
ment in a 2012 Honda Civic Natural Gas (versus the LX) in
about 13 years (7,500/540 = 14 years). This payback period
is not likely to be perceived by the consumer as economically
attractive. Various states and the federal government have
offered subsidies, which could amount to $4,000 per vehicle.
With a $4,000 subsidy, the economic return period would be
reduced to 6 years. CNG economics can thus be significantly
better in the states that subsidize CNGVs.

Natural gas prices have declined in recent years, whereas
oil prices have been rising. With fuel and vehicle subsidies
for natural gas, any continued gasoline price increases could
eventually make the original equipment manufacturers’ natu-
ral gas vehicles economically attractive.

The appeal of natural gas as an automotive fuel depends
to a large extent on the ratio of oil prices to natural gas prices
(Figure 3.5). Long-term future natural gas prices have been
forecasted by the 2011 AEO (EIA, 2011a) (Table 3.16).

The price customers would pay at the CNG filling station
for filling a vehicle was calculated by taking the average of
commercial and industrial prices for natural gas and adding a
margin sufficient to generate a 15 percent return on an invest-
ment of $1.3 million in a CNG filling station servicing 1,000
cars per week at 10 gge per fill per week. This margin was
calculated to be $7.76/million Btu or $0.90/gge NG. (The
operating costs and capital expenses of this filing station,
excluding fuel costs, were $273,351/yr.) CNG filing station
costs and additional natural gas pipeline needs are discussed
in Appendix G.9.

The U.S. Department of Energy’s Alternative Fuels and
Advanced Vehicles Data Center lists 975 public CNG refu-
eling stations as of January 9, 2012 (DOE-EERE, 2012a).
Unevenly distributed across the country, they are clustered
primarily in California (229 stations), New York (106 sta-
tions), Utah (81 stations), Oklahoma (67 stations), Texas (35
stations), and Arizona (30 stations).

The distribution of CNG filling stations corresponds
somewhat to the clustering of CNGVs. The EIA (2008a)
listed a CNGYV count of 113,973 as of 2008, with the largest
number in California (35,980 vehicles), followed by Texas
(11,032 vehicles), Arizona (10,072 vehicles), and New York

TABLE 3.16 Long-term Future Natural Gas Prices
($/million Btu) Forecasted by the 2011 Annual Energy
Outlook

2050

2010 2020 2035 (extrapolated)
Commercial natural gas 8.91 8.95 10.98 13.02
Industrial natural gas 4.80 5.36 7.2 9.06
Vehicle natural gas 13.94 14.24 16.81 18.80
in $/gge 1.69 1.73 1.96 2.18

SOURCE: Data from EIA (2011a).
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(10,017 vehicles). The regional clustering of CNG filling sta-
tions as a practical model for infrastructure build-up matches
the results of models for the clustering of hydrogen filling
stations for FCEVs and of public charging stations for BEVs.

CNG prices vary regionally and locally. According to the
DOE’s Alternative Fuels and Advanced Vehicles Data Center
(DOE-EERE, 2011b), average CNG prices per unit gallon
of gasoline-equivalent in April 2011 ranged from $1.39 to
$2.41 ($2.41 in the Central Atlantic, $2.38 in New England,
$2.32 on the West Coast, $1.87 in the Lower Atlantic, $1.84
in the Gulf Coast region, $1.66 in the Midwest, and $ 1.39
in the Rocky Mountain region).

Environmental standards, construction permits, labor
costs, natural gas and gasoline costs, vehicle and population
density, purchasing power and customer preferences, prox-
imity to natural gas pipelines, the corresponding industrial
and commercial natural gas prices, and a host of other factors
vary with individual cities, counties, states, and regions, all
of which have some effect on the actual and potential extent
and rate of penetration of CNGVs. Because of the recent
discovery of the U.S. abundance of natural gas, the subject
of regional differences needs to be further examined.

3.5.4 Safety of Natural Gas and Compressed Natural Gas
Vehicles

Natural gas has a narrow flammability range, which is
between 5 and 15 percent by volume in air. Natural gas is
lighter than air, and so a gas leak disperses quickly. Unlike
gasoline, natural gas will not cause a combustible liquid spill.
Its high autoignition temperature means that natural gas does

not easily self-ignite on hot surfaces below 540°C,a property
quoted as another safety factor in its favor.

CNGVs meet the same safety standards as gasoline and
diesel vehicles, and they also meet the National Fire Protec-
tion Association’s Vehicle Fuel System Code. CNG tanks
meet DOE and other government safety standards and have
been certified for that purpose. The Clean Vehicle Education
Foundation has published a Technology Committee Bulletin
(Clean Vehicle Education Foundation, 2010) that provides a
detailed treatise of safety considerations for CNGVs. The
Clean Vehicle Foundation actually stated that CNG-powered
vehicles are considered to be safer than gasoline-powered
vehicles.

The DOE has detailed safety analysis and operating
recommendations for natural gas filling stations. Properly
designed, maintained, and operated facilities for CNG refu-
eling appear to represent no undue safety problems to the
public.

3.5.5 Barriers

Public policies at various government levels have not
kept up with the increased abundance of natural gas in the
United States and are expected to develop rapidly in the
coming years.

The CNG infrastructure (filling stations, gas distribution)
is in its early stage of development and requires massive
expansion. Regional, clustered development will remain the
preferred model.

Finding: With increasing economic natural gas reserves
and growing domestic natural gas production mostly
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from shale gas, there is enough domestic natural gas to
use within the transportation sector without significantly
affecting the traditional natural gas markets. The oppor-
tunities include producing electricity for PHEVSs, produc-
ing hydrogen for FCEVs, and using as a fuel in CNGVs.

Finding: CNG used as a transportation fuel is an impor-
tant near-term transition opportunity that could be
exploited because of its ability to economically replace
petroleum and to reduce GHG emissions from the LDV
fleet.

3.6 LIQUID FUELS FROM NATURAL GAS

3.6.1 Current Status

The production of liquid fuels—diesel, gasoline, or a
combination of both—from natural gas has been practiced
commercially since the early 1980s. As in the case of coal,
the first step in the GTL process is the conversion of natural
gas into a mixture of carbon monoxide and hydrogen (syn-
thesis gas). There are two options for using this synthesis
gas to produce liquid fuels. One is the production of metha-
nol followed by the conversion of methanol into gasoline
(MTG). The other option is the conversion of the synthesis
gas via FT chemistry to a broad range of paraffinic hydrocar-
bons. The hydrocarbon molecules with more than 20 carbons
are then hydrocracked into molecules in the diesel (15-20
carbons) and naphtha (6-12 carbons) range. The quality of
the diesel fuel is excellent but the naphtha has a low octane
value and has to be further processed to be used as gasoline
(NAS-NAE-NRC, 2009b).

For nearly 10 years in the 1980s, Mobil Corporation
operated a facility in New Zealand that produced gasoline
by the MTG process (ExxonMobil, 2009). Today, the facil-
ity makes only methanol for chemical use (Tabak, 2006)
because converting the methanol to gasoline is not viewed
as economical at current gasoline prices. Shell has produced
diesel fuel and lubricants since the late 1980s in a facility in
Malaysia via FT chemistry and Shell is building a plant in
Qatar, based on the same process chemistry. That facility is
expected to eventually produce more than 140,000 barrels
of diesel fuel per day (Kingston, 2011). Another facility in
Qatar that is smaller (about 34,000 bbl/d) and based on the
same FT chemistry is coowned by Sasol, Chevron, and the
Government of Qatar. Similar facilities have been proposed
for gas-rich locations such as Nigeria (Chevron, 2011).

3.6.2 Capabilities

The conversion of natural gas into synthesis gas is signifi-
cantly simpler when compared to the production of synthesis
gas from coal. At present, the preferred pathway uses what is
called an auto-thermal reactor (ATR). In an ATR, a portion
of the natural gas (methane) is burned with oxygen into CO,
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and water vapor. This reaction is highly exothermic (that is,
it releases heat) and results in a mixture of CO,, unreacted
methane, and steam at temperatures close to 2,000°C. This
mixture is converted into carbon monoxide and hydrogen in a
fixed bed containing a nickel-based catalyst. Although ATRs
are very efficient and compact, the design and operation of
the feedstock and burner system requires careful attention to
the mixing of oxygen, steam, and methane (Haldor Topsoe,
2011).

The processing steps are significantly less complicated
than in a coal plant. The natural gas, if needed, is cleaned
of sulfur compounds before being fed to the ATR. Because
methane has four hydrogen atoms for each carbon atom, the
synthesis gas from the ATR has the required ratio of two
molecules of hydrogen per molecule of carbon monoxide.
Thus, the synthesis gas can be used without further process-
ing to produce either methanol or FT hydrocarbons followed
by the conversion of these into gasoline or a diesel/naphtha
mixture as discussed above.

3.6.3 Costs

The data presented in Table 3.17 were derived from a
report prepared for the Alaska Natural Resources to Liquids
LLC and requested by the Alaska legislature (Peterson and
Tijm, 2008). The results of that study were in good agree-
ment with data published by various companies (Shell,
Sasol, and ExxonMobil) on GTL technology performance
and economics.

As in the case of CTL, this committee assumes that the
GTL plants built later will benefit from a learning curve.
Therefore, the estimated investment required was $5 bil-
lion for a 2020 facility, $4 billion for a 2035 facility, and
$3 billion for a 2050 facility. These investment costs do not
include CCS. Although CCS could be used in a GTL facility,
the amount emitted from a GTL facility is significantly less
than that for similar-size CTL facilities. Therefore, CCS was
not included in GTL facilities for the purpose of this study.

TABLE 3.17 GTL Outlook Process Data

GTL/MTG 2020 2035 2050
Gas, million scf/d 400 400 400
Fuel production, bbl/d 50,000 50,000 50,000
Investment, $billion 5.0 4.0 3.0
Product cost, $/bbl 103.5 106.0 109.0
COze produced by the process, 3,840 3,840 3,840
metric tons/d
CO, vented, metric tons/d 2,110 2,110 2,110

CO2 stored, metric tons/d —_ —_ —_

NOTE: Product cost basis: (1) 20 percent of capital annual charge (financ-
ing, return on capital, maintenance), 90 percent capacity utilization; (2)
natural gas prices as per AEO 2011 (EIA, 2011a), $5.36/million cubic feet
for 2020, $7.21/million cubic feet for 2035 and $9.06/million cubic feet
in 2050; (3) CO,e emissions from gas production are based on GREET
estimates for the production and transport of gas.
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The cost estimates for GTL are based on the FT process
economics (see Table 3.17). There are no published data
available for the MTG option. For the purpose of this study,
capital cost and overall performance data for the MTG
option are expected to be similar to the numbers presented in
Table 3.17. The investment required for the GTL processes
is lower than the investment estimated for the CTL options.
This is expected because CTL requires the greater complex-
ity of coal gasification and the complex cleaning of the syn-
thesis gas, and because of the fact that half of the coal has to
be converted to CO, (to make hydrogen), which in turn has
to be captured and stored (CCS).

The cost for the liquid fuel from a GTL plant is about
$106/bbl in 2035, which is less than the price of crude oil in
2035 ($125/bbl) forecasted by EIA (2011a). However, the
GTL cost estimate is based on a natural gas price of $7.21/
million cubic feet in 2035, which is lower than natural gas
prices in 2008 and earlier. If the price of natural gas were
to reach $10.0/million cubic feet, the liquid product cost
would increase to $130/bbl. The cost of the liquid product in
2050 is estimated at $109/bbl based on a natural-gas price of
$9.06/million cubic feet. If the natural-gas price were $11.0/
million cubic feet, the liquid-product cost escalates to close
to $130/bbl.

3.6.4 Implementation

GTL technology has been commercialized in a number of
locations where the price of natural gas is low because those
locations are far away from markets where the gas can be
used directly for power and heat generation. Moreover, all the
GTL facilities are based on producing diesel fuel, naphtha,
and in some cases high-value lubricants.

When considering the application of GTL technology in
the United States, two factors need to be considered. First,
the MTG option might be preferred because gasoline is a
more widely used transportation fuel than diesel. Second,
the price of natural gas will likely be significantly higher
in the United States than in other areas of the world where
it is readily available (e.g., in the Middle East and in West
Africa) because it can be readily used in heating, power
generation, petrochemical production, and other industries.
The forecasted production of liquid fuels from natural gas
(GTL) assuming an optimistic outlook and a more realistic
outlook is summarized in Table 3.18.

The estimates for fuel production from GTL are sensitive
to natural gas prices. Using the 2011 AEO (EIA, 2011a), the
cost of the fuel in 2035 is about $105/bbl, which is lower
than the crude-oil price forecasted for that year. However, a
25 percent increase in the price of natural gas would raise the
final-product price well above the crude-oil price.

The GHG emissions for the production of GTL fuel are,
as in the case of coal, comparable to the emissions from
producing petroleum-based fuels. Thus, GTL without CCS
for LDVs reduces the consumption of petroleum-based fuels
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TABLE 3.18 GTL Outlook Production Estimates
2020 2035 2050

Optimistic outlook

GTL/MTG plants 1 4 12

GTL/MTG production, bbl/d 50,000 200,000 600,000
Realistic outlook

GTL/MTG plants 1 3 6

GTL/MTG production, bbl/d 50,000 150,000 300,000

but does not yield any GHG reduction. Adding CCS to a
GTL facility would have a small effect on the life-cycle GHG
emissions of the fuel produced because the GHG releases
that could be captured at the conversion facility are small
compared to the CO, release from combusting the liquid fuel.

3.6.5 Infrastructure Needs

Because natural gas is readily available throughout most
of the country, there are no major issues with either infra-
structure or the location of GTL facilities.

3.6.6 Safety

Although the GTL process includes a complex step for
generating synthesis gas, there are no unique safety issues.
Natural processing, transmission, and use are widely prac-
ticed in the United States. The process of converting natural
gas to a liquid fuel for LDVs has many similarities to petro-
leum-refining processes, and well-known safety practices
can be applied.

3.6.7 Barriers

One important barrier to the wide use of natural gas to
make liquid fuels is the cost over the life of commercial GTL
facilities and the availability of natural gas. Recent technol-
ogy advances for producing gas from tight shales and other
low porosity reservoirs suggest that the natural-gas resources
in the United States are significantly greater than previously
estimated. The resource availability is a positive factor, but
the cost and the environmental impact of producing this tight
gas are unclear at present. Moreover, natural gas is used in
all sectors of the economy, and the distinct advantage of
using natural gas in electricity generation suggests that the
demand for gas in this sector could increase dramatically.
Use of natural gas directly in LDVs is also being proposed.
(See Section 3.5 ,“Natural Gas as an Automobile Fuel.”) The
balance between supply and demand for natural gas in the
United States depends on the level of consumption in many
sectors and the level of production. Therefore, predicting
the future price of natural gas is difficult. Because the cost
of the gas feedstock is a major factor in the cost of the GTL
fuel made, the estimate for total liquid fuels produced from
natural gas in 2050 is less than 600,000 bbl/d in the optimistic
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case. That production level requires an annual consumption
of 1.6 tcf of natural gas, or about 8 percent of the present
production in the United States.

3.7 LIQUID FUELS FROM COAL

3.7.1 Current Status

Liquid fuels, both gasoline and diesel, have been pro-
duced from coal at a significant scale since the 1930s. At
present, the CTL facilities with the largest capacity are in
South Africa and produce more than 100,000 bbl/d of liquid
products. Moreover, a number of proposed facilities are
being considered in China.

There are two technology options for the production of
liquid fuels from coal: direct and indirect liquefaction. The
direct liquefaction of coal involves reacting coal with hydro-
gen or a hydrogen-donating solvent. This technology option
has been the subject of research, development, and pilot-
scale demonstration since the late 1970s. The consensus
view is that this technology is still in development and that
the complexity of the process scheme and the poor quality of
the liquid products are major limitations. However, a dem-
onstration facility was built in China, and that facility may
provide a definitive assessment of the coal-to-liquid fuels
option (NMA, 2005; NPC, 2007; NAS-NAE-NRC, 2009b).

This section focuses on the indirect liquefaction option
that involves the gasification of coal to a mixture of carbon
monoxide and hydrogen (synthesis gas) followed by the
conversion of this gas into liquid products. There are two
schemes to make the synthesis gas into liquid-fuel products.
One option is to convert the synthesis gas into methanol
followed by MTG (Zhao et al., 2008). The second option
is to convert the synthesis gas into a broad range of hydro-
carbons via FT chemistry followed by the hydrocracking of
the molecules with more than 20 carbons into shorter-chain
molecules. The FT option results in a mix of liquid products
that includes mostly diesel fuel and a significant amount of
naphtha that can be upgraded to gasoline.

The commercial-scale facilities in South Africa are
producing diesel and gasoline from coal by the FT option.
Although the Mobil Corporation operated a facility that
used the MTG option, the feedstock was natural gas rather
than coal.

In the report Liquid Transportation Fuels from Coal and
Biomass: Technological Status, Costs, and Environmental
Impacts (NAS-NAE-NRC, 2009b), a process scheme labeled
coal-and-biomass to liquid fuel (CBTL) is proposed. The
process uses a separate gasifier for the coal and the biomass
feedstocks. The effluents from these gasifiers undergo a num-
ber of separation steps to remove solid and gaseous impuri-
ties. The biomass gasifier effluent also includes a thermal
cracking step to convert the tar produced from the biomass
to lighter products. The clean-up streams are then combined
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and undergo the required processing steps to make liquid
products from carbon monoxide and hydrogen and remove
and compress the CO,.

A number of cases presented in NAS-NAE-NRC (2009b)
include or exclude CCS, and in other cases the proposed
facility produces significant amounts of electric power
(these are called once-through cases). Although interesting
synergies have been identified in these schemes, all process
schemes require different gasification reaction systems for
the coal and for the biomass. They can be viewed as requiring
a separate CTL and BTL gasification plants in a given site.
The number of sites in the United States where there are sig-
nificant amounts of biomass and coal for commercial-scale
facilities might be small.

The potential benefits of combining the gas products from
the biomass and coal gasification to make liquid fuels and
electric power are clear from the studies available. A CBTL
facility produces liquid fuels at a higher cost than does a CTL
facility but at lower cost than a BTL facility. Moreover, by
capturing the CO, produced in the biomass portion of the
facility, the process drastically reduces the life-cycle GHG
emissions of the liquid fuels (the emissions during their com-
bustion are counterbalanced by the CO, taken up during plant
growth). The potential benefits of CBTL facilities, while
significant, will require commercial-scale demonstrations
of BTL technology and combining it with CTL technology.

The CBTL process was not included in the case study
model runs explained in Chapter 5 because it is a derivative
process of two commercially available processes. Coal con-
version and biomass conversion to liquids are individually
included in all of the model scenarios.

3.7.2 Capabilities

The United States has ample coal resources that can
allow the production of significant amounts of liquid fuels
such as gasoline and diesel from coal. Most coal produced
in the United States (about 1 billion tons per year) is used
to generate electricity. In principle, additional coal could
be mined to produce liquid fuels because the coal reserves
in the United States are estimated to be in the range of 250
billion tons. However, concerns have been raised about the
environmental impact of coal mining and of the disposition
of mineral ash present in coal. Those concerns apply to all
uses of coal (AAAS, 2009; EPA, 2011a,b).

The process to convert coal into a liquid fuel is complex
and expensive. The gasification of the coal is the most chal-
lenging process step. The coal has to be fed into a reactor
that operates at pressures ranging from 20 to 50 atmospheres
along with pure oxygen and water. The average reactor
temperature is about 800°C. Because coal is a solid and its
quality varies, the feed system is complex and sensitive to
the coal quality. Moreover, coal contains a number of impuri-
ties including mineral ash, sulfur, nitrogen and mercury. A
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number of process steps are needed to remove the byproducts
of the gasification reaction to yield a pure stream of carbon
monoxide and hydrogen (KBR, 2011).

The second major challenge in making liquid fuels from
coal that applies to both the FT and the MTG options is the
fact that chemistry dictates that two molecules of hydrogen
react with one molecule of carbon monoxide. Because coal,
on average, contains only an atom of hydrogen per atom of
carbon, half of the carbon monoxide produced in the gas-
ification step has to be used to make additional hydrogen.
This is done using the water gas shift reaction where water
and carbon monoxide are converted into carbon dioxide and
hydrogen. Thus, this reaction step yields the required 2:1
mole ratio of hydrogen to carbon monoxide needed for the
subsequent reaction steps and also produces one molecule
of carbon dioxide for each molecule of carbon monoxide.
In other words, half of the coal is converted to CO, and the
other half into the reactants needed for the next process steps.
Therefore, CCS is necessary if coal is to be used to make
liquid fuels with life-cycle GHG emissions in the range of
those from use of petroleum-based fuels. Although there
are a few facilities that use CCS, there is consensus that a
large-scale demonstration in a variety of geological forma-
tions is required before CCS can be deemed commercially
acceptable.

The conversion of carbon monoxide and hydrogen via
MTG or FT to diesel or gasoline presents less of a technol-
ogy challenge and, has been done commercially for many
years (ExxonMobil, 2009; NAS-NAE-NRC, 2009b). Most
of the commercial facilities have used or are using natural
gas rather than coal as the feedstock. The use of natural gas
to make liquid fuels is discussed in a separate section above
in this chapter.

3.7.3 Costs

The data presented in Table 3.19 are derived from Liguid
Transportation Fuels from Coal and Biomass: Technological
Status, Costs, and Environmental Impacts (NAS-NAE-NRC,
2009b), which describes in detail the process schemes briefly
reviewed here. It also described the challenges and potential
of the various technology options. It includes estimates of
the capital and operating costs for CTL facilities.

Here, the cost of the first CTL facility built by 2035 has
been estimated to be 20 percent higher than the facilities
built later on. The MTG facility is estimated to be lower
in capital cost and to require less coal for the same level of
production of 50,000 bbl/d of liquid-fuel product than would
the FT process. The MTG process is more selective than the
FT process as indicated by the higher energy conversion effi-
ciency. Efficiency is the percent of the energy content of the
coal that is contained in the liquid produced. The efficiency
in the 50 percent range indicates that close to half of the coal
has to be converted into CO,. That amount of CO, has to be
“stored” via CCS in both cases. The capital cost estimated
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TABLE 3.19 CTL Outlook Process Data

CTL/FT 2020 2035 2050
Coal, tons/d 26,700 26,700 26,700
Fuel production, bbl/d 50,000 50,000 50,000
Investment, $billion 6.0 6.0 5.0
Product cost, $/bbl 126.8 122.5 104.7
CO2 coal production, metric tons/d 2,580 2,580 2,580
CO2 vented, metric tons/d 5,011 5,011 5,011
CO, stored, metric tons/d 29,208 29,208 29,208
CTL/MTG 2020 2035 2050
Coal, tons/d 23,200 23,200 23,200
Fuel production, bbl/d 50,000 50,000 50,000
Investment, $billion 5.0 5.0 4.0
Product cost, $/bbl 105.2 102.5 86.0
CO2 coal prod, metric tons/d 2,243 2,243 2,243
CO2 vented, metric tons/d 5,520 5,520 5,520
CO, stored, metric tons/d 23,280 23,280 23,280

NOTE: Product cost basis: (1) 20 percent of capital annual charge (financ-
ing, return on capital, maintenance), 90 percent capacity utilization (2) $50/
metric ton of CO, pipelined and stored underground in 2020, $40 in 2035,
and $30 in 2050; (3) coal prices as per AEO 2011 (EIA, 2011a), $1.85/
million Btu in 2020, $1.98 in 2035, and $2.00 in 2050; (4) CO2 emissions
from the coal production are based on GREET estimates for the production/
transport of coal.

SOURCE: Data from NAS-NAE-NRC (2009b).

for a facility with a 50,000 bbl/d capacity is high and thus
has a major impact on the cost of the liquid-fuel product.
The cost of the liquid-fuel product made in the CTL facili-
ties is within the range of the cost of a barrel of crude oil
forecasted for 2035 in the 2011 AEO (EIA, 2011a) and the
cost of a barrel of crude oil extrapolated to 2050. However,
the CTL estimate is based on a coal price that remains essen-
tially constant from the 2009 price; a doubling of the coal
price will yield product costs of over $150/bbl. Conversely,
coal prices could decrease as a result of increasing use of
natural gas or other resources for electricity generation. The
CTL facilities take a long time to build, and thus their pay-
back requires high product prices for a long period of time.

3.7.4 Infrastructure Needs

The process cost estimate for CTL is based on the facili-
ties using Illinois #6 coal and the CTL plants being built
in the Midwest. Therefore, the mining and transport of the
coal to the CTL facilities are assumed to be handled within
the present infrastructure. The liquid-fuel products from the
facilities will be consumed in the Midwest and will be mar-
keted using the present infrastructure. The CO, is assumed to
be pipelined and stored underground within a 150-mile range
because geological studies indicate a significant storage
potential in the Illinois Basin (Finley, 2005). Therefore, the
main new infrastructure needed will be the pipelines to trans-
port the CO,, the injection wells to store it in underground
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formations, and the equipment to monitor CO, emissions in
the pipelines and from the underground storage formations.
All of these costs are included by adding $50/metric ton of
CO, stored in 2020, $40/metric ton of CO, stored in 2035,
or $30/metric ton by 2050 to the product cost.

3.7.5 Implementation

As mentioned above, CTL technology is used in South
Africa at present. The main reason for its commercializa-
tion was the need to provide liquid fuels in a country rich
in coal. Another major consideration was the embargo of
crude oil and petroleum products imposed on the country
because of its Apartheid Policy. Economic considerations
were, therefore, secondary. While a number of feasibility
studies on CTL have been announced in the last 10 years,
none of the facilities have reached commercialization.
China has been operating a CTL demonstration project
(China Shenhua Coal to Liquid and Chemical Co. Ltd.,
2010; Reuters, 2011).

There are major barriers to the widespread commercial-
ization of CTL technology. First, the process is complex
and costly. Second, large amounts of CO, generated by
the facilities need to be captured and stored. The process
to capture CO, is based on the absorption of the gas in a
liquid solvent. A number of solvents have been used, and
the process is practiced at a commercial scale. It requires a
significant amount of energy, thus reducing the efficiency
of the overall process. Third, the transportation and storage
of CO, add to the cost. The gas would be compressed to a
pressure of about 125 atmospheres and then pipelined to a
region where there is a porous underground formation for
storage. Wells will be used to transfer the gas to the for-
mation zone, where the gas is expected to either dissolve
in the formation water or be converted to a carbonate salt.
In 2011, DKRW Advanced Fuels LLC announced that its
subsidiary, Medicine Bow Fuel and Power LLC, entered
into a contract to produce liquid fuels from coal and to sell
the carbon captured for enhanced oil recovery (DKRW
Advanced Fuels LLC, 2011).

Two estimates for the eventual production of liquid fuels
from coal are presented in Table 3.20. One is an optimistic
estimate, and the other one is a realistic outlook. Both esti-
mates assume that no CTL facilities would be operational
in 2020. The technology requires demonstration that large
amounts of CO, can be captured, pipelined, and stored safely,
and such demonstrations are not expected to be completed
until later in this decade. Moreover, the design and construc-
tion of CTL facilities are expected to take at least 5-6 years
for the first few facilities.

3.7.6 Safety

The actual production of liquid fuels from coal presents
the typical safety issues encountered in the handling, gasifi-

69
TABLE 3.20 CTL Outlook Production Estimates
Optimistic Outlook 2020 2035 2050
CTL/FT plants — 1 2
CTL FT production, bbl/d — 50,000 100,000
CTL/MTG plants — 2 6

CTL/MTG production, bbl/d —
Total production, bbl/d —_

100,000 300,000
400,000 150,000

Realistic Outlook 2020 2035 2050

CTL/FT plants — 1 1
CTL/FT production, bbl/d — 50,000 50,000
CTL/MTG plants — 2 3

CTL/MTG production, bbl/d —
Total production, bbl/d —

100,000 150,000
100,000 200,000

cation, and refining of coal. Thus, CTL safety is expected to
benefit from many decades of prior experience. However,
there is much less experience with the safety of pipelining
and storing large quantities of CO, (at least 9 million metric
tons per year from one CTL facility). Although 3,900 miles
of national CO, pipeline infrastructure exist (Dooley et al.,
2001) to transport about 65 million metric tons of CO, each
year for enhanced oil recovery (Melzer, 2012), geologic
storage of CO, is only in the demonstration phase (NAS-
NAE-NRC, 2009b; see Section 3.8, “Carbon Capture and
Storage,” below in this chapter). The key issue with CCS is to
ensure that the CO, does not leak from either the pipeline or
the formation itself. At concentrations higher than 2 percent
in air, CO, can asphyxiate humans and animals (Praxair,
2007). Storing CO, entails health and ecological risks
associated with acute or chronic leaks (NAS-NAE-NRC,
2009b). Clearly, the safety of CCS operations will be a major
concern. CCS is being practiced for oil well stimulation in
the North Sea, Algeria, and Saskatchewan, Canada, but at a
scale much smaller than what is envisioned for a single CTL
facility. There are also a number of pilot demonstrations of
CTL in the United States (NETL, 2011).

3.7.7 Barriers

An important issue to be considered when estimating the
potential supply of CTL liquids is the actual production of
coal with its inherent environmental and safety challenges.
If only 500,000 bbl/d of liquid-fuel products are to be pro-
duced from coal, 85 million tons of coal would have to be
mined and transported each year. Locating CTL facilities
close to mines would reduce transportation costs. The coal
consumption is equivalent to about 10 percent of the U.S.
coal production in 2012. There also are environmental and
safety issues related to the disposal of coal ash from the coal
gasification step. Thus, a major increase in coal consumption
to make liquid fuels is not likely.
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The most important barrier to the large-scale use of coal
to make liquid fuels is the GHG emissions from these facili-
ties. The process eventually yields a liquid fuel for LDVs
that has chemical properties substantially similar to those
of petroleum-based fuels. Thus, the carbon content of the
fuel is the same as the carbon content of petroleum-based
fuels. Moreover, the production of CTL fuel with CCS is
estimated to emit at least as much CO, as the production,
transport and refining of the same fuel from petroleum. For
CTL fuels to have life-cycle GHG emissions equivalent to
those of petroleum-based fuels, an amount of CO, equivalent
by weight to the weight of the coal used has to be captured
and stored. Thus, CTL technology can reduce the amount of
petroleum used in LDVs but does not contribute to reducing
GHG emissions.

Finding: GTL fuel and CTL fuel with CCS can be used as
a direct replacement for petroleum-based fuel. However,
the GHG emissions from GTL or CTL fuel are slightly
higher than those from petroleum-based fuel. The role
of GTL and CTL with CCS in reducing petroleum use
will thus be small if the goals of reducing petroleum
use and reducing GHG emissions are to be achieved
simultaneously.

3.8 CARBON CAPTURE AND STORAGE

3.8.1 Current Status

In carbon capture and storage, CO, is captured from
various processes, compressed into supercritical conditions
to about 125 atmospheres, pipelined, and then injected into
a deep (>2,500 ft), porous subsurface geologic formation.
Capturing, storing, and transporting CO, all have commer-
cial challenges, but, in most cases, the technologies have
been demonstrated or are in the demonstration phase. With
CCS there are two major options for storage: deep saline
formations and enhanced oil recovery.

3.8.1.1 Deep Saline Formations

In the case of a non-hydrocarbon-bearing formation, the
CO, in supercritical state will be dissolved partially in the
subsurface formation’s water phase, and the rest will remain
in a separate phase. In certain formations, the CO, will react
over a very long period of time with the solids and form
solid carbonates. These are slow reactions, because it takes
decades for a significant amount of CO, to be converted to
a solid carbonate. Experimental work is being conducted to
determine the feasibility of extending this concept to storing
CO, in subsea formations. Currently, demonstrations of deep
saline formation CCS of more than 1 million metric tons per
year of CO, are in progress in a number of locations (Michael
et al., 2010). Additional smaller demonstration projects are
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planned or underway in the United States and other regions
of the world (NETL, 2007, 2011).

3.8.1.2 Enhanced 0Oil Recovery (EOR)

CO, can be injected into already-developed oil fields
to recover the oil that is not extracted by initial production
techniques. Injected CO, mixes with the oil in reservoirs and
changes the oil’s properties, enabling the oil to flow more
freely within the reservoirs and be extracted to the surface.
The CO, is then separated from the extracted oil and injected
again to extract more oil in a closed-loop system. Once eco-
nomically recoverable oil has been extracted from one area
of a given reservoir, an EOR project operator reallocates
CO, to other productive areas of the same reservoir. Once
all economically recoverable oil has been extracted from a
given reservoir, the CO, remains within the reservoir and the
project is plugged and abandoned.

3.8.2 Capabilities

The capture of CO, from a gaseous stream has been
practiced commercially for many years—for example, CO,
has been removed from natural gas produced from reservoirs
(Statoil, 2010), and the Weyburn project in Saskatchewan,
Canada, has used CO, captured from a North Dakota coal
gasification facility for EOR (Preston et al., 2005, 2009).
EOR uses injection of CO, into a oil reservoir to assist in
oil production. In the United States, typical EOR uses about
5,000 cubic feet of CO, per barrel of oil produced (that is,
about 160 Ib of carbon produce one barrel of oil, which con-
tains about 260 1b of carbon). Oil and gas reservoirs are ideal
geological storage sites because they have held hydrocarbons
for thousands to millions of years and have conditions that
allow for CO, storage. Furthermore, their architecture and
properties are well known as a result of exploration for and
production of these hydrocarbons, and infrastructure exists
for CO, transportation and storage.

To calculate the largest amount of CO, that could be
stored by EOR, all the CO, used is assumed to remain in the
ground. The United States produces about 281,000 bbl/d of
crude oil using CO, EOR (Kuuskaraa et al., 2011). Based
on the best-case scenario for CO, use in EOR, this would
sequester 0.26 million metric tons per day of CO,. If all U.S.
crude oil was produced by EOR, about 2 million metric tons
of CO, could be stored per day.

The typical process for capturing CO, is by contacting
the gaseous stream with a solvent that absorbs the CO,. A
number of solvents have been used. The CO, is then desorbed
as a concentrated gas and the solvent reused. This process
is widely used for processing natural gas streams but much
less used with gaseous streams from coal gasifiers or coal
combustion units. The key concern is the degradation of the
solvent by coal-derived impurities in the process gas. Other

Copyright © National Academy of Sciences. All rights reserved.



Transitions to Alternative Vehicles and Fuels

ALTERNATIVE FUELS

processes are being considered and developed to reduce the
cost and energy consumption required.

CO, compression to about 125 atmospheres for transport
and injection is straight forward but consumes a significant
amount of energy. High-pressure compression is desirable
because it reduces the volume of gas being pipelined, and
the supercritical state facilitates injection and retention of
the CO, (IPCC, 2005).

Pipelining of CO, is another conventional and proven
step. The key concern is leakage of CO, into the atmo-
sphere. An asphyxiant denser than air, CO, tends to stay
close to the ground and is not easily dispersed. CO, is fatal
at high concentrations and detrimental to humans at lesser
concentrations (Praxair, 2007). Thus, properly designed
CCS facilities will include a CO, monitoring system and a
leak-prevention system.

Specially designed injection wells are required for CCS.
Abandoned oil and gas wells will not be used for CO, injec-
tion into spent oil and gas formations because these wells
may not be capable of handling the acidic supercritical CO,,
and they may not be properly cemented to ensure that CO,
does not leak into aquifers used for drinking water.

3.8.3 Costs

The cost of CO, capture is $30-$40/metric ton of CO,
for a coal gasifier process stream, about $90/metric ton for a
natural gas combined-cycle facility (because of a lower con-
centration of CO, compared to coal gasification), and $70-
$80/metric ton for coal-fired power facilities (IPCC, 2005).
Adding in the cost of compression, pipelining, monitoring
and injection into a suitable formation would increase the
total cost by $30-40/metric ton (IPCC, 2005). For most CTL
facilities, the cost of CO, capture is included in the facility
design and construction cost. However, additional costs are
incurred for compression, pipelining, monitoring, injection,
and storage. These costs are estimated at $40/metric ton of
CO, in the first-mover facilities (2035 timeframe) and $30/
metric ton in facilities built later (2050 timeframe). In cases
of CTL where the costs of capture are to be included, $80/
metric ton of CO, for 2035 and $70/metric ton of CO, for
2050 are used.

3.8.4 Infrastructure Needs

CCS requires a large infrastructure—primarily the con-
struction of pipelines to transport the CO, from where it is
captured to injection wells for storage underground. In the
United States, potential reservoirs with a capacity for storing
more than 100 years’ worth of injected CO, are available
within 100-150 miles of expected sources in most regions
of the country (NACAP, 2012).
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3.8.5 Barriers

The cost of CCS is significant but probably not the major
implementation barrier. The major barrier is the public
acceptance of pipelines, injection wells, and storage of large
amounts of carbon dioxide in subsurface formations (Court
et al., 2012; de Best-Waldhober et al., 2012; Kraeusel and
Moest, 2012), especially if these are near population centers.
Leakage of stored CO, is an issue that is still being inves-
tigated through research programs conducted by industry
and DOE. Careful design and operation of CCS can likely
prevent and mitigate any potential emissions of CO,, but
gaining public acceptance is expected to be difficult given
the large quantities of CO, to be transported and stored. A
single CTL facility producing 50,000 bbl/d of liquid fuels
will require CO, storage in the range of about 4 million to 9
million metric tons per year.

Finding: CCS is a key technology for meeting the study
goals for GHG reductions by 2050. It will be very difficult
to make large quantities of low-GHG hydrogen without
CCS being widely available. Combining CCS with biofuel
production would improve the chances of meeting the
study goals.

3.9 RESOURCE NEEDS AND LIMITATIONS

Reducing petroleum consumption and GHG emissions
from the LDV fleet will have a significant impact on energy
resource use in the United States. Comparing existing
resources with the estimated demands on resources for fuel-
ing the vehicles in representative scenarios in its analyses,
the committee here draws conclusions about whether the
projected demands on resources can be met.

Alternative LDV fuels can be produced from natural
gas, coal, biomass, or other renewable energy sources, such
as wind, solar, and hydro power. The U.S. consumption of
natural gas, coal, and biomass in 2010 is shown in Table 3.21.
Of the amounts consumed, 976 million tons of coal and
7.378 tcf of natural gas were used for electricity generation
(EIA, 2011b). The biomass was used primarily for power
in wood-processing plants, with some generated electricity
going into the grid.

TABLE 3.21 U.S. Consumption of Natural Gas, Coal, and
Biomass in 2010

Consumption in Quads
(higher heating value)

Amount Consumed

Natural gas 24.1 234 tef
Coal 22.1 1,050 million tons
Biomass 4.30 269 million tons
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TABLE 3.22 Estimated Amount of Natural Gas Required to Fuel the Entire LDV Fleet via Different Fuel and Vehicle

Technologies

Natural Gas Required Annually for Different Vehicle-Fuel Combinations (tcf)

Year Vehicle Miles Traveled (trillion mi/yr) ICE-CNG ICE-drop-in ICE-Methanol HEV-CNG Electric FCEV
2010 2.784 15.6 23.8 229 15.1 7.6 11.7
2030 3.727 10.1 15.5 14.9 8.4 7.5 7.3
2050 5.048 10.0 15.4 14.8 79 7.8 7.2

Biomass, coal, and natural gas can all be converted into
“drop-in” liquid fuels by several routes (e.g., direct lique-
faction of biomass or coal, and gasification followed by FT
or MTG of all sources). These drop-in fuels will use the
existing petroleum products distribution system and existing
vehicles. The use of any of these alternative fuels would be
transparent to the vehicle owner. The remaining alternative
fuel and vehicle combinations include electricity in BEVs
and PHEVs, hydrogen in FCEVs, and natural gas as a
vehicle fuel, either directly as CNG or through conversion
to methanol. All of these fuels can be produced from natural
gas via mature technologies, and so a meaningful comparison
would be to calculate the amount of natural gas that would
be required to fuel the entire LDV fleet via the different fuel
and vehicle technologies (Table 3.22). The vehicle efficien-
cies are assumed to be the mid-range efficiencies outlined
in Chapter 2.

Direct use of CNG as a vehicle fuel is more resource
efficient and less costly than conversion of natural gas to any
liquid fuel. The advantages of conversion to a liquid fuel are
the use of the current fuel infrastructure, the ease of onboard
storage, and the familiarity of the driving population with lig-
uid fuels. Conversion of natural gas to electricity or hydrogen
as an energy carrier is currently more resource efficient than
direct use of natural gas, but direct-use efficiency converges
with that for PEVs and FCEVs by 2050 because of the differ-
ences in efficiency improvements with time. Both electricity
and hydrogen carry additional socioeconomic burdens and
infrastructure costs as discussed in previous sections. Elec-
tricity and hydrogen, as well as GTL and methanol, can be
produced from other resources such as coal and biomass.
Electricity and hydrogen can also be produced from nuclear,
solar, and wind power.

There are two distinct goals for the scenarios evaluated
by the committee: one goal targets only petroleum reduction,
and the second goal targets reduction of GHG emissions.
Both cases use the same vehicle and fuel technologies;
however, in the low-GHG cases, the technology and fuels
used to generate electricity and hydrogen were modified to
reduce GHG emissions. The driving force for the low GHG
grid case is discussed above in this chapter. Table 3.23 shows
the impact of the low-GHG grid case on the mix of generat-
ing sources.

TABLE 3.23 Effect of the Low-Greenhouse Gas Grid on
the Mix of Generating Sources

Total Generation (billion kWh/yr)

2050 2050
Reference Low-GHG
2009 Grid Grid
Coal without CCS 1,693 2,368 238
Coal with CCS 0 15 17
Petroleum and natural gas 871 1,290 1,225
without CCS
Petroleum and natural gas with 0 0 489
CCS
Nuclear 795 855 1,255
Hydroelectric 274 314 323
Biomass 38 159 179
Solar 3 21 56
Wind 71 163 330
Other 34 66 66

The largest changes between the reference grid and the
low-GHG grid are an almost 90 percent decline in coal
usage, a doubling of natural gas, and a 50 percent increase in
nuclear power. Total renewable electricity increases by over
a factor of two and rises from 11 percent of total generation
to 23 percent.

Table 3.24 shows the fuel usage and resource demands
for 10 scenarios: five different vehicle mix scenarios, com-
pounded with the reference grid and the low-GHG grid case
and two different resource mixes for producing hydrogen.?
The implementation of these cases would be driven by
various government policies. The reference case scenario is
driven by existing and currently proposed policies for LDV
CAFE standards and RFS2. The other cases stress increased
biofuels, PEVs, FCEVs and CNGVs.

These scenarios have not been optimized to minimize
costs, resource use, or GHG emissions. The reference sce-
nario reduces petroleum use by 25 percent, and the others
all meet or exceed the goal of an 80 percent reduction in
petroleum use. GHG emission reductions are all similar for
the refere