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Executive Summary

In the wake of the 1973 oil crisis, the U.S. Congress
passed the Energy Policy and Conservation Act of 1975, with
the goal of reducing the country's dependence on foreign
oil. Among other things, the act established the Corporate
Average Fuel Economy (CAFE) program, which required
automobile manufacturers to increase the sales-weighted average fuel economy of the passenger car and light-duty truck
fleets sold in the United States. Today, the light-duty truck
fleet includes minivans, pickups, and sport utility vehicles.
Congress itself set the standards for passenger cars, which
rose from 18 miles per gallon (mpg) in automobile model
year (MY) 1978 to 27.5 mpg in MY 1985. As authorized by
the act, the Department of Transportation (DOT) set standards for light trucks for model years 1979 through 2002.
The standards are currently 27.5 mpg for passenger cars and
20.7 mpg for light trucks. Provisions in DOT'S annual appropriations bills since fiscal year 1996 have prohibited the
agency from changing or even studying CAFE standards.
In legislation for fiscal year 200 1, Congress requested that
the National Academy of Sciences, in consultation with the
Department of Transportation, conduct a study to evaluate
the effectiveness and impacts of CAFE standards.' In particular, it asked that the study examine the following, among
other factors:
1. The statutory criteria (economic practicability, technological feasibility, need for the United States to conserve energy, the classification definitions used to distinguish passenger cars from light trucks, and the effect
of other regulations);
2. The impact of CAFE standards on motor vehicle
safety;
3. Disparate impacts on the U.S. automotive sector;

~
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'Conference Report on H.R.4475. Department of Transportation and
Related Agencies Appropriations Act, 2001. Repon 106-940, as published
in the Congressional Record. October 5,2000, pp. H8892-H9004.

4. The effect on U S . employment in the automotive
sector;
5 . The effect on the automotive consumer: and
6. The effect of requiring separate CAFE calculations for
domestic and nondomestic fleets.

In response to this request, the National Research Council (NRC) established the Committee on the Effectiveness
and Impact of Corporate Average Fuel Economy (CAFE)
Standards. In consultation with DOT, the NRC developed a
statement of work for the committee. The committee's work
was to emphasize recent experience with CAFE standards,
the impact of possible changes, and the stringency andor
structure of the CAFE program in future years. The committee held its first meeting in early February 2001. In effect,
since the congressional appropriations language asked for
the report by July 1, 2001, the committee had less than 5
months (from February to late June) to complete its analysis
and prepare a report for the National Research Council's external report review process. In its findings and recommendations, the committee has noted where analysis is limited
and further study is needed.
Following the release of the prepublication copy of this
report in July 2001, the committee reviewed its technical
and economic analyses. Several changes were made to the
results, as reported in a letter report released in January 2002,
which is reprinted in Appendix F below. These changes have
been incorporated in this report also.
The CAFE program has been controversial since its inception. Sharp disagreements exist regarding the effects of
the program on the fuel economy of the U.S. vehicle fleet,
the current mix of vehicles in that fleet, the overall safety of
passenger vehicles, the health of the domestic automobile
industry, employment in that industry, and the well-being of
consumers. It is this set of concerns that the committee was
asked to address.
These concems are also very much dependent on one another. For example, if fuel economy standards were raised,

._
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EFFECTIVENESS A N D IMPACT OF CORPORATE AVERAGE FUEL ECON0,MY ( C A F E ) STA,%‘DARDS

the manner in which automotive manufacturers respond
would affect the purchase price, attributes, and performance
of their vehicles. For this reason, the mix of vehicles that a
given manufacturer sells could change, perhaps resulting in
a greater proportion of smaller and lighter vehicles; this, in
turn, could have safety implications, depending on the eventual mix of vehicles that ended up on the road. If consumers
are not satisfied with the more fuel-efficient vehicles, that in
turn could affect vehicle sales, profits, and employment in
the industry. Future effects would also depend greatly on the
real price of gasoline; if it is low, consumers would have
little interest in fuel-efficient vehicles. High fuel prices
would have just the opposite effect. In addition, depending
on the level at which fuel economy targets are set and the
time the companies have to implement changes, differential
impacts across manufacturers would probably occur depending on the types of vehicles they sell and their competitive
position in the marketplace. Thus, understanding the impact
of potential changes to CAFE standards is, indeed, a difficult
and complex task.
In addition to the requirement that companies meet separate fleet averages for the automobiles and light-duty trucks
they sell, there are other provisions of the CAFE program
that affect manufacturers’ decisions. For example, a manufacturer must meet the automobile CAFE standard separately
for both its import and its domestic fleet (the two-fleet rule),
where a domestic vehicle is defined as one for which at least
75 percent of its parts are manufactured in the United States.
Also, CAFE credits can be earned by manufacturers that produce flexible-fuel vehicles, which can m n interchangeably
on gasoline or an alternative fuel, such as ethanol.
Why care about fuel economy at all? It is tempting to say
that improvements in vehicle fuel economy will save money
for the vehicle owner in reduced expenditures for gasoline.
The extent of the annual saving will depend on the level of
improvement in the fuel economy (in miles per gallon of
gasoline), the price of gasoline, and the miles traveled per
year, as well as on the higher cost of the vehicle attributable
to the fuel economy improvement. While a strong argument
can be made that such savings or costs are economically
relevant, that is not by itself a strong basis for public policy
intervention. Consumers have a wide variety of oppormnities to exercise their preference for a fuel-efficient vehicle if
that is an important attribute to them. Thus, according to this
logic, there is no good reason for the government to intervene in the market and require new light-duty vehicles to
achieve higher miles per gallon or to take other policy measures designed to improve the fuel economy of the fleet.
There are, however, other reasons for the nation to consider policy interventions of some sort to increase fuel
economy. The most important of these, the committee believes, is concern about the accumulation in the atmosphere
of so-called greenhouse gases, principally carbon dioxide.
Continued increases in carbon dioxide emissions are likely
to further global warming. Concerns like those about climate

change are not normally reflected in the market for new vehicles. Few consumers take into account the environmental
costs that the use of their vehicle may occasion; in the parlance of economics, this is a classic negative externality.
A second concern is that petroleum imports have been
steadily rising because of the nation’s increasing demand for
gasoline without a corresponding increase in domestic supply. The demand for gasoline has been exacerbated by the
increasing sales of light trucks, which have lower fuel
economy than automobiles. The high cost of oil imports
poses two risks: downward pressure on the strength of the
dollar (which drives up the costs of goods that Americans
import) and an increase in U.S. vulnerability to macroeconomic shocks that cost the economy considerable real output. Some experts argue that these vulnerabilities are another form of externality that vehicle purchasers do not factor
into their decisions but that can represent a true and significant cost to society. Other experts take a more skeptical view,
arguing instead that the macroeconomic difficulties of the
1970s (high unemployment coupled with very high inflation
and interest rates) were due more to unenlightened monetary
policy than to the inherent difficulties associated with high
oil prices. Most would agree that reducing our nation’s oil
import bill would have favorable effects on the terms of
trade, and that this is a valid consideration in deliberations
about fuel economy.
The committee believes it is critically important to be
clear about the reasons for considering improved fuel
economy. Moreover, and to the extent possible, it is useful to
try to think about how much it is worth to society in dollar
terms to reduce emissions of greenhouse gases (by 1 ton,
say) and reduce dependence on imported oil (say, by 1 barrel). If it is possible to assign dollar values to these favorable
effects (no mean feat, the committee acknowledges), it becomes possible to make at least crude comparisons between
the beneficial effects of measures to improve fuel economy
on the one hand, and the costs (both out-of-pocket and more
subtle) on the other.
In conducting its study, the committee first assessed the
impact of the current CAFE system on reductions in fuel
consumption, on emissions of greenhouse gases, on safety,
and on impacts on the industry (see Chapters 1 and 2). To
assess the potential impacts of modified standards, the committee examined opportunities offered by the application
of existing (production-intent) or emerging technologies,
estimated the costs of such improvements, and examined
the lead times that would typically be required to introduce
such vehicle changes (see Chapter 3). The committee reviewed many sources of information on technologies and
the costs of improvements in fuel economy; these sources
included presentations at its meetings and available reports.
It also used consultants under its direction to facilitate its
work under the tight time constraints of the study. Some of
the consultants’work provided analyses and information
that helped the committee better understand the nature of
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previous fuel economy analyses. In the end, however, the
committee conducted its own analyses, informed by the
work of the consultants, the technical literature, and presentations at its meetings. as well as the expertise and judgment of its members, to arrive at its own range of estimates
of fuel economy improvements and associated costs. Based
on these analyses, the implications of modified CAFE standards are presented in Chapter 4, along with an analysis of
what the committee Calk cost-efficient fuel economy levels. The committee also examined the stringency and structure of the current CAFE system, and it assessed possible
modifications to it, as well as alternative approaches to
achieving higher fuel economy for passenger vehicles,
which resulted in suggestions for improved policy instruments (see Chapter 5 ) .

FINDINGS
Finding 1. The CAFE program has clearly contributed to
increased fuel economy of the nation’s light-duty vehicle
fleet during the past 22 years. During the 1970s, high fuel
prices and a desire on the part of automakers to reduce costs
by reducing the weight of vehicles contributed to improved
fuel economy. CAFE standards reinforced that effect. Moreover, the CAFE program has been particularly effective in
keeping fuel economy above the levels to which it might
have fallen when real gasoline prices began their long decline in the early 1980s. Improved fuel economy has reduced
dependence on imported oil, improved the nation’s terms of
trade, and reduced emissions of carbon dioxide, a principal
greenhouse gas, relative to what they otherwise would have
been. If fuel economy had not improved. gasoline consumption (and crude oil imports) would be about 2.8 million barrels per day greater than it is, or about I4 percent of today’s
consumption.
Finding 2. Past improvements in the overall fuel economy
of the nation’s light-duty vehicle fleet have entailed very
real, albeit indirect, costs. In particular, all but two members
of the committee concluded that the downweighting and
downsizing that occurred in the late 1970s and early 1980s.
some of which was due to CAFE standards, probably resulted in an additional 1,300 to 2,600 traffic fatalities in
1993.? In addition, the diversion of carmakers’ efforts to
improve fuel economy deprived new-car buyers of some
amenities they clearly value, such as faster acceleration,
greater carrying or towing capacity, and reliability.

? Adissent by committee members David Greene and Maryann Keller on
[he impact of doanweighting and downsizing is contained in Appendix A.
They believe that the level of uncertainty is much higher than stated and
that the change in the fatality rare due to efforts to improve fuel economy
m y have been zero. Their dissent is limited to the safety issue alone.

Finding 3. Certain aspects of the CAFE program have not
functioned as intended:

.

The distinction between a car for personal use and a
truck for work uselcargo transport has broken down,
initially with minivans and more recently with sport
utility vehicles ( S U V s ) and cross-over vehicles. The
cadtruck distinction has been stretched well beyond
the original purpose.
The committee could find no evidence that the twofleet rule distinguishing between domestic and foreign
content has had any perceptible effect on total employment in the U.S. automotive industry.
The provision creating extra credits for multifuel vehicles has had, if any, a negative effect on fuel economy, petroleum consumption, greenhouse gas emissions, and cost. These vehicles seldom use any fuel
other than gasoline yet enable automakers to increase
their production of less fuel efficient vehicles.

Finding 4. In the period since 1975, manufacturers have
made considerable improvements in the basic efficiency of
engines, drive trains, and vehicle aerodynamics. These improvements could have been used to improve fuel economy
a n d o r performance. Looking at the entire light-duty fleet,
both cars and trucks, between 1975 and 1984, the technology improvements were concentrated on fuel economy: It
improved by 62 percent without any loss of performance as
measured by 0-60 mph acceleration times. By 1985, lightduty vehicles had improved enough to meet CAFE standards.
Thereafter, technology improvements were concentrated
principally on performance and other vehicle attributes (including improved occupant protection). Fuel economy remained essentially unchanged while vehicles became 20 percent heavier and 0-60 mph acceleration times became, on
average, 25 percent faster.
Finding 5. Technologies exist that, if applied to passenger
cars and light-duty trucks, would significantly reduce fuel
consumption within 15 years. Auto manufacturers are already offering or introducing many of these technologies in
other markets (Europe and Japan, for example), where much
higher fuel prices ($4to $S/gaI) have justified their development. However, economic, regulatory, safety, and consumerpreference-related issues will influence the extent to which
these technologies are applied in the United States.
Several new technologies such as advanced lean exhaust
gas aftertreatment systems for high-speed diesels and directinjection gasoline engines, which are currently under development, are expected to offer even greater potential for reductions in fuel consumption. However, their development
cycles as well as future regulatory requirements will influence if and when these technologies penetrate deeply into
the U.S. market.
The committee conducted a detailed assessment of the
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technological potential for improving the fuel efficiency of
10 different classes of vehicles, ranging from subcompact
and compact cars to S W s , pickups, and minivans. In addition, it estimated the range in incremental costs to the consumer that would be attributable to the application of these
engine, transmission, and vehicle-related technologies.
Chapter 3 presents the results of these analyses as curves
that represent the incremental benefit in fuel consumption
versus :he incremental cost increase over a defined baseline
vehicle technology. Projections of both incremental costs
and fuel consumption benefits are very uncertain, and the
actual results obtained in practice may be significantly higher
or lower than shown here. Three potential development paths
are chosen as examples of possible product improvement
approaches, which illustrate the trade-offs auto manufacturers may consider in future efforts to improve fuel efficiency.
Assessment of currently offered product technologies
suggests that light-duty trucks, including SUVs, pickups, and
minivans, offer the greatest potential to reduce fuel consumption on a total-gallons-saved basis.

Finding 6. In an attempt to evaluate the economic trade-offs
associated with the introduction of existing and emerging
technologies to improve fuel economy, the committee conducted what it called cost-efficient analysis. That is, the committee identified packages of existing and emerging technologies that could be introduced over the next I O to 15 years
that would improve fuel economy up to the point where further increases in fuel economy would not be reimbursed by
fuel savings. The size, weight, and performance characteristics of the vehicles were held constant. The technologies,
fuel consumption estimates, and cost projections described
in Chapter 3 were used as inputs to this cost-efficient
analysis.
These cost-efficient calculations depend critically on the
assumptions one makes about a variety of parameters. For
the purpose of calculation, the committee assumed as follows: ( I ) gasoline is priced at $1 .50/gal, ( 2 ) a car is driven
15,600 miles in its first year, after which miles driven declines at 4.5 percent annually, (3) on-the-road fuel economy is 15 percent less than the Environmental Protection
Agency's test rating, and (4) the added weight of equipment
required for future safety and emission regulations will exact a 3.5 percent fuel economy penalty.
One other assumption is required to ascertain cost-efficient technology packages-the horizon over which fuel
economy gains ought to be counted. Under one view, car
purchasers consider fuel economy over the entire life of a
new vehicle; even if they intend to sell it after 5 years, say,
they care about fuel economy because it will affect the price
they will receive for their used car. Alternatively, consumers
may take a shorter-term perspective, not looking beyond,
say, 3 years. This latter view, of course, will affect the identification of cost-efficient packages because there will be

many fewer years of fuel economy savings to offset the initial purchase price.
The full results of this analysis are presented in Chapter 1.To provide one illustration, however, consider a midsize SUV. The current sales-weighted fleet fuel economy
average for this class of vehicle is 21 mpg. If consumers
consider only a 3-year payback period, fuel economy of 22.7
mpg would represent the cost-efficient level. If, on the other
hand, consumers take the full 14-year average life of a vehicle as their horizon, the cost-efficient level increases to 28
mpg (with fuel savings discounted at 12 percent). The longer
the consumer's planning horizon, in other words, the greater
are the fuel economy savings against which to balance the
higher initial costs of fuel-saving technologies.
The committee cannot emphasize strongly enough that
the cost-efficient fuel economy levels identified in Tables
4-2 and 4-3 in Chapter 3 are not recommended fuel economy
goals. Rather, they are reflections of technological possibilities, economic realities, and assumptions about parameter
values and consumer behavior. Given the choice, consumers
might well spend their money on other vehicle amenities,
such as greater acceleration or towing capacity, rather than
on the fuel economy cost-efficient technology packages.

Finding 7. There is a marked inconsistency between pressing automotive manufacturers for improved fuel economy
from new vehicles on the one hand and insisting on low real
gasoline prices on the other. Higher real prices for gasolinefor instance, through increased gasoline taxes-would create both a demand for fuel-efficient new vehicles and an
incentive for owners of existing vehicles to drive them less.
Finding 8. The committee identified externalities of about
$0.30/gal of gasoline associated with the combined impacts
of fuel consumption on greenhouse gas emissions and on
world oil market conditions. These externalities are not necessarily taken into account when consumers purchase new
vehicles. Other analysts might produce lower or higher estimates of externalities.
Finding 9. There are significant uncertainties surrounding
the societal costs and benefits of raising fuel economy standards for the light-duty fleet. These uncertainties include the
cost of implementing existing technologies or developing
new ones; the future price of gasoline; the nature of consumer preferences for vehicle type, performance, and other
features; and the potential safety consequences of altered
standards. The higher the target for average fuel economy,
the greater the uncertainty about the cost of reaching that
target.
Finding 10. Raising CAFE standards would reduce future
fuel consumption below what it otherwise would be; however, other policies could accomplish the same end at lower
cost, provide more flexibility to manufacturers, or address
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inequities arising from the present system. Possible alternatives that appear to the committee to be superior to the
current CAFE structure include tradable credits for fuel
economy improvements, feebates,3 high,er fuel taxes, standards based on vehicle attributes (for example, vehicle
weight, size, or payload), or some combination of these.

Finding 11. Changing the current CAFE system to one
featuring tradable fuel economy credits and a cap on the
price of these credits appears to be particularly attractive. It
would provide incentives for all manufacturers, including
those that exceed the fuel economy targets, to continually
increase fuel economy, while alIowing manufacturers flexibility to meet consumer preferences. Such a system would
also limit costs imposed on manufacturers and consumers
if standards turn out to be more difficult to meet than expected. It would also reveal information about the costs of
fuel economy improvements and thus promote betterinformed policy decisions.
Finding 12. The CAFE program might be improved significantly by converting it to a system in which fuel economy
targets depend on vehicle attributes. One such system would
make the fuel economy target dependent on vehicle weight,
with lower fuel consumption targets set for lighter vehicles
and higher targets for heavier vehicles, up to some maximum weight, above which the target would be weight-independent. Such a system would create incentives to reduce
the variance in vehicle weights between large and small vehicles, thus providing for overall vehicle safety. It has the
potential to increase fuel economy with fewer negative effects on both safety and consumer choice. Above the maximum weight. vehicles would need additional advanced fuel
economy technology to meet the targets. The committee believes that although such a change is promising, it requires
more investigation than was possible in this study.
Finding 13. If an increase in fuel economy is effected by a
system that encourages either downweighting or the production and sale of more small cars, some additional traffic fatalities would be expected. However, the actual effects would
be uncertain, and any adverse safety impact could be minimized, or even reversed, if weight and size reductions were
limited to heavier vehicles (particularly those over 4,000 Ib).
Larger vehicles would then be less damaging (aggressive) in
crashes with all other vehicles and thus pose less risk to other
drivers on the road.
Finding 14. Advanced technologies-including directinjection, lean-bum gasoline engines; direct-injection com’Feebates are taxes on vehicles achieving less than the average fuel
economy coupled with rebates to vehicles achieving better than average
fuel cconomy.

pression-ignition (diesel) engines; and hybrid electric vehicles-have the potential to improve vehicle fuel economy
by 20 to 40 percent or more, although at a significantly
higher cost. However, lean-burn gasoline engines and diesel engines, the latter of which are already producing large
fuel economy gains in Europe, face significant technical
challenges to meet the Tier 2 emission standards established by the Environmental Protection Agency under the
1990 amendments to the Clean Air Act and California’s
low-emission-vehicle (LEV 11) standards. The major problems are the Tier 2 emissions standards for nitrogen oxides
and particulates and the requirement that emission control
systems be certified for a 120,000-mile lifetime. If directinjection gasoline and diesel engines are to be used extensively to improve light-duty vehicle fuel economy, significant technical developments concerning emissions control
will have to occur or some adjustments to the Tier 2 emissions standards will have to be made. Hybrid electric vehicles face significant cost hurdles, and fuel-cell vehicles
face significant technological, economic, and fueling infrastructure barriers.

Finding 15. Technology changes require very long lead
times to be introduced into the manufacturers’ product lines.
Any policy that is implemented too aggressively (that is, in
too short a period of time) has the potential to adversely
affect manufacturers, their suppliers, their employees, and
consumers. Little can be done to improve the fuel economy
of the new vehicle fleet for several years because production
plans already are in place. The widespread penetration of
even existing technologies will probably require 4 to 8 years.
For emerging technologies that require additional research
and development, this time lag can be considerably longer.
In addition, considerably more time is required to replace
the existing vehicle fleet (on the order of 200 million vehicles) with new, more efficient vehicles. Thus, while there
would be incremental gains each year as improved vehicles
enter the fleet, major changes in the transportation sector’s
fuel consumption will require decades.

RECOMMENDATIONS
Recommendation 1. Because of concerns about greenhouse
gas emissions and the level of oil imports, it is appropriate
for the federal government to ensure fuel economy levels
beyond those expected to result from market forces alone.
Selection of fuel economy targets will require uncertain and
difficult trade-offs among environmental benefits, vehicle
safety, cost, oil import dependence, and consumer preferences. The committee believes that these trade-offs rightfully reside with elected officials.
Recommendation 2. The CAFE system, or any alternative
regulatory system, should include broad trading of fuel
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economy credits. The committee believes a trading system
would be less costly than the current CAFE system; provide
more flexibility and options to the automotive companies;
give better information on the cost of fuel economy changes
to the private sector, public interest groups, and regulators;
and provide incentives to all manufacturers to improve fuel
economy. Importantly, trading of fuel economy credits
would allow for more ambitious fuel economy goals than
exist under the current CAFE system, while simultaneously
reducing the economic cost of the program.

Recommendation 3. Consideration should be given to designing and evaluating an approach with fuel economy
targets that are dependent on vehicle attributes, such as vehicle weight, that inherently influence fuel use. Any such
system should be designed to have minimal adverse safety
consequences.
Recommendation 4. Under any system of fuel economy
targets, the two-fleet rule for domestic and foreign content
should be eliminated.

Recommendation 5. CAFE credits for dual-fuel vehicles
should be eliminated, with a long enough lead time to limit
adverse financial impacts on the automotive industry.
Recommendation 6. To promote the development of
longer-range, breakthrough technologies, the govemment
should continue to fund, in cooperation with the automotive
industry, precompetitive research aimed at technologies to
improve vehicle fuel economy, safety, and emissions. It is
only through such breakthrough technologies that dramatic
increases in fuel economy will become possible.
Recommendation 7. Because of its importance to the fuel
economy debate, the relationship between fuel economy and
safety should be clarified. The committee urges the National
Highway Traffic Safety Administration to undertake additional research on this subject, including (but not limited to)
a replication, using current field data, of its 1997 analysis of
the relationship between vehicle size and fatality risk.

Int rod uction

It is difficult to summarize neatly the conclusions of that
report. Briefly, though, the fuel economy committee found
in 1992 as follows:

Fuel economy is attracting public and official attention in
a way not seen for almost two decades. Gasoline prices have
risen sharply over the past 2 years and fluctuated unpredictably. Moreover, concerns have developed over the reliability of the gasoline supply, particularly during peak driving
seasons. Evidence also continues to accumulate that global
climate change must be taken seriously. U.S. cars and trucks
are responsible for a nonnegligible fraction of the world’s
annual emissions of carbon dioxide, the most important
greenhouse gas.
1s it time to require cars and trucks to achieve a higher
level of fuel economy? Or do such regulations do more harm
than good? These questions led Congress to request a study
from the National Academy of Sciences.
This report is the result of a very short, very intense study
by a committee assembled to answer these questions (see
Appendix B for biographies of committee members). It is
intended to help policy makers in Congress and the executive branch and those outside the government determine
whether and how fuel economy standards should be changed.
Insofar as possible, it assesses the impact of fuel economy
regulation on vehicles, energy use, greenhouse gas emissions, automotive safety, the automotive industry, and the
public.
This report is the successor to another National Research
Council (NRC) report on the subject and owes a great debt to
the committee that prepared that report. The earlier committee began its work in May of 199 1 as the Committee on Fuel
Economy of Automobiles and Light Trucks, following a request from the Federal Highway Administration and the
National Highway Traffic Safety Administration. It was the
charge of that committee (the fuel economy committee) to
study both the feasibility and the desirability of a variety of
t‘fforts to improve the fuel economy of the light-duty vehicle
fleet in the United States. More than a year later, the committee issued its report, Automotive Fuel Economy Horr Far
Shmrltl We Go? (NRC, 1992).

“Practically achievable” improvements in vehicle fuel
economy were possible, and these improvements
would lie between, on the one hand, what would happen with no government intervention and, on the other,
the results of implementing all technologically possible efficiency-enhancing measures without regard to
cost, safety, or other important factors.
Despite considerable uncertainty on this issue, if
downweighting was used to improve fuel economy,
there would probably be an adverse effect on passenger safety, all else being equal.
While emissions standards for new cars had obvious
advantages, they could make it more difficult to improve automobile fuel economy.
The automobile manufacturing industry, which was in
a sharp downturn in 1992, could be harmed by fuel
economy standards “of an inappropriate form” that
increased new car prices and hurt sales, or that shifted
purchases to imported vehicles.
When gasoline prices were low, consumers had limited interest in purchasing vehicles with high fuel
economy, unless those same vehicles also delivered
the performance characteristics-horsepower, acceleration. options-that consumers appeared to desire.
Finally, a variety of alternatives to the then-current corporate average fuel economy standards should be considered, including changing the form of the program,
increasing the price of gasoline, and adopting a system
of taxes and rebates to discourage the production of
“gas guzzlers” and reward “gas sippers.”
Now, nearly a decade after the 1992 study began, another
NRC committee has completed its work (see Appendix C for
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a list of the committee's meetings and site visits). While created to look at some of the same issues as the earlier group,
the Committee on the Effectiveness and Impact of Corporate
Average Fuel Economy (CAFE) Standards was born of a
different time and directed to address a somewhat different
set of concerns. For instance, the impetus for the earlier committee was a sharp, though temporary, increase in oil and
gasoline prices in the wake of the Gulf War. Despite a recent
increase in oil and gasoline prices related to two factorsthe renewed pricing power of the Organization of Petroleum
Exporting Countries (OPEC) and capacity constraints in the
domestic refining industry-no serious supply interruptions
motivated this report.
Similarly, and as was reflected in its findings, the earlier
committee was charged with examining a wide variety of
approaches that could improve the fuel economy of the passenger vehicle fleet, including changes in required fuel
economy standards, increases in gasoline taxes, subsidies for
the production of fuel-efficient vehicles, and enhanced research and development programs. The present committee
had a much narrower charge. It was directed by Congress,
acting through the Department of Transportation (DOT), to
concentrate on the impact and effectiveness of Corporate
Average Fuel Economy (CAFE) standards originally mandated in the Energy Policy and Conservation Act of 1975.
These standards (which have been set at various times both
by Congress and by the National Highway Traffic Safety
Administration [NHTSA]) establish mandatory fuel efficiencies-in the form of required miles-per-gallon (mpg) goalsfor fleets of passenger cars and light-duty trucks, which included the popular sport utility vehicles (SUVs) beginning
with the model year (MY) 1978,'
It is fair to say that the CAFE program has been controversial since its inception. There are sharp disagreements
about the effects of the program on the fuel efficiency of the
U.S. vehicle fleet, the current mix of vehicles in that fleet,
the overall safety of passenger vehicles, the health of the
domestic automobile industry, employment in the industry,

'The Corporate Average Fuel Economy program is designed to improve
the efficiency of the light-duty vehicle fleet, both automobiles and trucks. It
requires vehicle manufacturers to meet a standard in miles per gallon (mpg)
for the fleet they produce each year. The standard for automobiles is 37.5
mpg, and for light trucks i t is 20.7 mpg. Companies are fined if their fleet
average is below the CAFE standard, but various provisions allow flexibility, such as averaging with past and expected fleet averages. Imported and
domestic automobile fleets must meet the same standards but are counted
separately (trucks are not). The program is administered by the National
Highway Traffic Safety Administration (NHTSAj of the Department of
Transportation.
Testing is done by manufacturers and spot checked by the Environmental Protection Agency. Vehicles are tested on a dynamometer in a laboratory (to eliminate weather and road variables). Both city and highway driving are simulated and the results combined to compare with the standard.
Further information can be found at <http://H.u,w.nhtsa.dot.gov/cars/problems/studies/fuelecon/index.html~
and <http://www.epa.gov/nraq/mpg.
hrw.

and the well-being of consumers. It is this set of concerns
and other things that the present committee was asked to
address.
But why care about fuel economy at all? It is essential to
be clear about the motives for any effort to boost the fuel
economy of the vehicle fleet. It is tempting to say that we
should care about fuel economy because vehicles that have
higher fuel economy ratings (in mpg) will save their owners
money. For instance, a car that gets 25 mpg and is driven
15,000miledyear uses 600 gallons/year of gasoline. Boosting the fuel economy of that car by 20 percent (from 25 to 30
mpg) would save 100 gallons annually-$150 if the price of
gasoline is assumed to be $1.50/gall0n.~The undiscounted
savings over an assumed 10-year lifetime would be $1,500.
Note that another 5 mpg improvement in fuel economyfrom 30 to 35 mpg-would save only about 70 gallons annually, or slightly more than $100. Increases in fuel economy
show sharply diminishing returns, an important point in the
fuel economy debate.
Yet a strong argument can be made that while these savings are economically relevant, they are not a sufficient basis for public policy intervention. First, consumers already
have a wide variety of opportunities if they are interested in
better gas mileage. There are many makes and models, all
readily available, that get much better than average fuel
economy. Second, the differences in fuel economy between
vehicles are relatively clear to new car buyers. The Environmental Protection Agency (EPA)-rated fuel economy for
each vehicle, in both highway and city driving, is prominently displayed on a sticker on the side of each new car
sold. While there are some discrepancies between the EPA
fuel economy ratings and buyers' actual experience in onthe-road driving, that constitutes a rationale not for requiring
the new vehicle fleet to get better gas mileage but for requiring more accurate fuel economy information on the stickers.
Taking these two points together, it is easy to see that
while improved fuel economy saves consumers money, they
are quite likely to be both aware of this fact and in a good
position to exercise their preference for a more fuel-efficient
vehicle if fuel efficiency is an important attribute to them.
According to this logic, there is no good reason for the govemment to intervene and require new cars to get better gas
mileage, or to take other policy measures designed to improve the fuel economy of the fleet.
There are, however, other reasons for the nation to consider policy interventions of some sort to boost fuel economy. The most important of these, the committee believes,
is concern about the accumulation in the atmosphere of socalled greenhouse gases, principally carbon dioxide (CO,)
(IPCC, 2001; NRC, 2001). Cars and light-duty trucks in the
?Note how small these savings are in relation to the other costs of operating a car each year, such as insurance, vehicle registration fees. parking,
and, in a number of states. significant personal property taxes. This p i n t is
addressed later in this report.
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United States account for slightly less than 20 percent of
annual U.S. emissions of CO,; since the United States accounts for about 25 percent of annual global emissions, these
vehicles are responsible for about 5 percent of worldwide
annual emissions. Thus, improving the fuel economy of the
passenger-car and light-duty-truck fleet would have a nontrivial impact on global CO, emission^.^
These concerns have been heightened by a series of reports from the Intergovernmental Panel on Climate Change
(IPCC), a collection of the world’s leading climate scientists. The most recent report suggests that (1) atmospheric
concentrations of CO, and other greenhouse gases are continuing to increase, (2) the average surface temperature
of Earth has increased significantly in the last 100 years, (3)
a causal relationship probably exists between 1 and 2, and
(4) continued increases in CO, emissions could lead to global warming, which would have serious adverse consequences for both plant and animal life on Earth. While also
emphasizing the great uncertainties pertaining to climate
change, a recent report by the NRC confirmed that “the conclusion of the IPCC that the global warming that has occurred in the last 50 years is likely the result of increases in
greenhouse gases accurately reflects the current thinking of
the scientific community” (NRC, 2001).
Concerns about climate change are not normally reflected
in the market for new vehicles. In this market, the costs that
consumers can be expected to take into account are those
they will bear directly, including the purchase price of the
car and its likely repair costs and resale value over time,
expected fuel costs, insurance, taxes, registration, and other
costs. Few consumers take into account the environmental
costs that the use of their vehicles may occasion. In the parlance of economics, this is a classic negative externality, and
i t is to be expected that too little fuel economy would be
purchased in this case. For that reason, it is appropriate for
the government to consider measures that would better align
the signals that consumers face with the true costs to society
of their use of vehicles. These measures could be of many
rypes-from simple taxes on gasoline designed to internalize the externality to regulatory requirements designed to
improve the fuel economy of the vehicles people buy.
There is another reason for concern about automotive fuel
economy. In the wake of the oil supply interruptions of the
middle and late 1970s. petroleum imports fell as a share of
‘At first blush, it might also appear to be the case that fuel economy is
impanant because of the more common air pollutants for which vehicles
are responsible-for instance. the precursors to smog (hydrocarbons and
wide, of nitrogen), particulate matter, and carbon monoxide. However,
.wmakers are required to meet emissions standards for these pollutants
h t are denominated in terms of grams per mile traveled. Thus, it should
m k e no difference for emissions of these pollutants whether a car has
h n e d I gallon to go 20 miles or IO gallons-the emissions must be the
m e . The committee notes, however, that a number of the vehicles achievg1. high fuel economy also have emission rates that are well below the
\latutory limits.

petroleum use. During the 1990s. however, this trend began
to reverse. By 2000, imports hit an all-time high of 56 percent of petroleum use and continue to rise. If the petroleum
exporters reinvested in the United States all the dollars paid
to them, it would not ipso facto be a bad thing. In fact, significant reinvestment has occurred. But such reinvestment
may not always be the case, and excessively high levels of
imports can put downward pressure on the strength of the
dollar (which would drive up the cost of goods that Americans import) and, possibly, increase U.S. vulnerability to
macroeconomic instability that can cost the economy considerable real output.
Some experts argue that these vulnerabilities are another
form of externality-that is, they are an effect that car buyers do not factor into their decisions but that can represent a
true and significant cost to society (see Greene and Tishchishyna, 2000). These experts believe that this justifies
government intervention of some sort. Others take a more
skeptical view, arguing instead that the macroeconomic difficulties of the 1970s (high unemployment coupled with very
high inflation and interest rates) were due more to unenlightened monetary policy than to the inherent difficulties associated with high oil prices (Bohi, 1989). Either way, no one
can deny that reducing our nation’s oil import bill would
have favorable effects on the terms of trade, and that this is a
valid consideration in deliberations about fuel economy.
This committee believes it is critically important to be
clear about the reasons for considering improved fuel
economy. Moreover, and to the greatest extent possible, it is
useful to try to think about how much it is worth to society in
dollar terms to reduce emissions of greenhouse gases (by
1 ton, say) and reduce dependence on imported oil (by
1 barrel, say). If it is possible to assign dollar values to these
favorable effects (no mean feat, the committee acknowledges), it becomes possible to make at least crude comparisons between the beneficial effects of measures to improve
fuel economy on the one hand, and the costs (both out-ofpocket and more subtle) on the other.
Having explained why fuel economy matters, why did
Congress request a study and why did the NRC create a new
committee to examine the issue of CAFE standards? After
all, not 10 years have passed since the issuance of the 1992
NRC report, and the current committee believes strongly that
the 1992 NRC report is still an excellent place to begin for
anyone interested in the fuel economy issue.
In fact, a number of things have changed since the 1992
NRC report that make a reexamination both timely and valuable. Although each of these changes is examined in somewhat more detail in subsequent chapters, it is worth touching
on the most important ones here.
First, there have been significant changes in the automobile industry in the last decade. The committee believes it is
now virtually meaningless to speak of a U.S. auto company
or a Japanese auto company. Today there is a handful of
very large companies that both manufacture and sell vehicles
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around the world. For instance, the General Motors Corporation (GM) has acquired all of Saab and Hummer, half of
Isuzu, and a minority share of Suzuki and Fuji Heavy Industries (the makers of Subaru). GM has acquired 20 percent of
Fiat Auto S.p.A. (which includes Alfa Romeo), with a full
takeover possible, and GM is also in negotiations to acquire
Daewoo Motors. For its part, the Ford Motor Company
(Ford) has acquired all of Volvo, Jaguar, Aston Martin, and
Land Rover, along with a 35 percent stake in Mazda.
DaimlerChrysler (itself the product of the largest merger in
the history of the auto industry and one of the largest corporate mergers of any type ever) now owns 30 percent of
Mitsubishi and 10 percent of Hyundai (Kia). Volkswagen
owns all of Rolls-Royce. Bugatti, and Skoda, while Renault
has a controlling interest in Nissan as well as Nissan Diesel,
and RenaultNissan has taken over Samsung. Ford and GM
have equity stakes in Russian and eastern European assemblers as well. In other words, the auto industry is much, much
more concentrated and more global in 2001 than it was in
199 1, when the previous committee began its work.
Perhaps equally important, Toyota, Honda, and Nissan“foreign car makers” whose imports to the United States
were a great source of concern a decade ago-all have established significant manufacturing facilities in the United
States. This has blurred the distinction between domestic and
imported cars, a distinction that was important at the time
the original CAFE standards were put in place, and is relevant to current deliberations about the future of the CAFE
program. Further blurring any distinctions that used to make
sense about imports vs. domestic cars is the North American
Free Trade Agreement (NAlTA).
Related to these changes in market structure has been a
rather significant change in the financial well-being of the
US.auto industry and the employment prospects of those
who work in it. The United States has always been the largest and most consistently profitable vehicle market in the
world, attracting most vehicle producers to sell vehicles to
it. In recent years, the U.S.market has been strengthened by,
among other things, the scale economies resulting from the
mergers discussed above; the remarkable performance of the
U.S. economy during the 1990s; and the exploding popularity of minivans, pickup trucks, and sport utility vehicles
(SUVs). Automakers headquartered in the United States regained their financial health and, with the exception of the
Chrysler component of DaimlerChrysler, the balance sheets
of the carmakers were in good shape.j During the 1990s,
Ford, GM, and Chrysler bought back billions of dollars of
their own shares with the excess cash they generated and
invested heavily in other businesses, ranging from financial
services to car repair and salvage. At the same time, employment in the U.S. auto industry reached a new peak as foreign
and domestic manufacturers expanded capacity at existing
‘This will not be the case if the U.S. economy enters a protracted downturn and/or if profits on light-duty trucks narrow significantly.

plants, and foreign manufacturers invested in new auto assembly and parts plants.
Another significant change over the last decade has to do
with the trend in automobile fuel economy. At the time of
the 1992 report, the average fuel economy of the entire U.S.
light-vehicle fleet had just begun to decrease after nearly 15
years of improvements totaling more than 66 percent (see
Chapter 2). By 2000, however, overall light-vehicle fuel
economy had not only failed to reverse the trend seen between 1988 and 1991 but had fallen still farther-it is now
about 7 percent lower than at its peak in 1987-1988 (EPA,
2000).
This change, in turn, is almost a direct consequence of
another dramatic change in the automobile market, one familiar to each and every driver and passenger-the shift
in the mix of vehicles on the road away from traditional
passenger cars and toward SUVs, pickup trucks, and vans
(which, collectively, are referred to as light-duty trucks). As
recently as I975 (the year the CAFE program was legislated
into existence), traditional passenger cars accounted for fully
80 percent of the light vehicle market. By 2000, the lightduty truck component of the light vehicle market had grown
to 46 percent, and its share is expected to exceed that of
passenger cars for the first time in 2001. Because new lightduty trucks sold are required to meet a fleet average fuel
economy standard of 20.7 mpg compared with the 27.5 mpg
standard that currently applies to the passenger car fleet, this
shift has been pulling down the overall fuel economy of the
light vehicle fleet.
Moreover, a new type of vehicle has appeared on the
market and is growing in popularity. This is the crossover
vehicle (a light truck), which has the appearance of an SUV
and many of its characteristics but which is built on a passenger car platform rather than a light truck platform (examples are the Lexus RX-300 and the Toyota RAV-4). It is
too soon to predict whether these vehicles will penetrate
deeply into the light-duty vehicle market and what their
effect would be if they do (for instance, will they replace
station wagons and large cars, worsening overall fuel
economy, or will they become smaller and more fuelefficient substitutes for larger SUVs?). It is a change that
bears close watching.
Another development since 1992 has to do with new technologies for vehicular propulsion. For instance, both Toyota
(the Prius) and Honda (the Insight) have already introduced
into the vehicle market the first hybrid-electric passenger
cars-vehicles that combine a traditional internal combustion engine powered by gasoline with an electric motor that
assists the engine during acceleration. These cars recapture
some of the energy lost during braking and can shut off their
engines instead of idling, with almost instant restart, both of
which are important energy-saving features. The Insight,
which seats two passengers and weighs about 2,000 Ib, has
an EPA rating of 61 mpg in city driving and 70 mpg in highway driving. The Prius gets 52 mpg in the city and 45 mpg
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on the highway. Ford has announced it will begin selling a
hybrid S W , the Escape, in 2004 and has pledged to boost
the fuel economy of its SUVs by 25 percent by 2004. GM
and DaimlerChrysler have pledged to outdo any improvements Ford makes on sw fuel economy.
At the same time, there is great excitement and a steady
stream of progress reports about the fuel cell. Fuel cells hold
promise for alleviating the problems associated with fossil
fuel combustion in both stationary (e.g., electric power plant)
and mobile (e.& vehicle power plant) sources. This is because they produce power without the combustion processes
that generate conventional air pollutants such as particulate
matter, CO,, and other undesirable by-products (see Chapter
1, Attachment 4A, for a discussion of full fuel-cycle impacts). Moreover, the fuel cell and other altemative technologies have been given a boost by the govemmenthndustry cooperative venture Partnership for a New Generation of
Vehicles (PNGV), aimed at the development of a midsize
automobile that is safe, affordable, and capable of getting
dramatically better fuel economy (up to 80 mpg) (NRC,

2Ooo).
Technologies have changed in other respects as well since
the earlier 1992 NRC report. During the 1990s, automakers
improved the performance characteristics of their light-duty
vehicles considerably. For instance, the horsepower-toweight ratio for passenger cars and light trucks is up about
50 percent since 1981. Similarly, the time it takes for a vehicle to accelerate from 0 to 60 miles per hour has fallen 26
percent since 1981-and 2 percent in the last year alone.
Another way of saying this is that automakers have indeed
made considerable technological advances in the cars and
light trucks they made and sold during the last decade. But
these advances have almost all been aimed at making cars
h e r and more powerful, at selling more and heavier light
rrucks. and at equipping vehicles with other extras (heated
seats. power windows, and cruise control, for example)
rarher than at making them more fuel efficient. This is perfectly understandable, incidentally, given the apparent lack
of interest in fuel economy on the part of the car-buying
public at mid-2001 gasoline prices.
Since the 1992 NRC report, moreover, EPA has issued
new Tier 2 emissions standards under the 1990 amendments
10 the Clean Air Act. These standards affect not only emissions but also certain technologies such as the advanced
diesel engine that could be used to improve overall fuel
economy.
A final factor suggests a fresh look at fuel economy and
the way in which it has been and could be affected by the
CAFE program. Specifically, over the last 20 years-and
pzrhaps particularly over the last decade-there has been a
\[eady increase in the attention that car buyers pay to safety
concerns. This is one of the causes of the steady, long-term
decline in the fatality rate per vehicle mile traveled. Whatever the reason, safety “sells” in a way that was almost inconceivable two decades ago. This is germane to the

committee’s work because the possible effects on safety of
the original CAFE
__- program, as well as the effects on safety
that a renewed effort to improve fuel economy would have,
have been perhaps the most controversial aspect of the program. Because we now have another decade’s worth of research on the determinants of vehicle safety, a fresh look at
automotive fuel economy is warranted.

-

SCOPEANDCONDUCTOFTHESTUDY
In legislation for fiscal year 2001, Congress requested that
the National Academy of Sciences, in consultation with
DOT, conduct a study to evaluate the effectiveness and impacts of CAFE standard^.^ In particular, it asked that the
study examine the following, among other factors:

I . The statutory criteria (economic practicability, technological feasibility, need for the United States to conserve energy, the classification definitions used to distinguish passenger cars from light trucks, and the effect
of other regulations);
2. The impact of CAFE standards on motor vehicle
safety;
3. Disparate impacts on the U.S. automotive sector;
4. The effect on U.S. employment in the automotive
sector;
5. The effect on the automotive consumer: and
6 . The effect of requiring separate CAFE calculations for
domestic and nondomestic fleets.
In consultation with DOT, a statement of work for the
committee was developed (see Appendix D). The committee’s work was to emphasize recent experience with
CAFE standards, the impact of possible changes, and the
stringency andor structure of the CAFE program in future
years.
The committee conducted numerous meetings and made
several site visits during the short time frame of this study. It
held open sessions during several of its meetings to receive
presentations from a wide variety of individual experts and
representatives of the private sector, nongovernmental organizations, environmental groups, and government and to collect information and data on the various issues related to
CAFE standards. Also, many reports, statements, and analyses were submitted to the committee for its review. The committee also used consultants under its direction to facilitate
its work under the tight time constraints of the study. For
example, Energy and Environmental Analysis, Inc. (EEA)
conducted analyses of potential improvements in fuel
economy and related costs for a number of different vehicle
classes. Sierra Research provided insight to the committee
SConference Repon on H.R. 4475, Department of Transportation and
Related Agencies Appropriations Act, 1,001. Report 106-940. as published
in the Congressional Record, October 5, 2000, pp. H8892-H9004.
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on fuel economy improvements and costs, based on work it
had done for the automotive companies. In the end, however, the committee conducted its own analyses, informed
by the work of the consultants, the technical literature, presentations at its meetings, material submitted to it, and the
expertise and judgment of the committee members, to arrive
at its own range of estimates for fuel economy improvements
and associated costs.
In conducting its study, the committee first assessed the
impact of the current CAFE system on reductions in fuel
consumption, on greenhouse gases, on safety, and on impacts on the industry (see Chapter 2). To assess what the
impacts of changed fuel economy standards might be, it examined opportunities for fuel efficiency improvements for
vehicles with the use of existing or emerging technologies,
estimated the costs of such improvements, and examined the
lead times that would be required to introduce the vehicle
changes (see Chapter 3). Based on these examinations, the
implications for changed CAFE standards are presented in
Chapter 4. The committee also examined the stringency and
structure of the CAFE system and assessed possible modifications of the system, as well as alternative approaches to
achieving greater fuel economy for vehicles, which resulted
in suggestions for improved policy instruments (see Chapter
5). Chapter 6 contains the committee's findings and recommendations. Appendix E is a list of acronyms and abbreviations.

Following the release of the prepublication copy of the
report in July 2001, the committee reexamined its technical
and economic analysis, as discussed in Appendix F. Minor
changes have been made to some of the material in Chapters
3 and 4 as a result of this reexamination, but the findings and
conclusions are substantively unchanged.
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The CAFE Standards: An Assessment

Twenty-five years after Congress enacted the Corporate
Average Fuel Economy (CAFE) standards, petroleum use in
light-duty vehicles is at an all-time high. It is appropriate to
ask now what CAFE has accomplished, and at what cost.
This chapter begins by addressing energy and CAFE: What
is the current rationale for fuel economy standards? How
have vehicles changed, in particular in regard to fuel
economy? What is the impact on oil consumption? The first
section addresses a series of questions the committee was
asked about the impact of CAFE. The second section explores the impact of CAFE on the automotive industry, The
final section reviews the impact on safety.
Isolating the effects of CAFE from other factors affecting
U S . light-duty vehicles over the past 25 years is a difficult
analytical task. While several studies have tried to estimate
the specific impacts of CAFE on fuel economy levels and on
highway safety, there is no comprehensive assessment of
what would have happened had fuel economy standards not
been in effect. Lacking a suitable baseline against which to
compare what actually did happen, the committee was frequently unable to separate and quantify the impacts of factors such as fuel prices or of policies such as the gas guzzler
tax. Much of this report describes what happened before and
after the implementation of the CAFE standards, with little
or no isolation of their effects from those of other forces
affecting passenger cars and light trucks. While this analytical approach is less than ideal, it can provide some sense
of whether the impacts were large or small, positive or
negative.

leum supply, the current committee cites the oil price hikes
of 1999 and 2000 as further evidence of the nation’s need to
address the problem of oil dependence. The association between oil price shocks and downturns in the U.S. economy
(see Figure 2-1) has been documented by numerous studies
over the past 20 years (for example, Hamilton, 1983 and
1996; Hickman, 1987; Huntington, 1996; Mork et al., 1994).
While the causes of recessions are complex and other factors, such as monetary policy, play important roles, oil price
shocks have clearly been a contributing factor (Darby, 1982;
Eastwood, 1992; Tatom, 1993). Estimates of the cumulative
costs to our economy of oil price shocks and noncompetitive
oil pricing over the past 30 years are in the trillions of dollars
(see, for example, Greene and Tishchishyna, 2000; EIA,
2 0 0 0 ~ DOE,
;
1991; Greene et al., 1998).
Today, oil is a much less important share of the economy
(expenditures on oil amount to 2 percent of the gross domestic product [GDP]) than it was in the early 1980s but approximately the same as in 1973, the year of the first ArabOPEC (Organization of Petroleum Exporting Countries) oil
embargo. Still, U.S. oil imports now exceed 50 percent of
consumption and are projected to increase substantially
@A, 2000a, table A.ll). The U.S. transportation sector remains nearly totally dependent on petroleum, and passenger
cars and light trucks continue to account for over 60 percent
of transportation energy use (Davis, 2000, table 2.6).
A second petroleum-related factor, possibly even more
important, has emerged since CAFE was enacted: global climate change. Scientific evidence continues to accumulate
supporting the assertion that emissions of greenhouse gases
from the combustion of fossil fuels are changing Earth’s climate.
International concern over the growing emissions of
greenhouse gases from human activities has increased substantially since the 1992 assessment of fuel economy by the
National Research Council (NRC, 1992, pp. 70-7 1). The scientific evidence suggesting that emissions of CO, and other
greenhouse gases are producing global warming, causing the

CAFE AND ENERGY
Rationale for Fuel Economy Standards
The nation’s dependence on petroleum continues to be an
economic and strategic concern. Just as the 1992 committee
(the fuel economy committee) cited the conflict in the Persian Gulf as evidence of the fragility of the world’s petro13
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sea level to rise, and increasing the frequency of extreme
weather events has grown stronger (PCC, 2001, pp. 1-17;
NRC, 2001). Concern over the potentially negative consequences of global climate change has motivated the European Union and Japan to take steps to reduce CO, emissions
from passenger cars and light trucks by adopting new fuel
economy standards (Plotkin, 2001).
The transportation sector accounts for about 3 1 percent of
anthropogenic CO, emissions in the U.S.economy; CO, accounts for over 80 percent of greenhouse gas emissions from
the economy as a whole (EIA, 2000b). Since the United
States produces about 25 percent of the world's greenhouse
gases, fuel economy improvements could have a significant
impact on the rate of CO, accumulation in the atmosphere.
However, it should be noted that other sectors, particularly
electricity, have far more potential for reducing CO, emis-

sions economically (EIA, 1998). Focusing on transportation
alone would accomplish little.

New Car and Light Truck Fuel Economy
The CAFE standards, together with significant fuel price
increases from 1970 to 1982, led to a near doubling of the
fuel economy of new passenger cars and a 50 percent increase for new light trucks (NRC, 1992, p. 169) (see Figure
2-2). While attempts have been made to estimate the relative
contributions of fuel prices and the CAFE standards to this
improvement (see, for example, Crandall et a]., 1986; Leone
and Parkinson, 1990; Greene, 1990; Nivola and Crandall,
1995), the committee does not believe that responsibility can
be definitively allocated. Clearly, both were important, as
were efforts by carmakers to take weight out of cars as a
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---Imp. Trucks
----Dom. Trucks
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Automotive fuel economy standards (AFES) and manufacturers' CAFE levels. SOURCE: Based on N R C (1992) and EPA

THE CAFE STANDARDS: A N ASSESSMENT

cost-saving measure. CAFE standards have played a leading
role in preventing fuel economy levels from dropping as fuel
prices declined in the 1990s.
The increasing market share of higher fuel economy imported vehicles was also a factor in raising the average fuel
economy of the U.S. fleet and decreasing its average size
and weight. The market share of foreign-designed vehicles
increased from 18 percent in 1975 to 29 percent in 1980 and
41 percent in 2000. In 1975, the average foreign-designed
vehicle achieved about 50 percent higher fuel economy than
the average domestic vehicle. Foreign-designed vehicles also
weighed about 40 percent (1,700 lb) less @PA, 2000, tables
14 and 15). These differences have narrowed considerably
Over time, as shown below.
Figure 2-2 suggests that the CAFE standards were not
generally a constraint for imported vehicles, at least until
1995, if then. Domestic manufacturers, on the other hand,
made substantial fuel economy gains in line with what was
required by the CAFE standards. The fuel economy numbers
for new domestic passenger cars and light trucks over the
past 25 years closely follow the standards. For foreign manufacturers, the standards appear to have served more as a floor
toward which their fuel economy descended in the 1990s.
For the most part, the differing impacts of the CAFE standards on domestic and foreign manufacturers were due to
the different types of vehicles they sold, with foreign manufacturers generally selling much smaller vehicles than domestic manufacturers.
In 1975, when CAFE was enacted, 46 percent of the cars
sold by domestic manufacturers were compacts or smaller,
while 95 percent of European imports and 100 percent of
Asian imports were small cars.
The difference between the product mix of domestic
manufacturersand that of foreign manufacturers has dramatically narrowed since then. By 2000, small cars represented

15

39 percent of the market for domestic carmakers (down from
46 percent in 1975) and had plummeted to 60 percent and SO
percent for European and Asian manufacturers, respectively,
based on interior volume (EPA, 2000, appendix K). This
convergence is also evident when the average weights of
domestic and imported vehicles in given market segments
are compared (see Figure 2-3). In 1975, the average weight
of a domestic passenger car was 4,380 lb. It outweighed its
European counterpart by 1,676 lb and its Asian counterpart
by 1,805 Ib. In 2000, the average domestic passenger car
weighed 75 Ib less than the average European car and only
245 Ib more than the average Asian passenger car. What had
been a 70 percent difference between the average weights of
domestic and Asian cars decreased to 7.6 percent. There is
now little difference in the market positions of domestic and
imported manufacturers, as a whole, in the passenger car
market.
Another factor contributing to the superior fuel economy
of imported automobiles in 1975 was technology. Only 1.3
percent of domestic passenger cars used front-wheel drive in
1975, compared with 17 percent of Asian imports and 46
percent of European imports. Similarly, less than I percent
of domestic cars were equipped with fuel injection that year,
while 14 percent of Asian imports and 39 percent of European imports used that more efficient technology. Undoubtedly, higher fuel prices in Europe and Asia were (and still
are) a major incentive for rapid implementation of fuel
economy technologies. However, the emphasis on small cars
in 1975 by foreign manufacturers was clearly the most important reason for their higher fuel economy.
The light-truck market has fared differently. While the
weights of vans have converged somewhat, domestic pickups are still about 13 percent heavier than their imported
counterparts. Although the difference in average weight between domestic and imported sport utility vehicles ( S U V s )
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FIGURE 2-3 Average weights of domestic and imported vehicles. SOURCE: EPA (2000).
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seems to have increased, the S U V market, as it is today, did
not exist in 1975. Similar differences exist by size class. Only
1.3 percent of domestic light trucks are classified as small,
44 percent as large. By contrast, 36 percent of imported
trucks are small and only 6 percent are large (EPA, 2000).
Improvements in new vehicle fuel economy have gradually
raised the overall fuel economy of the entire operating fleet
as new vehicles replace older, less fuel-efficient vehicles.'
DOT'SFederal Highway Administration (FHWA) estimates
that the average miles per gallon (mpg) for all passenger cars
in use-both old and new-increased from 13.9 mpg in 1975
to 21.4 mpg in 1999 (see Figure 2-4) (FHWA, 2000). The
estimated on-road fuel economy of light trucks improved
from 10.5 to 17.1 mpg over the same period. Since the
FHWA's definitions of passenger car and light truck are not
the same as those used for CAFE purposes, it is also useful
to consider the trend in combined light-duty vehicle fuel
economy. The FHWA estimates that overall light-duty vehicle on-road fuel economy increased from 13.2 mpg in 1975
to 19.6 mpg in 1999, a gain of 48 percent. The EPA salesweighted test numbers indicate that new light-duty vehicle
fuel economy increased from 15.3 mpg in 1975 to 24 mpg in
1999, a gain of 57 percent. Given the remaining older vehicle stock yet to be retired and the inclusion of some larger
two-axle, four-tire trucks in the FHWA's definition, these
numbers are roughly comparable.
As Figure 2-4 illustrates, there is a substantial shortfall
between fuel economy as measured for CAFE purposes and
actual fuel economy achieved on the road. If the EPA ratings
accurately reflected new vehicle fuel economy, the operat~

'The lag is due to the time required to turn over the vehicle fleet. Recent
estimates of expected vehicle lifetimes suggest that an average car will last
14 years and an average light truck 15 years (Davis, 2O00, tables 6.9 and
6.10). This means that about half of the vehicles sold 15 years ago are still
on the road today.

ing fleet averages would be approaching those levels. Instead, they are leveling off well below the ratings. The shortfall, which the EPA estimates at about 15 percent, is the
result of a number of factors that differ between actual operating conditions and the EPA test cycle, such as speed, acceleration rates, use of air conditioners, and trip lengths
(Hellman and Murrell, 1984; Harrison, 1996). A comparison
of FHWA on-road and EPA new vehicle fuel economy estimates suggests a larger discrepancy for passenger cars than
for light trucks. This pattern is contrary to the findings of
Mintz et al. (1993), who found a larger shortfall for light
trucks of 1978-1985 vintages. The discrepancy may reflect
a combination of estimation errors and differences in definitions of the vehicle types.* The EPA estimates that new lightduty vehicles have averaged 24 to 25 mpg since 1981. The
FHWA estimates the on-road fuel economy of all light-duty
vehicles at 19.6 mpg in 1999, a difference of about 20 percent. Some of this discrepancy reflects the fact that a substantial number of pre-1980 vehicles (with lower fuel
economy) were still on the road in 1999, but most probably
reflects the shortfall between test and on-road fuel economy.

Vehicle Attributes and Consumer Satisfaction
Significant changes in vehicle attributes related to fuel
economy accompanied the fuel economy increases brought
about by CAFE standards, fuel price increases, and manufacturers' efforts to reduce production costs. Between 1975
*The light truck definition used by F K W A for traffic monitoring differs
substantially from that used by the National Highway Traffic Safety Administration (?JHTSA) for CAFE purposes. The chief difference is that
FHWA's definition includes larger light trucks not covered under the CAFE
law. In addition, the FHWA's division of fuel use and vehicle miles traveled (VMT) between passenger cars and light trucks is generally considered
to be only approximately correct. It is probably more accurate to compare
combined light-duty vehicle mpg estimates.
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1980, the fuel economy of new passenger cars increased
by 50 percent, from 15.1 to 22.6 mpg. At the same time, the
size and weight of passenger cars decreased significantly (see
Figure 2-5). The average interior volume of a new car shrank
from I 1 I cubic feet in 1975 to 105 cubic feet in 1980. Decreasing interior volume, however, appears to have been part
of a trend extending back to the 1960s, at least. Average
passenger car wheelbase also declined-from 110 inches in
1977 to 103 in 1980. Curb weight simultaneously decreased
by more than 800 Ib. This reduction in weight was clearly
not part of a previous trend.
From 1980 to 1988, passenger car characteristics changed
little, while new vehicle fuel economy improved by 19 percent, from 24.3 mpg in 1980 to an all-time high of 28.8 mpg
in 1988. Since then, new vehicle fuel economy has remained
essentially constant, while vehicle performance and weight
have increased. For passenger cars, horsepower, acceleration (hpAb), and top speed all continued to increase in line
with a trend that began in 1982 (see Figure 2-6). Between
1975 and 1980, in contrast, passenger car weight and horsepower decreased, acceleration and top speed remained nearly
constant, and fuel economy increased sharply.
Light truck attributes show similar patterns, although
nearly all of the increase in light-truck fuel economy was
accomplished in the 2 years between 1979 and 1981 (see
Figure 2-7). The weight of light trucks did not decline as
sharply as the weight of passenger cars, and in recent years it
has reached new highs. Weight, horsepower-to-weight ratios, and top speeds have all been increasing since 1986.
Other engineering and design changes, motivated at least
in part by the need to increase fuel economy, probably influenced consumers’ satisfaction with new vehicles. For example, front-wheel drive, which affects handling and improves traction, also permits weight reduction owing to the
dimination of certain drive train components and repackaging. Use of front-wheel drive in passenger cars increased
from 6.5 percent in 1975 to 85 percent by 1993, where it
more or less remains today. Less than 20 percent of light
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well. Use of fuel injection increased from 5 percent for passenger cars and 0 percenl for light trucks in 1975 to 100
percent for both categories today. Use of lock-up torque converters in automatic transmissions, which reduce slip and
thereby increase efficiency, increased from 0 percent in 1975
to 85 percent today for both passenger cars and light trucks.
Use of four-valve-per-cylinder engines increased from 0 percent before 1985 to 60 percent in passenger cars, 20 percent
in vans, 25 percent in S W s , and only 1 percent in pickup
trucks. Four-valve engines offer improved fuel economy and
performance over a wide range of speeds.
Fuel economy improvements have affected the costs of
automobile ownership and operation over the past 25 years.
However, the precise impacts on vehicle price and customer
satisfaction are not known because of the lack of accurate
accounting of the costs of fuel economy improvements and
the difficulty of attributing changes in vehicle attributes to
fuel economy or to other design goals. How to attribute the
costs of numerous technology and design changes to the
CAFE standards or to other factors, such as fuel prices, is
unclear. Nonetheless, it is possible to examine trends in the
overall costs of owning and operating passenger cars, which
shed some light on the possible impacts of the CAFE
standards.
The cost (in constant dollars) of owning and operating
automobiles appears to be only slightly higher today than in
1975. The American Automobile Association estimates that
the total cost per mile of automobile ownership in 1975 was
55.5 cents, in constant 1998 dollars (Davis, 2000, table 5.12).
The estimate for 1999 was 56.7 cents per mile.3 Fixed costs
(costs associated with owning or leasing a vehicle that are
not directly dependent on the miles driven), which today
account for more than 80 percent of total costs, were at least
30 percent higher in 1999 than in 1975. Operating costs have
been nearly halved, mostly because of the reduction in gas
and oil expenditures. In 1975, expenditures on gas and oil
were estimated to be 13.6cents per mile and constituted 75
percent of variable (or operating) costs (26 percent of total
costs). In 1999, gas and oil expenses were only 5.5 cents per
mile, just over SO percent of variable costs and less than 10
percent of total costs. A large part of the change has to do
with the lower price of gasoline in 1999, $1.17 per gallon in
1999 versus $1.42 in 1975 (1996 dollars) (Davis, 2000). The
rest is the result of improvements in fuel economy.
The average price of a new automobile has increased from
just under $15,000 in 1975 to over $20,000 today ( 1998 dollars). Virtually all of the price increase came after 1980, by
which time most of the increase in passenger car fuel
economy had already been accomplished (see Figure 2-8).
Furthermore, the average purchase price of imported cars,
which were largely unconstrained by the CAFE standards
3These costs are not strictly comparable, however. due to a change in the
method of estimating depreciation instituted in 1985. Because of this
change, fixed COSLS prior to 1985 are inflated relative to later costs.
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(because most of the vehicles sold by foreign manufacturers
were above the standard), has increased far more than that of
domestic cars, which were constrained. The average price of
large trucks has risen faster than that of passenger cars.
The committee heard it said that CAFE may have instigated the shift from automobiles to light trucks by allowing
manufacturers to evade the stricter standards on automobiles.
It is quite possible that CAFE did play a role in the shift, but
the committee was unable to discover any convincing evidence that it was a very important role. The less stringent
CAFE standards for trucks did provide incentives for manufacturers to invest in minivans and SUVs and to promote
them to consumers in place of large cars and station wagons,
but other factors appear at least as important. Domestic
manufacturers also found light-truck production to be very
attractive because there was no foreign competition in the
highest-volume truck categories. By shifting their product
development and investment focus to trucks, they created
more desirable trucks with more carlike features: quiet, luxurious interiors with leather upholstery. top-of-the-line audio
systems, extra rows of seats, and extra doors. With no Japanese competition for large pickup trucks and S W s , U.S.
manufacturers were able to price the vehicles at levels that
generated handsome profits. The absence of a gas guzzler
tax on trucks and the exemption from CAFE standards for
trucks over 8,500 Ib also provided incentives.
Consumers also found many of these new vehicles very
appealing. They offer roomy interiors that accommodate
many passengers, ample storage space, towing capacity,
good outward visibility, and a sense of safety and security.
Midsize S W s rose from 4.0 percent of all light-duty vehicle
sales in MY 1988 to 12.3 percent in 2000. Midsize station
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wagons dropped from 1.9 to 1.4 percent over the same period. Large sws rose from 0.5 percent to 5.5 percent. while
large station wagons dropped from 0.5 percent to zero (EPA,
2000). SUVs are far more popular today than station wagons
were before CAFE. Furthermore, several wagons, including
the Toyota Camry, Honda Accord, and Nissan Maxima, were
dropped from production even though the manufacturers
were not constrained by CAFE. Therefore, it must be concluded that the trend toward trucks probably would have
happened without C A E , though perhaps not to the same
degree.
The effect of the shift to trucks on fuel economy has been
pronounced. As shown in Figures 2-6 and 2-7, the fuel
economy of new cars and trucks, considered separately, has
been essentially constant for about 15 years. However, the
average fuel economy of all new light-duty vehicles slipped,
from a peak of 25.9 mpg in 1987 to 24.0 mpg in 2000, as the
fraction of trucks increased from 28 to 36 percent (EPA,
~ O o o )Even
.
if trucks and cars maintain their current shares,
the average fuel economy of the entire on-road fleet will
continue to decline as new vehicles replace older ones with
their higher fraction of cars.

Impact on Oil Consumption and the Environment
Fuel use by passenger cars and light trucks is roughly
one-third lower today than it would have been had fuel
economy not improved since 1975, as shown in this section.
As noted above, the CAFE standards were a major reason
for the improvement in fuel economy, but other factors, such
as fuel prices, also played important roles.
Travel by passenger cars and light trucks has been increasing at a robust average annual rate of 3.0 percent sirice
1970 (see Figure 2-9). Growth has been relatively steady,
u ith declines in vehicle miles traveled (VMT) occurring only

3000000
I-

2500000

during the oil price shocks and ensuing recessions of 19731974, 1979-1980, and 1990-1991. Throughout this period,
light-truck travel has been growing much more rapidly than
automobile travel. From 1970 to 1985, light-truck VMT
grew at an average rate of 7.7 percenvyear, while passenger
car VMT grew at only 1.8 percendyear. From 1985 to 1999,
the rates were similar: 6.1 percent/year for light trucks and
1.7 percenvyear for passenger cars. The trend toward light
trucks appears to antedate the CAFE standards. From 19664
to 1978, light-truck VMT grew 9.8 percendyear, while passenger-car VMT grew at 3.3 percenuyear.
Prior to 1978, fuel use by passenger cars and light trucks
was growing slightly faster than VMT (see Figure 2-9). It
then declined from 1978 to 1982 as gasoline prices soared
and the first effects of the higher fuel economy of new vehicles began to have an impact on the fleet (see Figure 2-7).
While it is difficult to say what fuel consumption would have
been had there been no CAFE standards, it is clear that if
light-duty fuel use had continued to grow at the same rate as
light-duty VMT, the United States would be currently consuming approximately 55 billion more gallons of gasoline
each year (equivalent to about 3.6 million barrels per day
[mmbd] of gasoline).
On the other hand, increased fuel economy also reduces
the fuel cost per mile of driving and encourages growth in
vehicle travel. Estimates of the significance of this “rebound
effect” suggest that a 10 percent increase in fuel economy is
likely to result in roughly a 1 to 2 percent increase in vehicle
travel, all else being equal (Greene et al., 1999; Haughton

‘The FHWA substantially changed its truck class definitions in 1966,
making that the earliest date for uhich there is a consistent definition of a
“light truck.”
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and Sarker, 1996; Jones, 1993). Applying that to the estimated 44 percent increase in on-road, light-duty fuel
economy from 1975 to 2000 would reduce the estimated
annual fuel savings from 55 billion to 43 billion gallons,
equivalent to about 2.8 mmbd of gasoline.
Reducing fuel consumption in vehicles also reduces carbon dioxide emissions. If the nation were using 2.8 mmbd
more gasoline, carbon emissions would be more than 100
million metric tons of carbon (mmtc) higher. Thus, improvements in light-duty vehicle fuel economy have reduced overall U.S. emissions by about 7 percent. In 1999, transportation produced 496 mmtc, about one-third of the U.S. total.
Passenger cars and light-duty trucks accounted for about 60
percent of the CO, emissions from the U.S. transportation
sector (EPA, 2001), or about 20 percent of total U.S. emissions of greenhouse gases. Overall, U.S. light-duty vehicles
produce about 5 percent of the entire world’s greenhouse
gases.

Impact on Oil Markets and Oil Oependence

.

The fuel economy of U.S. passenger cars and light trucks
affects world oil markets because U.S. light-duty vehicles
alone account for 10 percent of world petroleum consumption. Reducing light-duty vehicle fuel use exerts downward
pressure on world oil prices and on U.S. oil imports. Together with major increases in non-OPEC oil supply, reductions in petroleum demand in the United States and other
countries created the conditions for the collapse of OPEC
market power in 1986. Had past fuel economy improvements
not occurred, it is likely that the U.S. economy would have
imported more oil and paid higher prices than it did over the
past 25 years. CAFE standards have contributed to past lightduty vehicle fuel economy improvements, along with past
fuel price increases and other factors.
Oil price shocks have had serious economic consequences
for oil-consuming nations. Higher oil prices damage the U.S.
economy by transferring U.S. wealth to oil exporters, reducing real economic output, and creating temporary price and
wage dislocations that lead to underemployment of economic
resources. While the economic impact of the 1999-2000 oil
price shock may have been smaller than the price shocks of
the 1970s and 198Os, it was one of several factors causing a
decline in U.S. economic growth in 2000 and 2001.
By reducing U.S. petroleum demand, greater fuel economy for passenger cars and light trucks ameliorates but does
not by itself solve the problem of oil dependence. Because
the United States accounts for 25 percent of world petroleum
consumption (EIA, 2000c, table 11.9). changes in U.S. oil
demand can significantly affect world oil prices. The size of
the impact will depend on the price elasticity of net oil supply to the United States (Greene and Tishchishyna, 2000). A
reasonable range of estimates of this elasticity is approximately 2.0 to 3.0, which means that a 1 percent decrease in

U S . demand would reduce world oil prices by 0.5 to 0.33
percent.
U.S. oil consumption in 2OOO was 19.5 mmbd, so that the
estimated 2.8-mmbd reduction due to fuel economy improvements represents a 13 percent reduction in U.S. oil demand, using the midpoint formula. Using the above elasticity assumptions, this should reduce world oil prices by 4 to 6
percent. The average price of oil in 2000 was just over $281
bbl, implying a savings of $1 .OOto $1.80/bbl on every barrel
purchased.
Accordingly, the reduction in expenditures realized by
the United States due to lower prices for imported oilwhich in turn came from improvements in passenger car and
light-truck fuel economy-would be in the range of $3 billion to $6 billion for the year 2000 alone. This is in addition
to the benefit of not having had to purchase those 2.8 mmbd.
Assuming that these benefits increased linearly from zero in
1975, cumulative (not present value) oil-market benefits
would amount to between $40 billion and $80 billion. This
does not take into account benefits accruing from a reduced
likelihood and severity of oil market disruptions. These estimates are subject to considerable uncertainty, however, because it is difficult to accurately predict OPEC responses to
changes in oil demand.
The committee emphasizes again that these impacts on
oil consumption and oil prices were the result of several factors affecting the fuel economy of the U S . light-duty vehicle
fleet, one of which was CAFE standards.

Regulatory Issues

In addition to the above issues, the committee was asked
in the statement of work to address other aspects of how
CAFE has functioned. These included the disparate impact
on automotive manufacturers, the distinction between cars
and light trucks, and the distinction between domestic and
imported vehicle fleets.
Disparate Impacts of CAFE Standards
Some degree of differential or disparate impacts is inherent in a regulatory standard that sets the same performance
measure for all manufacturers regardless of the type of vehicles they produce. Differences in the sizes and weights of
domestically manufactured and imported vehicles in 1975
were described above. As Figure 2-2 illustrates, the domestic manufacturers (that is, Chrysler, GM, and Ford) had to
improve the fuel economy of their vehicle fleets substantially, while foreign manufacturers (for example, Honda,
Nissan, and Toyota) were already above the standards. Thus,
some companies were affected to a greater extent than others. There is no doubt that the requirement to focus resources
on the task of improving fuel economy called for greater
investments and resources diverted from activities the do-
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mestic manufacturers would otherwise have preferred to
pursue. Whether, in the end, this was harmful to U.S. manufacturers is less clear. Some argue that the fuel economy
standards actually put U.S. manufacturers in a better competitive position when the oil price shocks hit in 1979 and
1980 than they would have been in had they been allowed to
respond to falling gasoline prices between 1974 and 1978.

passenger Cars and Light Trucks
n e CAFE standards called for very different increases in
passenger car and light-truck fuel economy. Passenger-car
standards required a 75 percent increase from the new car
fleet average of 15.8 mpg in 1975 to 27.5 mpg in 1985. Lightm c k standards required only a 50 percent increase: from
13.7 mpg in 1975 to 20.7 mpg in 1987.
In part, the difference was intentional, reflecting the belief that light trucks function more as utility vehicles and
face more demanding load-carrying and towing requirements. It was also due to the different mechanisms Congress
established for setting the standards. Congress itself wrote
the 27.5-mpg passenger-car target into law, while light-truck
targets were left to the NHTSA to establish via rule-makings. The result of this process was that passenger cars were
required to make a significantly greater percentage improvement in fuel economy.

The Foreign/Domestic Distinction
,Automotive manufacturing is now a fully global industry. In 1980 the United Auto Workers (UAW) had 1,357,141
members, most of whom were employed in the automotive
industry. However, by 2000 that number had dropped to
778,510 members, according to the annual report filed by
the UAW with the Department of Labor. The loss
of market share to foreign manufacturers, including some
35.000 assembly jobs in foreign-owned assembly plants in
the United States, improvements in productivity in domestic
plants, and a shift of parts production to Mexico as well as to
nonunion foreign-owned parts plants in the United States
resulted in the loss of unionized automotive jobs in the
United States. Workers in this country have proven that they
can compete successfully with workers overseas in all segments of the market, from the smallest cars to the largest
trucks. The 1992 NRC report found that the provision of the
CAFE law that created a distinction between domestic and
foreign fleets led to distortions in the locations at which vehicles or parts are produced, with no apparent advantage
(NRC, 1992, p. 171). NHTSA eliminated the domestic/
import distinction for light trucks after model year 1995.
The absence of negative effects of this action on employment in U.S. automobile manufacturing suggests that the
Same could be done for automobiles without fear of negative
consequences.

Other Regulations Affecting CAFE
The gas guzzler tax, which first took effect in 1980, specifies a sliding tax scale for new passenger cars getting very
low gas mileage. There is no comparable tax for light trucks.
The level at which the tax takes effect increased from 14.5
mpg in 1980 to 22.5 mpg today, and the size of the tax has
increased substantially. Today, the tax on a new passenger
car achieving between 22 and 22.5 mpg is $l,OOO, increasing to $7,700 for a car with a fuel economy rating under 12.5
mpg. In 1975,80 percent of new cars sold achieved less than
2 1 mpg and 10 percent achieved less than 12 mpg. In 2000,
only 1 percent of all cars sold achieved less than 21.4 mpg
(EPA, 2000). The tax, which applies only to new automobiles, has undoubtedly reinforced the disincentive to produce inefficient automobiles and probably played a role, as
did the CAFE standards, in the downsizing of the passenger
car fleet. The absence of a similar tax for light trucks has
almost certainly exacerbated the disparities between the two
vehicle types.

Emissions
Since the passage of the CAFE law in 1975, pollutant
emissions standards for passenger cars and light trucks have
been tightened. For example, hydrocarbon, carbon monoxide (CO), and nitrogen oxide (NO,) federal standards were
1.5, 15, and 3.1 gramdmile, respectively, in 1975. Under
Tier 1 standards, the analogous standards for nonmethane
hydrocarbons, CO, and NO., are 0.25, 3.4, and 0.4 grams/
mile (Johnson, 1988; P.L. 101-549). Moreover, the period
for which new vehicles must be certified to perform effectively was doubled. The CAFE standards did not interfere
with the implementation of emissions control standards. Indeed, several key fuel economy technologies are also essential for meeting today’s emissions standards, and fuel
economy improvements have been shown to help reduce
emissions of hydrocarbons (Greene et al., 1994; Hamngton,
1997). However, emissions standards have so far prevented
key fuel economy technologies, such as the lean-bum gasoline engine or the diesel engine, from achieving significant
market shares in U.S. light-duty vehicle markets.

Safety
Since 1975, many new passenger car and light-truck
safety regulations have been implemented. It was estimated
that these regulations added several hundred pounds to the
average vehicle (for example, air bags and improved impact
protection). However, the actual number may now be less
(there have not been any follow-up studies to determine if
improved designs and technological progress have reduced
the weight of those components). Nonetheless, the CAFE
regulations, have not impeded the implementation of safety
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regulations and safety regulations have not prevented manufacturers from achieving their CAFE requirements.

IMPACTS ON THE AUTOMOBILE INDUSTRY
Regulations such as the CAFE standards are intended to
direct some of industry’s efforts toward satisfying social
goals that transcend individual car buyers’ interests. Inevitably, they divert effort from the companies’ own goals. This
section reviews trends in revenues, profits, employment,
R&D spending, and capital investment for the domestic automobile industry from 1972 to 1997. Examination of the
data shows little evidence of a dramatic impact of fuel
economy regulations. General economic conditions, and especially the globalization of the automobile industry, seem
to have been far more important than fuel economy regulations in determining the profitability and employment shares
of the domestic automakers and their competitors.
The 1992 NRC report on automobile fuel economy concluded, “Employment in the U.S. automotive industry has
declined significantly and the trend is likely to continue during the 1990s. The world automotive industry, particularly
the domestic industry, suffers from over-capacity, and further plant closings and reductions in employment are inevitable” (NRC, 1992). Fortunately, this gloomy prediction
turned out to be largely incorrect, as total employment in
automobile manufacturing in the United States reached its
highest level ever (more than 1 million) in 1999 (Figure
2- lo), thanks largely to foreign companies’ decisions to
move manufacturing to the United States to take advantage
of the most profitable market in the world. In 1990 there
were eight foreign-owned plants in the United States producing 1.49 million vehicles annually. By 2000, foreign
companies assembled 2.73 million vehicles in 1 1 U.S. plants;
Honda and Nissan will each open another new assembly
plant in the next 2 years.

Organized labor has lost nearly half of its representation
i n the automobile industry since 1980. In that year, the
United Auto Workers union had 1.4 million members, most
of them employed in the auto industry, but by year-end 2000
it reported just over 670,000 members (UAW, 2000). The
roots of this shift include the domestic manufacturers’ loss
of market share to foreign manufacturers, improved productivity in their own plants, and shifts of parts production overseas. The job losses have been offset by about 35,000 jobs in
foreign-owned, nonunion assembly plants in the United
States; growth in white collar employment in foreign companies as they expanded distribution; and the establishment
of foreign-owned parts and component operations.
Like profitability, two measures of productivity show no
obvious impact of fuel economy improvements. The number
of light-duty vehicles produced per worker (Figure 2- 10) has
fluctuated with the business cycle (falling during recessions)
and since the mid-1990s appears to have trended slightly
upward despite increased production of light trucks and more
complex cars. The sales value of cars produced per worker
[also shown in Figure 2-10) increased substantially during
the 1972 to 2000 period, particularly after 1980.
Even before the CAFE standards were established, the
automotive market was becoming a global one. In the 1960s
imported vehicles made significant inroads in the United
States. With their small cars and their reputation for superior
quality, Japanese producers probably found the CAFE standards only one source of competitive advantage in U.S. markets among others during the 1970s and 1980s. The size
of this advantage is difficult to determine, however (NRC,
1992).
The industry’s ability to fund R&D and capital investment is a function of its financial strength. The annual net
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income of GM. Ford, and Chrysler is correlated closely with
the business cycle and the competitiveness of each company’s products (Figure 2-1 1). The industry experienced severe losses in 1980 and again in 1992 in response to the drop
in vehicle demand, a competitive pricing environment, and
loss of market share to foreign producers. After that, the industry enjoyed a powerful rebound in earnings. Between
1994 and 1999, the cumulative net income of GM, Ford, and
Chrysler amounted to an all-time record of $93 billion.
The most important cause of this rebound was exploding
demand for light trucks, a market sector dominated by the
Big Three:
In 1984 minivans were introduced and by 1990 were
selling nearly a million units annually.
Then came four-door SUVs and pickup trucks with
passenger-friendly features such as extra rows of seats.
S W sales increased from fewer than 1 million units in
1990 to 3 million in 2000; large SUVs were the fastest-growing segment and by 2OOO accounted for nearly
one-third of all SUVs sold. Sales of large pickup trucks
nearly doubled in the 1990s.
Crossover vehicles, which have trucklike bodies on
car platforms, offer consumers an altemative to a traditional light truck. These vehicles (for example, the
Toyota RAV-4 and the Honda CRV), first introduced
by Japanese companies several years ago to serve demand for recreational vehicles, also found markets in
the United States. U.S. auto companies are now
launching models in this category.
Light trucks today account for about 50 percent of GM
sales, 60 percent of Ford sales, and 73 percent of Daimler-

Chrysler sales and even greater shares of the profits of all
three companies. In the mid- to late 1990s, the average profit
on a light truck was three to four times as great as that on a
passenger sedan.
Since the second half of 2000, however, GM and Ford
have recorded sharply lower profits, and the Chrysler division of DaimlerChrysler suffered significant losses. A slowing economy, which necessitated production cuts as well as
purchase incentives (rebates and discounted loan rates, for
example) to defend market share, underlies the downturn in
industry profitability.
With at least 750,000 units of additional capacity of lighttruck production coming onstream over the next 3 years,
however, margins on these vehicles could remain under pressure for the foreseeable future. To recoup their investments
in truck capacity, manufacturers will continue to use incentives to drive sales, even at the cost of lower unit profits.
(Better incentives have made these vehicles more affordable,
which probably explains some of their continuing popularity
in the face of higher fuel prices.)
Two important indicators of the costs of the CAFE standards to industry, regardless of its profitability, are the investments required in changing vehicle technology and design: Investments for retooling and R&D must be recovered
over time in the profits from vehicle sales. Too steep an imposition of the standards would be reflected in unusually
high rates of both investments. There does appear to have
been a sudden increase in retooling investments by all three
manufacturers in 1980, but they returned to normal levels
within 5 years (see Figure 2-12). These investments may
have been prompted as much by changes in U.S. manufacturers’ market strategies as by the impending CAFE standards (their strategies may, for example, have reflected expectations that fuel prices would continue rising steeply and
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the need in general to counter the Japanese competition’s
reputation for quality).
Investments in R&D as a percent of net sales were relatively low in the years leading up to 1978, the first year in
which manufacturers were required to meet the CAFE standards. Since then, they have generally increased, regardless
of whether the CAFE requirements were increasing or constant (Figure 2-13). This pattern suggests that the R&D demands created by the standards did not unduly burden the
domestic manufacturers.

IMPACT ON SAFETY
In estimating the effect of CAFE on safety, the committee
relied heavily on the 1992 NRC report Automotive Fuel
Economy: How Far Should We Go? (NRC, 1992). That report began its discussion of the safety issues by noting, “Of
all concerns related to requirements for increasing the fuel
economy of vehicles, safety has created the most strident
public debate” (NRC, 1992, p. 47).
Principally, this debate has centered on the role of vehicle
mass and size in improving fuel economy. For a given power
train, transportation fuel requirements depend in part on how
much mass is moved over what distance, at what speed, and
against what resistance. The mass of the vehicle is critical
because it determines the amount of force (that is, power and
fuel) necessary to accelerate the vehicle to a given speed or
propel it up a hill. Size is important because it influences
mass (larger vehicles usually weigh more) and, secondarily,
because it can influence the aerodynamics of the vehicle and,
therefore, the amount of power necessary to keep it moving
at a given speed,

As discussed above, fuel economy improved dramatically
for cars during the late 1970s and early 198Os, without much
change since 1988 (see Figure 2-2 and Figure 2-6). That increase in fuel economy was accompanied by a decline in
average car weight (see Figure 2-5) and in average wheelbase length (a common measure of car size). Thus, a significant part of the increased fuel economy of the fleet in 1988
compared with 1975 is attributable to the downsizing of the
vehicle fleet. Since 1988, new cars have increased in weight
(see Figure 2-5) and the fuel economy has suffered accordingly (see Figure 2-4), although increasing mass is not the
only reason for this decline in fuel economy.
The potential problem for motor vehicle safety is that vehicle mass and size vary inversely not only with fuel
economy, but also with risk of crash injuries. When a heavy
vehicle strikes an object, it is more likely to move or deform
the object than is a light vehicle. Therefore the heavier
vehicle’s occupants decelerate less rapidly and are less likely
to be injured. Decreasing mass means that the downsized
vehicle’s occupants experience higher forces in collisions
with other vehicles. Vehicle size also is important. Larger
crush zones outside the occupant compartment increase the
distance over which the vehicle and its restrained occupants
are decelerated. Larger interiors mean more space for restraint systems to effectively prevent hard contact between
the occupants’ bodies and the structures of the vehicle. There
is also an empirical relationship, historically, between vehicle masskize and rollover injury likelihood. These basic
relationships between vehicle mass, size, and safety are discussed in greater detail in Chapter 4.

THE CAFE STANDARDS: AN ASSESSMENT

What Has Been the Effect of Changes in Vehicle Mass and
Size on Motor Vehicle Travel Satety?
Given these concerns about vehicle size, mass, and safety,
it is imperative to ask about the safety effect of the vehicle
downsizing and downweighting that occurred in association
with the improvement in fuel economy during the 1970s and
1980s. There are basically two approaches to this question.
Some analysts have concluded that the safety effect of fleet
downsizing and downweighting has been negligible because
the injury and fatality experience per vehicle mile of travel
has declined steadily during these changes in the fleet. The
General Accounting Office (GAO) championed this view in
a 1991 report, arguing that vehicle downweighting and
downsizing to that time had resulted in no safety consequences, as engineers had been able to offset any potential
risks (Chelimsky, 1991). According to this argument, the
fact that vehicle downsizing and downweighting have not
led to a large increase in real-world crash injuries indicates
that there need not be a safety penalty associated with
downsizing, despite any theoretical or empirical relationships among the size, weight, and safety of vehicles at a
given time.

As the 1992 NRC report indicated, however, that view
has been challenged (NRC, 1992, pp. 54-55). The reduced
risk of motor vehicle travel during the past decade is part of
a long-term historical trend, going back to at least 1950 (Figure 2-14). Most important, the improving safety picture is
the result of various interacting-and, sometimes, conflicting-trends. On the one hand, improved vehicle designs,
reduced incidence of alcohol-impaired driving, increased
rates of safety belt use, and improved road designs are reducing crash injury risk; on the other, higher speed limits,
increased horsepower, and increasing licensure of teenagers
and other risky drivers, among other factors, are increasing
crash injury risk. In short, the historical trend in motor vehicle injury and fatality rates is too broad a measure, affected
by too many variables, to indicate whether vehicle downsizing and downweighting have increased or decreased motor vehicle travel safety.
Recognizing this general historical trend, the appropriate
question is not whether crash injury risk has continued to
decline in the face of vehicle downsizing and downweighting, but rather whether motor vehicle travel in the
downsized fleet is less safe than it would have been otherwise. This approach to the question treats the safety charac-
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teristics of the motor vehicle fleet at any particular time as a
given. That is, the level of safety knowledge and technology
in use at the time is independent of the size and weight of the
vehicle fleet. Accordingly, the question for evaluating the
safety effects of constraints on vehicle size and weight asks
how much injury risk would change if consumers were to
purchase larger, heavier vehicles of the generation currently
available to them.
The 1992 NRC report noted significant evidence that the
improvement in motor vehicle travel safety to that time could
have been even greater had vehicles not been downweighted
and downsized. For example, the report cited NHTSA research (Kahane, 1990; Kahane and Klein, 1991) indicating
that “the reductions that have occurred in passenger-vehicle
size from model year 1970 to 1982 are associated with approximately 2,000 additional occupant fatalities annually”
(NRC, 1992, p. 53). In another study cited by the 1992 report, Crandall and Graham (1988) estimated that fatality
rates in 1985 car models were 14 to 27 percent higher because of the 500 Ib of weight reduction attributed by those
authors to CAFE requirements. These estimates revealed
forgone reductions in fatalities occasioned by the downweighting and/or downsizing of the fleet. These safety costs
had been hidden from public view by the generally improving safety of the motor vehicle environment.
It should be noted that the terms dmcnsi3ng ‘and &JWbt9righting are used interchangeably here because of the very
high correlation between these physical attributes of motor
vehicles. Although the effects of size and mass appear quite
separate in the theoretical discussion above, in reality most
heavy cars are large and most large cars are heavy. As a result
of this correlation, the 1992 NRC report was unable to separate the different effects of vehicle mass and size in accounting for the changes in safety. The report questioned to what

extent the increased fatalities due to downweighting could
have been prevented had vehicles retained their initial size.
Nevertheless. the report concluded that “the historical
changes in the fleet-downsizing and/or downweightinghave been accompanied by increased risk of occupant injury” (NRC, 1992, p. 5 5 ) . The current committee concurs
with that conclusion.

Societal Versus Individual Safety
The 1992 NRC report also questioned the relationship
between risk to the individual occupant of downsized vehicles and risk to society as a whole. Specifically, the report
questioned whether estimates of the effects of downsizing
adequately assessed “the net effects of the safety gains to the
occupants of the heavier car and safety losses that the increased weight imposes on the occupants of the struck car,
as well as other road users (e.g., pedestrians, pedalcyclists,
and motorcyclists)” (NRC, 1992, p. 57). In other words,
larger mass means greater protection for the occupants of the
vehicle with greater mass but greater risk for other road users in crashes. Some of the increased risk for individuals
shifting to smaller, lighter cars would be offset by decreased
risk for individuals already in such cars. However, the report
noted that there was insufficient information about the effects on all road users of changes in fleet size and weight
distributions. It also noted that increasing sales of light
trucks, which tend to be larger, heavier, and less fuel efficient than cars, was a factor increasing the problem of crash
incompatibility. NHTSA was urged to conduct a study to
develop more complete information on the overall safety
impact of increased fuel economy and to incorporate more
information about the safety impact of light-truck sales.
In April 1997, NHTSA issued a report summarizing research undertaken by it in response to that issue as well as to

TABLE 3- 1 Change in Death or Injury Rates for 100-lb Weight Reduction in Average Car or
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Faiality Analysis

~~~

Hit object
Principal rollover
Hit passenger car
Hit light truck
Hit big truck
Hit pedmikelmotorcycle
Overall

Light
Trucks

Cars

Crash Type

Injury Analysis

cars

Light
Trucks

~~

t1.12

4.58

+I
.41
+0.8 1*

+I63
+I.40
4.46

-1.39
-0.51*
+2.63
-2.03

+1.13

-0.26

-0.62*

NE
+LO

+1.9
NE
-2.6

t0.9

-

+0.7

-

NE

NE

+1.6

-1.3

NOTE: For the injury analysis. ?;E means this effect was not estimated in the analysis. A dash indicates the estimated
effect was \tatistically insignificant. For the fatality analysis, the starred entries were not statistically significant.
SOURCE: NHTSA (1997).
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other informational concerns expressed in the 1992 NRC
report. In the new NHTSA research, the effect on fatalities
and injuries of an average 100-lb reduction in the weight of
cars (or in the weight of light trucks) was estimated. Following the recommendation of the 1992 NRC report, the fatality
analysis included fatalities occurring to nearly all road users
in crashes of cars and light trucks; excluded were only those
fatalities occurring in crashes involving more than two vehicles and other rare events. The injury analysis was more
limited, including only those injuries occurring to occupants
of the cars and light trucks. Table 2-1 summarizes the
NHTSA results.
NHTSA’s fatality analyses are still the most complete
available in that they accounted for all crash types in which
vehicles might be involved, for all involved road users, and
for changes in crash likelihood as well as crashworthiness.
The analyses also included statistical controls for driver age,
driver gender, and urban-rural location, as well as other potentially confounding factors. The committee’s discussions
focused on the fatality analyses, although the injury analyses
yielded similar results to the extent that their limitations permitted comparison.
The NHTSA fatality analyses indicate that a reduction in
mass of the passenger car fleet by 100 Ib with no change in
the light-truck fleet would be expected to increase fatalities
in the crashes of cars by 1.13 percent. That increase in risk
would have resulted in about 300 (standard error of 44) additional fatalities in 1993. A comparable reduction in mass of
the light-truck fleet, with no change in cars, would result in a
net reduction in fatalities of 0.26 percent (or 30 lives saved,
with a standard error of 30) in 1993. NHTSA attributed this
difference in effect to the fact that the light-truck fleet is on
average 900 Ib heavier than the passenger car fleet. As a
result, the increased risk to light-truck occupants in some
crashes as a result of downweighting is offset by the decreased risk to the occupants of other vehicles involved in
collisions with them, most of which are much lighter. The
results of the separate hypothetical analyses for cars and light
trucks are roughly additive, so that a uniform reduction in
mass of 100 Ib for both cars and light trucks in 1993 would
be estimated to have resulted in about 250 additional fatalities. Conversely, a uniform increase in mass of 100 Ib for
both cars and light trucks would be estimated to result in
about 250 lives saved.
The April 1997 NHTSA analyses allow the committee to
reestimate the approximate effect of downsizing the fleet
between the mid-1970s and 1993. In 1976, cars were about
700 Ib heavier than in 1993; light trucks were about 300 lb
heavier, on a ~ e r a g e An
. ~ increase in mass for cars and light-

sThe average weights of cars and light trucks registered for use on the
road in 1976 were, respectively, 3.522 Ib and 3,770 Ib; in 1993.2,816 lb and
3,461 Ib. The Insurance Institute for Highmray Safety computed these
weights, using R.L. Polk tiles for vehicle registration in those years and
institute files on vehicle weights.
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duty trucks on the road in 1993, returning them to the average weight in 1976, would be estimated to have saved about
2,100 lives in car crashes and cost about 100 fatalities in
light-truck crashes. The net effect is an estimated 7,000 fewer
fatalities in 1993. if cars and light trucks weighed the same
as in 1976. The 95 percent confidence interval for this estimate suggests that there was only a small chance that the
safety cost was smaller than 1,300 lives or greater than 2,600
lives. This figure is comparable to the earlier NHTSA estimates of the effect of downsizing since the early 1970s.
In short, even after considering effects on all road users
and after adjusting the results for a number of factors known
to correlate with both fatal crash risk and vehicle usage patterns, the downsizing and downweighting of the vehicle fleet
that occurred during the 1970s and early 1980s still appear
to have imposed a substantial safety penalty in terms of lost
lives and additional injuries. The typical statistical relationship between injuries and fatalities in the NHTSA‘s accident
data suggests that these changes in the fleet were responsible
for an additional 13,000to 26,000 incapacitating injuries and
97,000 to 195,000 total injuries in 1993.
It must be noted that the application of the 1997 NHTSA
analyses to the questions before this committee is not without controversy. In 1996, after reviewing a draft of the
NHTSA analyses, a committee of the National Research
Council’s Transportation Research Board (NRC-TRB) expressed concerns about the methods used in these analyses
and concluded, in part, “the Committee finds itself unable to
endorse the quantitative conclusions in the reports about projected highway fatalities and injuries because of large uncertainties associated with the results. . . .” These reservations
were principally concerned with the question of whether the
NHTSA analyses had adequately controlled for confounding factors such as driver age. sex, and aggressiveness. Two
members of the current committee are convinced that the
concerns raised by the NRC-TRB committee are still valid
and question some of the conclusions of the NHTSA analyses. Their reservations are detailed in a dissent that forms
Appendix A of this report.
The majority of the committee shares these concerns to
an extent, and the committee is unanimous in its agreement
that further study of the relationship between size, weight,
and safety is warranted. However, the committee does not
agree that these concerns should prevent the use of NHTSA’s
careful analyses to provide some understanding of the likely
effects of future improvements in fuel economy, if those
improvements involve vehicle downsizing. The committee
notes that many of the points raised in the dissent (for example, the dependence of the NHTSA results on specific
estimates of age, sex, aggressive driving, and urban vs. rural
location) have been explicitly addressed in Kahane’s response to the NRC-TRB review and were reflected in the
final 1997 report. The estimated relationship between mass
and safety were remarkably robust in response to changes in
the estimated effects of these parameters. The committee also
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notes that the most recent NHTSA analyses (1997) yield results that are consistent with the agency’s own prior estimates of the effect of vehicle downsizing (Kahane, 1990;
Kahane and Klein, 1991) and with other studies of the likely
safety effects of weight and size changes in the vehicle fleet
(Lund and Chapline, 1999). This consistency over time and
methodology provides further evidence of the robustness
of the adverse safety effects of vehicle size and weight
reduction.
Thus, the majority of this committee believes that the evidence is clear that past downweighting and downsizing of
the light-duty vehicle fleet, while resulting in significant fuel
savings, has also resulted in a safety penalty. In 1993, it
would appear that the safety penalty included between 1,300
and 2,600 motor vehicle crash deaths that wouId not have
occurred had vehicles been as large and heavy as in 1976.

Changes in the Fleet Since 1993
As noted earlier, vehicle weights have climbed slightly in
recent years, with some regressive effects on vehicle fuel
economy. The committee sought to estimate the effect of these
later changes on motor vehicle safety, as well. However, there
is some uncertainty in applying NHTSA’s estimates directly
to fatal crash experience in other years. First, it is possible that
the safety effects of size and weight will change as vehicle
designs change: for example, it is possible that substitution of
lighter-weight structural materials could allow vehicles to reduce weight while maintaining protective size to a greater

extent than in the past. Second, the effects of vehicle size and
weight vary for different crash types, as noted in Table 2-1,
and the frequency distribution of these crash types can vary
from year to year for reasons other than vehicle size and
weight. Therefore, one needs to know this distribution before
one can apply NHTSA’s estimates.

Historical Relationships Between Size or Weight and
Occupant Protection
Whether the safety effects of size and weight change as
vehicles are redesigned can ultimately be determined definitively only by replication of NHTSA analyses (Kahane,
1997). However, a review of the historical relationship between size, weight, and occupant protection indicates that
the risk reduction associated with larger size and weight has
been reasonably stable over the past 20 years. For example,
Table 2-2 shows occupant death rates in different light-duty
vehicle classes for 1979, 1989, and 1999 (the last year for
which federal data on fatalities are available). The data show
that fatality rates per registered kehicle improved among all
vehicle type and sizelweight classes between 1979 and 1999,
but the ratio of fatality risk in the smallest vehicles of a given
type compared with the largest did not change much. The
single exception has been among small utility vehicles,
where there was dramatic improvement in the rollover fatality risk between 1979 and 1989. In short, although it is possible that the weight, size, and safety relationships in future
\chicle fleets could be different from those in the 1993 fleet

TABLE 2-2 Occupant Deaths per Million Registered Vehicles 1 to 3 Years Old
Year
Vehicle Type

Vehicle Size

Car

Mini

Pickup

suv

All patsenger
rehicles

Small
Midcize
Large
Very large
All
~ 3 , 0 0 0Ib
3,000-3.999 Ib
4,0004,999 Ib
5,ooO+ Ib
All
<3,000 Ib
3,000-3.999 Ib
4,0004,999 Ih
5,000+ Ib
All

I979

1989

1999

269
207

249

157

425

306
23 1
153
94
258
I92
I93
111
149
I74

I27
112
133
138
223
I80
139
1 I5
I62
195
I52
128
92
I40

265

208

I43

379
313
213
191
160
244
384
314
256

350
1,063

26 I
204
-

151
I38

’00

161

NOTE: Can are categorized by Rheelbase length rather than weight. SOURCE: Insurance Institute for Highway
Safety. using crash death data from the Fatality Analysis Reponing System (YHTSA) and vehicle registration
data from R.L. Polk Company for the relevant years.
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TABLE 2-3 Distribution of Motor Vehicle Crash Fatalities in 1993 and 1999 by
Vehicle and Crash Type
~

~

~~~

~~~

Year
Vehicle

Crash Type

I993

I999

Car

Principal rollover
Object
Pe&i ke/motorcy cle
Big truck
Another car
Light truck
Principal rollover
Object
Pedlbikehotorcycle
Big truck
Car
Another light truck

1,754
7,456
4,206
2,648
5,025
5.751
1,860
3,263
2,217
1,111
5.75 I
I,] 10
36,401

1.663
7,003
3,245
2,496
4,047
6.88 1
2.605
3,974
2,432
1,506
6.88 I
1.781
37,633

Light truck

Totauaverage

Percent Change

-5
-6
-23
-6
-19
+20
+40
+22
+10
+36
+20
+60
+3

SOURCE: The programs for counting the relevant crash fatality groups were obtained from Kahane and applied
to the I999 Fatality Analysis Reporting System (FARS) file by the Insurance Institute for Highway Safety.

studied by Kahane (1997), there appears to be no empirical
reason to expect those relationships will be different. Thus,
the majority of the committee believes that it is reasonable to
use the quantitative relationships developed by NHTSA
(Kahane, 1997) and shown in Table 2- 1 to estimate the safety
effects of vehicle size and weight changes in other years.

Distribution of Crash Types in the Future
While there appears to be some justification for expecting
relationships among weight, size, and safety to remain much
the same in the future, the committee observed that, between
1993 and 1999, the last year for which complete data on fatal
crashes are available, there were several shifts in fatal crash
experience, the most notable being an increase in the number of light-duty truck involvements (consistent with their
increasing sales) and a decrease in crashes fatal to nonoccupants (pedestrians and cyclists; see Table 2-3). The result of these changes in crash distribution is that the estimated effect on all crash fatalities of a 100-lb gain in average
car weight increased, from -1.13 percent in 1993 (Kahane,
1997) to -1.26 percent in 1999; the estimated effect on crash
fatalities of a 100-lb gain in average light-truck weight decreased from +0.26percent in 1993 to +O. 19 percent in 1999.
Between 1993 and 1999, the average weight of new passenger cars increased about 100 Ib, and that of new light
trucks increased about 300 lb.6 The results in the preceding

paragraph suggest that the fatality risk from all car crashes
has declined as a result of this weight gain by 1.26 percent
(or about 320 fewer fatalities), while the net fatality risk from
light-truck crashes has increased by 0.57 percent (or about
110 additional fatalities). The net result is an estimated 210
fewer deaths in motor vehicle crashes of cars and light trucks
(or between 10 and 400 with 95 percent confidence). Thus,
the indications are that recent increases in vehicle weight,
though detrimental to fuel economy, have saved lives in
return.
The preceding discussion has acknowledged some uncertainty associated with the safety analyses that were reviewed
in the preparation of this chapter. Based on the existing literature, there is no way to apportion precisely the safety
impacts, positive or negative, of weight reduction, size reduction, vehicle redesign, and so on that accompanied the
improvements in fuel economy that have occurred since the
mid-1970s. But it is clear that there were more injuries and
fatalities than otherwise would have occurred had the fleet in
recent years been as large and heavy as the fleet of the mid1970s. To the extent that the size and weight of the fleet have
been constrained by CAFE requirements, the current committee concludes that those requirements have caused more
injuries and fatalities on the road than would otherwise have
occurred. Recent increases in vehicle weight, while resulting in some loss of fuel economy, have probably resulted in
fewer motor vehicle crash deaths and injuries.
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Technologies for Improving the Fuel Economy of
Passenger Cars and Light-Duty Trucks

This chapter examines a variety of technologies that could
be applied to improve the fuel economy of future passenger
vehicles. It assesses their fuel economy potential, recognizing the constraints imposed by vehicle performance, functionality, safety, cost, and exhaust emissions regulations.
The committee reviewed many sources of information
related to fuel economy-improving technologies and their
associated costs, including presentations at public meetings and available studies and reports. It also met with automotive manufacturers and suppliers and used consultants
to provide additional technical and cost information (EEA,
2001; Sierra Research, 2001). Within the time constraints
of this study, the committee used its expertise and engineering judgment, supplemented by the sources of information identified above, to derive its own estimates of the
potential for fuel economy improvement and the associated range of costs.
In addition, after the prepublication copy of the report
was released in July 2001, the committee reexamined its
technical analysis. Representatives of industry and other
groups involved in fuel efficiency analysis were invited to
critique the committee's methodology and results. Several
minor errors discovered during this reexamination have been
corrected in this chapter, and the discussion of the methodology and results has been clarified. The reexamination is presented in Appendix F.

ments, such as reduced exhaust emissions and enhanced
safety features. Ultimately these requirements influence
final vehicle design. technology content, and-the subject
of this report-fuel economy. Manufacturers must assess
trade-offs among these sometimes-conflicting characteristics to produce vehicles that consumers find appealing and
affordable.
Engines that bum gasoline or diesel fuel propel almost all
passenger cars and light-duty trucks. About two-thirds of the
available energy in the fuel is rejected as heat in the exhaust
and coolant or frictional losses.' The remainder is transformed
into mechanical energy, or work. Some of the work is used to
overcome frictional losses in the transmission and other parts
of the drive train and to operate the vehicle accessories (air
conditioning, altemator/generator, and so on). In addition,
standby losses occur to overcome engine friction and cooling
when the engine is idling or the vehicle is decelerating.
As a result, only about 12 to 20 percent of the original
energy contained in the fuel is actually used to propel the
vehicle. This propulsion energy overcomes (1) inertia
(weight) when accelerating or climbing hills, (2) the resistance of the air to the vehicle motion (aerodynamic drag),
and (3) the rolling resistance of the tires on the road. Consequently, there are two general ways to reduce vehicle
fuel consumption: (1) increase the overall efficiency of the
powertrain (engine, transmission, final drive) in order to
deliver more work from the fuel consumed or (2) reduce
the required work (weight, aerodynamics, rolling resis-

FUEL ECONOMY OVERVIEW
To understand how the fuel economy of passenger vehicles can be increased, one must consider the vehicle as a
system. High fuel economy is only one of many vehicle
dttributes that may be desirable to consumers. Vehicle performance, handling. safety, comfort, reliability, passengerand load-carrying capacity, size, styling, quietness, and
costs are also important features. Governmental regulations
require vehicles to meet increasingly stringent require-

'Theoretically gasoline or diesel engines (and fuel cells) can convert all
of the fuel energy into useful work. In practice, because of heat transfer,
friction, type of load control. accessories required for engine operation,
passenger comfort, etc., the fraction used to propel the vehicle varies from
as low as zero (at idling) to as high as 40 to 50 percent for an efficient diesel
engine (gasoline engines are less efficient). Further losses occur in the drive
train. As a result, the average fraction of the fuel convened to work to
propel the vehicle over typical varying-load operation is about 20 percent of
the fuel energy.
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FIGURE 3- 1 Energy use in vehicles. SOURCE: Adapted from Riley (1994).

tance, and accessory load) to propel the vehicle. These concepts are illustrated in Figures 3-1 and 3-2. Regenerative
braking and shutting the engine off during idling also save
energy, as discussed in the section on hybrid electric vehicles, below.
Vehicle fuel economy currently is determined according
to procedures established by the Environmental Protection
Agency (EPA). Vehicles are driven on a dynamometer in a
controlled laboratory (in order to eliminate weather and road
variables.)? Both city and highway driving are simulated.
The city test is a 7.5-mile trip lasting 23 minutes with 18
stops, at an average speed of about 20 miles per hour (mph).
About 4 minutes are spent idling (as at a traffic light), and a
short freeway segment is included. The vehicle begins the
test after being parked overnight at about 72°F (22°C) (cold
soak). The highway test is a IO-mile trip with an average
speed of about 48 mph. The test is initiated with a warmedup vehicle (following the city test) and is conducted with no
stops and very little idling. The basis for compliance with
CAFE (and comparison of the technologies below) is the
current EPA Federal Test Procedure (FTP-75) with city,

2Aerodynamicdrag is accounted for in the results by incorporating coastdown data from other tests. Nevertheless, there are significant differences
between the mileage tests and real-life driving. For example, the dynamometer is connected to only one pair of tires, but on the road, all tires are
rolling. Most driven experience lower fuel economy than suggested by
EPA’s results. It should be noted that the test driving cycles were derived
from traffic pattern obsewations made many years ago, which may not be
representative now. A review of the validity of the test cycles for today’s
traffic patterns would seem appropriate.

highway, and combined (55 percent city/45 percent highway) ratings in miles per gallon (mpg) (CFR, 2000).
During city driving, conditions such as acceleration, engine loading, and time spent braking or at idle are continually changing across a wide range of conditions. These variations result in wide swings in fuel consumption. Inertial loads
and rolling resistance (both directly related to weight) combined account for over 80 percent of the work required to
move the vehicle over the city cycle, but less for the highway cycle. A reduction in vehicle weight (mass) therefore
has a very significant effect on fuel consumption in city driving. This strong dependence on total vehicle weight explains
why fuel consumption for the new vehicle fleet correlates
linearly with vehicle curb weight, as shown in Attachment
3A.
Weight reduction provides an effective method to reduce
fuel consumption of cars and trucks and is an important goal
for the government-industry program Partnership for a New
Generation of Vehicles (PNGV). Reducing the required propulsion work reduces the load required from the engine, allowing the use of a smaller engine for the same performance.
In the search for lightweight materials, PNGV has focused
on materials substantially lighter than the steel used in most
current vehicles. Components and body structure fabricated
from aluminum, glass-fiber-reinforced polymer composites
(GFRP), and carbon-fiber-reinforced polymer composites
(CFRF’), including hybrid structures, are being investigated
(NRC,2000a).
Reducing vehicle weight without reducing practical space
for passengers and cargo involves three strategies: (1) substitution of lighter-weight materials without compromising
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FIGURE 3-2 Where the energy in the fuel goes (proportions vary with vehicle design, type of engine, and operating conditions). SOURCE:
NRC (1 992).

structural strength (e.g., aluminum or plastic for steel);
( 2 ) improvement of packaging efficiency, that is, redesign of
the drive train or interior space to eliminate wasted space;
and (3) technological change that eliminates equipment or
reduces its size. Design efficiency and effectiveness can also
result in lighter vehicles using the same materials and the
same space for passengers and cargo.
Automotive manufacturers must optimize the vehicle and
its powertrain to meet the sometimes-conflicting demands
of customer-desired performance, fuel economy goals, emissions standards, safety requirements, and vehicle cost within
the broad range of operating conditions under which the vehicle will be used. This necessitates a vehicle systems analysis. Vehicle designs trade off styling features, passenger
value, trunk space (or exterior cargo space for pickups), and
utility. These trade-offs will likewise influence vehicle
weight, frontal area, drag coefficients, and power train packaging, for example. These features, together with engine performance, torque curve, transmission characteristics, control
system calibration, noise control measures, suspension characteristics, and many other factors, will define the drivability,
customer acceptance, and marketability of the vehicle.
Technology changes modify the system and hence have
complex effects that are difficult to capture and analyze. It is
usually possible, however, to estimate the impacts of specific technologies in terms of a percentage savings in fuel
consumption for a typical vehicle without a full examination
of all the system-level effects. Such a comparative approach
is used in this chapter.3
Although CAFE standards and EPA fuel economy ratings are defined in the now-familiar term miles per gallon
(mpg), additional assessment parameters have been identi'Further explanation of the methodology is provided in Appendix

F.

tied to assist in the evaluation process, including fuel consumption in gallons per 100 miles; load-specific fuel
consumption (LSFC) in gallons per ton (of cargo plus passengers) per 100 miles; and weight-specific fuel consumption (WSFC) in gallons per vehicle weight per 100 miles.
Attachment 3A further explains why these parameters are
meaningful engineering relationships by which to judge fuel
economy and the efficiency of moving the vehicle and its
intended payload over the EPA cycle.
Figure 3-3 shows the actual energy efficiency of vehicles
of different weights. For both city and highway cycles, the
fuel consumed per ton of weight and per 100 miles is plotted
against the weight of the vehicle. Normalizing the fuel consumption (dividing by weight) yields an efficiency factor (in
an engineering sense), which is particularly useful in comparing fuel savings opportunities. It is also useful that the
weight-adjusted or normalized values can be reasonably approximated by a horizontal line. Points above the line represent vehicles with lower-than-average efficiency, which require more than the average m o u n t of fuel to move a vehicle
of a given weight over the EPA certification cycle. In principle, given sufficient lead time and business incentives (economic or regulatory), the vehicles above the line could be
improved to the level of those below the line, within the
limits of customer-desired performance and vehicle utility
features. As an example, a 4,000-Ib vehicle, in principle,
could drop from 2 gallons per ton- 100 miles (25 mpg) on the
highway cycle to 1.4 (35.7 mpg) using technologies discussed later in this chapter. However, although larger,
heavier vehicles have greater fuel consumption than smaller,
lighter vehicles, their energy efficiencies in moving the vehicle mass (weight) are very similar. These data also suggest
that the potential exists to improve fuel consumption in future vehicles. However, changing conditions such as safety
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FIGURE 3-3 EPA data for fuel economy for MY Zoo0 and 2001 cars and light trucks. SOURCE: EPA, available online at <http://

www.epa.gov/otaqlmpg.htm>.

regulations, exhaust emission standards, consumer preferences, and consumer-acceptable costs must be traded off.
The remainder of this chapter attempts to outIine this complex relationship.

Future Exhaust Emission and Fuel Composition Standards
New environmental regulations will have a significant
impact on certain technologies that have demonstrated the
potential for significantly improving fuel economy. In particular, the possible introduction of diesel engines and leanburn, direct-injection gasoline engines will be affected. Oxides of nitrogen (NO,) and particulate matter (PM) standards
are particularly stringent (NRC, 2000b) compared, for instance, with current and future standards in Europe, where
diesel and lean-bum gasoline have significant market penetration.
The CIean Air Act Amendments of 1990 imposed new
federal regulations on automotive emissions and authorized
EPA to determine the need for and cost and feasibility of
additional standards. EPA made this determination and will
initiate so-called Tier 2 regulations, phasing them in over
model years 2004 to 2009. The Tier 2 standards are very
complex and will not be addressed here in detail. However,
certain key features will be mentioned as they impact potential fuel economy gains. Unlike current emission standards,
Tier 2 standards will vary depending on vehicle type rather
than weight class. Interim phase-in schedules and durability

requirements (the life expectancy that must be demonstrated
for emission control systems) also vary by weight.
Emissions from large sport utility vehicles (SUVs) and
passenger vans weighing between 8,500 and 10,OOO lb gross
vehicle weight (GVW), which are currently exempt under
Tier 1, will be regulated under Tier 2 standards. However,
pickup trucks in this same weight range (NRC, 2000b) will
not. EPA has also promulgated regulations to reduce sulfur
in gasoline to 30 parts per million (ppm) (EPA, 1999) and in
diesel fuel to 15 ppm (EPA, 2000b).
Tier 2 includes a "bin" system that allows manufacturers
to average emissions across the fleet of vehicles they sell
each year, unlike the current system that requires each vehicle to meet the same emissions standard. Vehicles certified
in a particular bin must meet all of the individual emission
standards (NO,, nonmethane organic gases, CO, formaldehyde, PM) for that bin. In addition, the average NOx emissions level of the entire fleet sold by a manufacturer will
have to meet the standard of 0.07 g/mile. During the phasein period, I O bins will be aIlowed, but after 2009, the 2 most
lenient bins will be dropped.
EPA has communicated its belief that the combination of
bins, averaging, and a phase-in period could allow the introduction of new diesel and other high-efficiency engine technology. However, the high development and production
costs for such engines, combined with the high uncertainty
of meeting the ultimately very low NOr and PM standards,
even with the reduced sulfur level in diesel fueI (15 ppm)

7

.

TECHNOLOGIES FOR IMPROVING THE FUEL ECONOMY O F PASSENGER CARS A N D LIGHT-DLTY TRUCKS

that will be available in 2006 (EPA, 2000b), has delayed
production decisions. In general, the committee believes that
the Tier 2 NO, and PM standards will inhibit, or possibly
preclude, the introduction of diesels into vehicles under
8,500 lb unless cost-effective, reliable, and regulatory-compliant exhaust gas aftertreatment technology develops rapidly. A key challenge is the development of emission control
systems that can be certified for a 120,000-mile lifetime.
In theory, the bin system will allow diesels to penetrate
the light-duty vehicle market, but manufacturers must still
meet the stringent fleet average standard. For example, for
every vehicle in bin 8 (0.2 g/mile NO,), approximately seven
vehicles in bin 3 (0.03 g/mile) would have to be sold in order
to meet the 0.07 g/mile fleet-average NO, standard.
These same factors have caused the committee to conclude that major market penetration of gasoline duect-injection engines that operate under lean-burn combustion, which
is another emerging technology for improving fuel economy,
is unlikely without major emissions-control advancements.
California’s exhaust emission requirements- super
ultralow emission vehicle (SULEV) and partial zero emission vehicle (PZEV)-are also extremely challenging for the
introduction of diesel engines. In particular, the California
Air Resources Board (CARB) has classified PM emissions
from diesel-fueled engines as a toxic air contaminant
(CARB, 1998). (Substances classified as toxic are required
to be controlled.)

TECHNOLOGIES FOR BEllER FUEL ECONOMY
The 1992 NRC report outlined various automotive technologies that were either entering production at the time or
were considered as emerging, based on their potential and
production intent (NRC, 1992). Since then, many regulatory
and economic conditions have changed. In addition, automotive technology has continued to advance, especially in
microelectronics, mechatronics, sensors, control systems,
and manufacturing processes. Many of the technologies
identified in the 1992 report as proven or emerging have
already entered production.
The committee conducted an updated assessment of
various technologies that have potential for improving fuel
economy in light-duty vehicles. This assessment takes
into account not only the benefits and costs of applying the
technologies, but also changes in the economic and regulatory conditions, anticipated exhaust emission regulations,
predicted trends in fuel prices, and reported customer
preferences.
The technologies reviewed here are already in use in some
vehicles or are likely to be introduced in European and
Japanese vehicles within 15 years. They are discussed below
under three general headings: engine technologies, transmission technologies, and vehicle technologies. They are listed
in general order of ease of implementation or maturity of the
technology (characterized as “production intent” or “emerg-
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ing”). The committee concludes its assessment of potential
technologies with some detailed discussion of the current
and future generations of hybrid vehicles and fuel- cell power
sources.
For each technology assessed, the committee estimated
not only the incremental percentage improvement in fuel
consumption (which can be converted to fuel economy in
miles per gallon [mpg] to allow comparison with current
EPA mileage ratings) but also the incremental cost that applying the technology would add to the retail price of a vehicle. The next subsection of this chapter, “Technologies
Assessed,” reviews the technologies and their general benefits and challenges.
After that, the section “Estimating Potential Fuel Economy Gains and Costs” presents estimates of the fuel consumption benefits and associated retail costs of applying
combinations of these technologies in 10 classes of production vehicles. For each class of vehicle, the committee
hypothesizes three exemplary technology paths (technology
scenarios leading to successively greater improvements in
fuel consumption and greater cost).

Technologies Assessed
The engine, transmission, and vehicle technologies discussed in this section are all considered likely to be available
within the next 15 years. Some (called “production intent” in
this discussion) are already available, are well known to
manufacturers and their suppliers, and could be incorporated
in vehicles once a decision is reached to use them. Others
(called “emerging” in this discussion) are generally beyond
the research phase and are under development. They are sufficiently well understood that they should be available within
10 to 15 years.

Engine Technologies
The engine technologies discussed here improve the
energy efficiency of engines by reducing friction and other
mechanical losses or by improving the processing and combustion of fuel and air.

Production-Intent Engine Technologies The engine technologies discussed here could be readily applied to production vehicles once a decision is made to proceed, although
various constraints may limit the rate at which they penetrate
the new vehicle fleet:

.

Engine friction and other mechanicalhydrodynamic
loss reduction. Continued improvement in engine
component and system design, development, and computer-aided engineering (CAE) tools offers the potential for continued reductions of component weight and
thermal management and hydrodynamic systems that
improve overall brake-specific efficiency. An im-
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provement in fuel consumption of I to 5 percent is
considered possible, depending on the state of the
baseline engine.
Applicution cfadvanced. Imv-friction lubricants. The
use of low-friction, multiviscosity engine oils and
transmission fluids has demonstrated the potential to
reduce fuel consumption by about I percent, compared
with conventional lubricants.
Midtivalve, overhead camshaft vul\*e trains. The application of single and double overhead cam designs,
with two, three, or four valves per cylinder, offers the
potential for reduced frictional losses (reduced mass
and roller followers), higher specific power (hpfliter),
engine downsizing, somewhat increased compression
ratios, and reduced pumping losses. Depending on the
particular application and the trade-offs between valve
number, cost, and cam configuration (single overhead
cam [SOHC] or double overhead cam [DOHC]), improvements in fuel consumption of 2 to 5 percent are
possible, at constant performance, including engine
downsizing (Chon and Heywood, 2000). However,
market trends have many times shown the use of these
concepts to gain performance at constant displacement, so that overall improvements in fuel consumption may be less.
Variable valve timing (WT). Variation in the cam
phasing of intake valves has gained increasing market
penetration, with an associated reduction in production cost. Earlier opening under low-load conditions
reduces pumping work. Under high-load, high-speed
conditions, variations in cam phasing can improve
volumetric efficiency (breathing) and help control residual gases, for improved power. Improvements in
fuel consumption of 2 to 3 percent are possible through
this technology (Chon and Heywood, 7000; Leone et
al., 1996).
Variable 1~1r.e
l f t urd timing ( W L T ) . Additional benefits in airifuel mixing, reduction in pumping losses,
and further increases in volumetric efficiency can be
gained through varying timing and valve lift (staged or
continuous). Depending upon the type of timing and
lift control, additional reductions in fuel consumption
of 1 to 2 percent, above cam phasing only, are possible
(Pienk and Burkhanrd, 2000), or about 5 to I O percent
compared to two-valve engines (including downsizing
with constant performance).
Cylinder deactitwtion. An additional feature that can
be added to variable valve lift mechanisms is to allow
the valves of selected cylinders to remain closed, with
the port fuel injection interrupted. Currently, this technology is applied to rather large engines ( A . 0 liter) in
V8 and V I 2 configurations. This approach, which is
sometimes referred to as a variable displacement engine, creates an "air spring" within the cylinder. Although both frictional and thermodynamic losses oc-

cur, they are more than offset by the increased load
and reduced specific fuel consumption of the remaining cylinders. However, engine transient performance,
idle quality, noise, and vibration can limit efficiency
gains and must be addressed. Improvements in fuel
consumption in the range of 3 to 6 percent are possible, even given that reductions in throttling losses
associated with higher load factors over the operating
cycle cannot be double counted.
Engine accessory improvement. As engine load and
speed ranges continue to advance, many engine accessories such as lubrication and cooling systems and
power steering pumps are being optimized for reductions in energy consumption and improved matching
of functionality over the operating range. The evolution of higher-voltage (Le., 42 V) powertrain and vehicle electrical systems will facilitate the cost-efficient
applications of such components and systems. Improvements in fuel consumption of about 1 to 2 percent are possible with such technologies.
Engine downsi:ing and supercharging. Additional improvements in fuel consumption can be gained by reducing engine displacement and increasing specific
power (while maintaining equal performance) by
boosting the engine (turbocharger or mechanical supercharger). Degraded transient performance (turbolag) typically associated with turbochargers can be significantly offset by incorporating variable geometry
turbines or mechanical (positive displacement) superchargers. Additional modifications for transmission
matching, aftertreatment system warm-up, and other
factors that can degrade exhaust emissions control
must also be considered. Improvements in fuel consumption of 5 to 7 percent are considered possible with
this approach, at equivalent vehicle performance
(Ecker, 2000). However, when this concept is combined with multivalve technology, total improvements
of about 10 percent are possible compared with a twovalve engine baseline.

Emerging Engine Technologies The following engine technologies are considered emerging for passenger car and lightduty truck applications. Significant market penetration in the
United States is likely to take 5 to 10 years. Some of them
are already in production elsewhere (in Japan or Europe),
where they may benefit from high fuel taxes, government
incentives for particular engine types or displacements, and
more lenient exhaust emission or vehicle safety standards.
The discussion that follows outlines not only the benefits but
also the technical challenges or economic hurdles for each
technology.
Intake i~alvethrotrling ( I n ) . Advances in microprocessor technology, feedback control, electromechanical actuation, sensor technology, and materials con-
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tinue to accelerate. As a result, electromechanical
IVT is advancing to the point where BMW has announced the introduction of its so-called Valvetronic
concept. When multipoint fuel injection is used, both
the lift and timing of the intake valves can be controlled to maintain the correct aidfuel ratio without a
throttle plate. This has the potential to essentially
eliminate the pumping losses across the normal butterfly throttle valve. Also important is the potential
to use conventional three-way-catalyst (TWC) aftertreatment technology and incorporate cylinder deactivation. However, significant cost and complexity in
actuation, electronic control, and system calibration
are to be expected. Improvements in fuel consumption of an additional 3 to 6 percent above VVLT are
possible with this technology. Compared with twovalve engines, total system improvements may approach 6 to 12 percent.
Camless valve actuation (CVA). A further evolution
of fast-acting, completely variable valve timing (not
limited by the lift curve of a camshaft) is represented
by electromechanical solenoid-controlled, springmass valve (EMV) systems (Siemens, BMW, FEV)
and high-pressure hydraulic-actuated valves with
high-speed, digital control valve technology (Ford,
Navistar). In addition to reducing pumping losses,
this technology facilitates intake port and cylinder
deactivation and allows the use of conventional
TWC aftertreatment. Technical challenges in the
past for EMV have been to minimize energy consumption and achieve a soft landing of the valve
against the seat during idle and low-speed, low-load
operation, for acceptable noise levels. These issues
appear to be solved through advances in sensor and
electromagnetic technologies. EMV systems are expected to see limited production within 5 to 7 years.
Improvements in fuel consumption of 5 to 10 percent relative to VVTL are possible with this technology. Compared with fixed-timing, four-valve
engines, total system improvements of 15 percent
or more have been demonstrated (Pischinger et al.,
2000).
Variable compression ratio (VCR) engines. Current
production engines are typically limited in compression ratio (CR) to about 10:1 to 10.5:1 with the use of
high-octane fuel, owing to knocking under high load.
However, significant improvements in fuel consumption could be gained with higher CR under normal
driving cycles. Many different VCR approaches that
allow improved efficiency under low load with high
CR (13- 14: 1) and sufficient knock tolerance under full
load with lower CR (-8:l) are under development.
Saab appears to have the most advanced VCR prototypes. Automakers, suppliers, and R&D organizations
are currently exploring many other approaches that are
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applicable to both inline and Vee engine configurations. Several of these are expected to enter production
within IO years. Compared with a conventional fourvalve VVT engine, improvements in fuel consumption
of 2 to 6 percent are possible (Wirbeleit et al., 1990).
The combination of VCR with a supercharged,
downsized engine is likely to be effective, giving the
maximum advantage of both systems and reducing
total fuel consumption, at constant performance, by
10 to 15 percent. However, the potential complexity
of the hardware, system durability, control system
development, and cost must be traded off for production applications.
Many additional engine technologies with good potential
for improved fuel consumption are the subject of R&D.
Others are currently offered in markets with higher fuel
prices (due to higher taxes) or exhaust emission standards
more lenient than the upcoming federal Tier 2 emission standards (or California’s SULEV standards, set to begin in
model year 2004). A brief summary of these technologies is
presented below, including reference to the areas of uncertainty and the need for further development.
Direct-injection (DI) gasoline engines. Stratifiedcharge gasoline engines burning in a lean mode (when
more air is present than required to bum the fuel) offer
improved thermodynamic efficiency. However, the
technology faces potential problems in controlling particulate emissions and NO,. Trade-offs between the
maximum operating range under lean conditions versus stoichiometric operation (when the exact amount
of air needed to bum the fuel is present) with early
injection must be developed. Although lean-burn DI
engines of the type offered in Europe could improve
fuel consumption by more than 10 percent, NO,-control requirements that necessitate stoichiometric operation and the use of TWCs limit the potentia1 fuel
consumption improvement to between 4 and 6 percent
(Zhao and Lai, 1997).
Direct-injection diesel engines. The application of
small (1.7- to 4.0-liter), high-speed (4,500-rpm), turbocharged, direct-injection diesel engines has seen tremendous expansion in passenger cars and light-duty
trucks in Europe. Increasing power densities (>70 hpl
liter), achieved through the application of advanced,
high-pressure, common-rail fuel injection systems;
variable geometry turbochargers; and advances in
noise, vibration, and harshness (NVH) control technologies, combined with high-efficiency, lean-burn
combustion systems and practically smokeless and
odorless emissions, have greatly improved customer
acceptance in Europe. The high low-speed torque and
relatively flat torque curve also offer significant
drivability improvements. Fuel consumption improve-
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ments of 30 to 40 percent or more are possible compared with conventional two-valve gasoline engines.
The challenges, which inhibit widespread introduction
in the United States, include meeting strict NOr and
particulate emission standards for Tier 2 and SULEV;
much higher engine and vehicle purchase price ($2,000
to $3,000) than conventional gasoline engines; and
uncertain U.S. customer acceptance. The creation of
NO, and particulate emissions is exacerbated by the
stratification present in the fueVair mixture resulting
from in-cylinder injection. R&D activities continue on
emission control through advanced combustion and
fuel injection concepts, fuel composition (low sulfur),
aftertreatment technologies (selective catalytic reduction [SCR], NO, traps, particulate filters), and control
of noise and vibration. Although DI diesel engines are
offered in some trucks over 8,500 Ib and are offered by
one manufacturer (VW) for passenger cars under current Tier l emissions standards, wide use in sport utility vehicles (SUVs) and light-duty trucks has not
occurred, and the ability of this technology to comply
with the upcoming Tier 2 and SULEV standards is
highly uncertain.

approaches are also being pursued for future production. Depending on the type of CVT and the power/
speed range of the engine, this technology can improve
fuel consumption by about 3 to 8 percent. However,
production cost, torque limitations, and customer acceptance of the system's operational characteristics
must be addressed.

Emerging Transmission Technologies Automotive manufacturers continue to seek ways to reduce the mechanical
(frictional and hydrodynamic) losses of transmissions and
improve their mating with engines. The various types of hybrid vehicles will also involve changes in conventional transmissions. These emerging technologies are likely to be available in the latter part of the current decade.

Transmission Technologies
The second group of technologies assessed by the committee involves improvements in the efficiency with which
power is transmitted from the engine to the driveshaft or
axle.

Production-intent Transmission Technologies Over the
past I O years, transmission technologies have been evolving
toward increasing electronic control, adapting torque converter lock-up, four- and five-speed automatics (from threeand four-speed), and various versions of all-wheel drive
(AWD) or four-wheel drive (4WD) and traction control,
ranging from continuous, traction-controlled AWD to automatic ZWD-4WD traction control in some SUVs.
Fitte-sperd automatic transmission. A five-speed automatic transmission permits the engine to operate in
its most efficient range more of the time than does a
four-speed transmission. A fuel consumption improvement of 2 to 3 percent is possible, at constant vehicle
performance, relative to a four-speed automatic.
Continuously \variable transmission ( C W ) . Several
versions of continuously variable transmissions are
offered in production in Europe and Japan and a few in
the United States (by Honda and Toyota). Historically,
these transmission types have used belts or chains of
some kind to vary speed ratios across two variablediameter pulleys. The major production units utilize
compression belts (VanDome) or tension chains. Other
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Automatic transmission with aggressive ship logic.
Shift schedules, logic, and control of torque transfer
can significantly affect perceived shift quality. Advanced work on methods to reduce losses associated
with torque converters or torque dropout is being pursued. It is estimated that a l to 3 percent improvement
in fuel consumption can be obtained through such
measures. However, these will be highly affected by
customer perception in the United States and may require quite some time for significant acceptance.
Six-speed automatic transmission. Advanced sixspeed automatic transmissions can approach the performance of CVT transmissions without limitations in
the ability to transmit torque. An additional improvement of 1 to 2 percent in fuel consumption is possible,
compared to a five-speed automatic. Based on their
higher cost and control complexity, such transmissions
will probably see only limited introduction-namely,
in high-end luxury or performance vehicles.
Automatic shifr/manual transmission (ASM/AMT). In
the continuing quest to reduce mechanical losses,
manufacturers are developing new generations of automatic transmissions that eliminate the hydraulic
torque converter and its associated pump, replacing it
with electronically controlled clutch mechanisms. This
approach offers two basic possibilities: The torque
from different gear sets can be intermittently interrupted (as in a conventional manual transmission)
through the use of a single electronically controlled
clutch; or the torque can be continuously controlled,
without dropout, through the use of two electronically
controlled clutches. Improvements in fuel consumption of 3 to 5 percent over a conventional four-speed
automatic transmission with hydraulic torque converter are possible. However, increased cost, control
system complexity, durability, and realizable fuel consumption gain versus acceptable shift quality for U S .
customers must be addressed.
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Advanced CW. Continued advances in methods for
high-efficiency, high-torque transfer capability of
CVTs are being pursued. New versions of CVTs that
will soon enter production incorporate toroidal friction elements or cone-and-ring assemblies with varying diameters. However, these versions also have
trade-offs of torque capability vs. frictional losses.
These next-generation transmissions have the potential to improve fuel consumption by about 0 to 2 percent (relative to current CVTs), with higher torque capabilities for broader market penetration. However,
production cost, system efficiency, and customer acceptance of the powertrain operational characteristics
must still be addressed.

Vehicle Technologies
By reducing drag, rolling resistance, and weight, the fuel
consumption of vehicles could, in principle, be cut rather
sharply in the relatively near term. Manufacturers, however,
would quickly run into serious trade-offs with performance,
carrying capacity, and safety. Also to be considered are novel
vehicle concepts such as hybrid electrics, powered by various combinations of internal combustion engines and batteries or fuel cells. The following discussion reviews both
production-intent and emerging vehicle technologies.

Production-Intent Vehicle Technologies The following
fuel consumption measures are deemed available in the near
term (almost immediately after a decision to use them is
made):

. Aerodynamic drag reduction on vehicle designs. This
improvement can be very cost-effective if incorporated
during vehicle development or upgrades. However,
vehicle styling and crashworthiness have significant
influences on the ultimate levels that can be achieved.
For a 10 percent reduction in aerodynamic drag, an
improvement in fuel consumption of 1 to 2 percent can
be achieved. As drag coefficients proceed below about
0.30, however, the design flexibility becomes limited
and the relative cost of the vehicle can increase dramatically. Substituting video minicameras for sideview mirrors (e.g., as is being done for the PNGV concept vehicles) would be advantageous but would
necessitate a change in safety regulations (NRC,
2000a).
Rolling resistance. Continued advances in tire and
wheel technologies are directed toward reducing rolling resistance without compromising handling, comfort, or braking. Improvements of about 1 to 1.5
percent are considered possible. The impacts on performance, comfort, durability, and safety must be
evaluated, however.

a
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Vehicle weight reduction. Reducing vehicle weight
while maintaining acceptable safety is a difficult balance to define. While most manufacturers believe that
some reduction in vehicle weight can be acconiplished without a measurable influence on in-use
safety, debate continues on how much weight can be
reduced without compromising crush space, by using
lighter-weight materials and better, more crashworthy designs.

Emerging Vehicle Technologies Several advanced vehicle
technologies are being considered for near-term production.
Interest in these technologies has been fostered by the PNGV
program. In addition, a wide variety of hybrid vehicle technologies are being explored for initial introduction within
the next 5 to 10 years. This section reviews vehicle technologies that have been identified by the industry for introduction within the next 10 years.
Forty-two volt electrical sjstem. Most automotive
manufacturers are planning a transition to 42-V electrical systems to support the continuing need for increased electrical power requirements for next-generation passenger vehicles. Higher voltage will reduce
electrical losses and improve the efficiency of many
onboard electrically powered systems. It will alco ;I]low new technologies such as electric power steering,
which can be significantly more efficient than current
technology. Fuel consumption reductions associated
with the implementation and optimization of related
systems are expected to range from 1 to 2 percent.
Integrated starter/generator (ISG). Significant improvements in fuel consumption under real-world operating conditions can be gained by turning the engine
off during idle, while operating the necessary accessories electrically (air conditioning presents a major
challenge, however). ISG systems providing nearly instantaneous engine restart are now planned for production. Idle stop, under many conditions, is expected
to achieve a 4 to 7 percent reduction in fuel consumption. Depending on the size and type of battery chosen,
it is also possible to recover electrical energy through
regenerative braking and subsequent launch a s i s t using ISG technology. Doing so adds cost, complexity,
and weight but could improve fuel consumption by a
total of 5 to 10 percent.
Hybrid electric vehicles. Hybrid electric vehicles of
various types are in different stages: Some are starting
to be introduced, others are in advanced stages of development, and still others are the focus of extensive
research by nearly all the large automotive manufacturers. They include so-called “mild hybrids” (with
regenerative braking, ISG, launch assist, and minimal
battery storage); “parallel hybrids” (with the engine
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powering either or both a mechanical drive train and
an electric motodgenerator serving as additional propulsion to recharge the battery); and "series hybrids"
(in which the engine does not drive the wheels but
always drives an electric motodgenerator to propel the
vehicle, recharge the battery, or perform both functions simultaneously).
The method and extent of hybridization depends on
the vehicle type. its anticipated use, accessory package, type of battery, and other considerations. The anticipated improvements in fuel consumption can therefore vary, from about 15 percent for certain mild
hybrids to about 30 percent for parallel hybrids. In general, series hybrids are not yet intended for even limited production, owing to the relatively poor performance of electric power propulsion and the low
efficiencies of current battery systems compared with
mechanical drive systems. The varying complexity of
the different hybrid types is reflected in large variations in incremental cost. The cost premium of today's
limited-production mild hybrids is predicted to be
$3,000 to $5,000 when they reach production volumes
over 100,000units per year. For fully parallel systems,
which operate for significant periods entirely on the
electrical drive, especially in city driving, the cost premium can escalate to $7,500 or more. In addition to
offering significant gains in fuel consumption, these
vehicles have the potential for beneficial impacts on
air quality. Further information on hybrids is provided
in a separate section below.
Fuel-cell hjhricl cilectric tdiic1r.Y. The most advanced
emerging vehicle technology currently under research
and development substitutes an electrochemical fuel
cell for the internal combustion engine. In proton exchange membrane (PEM) fuel cells, hydrogen and
oxygen react to produce electricity and water. Since
gaseous hydrogen is difficult to store with reasonable
energy density, many manufacturers are pursuing the
decomposition of a liquid fuel (either methanol or
gasoline) as a source of hydrogen, depending on corporate perceptions of future fuel availability. State-ofthe-art fuel cell systems demonstrate the potential for
long-term viability: They could realize high electrochemical energy conversion efficiencies and very low
local exhaust emissions, depending upon the type of
fuel chosen and the associated reformation process to
produce hydrogen. However, the presence of sulfur in
gasoline could pose a significant problem-PEM poisoning. Owing to its high potential for reducing fuel
consumption, this emerging technology is receiving
substantial R&D funding. However, most researchers
and automotive manufacturers believe that successful
commercial application of fuel cells for passenger vehicles is at least IO to 15 years away. Further informa-

tion on fuel cells is provided in a separate section later
in this chapter.
With the exception of fuel cells and series hybrids, the technologies reviewed above are all currently in the production,
product planning, or continued development stage, or are
planned for introduction in Europe or Japan. The feasibility of
production is therefore well known, as are the estimated production costs. However, given constraints on price imposed
by competitive pressures in the U.S. market, only certain technologies are considered practical or cost effective.
As noted earlier, the exhaust emission standards in the
United States (Tier 2 and SULEV) make the introduction
of some high-fuel-economy technologies, such as leanburn, direct-injection gasoline or high-speed DT diesel engines, uncertain. For these technologies to be viable, lowsulfur fuel must be available and particulate traps and NO,
emissions controls (lean NOI catalyst, NO, trap, SCR)
must be developed. Therefore, current powertrain strategies for gasoline-powered engines use mainly stoichiometric aidfuel mixtures, for which three-way-catalyst
aftertreatment is effective enough to meet future emission
standards.

ESTIMATING POTENTIAL FUEL ECONOMY GAINS
AND COSTS
To predict the costs associated with achieving improvements in fuel consumption, it is necessary to assess applications of the committee's list of technologies in production
vehicles of different types. The committee estimated the
incremental fuel consumption benefits and the incremental
costs of technologies that may be applicable to actual
vehicles of different classes and intended uses. The committee has hypothesized three successively more aggressive (and
costly) product development paths for each of 10 vehicle
classes to show how economic and regulatory conditions
may affect fuel economy:
Pnth I. This path assumes likely market-responsive
or competition-driven advances in fuel economy using production-intent technology that may be possible under current economic (fuel price) and regulatory (CAFE, Tier 2, SULEV) conditions and could
be introduced within the next 10 years. It holds vehicle performance constant and assumes a 5 percent
increase in vehicle weight associated with safetyenhancing features.
Path 2. This path assumes more aggressive advances
in fuel economy that employ more costly productionintent technologies but that are technically feasible for
introduction within the next 10 years if economic a n d
or regulatory conditions justify their use. It also maintains constant vehicle performance and assumes a 5
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percent increase in vehicle weight associated with
safety-enhancing features.
Path 3. This path assumes even greater fuel economy
gains, which would necessitate the introduction of
emerging technologies that have the potential for
substantial market penetration within IO to 15 years.
These emerging technologies require further development in critical aspects of the total system prior to commercial introduction. However, their thermodynamic,
mechanical, electrical, and control features are considered fundamentally sound. High-speed, direct-injection diesel engines, for instance, are achieving significant market penetration in Europe. However, strict
exhaust emission standards in the United States necessitate significant efforts to develop combustion or exhaust oftertreatment systems before these engines can
be considered for broad introduction.

For each product development path, the committee estimated the feasibility, potential incremental fuel consumption
improvement, and incremental cost for I O vehicle classes:
Passenger cars: subcompact, compact, midsize, and
large;
Sport utility vehicles: small, midsize, and large; and
Other light trucks: small pickup, large pickup. and
minivan.
The three paths were estimated to represent vehicle development steps that would offer increasing levels of fuel
economy gain (as incremental relative reductions in fuel consumption) at incrementally increasing cost. The committee
has applied its engineering judgment in reducing the otherwise nearly infinite variations in vehicle design and technology that would be available to some characteristic examples.
The approach presented here is intended to estimate the
potential costs and fuel economy gains that are considered
technically feasible but whose costs may or may not be
recoverable, depending on external factors such as market
competition, consumer demand, or government regulations.
The committee assembled cost data through meetings and
interviews with representatives of automotive manufacturers and component and subsystem suppliers and through
published references. Cost estimates provided by component
manufacturers were multiplied by a factor of 1.4 to approximate the retail price equivalent (WE)costs for vehicle manufacturers to account for other systems integration, overhead,
marketing, profit, and warranty issues (EEA, 2001).
Experience with market competition has shown that the
pricing of products can vary significantly, especially when
the product is first introduced. Furthermore, marketing strategies and customer demand can greatly influence the RPE
cost passed along to customers. Retail prices vary greatly,
especially for components required to meet regulatory standards (such as catalytic converters, air bags, or seat belts).

The baseline fuel economies for these evolutionary cases
are the lab results (uncorrected for on-road experience) on
the 55/45 combined cycle for MY 1999 for each vehicle class
(EPA, 9001a). Both the average fuel economy (in mpp) and
the initial fuel consumption (in gallonsllO0 miles) are shown
in Tables 3- 1 through 3-3. The incremental improvements.
however, were calculated as percentage reductions in fuel
consumption (gallons per 100 miles). (The two measures
should not be confused; a 10 percent decrease in fuel
consumption, for example, from 5 gallons per 100 miles to
4 gallons per 100 miles, represents a 25 percent increase in
fuel economy, from 20 mpg to 25 mpg.) The technology
baseline for each vehicle class was set according to whether
the majority of vehicles employed a given technology. Thus.
all cars (but not trucks) are assumed to have four valves per
cylinder and overhead camshafts even though a substantial
number sold in the United States still have two valves, especially large cars.
The results of this technology assessment are summarized
for pa5senger cars in Table 3-1. for SUVs and minivans in
Table 3-2, and for pickup trucks in Table 3-3. The distinction between “production-intent” and “emerging” technologies for engines, transmissions, and vehicles is maintained.
For each technology considered, the tables give an estimated range for incremental reductions in fuel consumption
(calculated in gallons per 100 miles). The ranges in fuel consumption improvement represent real-world variations that
may result from many (sometimes competingj factors, including the baseline state of the engine, transmission, or vehicle; effectiveness in implementation; trade-offs associated
with exhaust emissions, drivability, or corporate standards;
trade-offs between price and performance; differences between new system design. on the one hand, and carryover or
product improvement on the other; and other calibration or
consumer acceptance attributes such as noise and vibration.
Similarly, the ranges of incremental cost in these tables
represent variations to be expected depending on a number
of conditions, including the difference between product
improvement cycles and new component design; variations
in fixed and variable costs, depending on manufacturerspecific conditions; commonality of components or subsystems across vehicle lines; and evolutionary cost reductions. In addition, since many of the cost figures were
supplied by component and subsystem suppliers, a factor of
1.4 was applied to the supplied cost to arrive at the RPE to
the consumer.
The analysis presented here is based on the average fuel
consumption improvement and cost of each incremental
technology, as shown in Tables 3-1, 3-2, and 3-3. For each
vehicle class, the average fuel consumption improvement
for the first technology selected is multiplied by the baseline
fuel consumption (adjusted for the additional weight for
safety improvements). This is then multiplied by the average
improvement of the next technology, etc. Costs are simply
added, starting at zero. Figures 3-4 to 3-13 show the incre-

TABLE 3- I Fuel Consumption Technology Matrix-Passenger Cars

Baseline: overhead cams, 4-valve. fixed timing,
roller finger follower.
Production-intent engine technology
Engine friction reduction
Low-friction lubricants
Multivalve, overhead camshaft (2-V vs. 4-V)
Variable valve timing
Variable valve lift and timing
Cylinder deactivation
Engine accessory improvement
Engine supercharging and d o w n s i h g
Production-intent transmission technology
Five-speed automatic transmission
Continuously variable transmission
Automatic transmission wlaggressive shift logic
Six-speed automatic transmission
Production-intent vehicle technology
Aero drag reduction
Improved roiling resistance
Safety technology
Safety weight increase
Emerging engine technology
Intake valve throttling
Camless valve actuation
Variable compression ratio
Emerging transmission technology
Automatic shifthanual transmission (AST/AMT)
Advanced CVTs-allows high torque
Emerging vehicle technology
42-V electrical systems
Integrated startcr/generator (idle off-restart)
Electric power steering
Vehicle weight reduction (5%)

Fucl
Conwmption
Improvement
o/c

1-5
I
2-5

2-3
1-2
3-6
1-2

5-7

Retail Price
Equivalent (RPE)
(FJ

Subcompact

Compact

Low

High

1

2

3

1

2

3

1

2

3

1

2

3

35
X

140

x
x

x
x

x
x

x
x

x
x

x
x

x
x

x
x

x
x

x
x

x
x

x
x

I05
35
70
I12
x4
350

I40
I40
210
252

x

x
x

x
x

x

x
x

x
x

x

x
x

x
x

x

x
x

x
x

112
560

x

x

x

x

x

x

x

x

x

x

x

I54
350
70
280

X

2-3

70

4-8

140

1-3

-

1-2

140

1-2
1-15

-

-3 to 4
3-6
5-10

2-6

3-5
0-2
1-2
4-7
1.5-2.5
3-4

11

Midwe

Ldrge

X

X

x

X

x

x

X

x

x

x

X

x

x

X

X

X

x

X

X
X

x

x

14

140
56

x

x

x

x

x
x

x
x

x

x
x

x
x

x

x
x

x
x

0

0

x

x

x

x

x

x

x

x

x

x

x

x

210
280
210

420
560
490

70
350

2x0

70
2I O

280
350
I 50

I05
210

X

X

X

X

X

X

X

X

X

X

X

X

X

840

X

X

X

X

X

X

X

X

350

NOTE: An x means the technology is applicable to the particular vehicle. Safety weight added (EPA baseline + 3.5%) to initial average mileage/consumption values,

x

x

X

x

X

x

x

x
X

x

x
X

TABLE 3-2 Fuel Consumption Technology Matrix-SUVs

and Minivans
Retail Price
Equivalent (RPE)

Baseline (small SUV): overhead cams. 4-valve. fixed timing.
roller finger follower.

Fuel
Consumption
Improvement

($)

Baseline (others): 2-valve. fixed timing, roller finger follower.

(%)

Low

High

1

2

3

1-5
I
2-5
2-3
1-2
3-6
1-2
5-7

35

I40
11
I40

X

X

X

X

35
70
112
84
350

140

X

210
252
112
560

2-3
44
1-3
1-2

70
I40
0
140

154
350
70
280

0
14

I40
56

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

0

0

X

X

X

X

X

X

X

X

X

X

3-6
5-10
2-6

210
280
210

420
560
490

3-5
0-2

70
350

280
X40

1-2
4-7
1.5-2.5
3-4

70
210
1 05
210

280
350
1 50
350

Production-intent engine technology
Engine friction reduction
Low-friction lubricants
Multivalve, overhead camshaft (2-V vs. 4-V)
Variable valve timing
Variable valve lift and timing
Cylinder deactivation
Engine accessory improvement
Engine supercharging and downsiLing
Production-intent transmission technology
Five-speed automatic transmission
Continuously variable transmission
Automatic transmission whggressivc shift logic
Six-speed automatic transmission
Production-intent vehicle technology
Aero drag reduclion
Improved rolling resistance
Safety technology
Safety weight increme
Emerging engine technology
Intake valve throttling
Camless valve actuation
Variable compression ratio
Emerging transmission technology
Automatic shifdmanual transmission (ASTIAMT)
Advanced CVTs-allows higher torque
Emerging vehicle technology
42-V electrical systems
Integrated starterlgenerator' (idle off-restart)
Electric power steering
Vehicle weight reduction (5%)

1-2
1-1.5
-3 to -4

X
105

Small SUV

X

Large SUV

Mid SUV

Minivan

1

2

3

1

2

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

2

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

3

x

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

1

X

X

X

X

X

X

X

X

X

3

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

NOTE: An x means the technology is applicable to the particular vehiclc. Safety wcight added (EPA baseline + 3 5 % ) to initial average mileagekonsumption values.
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TABLE 3-3 Fuel Consumption Technology Matrix-Pickup Trucks
Baseline: ?-calve, fixed timing, roller finger follower.

Production-intent engine technology
Engine friction reduction
Low-friction lubricants
Multivalve, overhead camshaft (3-V vs. 4-V)
Variable valve timing
Variable valve lift and timing
Cylinder deactivation
Engine accessory improvement
Engine supercharging and downsizing
Production-intent transmission technology
Five-speed automatic transmission
Continuously variable transmission
Automatic transmission wlaggressive shift logic
Six-speed automatic transmission
Production-intent vehicle technology
Aero drag reduction
lmproved rolling resistance
Safety technology
5% safety weight increase
Emerging engine technology
Intake valve throttling
Camless valve actuation
Variable compression ratio
Emerging transmission technology
Automatic shift/manual transmission (AST/AMT)
Advanced CVTs
Emerging vehicle technology
42-V electrical systems
Integrated starterlgenerator (idle off-restart)
Electric power steering
Vehicle weight reduction (5%)

Fuel
Consumption
Improvement

Retail Price
Equivalent (RPE)
(5)

Small
Pickup

Large
Pickup

(%)

Low

High

1

2

3

1

2

3

1-5

35
8
I05
35
70
I12
84
350

I40
II
I40
140
210
252
I I2
560

x
x
x

x
x
x
x
x
x
x

x
x
x
x
x

x
x
x
x

x
x
x
x
x

x
x
x
x
x

x

x

x
x

x
x

154

x

x

x

x

x

x
x

x

I
2-5
2-3
1-2
3-6
1-2
5-7
2-3
4-8
1-3

70
I40

x
x

X

X

x

0
140

350
70
280

0
14

I40
56

x

x
x

x
x

x

x
x

x
x

0

0

x

x

x

x

x

x

420
560
490

X

2-6

210
780
210

3-5
0-2

70
350

280
840

X

1-2
4-7
1.5-2.5

70
210
1 05
7 IO

280
350
1 50
350

x
x
x

1-2
1-2
1-1.5

-3 to 4
3-6
5-10

3-1

X
X
X

X
X

X

X

X

X
X

x
x
x

x
x
x

x
x
x

NOTE: An .T means the technology is applicable to the panicular vehicle. Safety weight added (EPA baseline + 3.54) to initial average mileagelconsumption
values.

mental results. Table 3-4 summarizes the results for the end
point of each path. Further details of the methodology can be
found in Appendix F.
No weight reduction was considered except in Path 3 for
large passenger cars (Table 3- 1) and medium and large SUVs
(Table 3-2), where a 5 percent weight reduction is assumed
as part of the 9- or 10-year forward projections.
The following example will assist the reader in understanding the relationship between Tables 3- I through 3-3
and the results of the analysis, as summarized in Table 3-4.
The average fuel consumption of midsize SUVs (based on
1999 sales-weighted averages) is 4.76 gaYlOO miles, or 2 1.O
mpg. The assumed weight increase associated with future
safety-enhancing features will result in a 3.5 percent increase
in fuel consumption, to 4.93 ga1/100 mile, or 20.3 mpg.
This example is shown in the “Midsize SUV” column of

Table 3-2 and the “Base FC w/Safety Weight” column of
Table 3-4.
Within the Path 1 assumption for midsize SUVs, the technologies applied for incremental reductions in fuel consumption included engine friction reduction (1 to 5 percent); lowfriction lubricants ( 1 percent); four-valve overhead cam
(OHC) from two-valve overhead valve (OHV) or two-valve
OHC (2 to 5 percent); variable intake valve timing (1 to 2
percent); cylinder deactivation (3 to 6 percent); engine accessory improvement (1 to 2 percent); five-speed automatic
transmission (2 percent over four-speed automatic); aggressive shift logic (1 to 3 percent); and improved rolling resistance (1 to 1.5 percent). Multiplying the averages of these
reductions yields a Path 1 estimated fuel consumption for
midsize S U V s of 4.0gaYlOO miles, or 25.3 mpg. The incre-
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TABLE 3-4 Estimated Fuel Consumption (FC), Fuel Economy (E),
and Incremental Costs of Product Development

Weight Class
Path I
Subcompact
Compact
Midsize
Large
Small S W
Mid S U V
Large S W
Minivan
Pickupsmall
Pickuplarge
Path 2
Subcompact
Compact
Midsize
Large
Small SUV
Mid S W
Large S W
Minivan
Pickup-small
Pickuplarge
Path 3
Subcompact
Compact
Midsize
Large
Small SUV
Mid S U V
Large S W
Minivan
Pickup-small
Pickuplarge

Average
Fuel
Economy (mpg)

Average Fuel
Consumption

Average
Cumulative
cost 6 )

BaseFE

BaseFC

Base FC
wlSafety
Weight

31.3
30.1
27. I
24.8
24.1
21.0
17.2
23.0
23.2
18.5

3.19
3.32
3.69
4.03
4.15
4.76
5.81
4.35
4.31
5.41

3.31
3 .44
3.82
4.17
4.29
4.93
6.02
4.50
4.46
5.59

34.7
33.4
30.0
27.9
26.1
25.3
20.1
26.5
21.2
21.2

2.88
2.99
3.33
3.58
3.74
3.96
4.84
3.78
3.68
4.71

465
465
465
675
465
769
769
587
682
587

31.3
30. I
27. I
24.8
24.1
21.0
17.2
23.0
23.2
18.5

3.19
3.32
3.69
4.03
4.15
4.76
5.8 I
4.35
4.3 I
5.41

3.31
3.44
3.82
4.17
4.29
4.93
6.02
4.50
4.46
5.59

37.5
36.6
36.0
34.5
31.4
30.8
24.7
34.0
34.0
28.2

2.67
2.73
2.78
2.90
3.18
3.25
4.05
2.94
2.94
3.55

1,018
1.088
1,642
2, I67
1,543
2,227
2.087
2.227
2,227
2,542

31.3
30. I
27.1
24.8
24.1
21.0
17.2
23.0
23.2
18.5

3.19
3.32
3.69
4.03
4.15
4.76
5.81
4.35
4.3 I
5.41

3.31
3.44
3.82
4.17
4.29
4.93
6.02
4.50
4.46
5.59

43.9
42.9
41.3
39.2
36.5
34.2
28.4
36.6
36.6
29.5

2.28
2.33
2.42
2.55
2.74
2.92
3.52
2.73
2.73
3.39

2,055
2,125
3.175
3,455
2,580
3,578
3,235
2,955
3,298
2,955

mental costs are estimated to average $769. Table 3-4 shows
the end points of all 3 paths for all 10 vehicle classes.
For the application of other incremental technologies in Path
2 and Path 3, only incremental benefits relative to prior technology applications-such as "variable valve lift and timing" added
to "variable valve timing" alone-were assumed, in an attempt
to eliminate double counting. Likewise, the incremental cost
was added on top of the previous cost increment. Although not
shown in the figures, the uncertainty increases with each step
along the path. The level of uncertainty is quite high in Path 3.
For minivans, S U V s , and other light trucks, the potential
for reductions in fuel requirements is much greater than for
smaller passenger cars.
A review of the data shows that the technologies evaluated as emerging under Path 3 for the larger vehicles include
camless valve actuation systems combined with a variable

(gavloo mi)

compression ratio and- possibly-clutched supercharging.
A competing technology that could exceed the fuel consumption gains for such vehicles is turbocharged, intercooled, direct-injection diesel engines. This advantage is demonstrated
by the growing popularity of such powertrains, which power
almost all vehicles over 5,000 lb in Europe and 30 to 40
percent of all private passenger vehicles, even compact and
subcompact classes.
However, the ability of these powertrains to meet federal
for Tier 2 and Califomia SULFW emissions standards is unproven, mainly because of shortcomings in exhaust gas
aftertreatment. Therefore, the most efficient stoichiometric
gasoline strategies (excluding hybrid vehicles, discussed below) were chosen to represent emerging technologies with
proven thermodynamic advantages, which can employ relatively conventional three-way-catalyst aftertreatment systems.
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FIGURE 3-4 Subcompact cars. Incremental cost a\ a function of fuel consumption.
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FIGURE 3-5 Compact cars. Incremental cost as a function of fuel consumption.
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FIGURE 3-6 Midsize cars. Incremental cost as a function of fuel consumption.
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FIGURE 3-7 Large cars. Incremental cost as a function of fuel consumption.
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FIGURE 3-9 Midsize S W s . Incremental cost as a function of fuel consumption.

TECHNOLOGIES F O R IMPROVING THE FUEL ECONOMY OF PASSENGER CARS A N D L I G H T - D U N TRUCKS

$3,500.00

I

-

Path 3

49

1

$3,000.00

$2,500.00
I

v)

$ $2,000.00
$1,500.00
$1,000.00

$500.00

$-

6.50

6.00

5.50

5.00

4.50

4.00

3.50

Fuel Consumption (Gallons/lOO Mlles)
FIGURE 3-10 Large S W s . Incremental cost as a function of fuel consumption.

$3,500.00

1

t-j

x

1

Path 2
$3,000.00
-c Path 1
I +-

f

50
Fuel Consumption (Gallons/l 00 Miles)

FIGURE 3-1 I Minivans. Incremental cost as a function of fuel consumption.

-

=

-

--

-

50

EFFECTII’ENESS AND IMPACT OF CORPORATE AVER4GE F b E L ECONOMY (CAFE) STANDARDS

$3,500.0C

$3,000.00

1-

I

-

Path 3

1

Path 1

I

- Path2
-----I

-+

! -o-

4

/
f

$2,500.00

+-

$2,000.00

m

s
$1,500.00

$1,000.00

$500.00

$-

5.00

4.50

4.00

3.50
3.00
Fuel Consumption (Gallondl 00 Miles)

FIGURE 3-12 Small pickups. Incremental cost as a function of fuel Tonsumption.

$3,500.00

$3,000.00

$2,500.00

tj $2,000.00

00

$1,500.00

$1,000.00

$500.00
%6.00
7

5.50

5.00

4.50

4.00

Fuel Consumption (Gallondl 00 Miles)

FIGURE 3- I3 Large pickups. Incremental cost as a function of fuel consumption.

3.50

2.50

TECHNOLOGIES FOR IMPROVING THE FUEL ECONOMY OF PASSENGER CARS A N D LIGHT-DUTY T R U C K S

HYBRID VEHICLES

51

ies, capacitors, flywheels, and hydraulic/pneumatic systems.
Despite restrictions in their energy transfer rate, batteries
remain of high interest due to their relatively high power
density.
A survey of key vehicle and powertrain characteristics is
summarized in Table 3-5.Breakdowns of the relative contributions of powertrain modifications, including downsizing
and dieselization, are shown in Figure 3- 15. The data clearly
show that vehicle and powertrain features can, on their own
(that is, apart from true hybridization), result in significant
fuel economy gains.
Ford has announced plans to introduce a hybrid version
of its Escape SUV in MY 2003. It will reportedly have a
four-cylinder engine and achieve about 40 mpg in the EPA
combined (55145) cycle. Its electric motor will reportedly
produce acceleration performance similar to that of a larger
six-cylinder engine (if the battery is sufficiently charged).
GM’s hybrid powertrain, called ParadiGM, is reportedly
being considered for application in several vehicles. It apparently combines a 3.6-liter V6 engine with a pair of electric motors. The engine shuts off at idle and low speed, and
the vehicle can reportedly accelerate from a stop using only
electric power.
DaimlerChrysler is apparently planning to offer a hybrid
Dodge Durango S U V in 2003. It will reportedly combine a
3.9-liter V6 engine driving the rear wheels with an electric
motor driving the front wheels. Its performance is reported
to equal that of the current V8, four-wheel-drive version
(again with sufficient battery charge) at a somewhat higher

The concept of hybrid electric vehicles (HEVs) is not
new, but the technology for application in vehicles advanced
significantly in the last decade. Hybrid vehicles combine the
power output of an internal combustion engine with a battery or other energy source to gain energy efficiency, reduce
exhaust emissions, or, in some cases, improve acceleration.
HEVs have received significant attention in the Partnership
for a New Generation of Vehicles (PNGV). Ford, GM, and
DaimlerChrysler have announced plans to introduce PNGVdeveloped hybrid technologies into production beginning in
MY 2003. Toyota and Honda have already begun offering
MY 2001 HEVs in limited production in the United States.
Readers who desire further information on HEVs may consult a variety of sources, including Automotive News (2001)
and An (2001), as well as a National Research Council report on the PNGV program (NRC, 2000a). Figure 3-14
shows the power relationship between an internal combustion engine and an electric motor for hybrid vehicles.
In the future, HEVs may be viable in situations involving
increasingly stringent emissions regulations or demands to
reduce oil dependence. For automotive use, however, two
important parameters directly influence the practicality of
the energy storage system: ( 1 ) the energy storage density
(compared with liquid petroleum-derived fuel) and (2) the
ability to rapidly receive or release stored energy.
Various energy storage techniques have been evaluated for light-duty vehicle applications, including batter-
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TABLE 3-5 Published Data for Some Hybrid Vehicles
-~

HEV Vehicle

Type

Toyota Prius6

Gasoline
hybrid
Gasoline
hybrid
Gasoline
hybrid
Gasoline
hybrid
Gasoline
hybrid

Honda Insight
Ford Prodigy

DC ESX3
GM Precept

~

~

~~~

Englne
Size

Status

Weight
(Ib)

PoHer
Plant
Type

Battery
Type

Motor
Peak
(kW)

Transmission
Type

CAFE
(mpg)“

0-63

0-1

Engine
Poeer
(hp)

(sec)

Data
Source

Cam.

2.765

SI 1-4

I .5

70

NiMH

33

CVT

58

12.1

=

Cam.

1,856

SI 1-3

1 .o

67

NiMH

10

M5

76

10.6

d.r

Prot.

2,387

CIDI 1-4

1.2

74

NiMH

16

A5

70

12.0

d.f

Prot.

2,250

CiDI 1-3

1.5

74

Li-ion

15

EMAT-6 72

11.0

d.8

Rot.

2.590

CIDI 1-3

1.3

59

NiMH

35

A4

11.5

d.h

80

NOTE: SI, spark ignition; CIDI, compression ignition, direct injection; CVT, continuously variable transmission: M.manual; A, automatic; EMAT, electromechanical automatic transmission. SOLXCE: An (2001).
“CAFE fuel economy represents combined 45/55 highwaykity fuel economy and is based on an unadjusted figure.
bU.S. version.
EV News,ZOOO,June, p. 8.
dNRC (2000a).
rAutomotive Engineering, 1999. October, p. 55.
f T h e startedgenerator rated 3 kW continuous, 8 kW for 3 minutes, and 35 kW for 3 seconds. We assume 16 kW for a 12-s 0-60 acceleration.
8 Aufomorive Engineering. 1O00, May. p. 32.
Precept press release; the front motor is 75 kW and the rear motor is 10 kW.so the total m o m peak is 35 kW.
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cost, but it will achieve fuel economy similar to its V6, twowheel-drive equivalent.
Advanced HEVs cost much more than more conventional
vehicles. In addition, overall system efficiencies must continue to improve, especially energy conversion, power transfer, electrochemical battery storage, and power output from
the motors. These developments will allow greater overall
fuel efficiency and system trade-offs that would result in
reduced battery and motor sizes, extended electric-only propulsion range, improved power density, and reduced vehicle
weight.
During the early introduction of these technologies, several obstacles must be addressed. First, warranty periods
must be defined and, hopefully, extended with time. Second,
the rate at which battery power systems can accept energy
generated during a hard regenerative braking event must
be improved. Finally, the potential safety consequences
of a depleted battery (loss of acceleration power) must be
clarified.

FUEL CELLS
The emerging technology of fuel cells is also receiving
increasing attention and R&D funding on the basis of its
potential use in passenger vehicles. A few concept vehicles
are now in operation, and a few commercial vehicles may
appear in niche markets in the next few years. Figure 3-16
schematically represents their principle of operation, using

Electrons

01

hydrogen as a fuel. Hydrogen enters the fuel cell through the
porous anode. A platinum catalyst, applied to the anode,
strips the electrons from the hydrogen, producing a positive
hydrogen ion (a proton). The electrons pass through the load
to the cathode as an electric current. The protons traverse the
electrolyte and proceed to the porous cathode. Ultimately,
through the application of a catalyst, the protons join with
oxygen (from air) and the electrons from the power source to
form water.
Different types of fuel cells employ different materials.
According to Ashley (2001), “the proton exchange membrane (PEM) variety has emerged as the clear favorite for
automotive use.” Another type, the solid oxide fuel cell
(SOFC), considered by Ashley and others as a less likely
alternative, is represented by the alkaline air cell. The biggest difference between the SOFC and PEM technologies is
their operating temperatures. While PEM cells run at 80°C,
SOFC units run at 700” to 1000°C.
If hydrogen is used as the fuel, no atmospheric pollutants
are produced during this portion of the energy cycle of fuel
cells, since water is the only by-product. No hydrocarbons,
carbon monoxide, NO,. or particulates are produced. It is
important to note that hydrogen could also be used as the
fuel for an internal combustion engine. Louis (2001) quotes
BMW as stating that a “spark ignition engine running on
hydrogen is only slightly less efficient than a direct hydrogen fuel cell.” The internal combustion engine will produce
a certain level of NO, during combustion. However, due to

I
O

Hydrogen
in

Porous Electrodes

%URE 3-16 Working principles of a PEM fuel cell
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the very lean flammability limit of hydrogen, the NO, concentration will be much lower than when using normal hydrocarbon fuels.
Energy is consumed, however, and exhaust emissions
are likely to be generated in producing, transporting, and
storing the hydrogen. The energy efficiency of a fuel cell
cycle, “from well to wheels,” includes energy losses and
emissions from all of the steps of production, refining, and
distribution of the fuel (see Attachment 4A). Since hydrogen is not naturally available, as are conventional fuels, it
must be extracted from other hydrogen-containing compounds such as hydrocarbons or water. Unless the extraction is performed onboard, the hydrogen must be transported from the extraction point to the user. Hydrogen
distribution systems are beyond the scope of this report,
but this section evaluates two fuel cell systems that use a
fuel reformer to generate hydrogen onboard the vehicle
from either methanol (which can be produced from natural
gas or biomass) or gasoline.
Onboard reformers have several common difficulties that
must be overcome for commercial acceptance. They typically operate significantly above room temperature, with
energy conversion efficiencies of 75 to 80 percent. The hydrogen is removed from the fuel by either catalysis or combustion. In addition, optimal operation occurs at process
pressures above atmospheric. Furthermore, the response time
and transient power requirements for vehicle application
necessitate some form of onboard storage of hydrogen. For

commercial success in passenger vehicles, the volume and
weight parameters of the fuel reformer, fuel cell, and electric
drive must be relatively competitive with current power
trains and fuel tanks.
Using methanol as the liquid fuel offers the advantage of
sulfur-free conversion (normal gasoline contains sulfur,
which poisons fuel-cell stacks). Methanol has its own problems, however, It is toxic if ingested, highly corrosive,
soluble in water (thereby posing a potential threat to underground water supplies), and currently relatively expensive
to produce, compared with gasoline. However, proponents
of methanol cite the toxicity of existing hydrocarbon fuels
(gasoline or diesel fuel) and point out the low evaporative
emissions, the absence of sulfur, and the potential for production from renewable sources.
All major automotive manufacturers are actively pursuing fuel cell systems using an onboard reformer. The committee believes, however, that advanced internal combustion
engine-powered vehicles, including HEVs, will be overwhelmingly dominant in the vehicle market for the next 10
to 15 years. This conclusion is supported by the recently
released study by Weiss et al. (2000).
Figure 3-17 shows the state of the art in fuel cell systems
and the targets set by the Department of Energy for longerterm development. The figure shows that significant development advances are necessary to allow the fuel cell to become competitive with the internal combustion engine as a
source of power. It is also important to note that the internal
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combustion engine will continue to advance as the fuel cell
is being developed.
An additional issue that must be addressed is the reduced
efficiency at higher loads, as shown in Figure 3-18. Substantial development will be required to overcome this characteristic and other challenges associated with power density, specific power, production cost, and system response time, before
fuel cells can be successfully commercialized in an HEV.
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Attachment 3A
A Technical Evaluation of Two Weight- and Engineering-Based
Fuel-Efficiency Parameters for Cars and Light Trucks

Measuring the fuel economy of vehicles in miles per gallon (mpg) alone does not provide sufficient information to
evaluate a vehicle's efficiency in performing its intended
function. A better way to measure the energy efficiency of
vehicles is needed, one that has a sound engineering basis.
This attachment presents two weight-based parameters as
examples of approaches that take the intended use of a vehicle into consideration. One is based on a vehicle's curb
weight and the other includes its payload (passenger plus
cargo). Because of the short time frame for the committee's
study, an analysis sufficiently detailed to draw conclusions
as to the value of these or other parameters was not possible.

wheels are placed on the dynamometer rollers; other wheels
do not rotate. Thus rolling resistance, as with aerodynamic
drag, must be accounted for mathematically. Vehicle coastdown times are experimentally determined (a measure of
aerodynamic drag); an auxiliary power unit (APU) ensures
that dynamometer coast-down times are in reasonable agreement with road-tested coast-down times. Test reproducibility is in the few percent range. The driver follows two different specified cycles, city and highway, which were deduced
from traffic measurements made some 30 to 40 years ago. A
change in the test cycle is not a minor item-much engineering know-how is based on the present cycle, which is also
used for exhaust emissions measurements.

MILES PER GALLON VERSUS GALLONS PER MILE AND How TO
MEASURE

WEIGHT-SPECIFIC FUEL CONSUMPTION

The physics of vehicle design can form the basis for parameters that more accurately represent system energy efficiencies and could be used by EPA in fuel economy testing.
Mpg is not by itself a sufficient parameter to measure efficiency, since it is inherently higher for smaller vehicles and
lower for larger vehicles, which can carry more passengers
and a greater cargo load.
Although CAFE standards currently characterize vehicles
by miles driven per gallon of fuel consumed, the inverse,
gallons per mile, would be more advantageous for several
reasons. As shown in Figure 3A-1, gallons per mile measures fuel consumption and thus relates directly to the goal
of decreasing the gallons consumed. Note that the curve is
relatively flat beyond 30 or 35 mpg because fuel savings
become increasingly smaller as mpg increases. Also, the use
of fuel consumption (gallons per mile) has analytical advantages, addressed in this attachment. To aid and clarify the
analysis and make the numbers easier to comprehend, the
term to be used is gallons per 100 miles (ga1/100 miles). A
vehicle getting 25 mpg uses 4 gal/l00 miles.
For reproducibility reasons, fuel consumption measurements are made on a chassis dynamometer. The driving

Figure 5A-4 (in Chapter 5j plots gaVlOO miles versus
vehicle weight for MY 2OOO vehicles. The vertical scatter
along a line of constant weight reflects the fact that vehicles
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FIGURE 3A-1 Dependence of fuel consumption on fuel economy.
SOURCE: NRC (2000).
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of the same weight may differ in the efficiency of their drive
trains or rolling resistance or aerodynamic drag (and thus in
the number of gallons used to travel a given distance). While
ga1/100 miles is a straightforward parameter for measuring
fuel consumption, it does not reflect the load-carrying capacity of the vehicle. Smaller cars, with lower fuel consumption, are designed to carry smaller loads, and larger cars and
trucks, larger ones.
For engineering analysis purposes, it is convenient to normalize the data in Figure 5A-4, that is, divide the y value
(vertical scale) of each data point by its curb weight in tons.
The resulting new vertical scale is the weight-specific fuel
consumption (WSFC). The units shown in Figure 3A-2 (and
Figure 5A-5) are gallton of vehicle weighdl00 miles. The
straight horizontal line is a reasonable representation of the
average efficiency of fuel use data for a wide variety of vehicle types and weights. It shows that the efficiency (WSFC)
is approximately the same for this variety of different vehicle types (MY 2000, 33 trucks and 44 cars) and weights.
Note that some vertical scatter is to be expected; all vehicles
having approximately the same weight do not necessarily
have the same drive-train efficiency.
Figure 3A-3 shows on-the-road data taken by Consumer
Repons (April 2001). Their measurements were based on a
realistic mixture of expressway, country-road, and city driv-
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FIGURE 3A-3 Fleet fuel economy. Based on information from
Consumer Reports (April 2001).

ing. Again, the efficiency of fuel use for their on-the-road
tests is reasonably represented by a horizontal straight line.
Figure 3A-3 illustrates the analytical utility of this approach.
The lowest car point, at a little less than 3,000 lb, is a diesel
engine; its WSFC is around 1.8 compared with around 2.7
for the average. The two hybrid points also show lower
WSFC than the average but higher than the diesel.
Figure 3A-4 illustrates possible realistic reductions in
WSFC. EPA has fuel-consumption data for more than a thou-
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FIGURE 3A-4 Best-in-class fuel-efficiency analysis of 2O00 and
2001 vehicles.

sand MY 3-000 and 2001 vehicles. A horizontal line was
drawn on a WSFC (highway) graph for these vehicles such
that I25 vehicles were below this arbitrary line. The results
for the 125 vehicles are shown in Figure 3A-4. The average
WSFC value for all vehicles was 1.7; the average for the 125
vehicles was around 1.4. Since these were production vehicles, it would appear that application of in-production technologies to the entire fleet could produce significant reductions in WSFC.

LOAD-SPECIFIC FUEL CONSUMPTION
For a heavy-duty truck designed to cany a large payload,
the most meaningful parameter would be normalized by dividing the gallons per mile by the tons of payload, to arrive
at a load-specific fuel consumption (LSFC), that is, gallons
per ton of payload per 100 miles. This number would be
lowest for vehicles with the most efficient powertrain system and the least road load requirements (lightest weight,
low accessory loads, low rolling resistance, and low drag)
while moving the largest payload. Similarly, a reasonable
parameter for a fuel-efficient bus would be gallons per passenger-mile.
The parameter LSFC is more difficult to define for lightduty vehicles than for heavy-duty trucks or buses, because
the payloads are widely different (and harder to define) for
these vehicles. This report calculates a total weight capacity
by multiplying passenger capacity (determined by the number of seat belts) by an average weight per person (150 Ib)
and adding cargo weight capacity, which is the cargo volume multiplied by an average density (say, 15 Ib/ft3).’ For
‘This is an estimated density for cargo space. GM uses about I I Ib/ft3
across a range of vehicles. Further study needs to be done to determine a
representative design density to use.

pickup trucks, the difference between gross vehicle weight
(GVW) and curb weight was used to determine payload. The
weight of the passengers and cargo could be added to the
vehicIe’s weight, and the sum used in the EPA fuel economy
test to determine engine loading for the test cycle. Alternatively, the present fuel economy data could be used with the
above average passenger plus cargo weight. The fuel consumption on the city and highway cycle would be measured
and expressed as gallonslton (passenger plus cargo weight)/
100 miles.
Figure 3A-5 plots fuel economy against payload in tons
for heavy-duty and light-duty vehicles. Lines of constant
mpg-tons are also shown, with larger numbers representing
more efficient transport of payloads. LSFC, the inverse of
mpg-tons, is also shown on the lines, with lower numbers
representing lower normalized vehicle fuel consumption.
The point representing the PNGV goal is also shown.
Fuel economy measures based on this parameter would
drive engineers to maximize the efficiency with which vehicles carry passengers and cargo while minimizing structural weight. This new fuel consumption parameter has the
potential to be a better parameter to compare different types
and sizes of vehicles.
Figure 3A-6 graphs the same light-duty vehicles’ fuel
consumption (in gaVlOO miles) as a function of the payloads
in Figure 3A-8. This figure shows the large difference in fuel
consumption between cars (2.5 to 4 gaYlOO mi) and trucks
(3.5 to 5.5 gaVl00 mi); the CAFE standards for both types of
vehicles are included for reference. Figure 3A-7 shows LSFC
(in gallons per ton of passengers plus cargo) for the same
vehicles. LSFC appears to normalize fuel consumption,
bridging all types of vehicles. Both types of vehicle-regardless of size and weight-are represented above and below the average line. This finding suggests that LSFC is a
good engineering parameter for both cars and trucks.

COMPARING THE Two WEIGHT-BASED PARAMETERS
The WSFC essentially normalizes the fuel consumed per
100 miles to take out the strong dependence on vehicle
weight. Different weight vehicles can be compared more
equitably. Lower WSFC parameters indicate lower road load
requirements and/or higher powertrain efficiencies with
lower accessory loads.
Figure 3A-9 shows fuel economy versus vehicle curb
weight for the 87 light-duty vehicles. Constant efficiency
lines (in mpg x tons of vehicle weight) are shown along
with VTFSC. Figure 3A-10 shows fuel economy versus vehicle payload for the 87 vehicles. The constant efficiency
lines in mpg x tons of payload are shown along with LSFC.
The utility of this plot is that it shows the interrelationship
of fuel economy, payload, and LSFC in gallons/payload
tons/100 miles. LSFC and WSFC show similar utility in
determining whether certain types of vehicles are either
above or below the average lines in Figures 3A-2 and
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FIGURE 3A-9 Fuel economy as a function of average WSFC for different classes of vehicles.

3A-8. Using LSFC, however, would encourage manufac-

rurers to consider all aspects of vehicle design, including
marerials, xcessory power consumption, body design. and
cngine and transmission efficiency. The use of the LSFC
number will show high-performance, heavy, two-seat
\ports cars without much cargo space and large luxury cars
IO be on the high side compared with vehicles designed to
he fuel- and payload-efficient.
LVSFC does not account for the load-carrying capacity of

certain vehicles such as pickups. vans, and SUVs. The vans
and large S U V s in Figure 3A-8 are shown below the average
fit line and below the average WSFC line in Figure 3A-2,
indicating they have highly efficient powertrain technologies
and low road loadaccessory load requirements. Pickups (PUS)
are above the average WSFC line in Figure 3A-2, showing
that it is difficult to design a truck that has low aerodynamic
drag and is fuel efficient. When the fuel consumptions of these
vehicles (vans, pickups, and S U V s ) are normalized to pay-
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FIGURE 3A- I O Fuel economy versus average payload for different classes of vehicles.

load, they are below the average LSFC line in Figure 3A-8,
indicating they are well designed for their intended use.

C ONCLUSI ON
Both the WSFC and LSFC parameters have potential utility as fuel-efficiency parameters for vehicles, but their applicability requires additional study.
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Impact of a More Fuel-Efficient Fleet

If the technologies described in Chapter 3 are implemented, making vehicles more fuel efficient, there will be a
variety of impacts. This chapter explores the potential impacts on energy demand and greenhouse gas emissions, costefficient levels of fuel economy, industry and employment,
and safety.

ENERGY DEMAND AND GREENHOUSE GAS IMPACT
The fuel economy of light-duty cars and trucks and vehicle miles traveled (VMT) are the two most important factors underlying the use of energy and release of greenhouse
gases in the light-duty fleet. Energy consumption during the
manufacture of various components of the vehicles and their
fuels is a lesser, but still significant, consideration in the lifecycle analyses of energy use and greenhouse gas emissions.
Numerous projections were examined by the committee on
possible future energy use and greenhouse gas emissionsfor example, DeCicco and Gordon (1993), Austin et al.
(1999), Charles River Associates ( 1 9 9 3 , EIA (2001),
Patterson (1999), Greene and DeCicco (2000). To choose
the best technology for overall energy efficiency, one must
consider a “well-to-wheels” (WTW) analysis such as those
that are described in Attachment 4A. The following discussion is designed to illustrate the impact of possible fuel
economy changes and should not be interpreted in any way
as a recommendation of the committee.
The committee calculated the potential magnitude of fuel
savings and greenhouse gas emission reductions if new passenger car and light-truck fuel economy (in mpg) is increased by
15 percent, 25 percent, 35 percent, and 45 percent. These increases are assumed to be phased in gradually beginning in 2004
and to reach their full value in 2013. New vehicle sales shares
of passenger cars and light trucks were held constant. Greenhouse gas emissions are for the complete WTW cycle based on
the GREET model and include carbon dioxide, methane, and
nitrogen oxides (Wang, 1996; Wang and Huang, 1999). The
fuel for all light-duty vehicles is assumed to be gasoline, 70
percent conventional and 30 percent reformulated.

Allowance is made for a rebound effect-that is, a small
increase in miles driven as fuel economy increases. Because
of the long time required to tum over the fleet, the calculations were extended to the year 2030 to show the longerrange impacts of the increases in fuel economy. However,
new vehicle mpg was held constant after 2013.
The base case approximates the 2001 Annual Energy
Outlook forecast of the Energy Information Administration
(EIA) except that the vehicle miles traveled are assumed to
increase to 1.7 percent per year, slightly less than the 1.9
percent assumed by EIA. However, unlike the EIA forecast,
fuel economy is assumed to remain constant. In the base
case, annual gasoline use is projected to increase from 123
billion gallons (8 mmbd) in 2001 to 195 billion gallons (I 2.7
mmbd) by 2030 (Figure 4- 1).
The magnitude of gasoline savings that could be achieved
relative to the base case for various fuel economy increases
between now and 2030 is shown in Figure 4-2. As a result of
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these hypothetical fuel economy increases, fuel savings in
2015 range from I O billion gallons for a 15 percent fuel
economy increase to 3-5 billion gallons for a 35 percent increase. By 2030 the fuel savings would be 22 billion gallons
and 55 billion gallons for fuel economy increases of 15 percent and 45 percent, respectively. Since greenhouse gas
emissions are correlated closely with gasoline consumption
(Figure & I ) , they show a similar pattern (Figure 4-3).
Growth in greenhouse gas emissions still occurs through
2030, but the growth is slower than i t would have been without improved fuel economy (Figure 4-4).
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ANALYSIS OF COST-EFFICIENT FUEL ECONOMY

100.0-

f
-

The committee takes no position on what the appropriate
level of fuel economy should be. The question, however, is
often raised of how much investment in new technology to
increase fuel economy would be economically efficient. That
is, when does the incremental cost of new technology begin
to exceed the marginal savings in fuel costs? Consumers
might not choose to use this technology for fuel economy;
they might choose instead to enhance other aspects of the
vehicles. Such an estimate, however, provides an objective
measure of how much fuel economy could be increased
while still decreasing consumers' transportation costs. The
committee calls this the cost-efficient level of fuel economy
improvement, because it minimizes the sum of vehicle and
fuel costs while holding other vehicle attributes constant.
The committee identified what it calls cost-efficient technology packages: combinations of existing and emerging
technologies that would result in fuel economy improvements sufficient to cover the purchase price increases they
would require, holding constant the size, weight, and performance characteristics of the vehicle(s).
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FIGURE 4-3 Fuel-cycle greenhouse gas emissions in alternative
201 3 fuel economy cases.
The essence of analyzing cost-efficient fuel economy is
determining at what fuel economy level the marginal costs
of additional fuel-saving technologies equal the marginal
benefits to the consumer in fuel savings. However, such
analysis is conditional on a number of critical assumptions,
about which there may be legitimate differences of opinion,
including ( I ) the costs and fuel-efficiency effect of new technology and (2) various economic factors. The committee
states its assumptions carefully and has investigated the effect of varying several key parameters.
Perhaps the most critical premise of this cost-efficient
analysis is that key vehicle characteristics that affect fuel
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economy are held constant: ( I ) acceleration performance,
(2) size, in terms of functional capacity, (3) accessories and
amenities, and (4)the mix of vehicle types, makes, and models sold. These factors are held constant for analytical clarity
and convenience. Once one begins altering vehicle characteristics, the trade-off between fuel economy and cost becomes obscured in the myriad of other simultaneous changes
ofdesign and function that could be made. Since there is no
obviously correct way to forecast future vehicle attributes
and the sales mix, the committee holds them constant. In
real-world markets, all of these factors will change over time
and could have important implications for achieving a specific fuel economy goal.
Other key assumptions pertain to how consumers value
fuel economy. The price for higher fuel economy technology is paid when a vehicle is purchased. Fuel savings accrue
in the future, depending on how much a vehicle is driven and
under what circumstances. Important uncertainties involve
consumers’ expectations about future fuel prices, the rates
of return they will expect on investments in higher fuel
economy, and their perception of how used-vehicle markets
will value fuel economy. Not only are the average values of
these key parameters uncertain, but they will certainly vary
from consumer to consumer and from one market segment
to another.
Incorporating all these uncertainties into the cost-efficient
analysis would require a far more complex model and far
more time to implement than the committee has available.
Instead, the committee uses sensitivity analysis to illustrate
the potential impacts of key assumptions on the outcomes of
the cost-efficient analysis.
Despite the many uncertainties, the cost-efficient analysis is valuable for illustrating the range of feasible fuel
tconomy improvement and the general nature of the cost of
achieving higher fuel economy. However, it is critically important to keep in mind that the analysis is conditional on the
assumptions of constant vehicle attributes and a number of
key parameter values. Changing these assumptions would
change the results, as the sensitivity analysis shows.
The cost-efficient analysis uses estimates of the costs of
technologies and their impacts on fuel consumption in Chapter 3 (see Tables 3- 1 through 3-3). Only technologies known
to be capable of meeting future emissions standards and having either positive or small negative effects on other vehicle
attributes were used. The technologies were reordered by
mt-effectiveness, so that the order of implementation reIlests increasing marginal cost per unit of fuel saved. Cost
cffectiveness is measured by the ratio of the midpoint fuel
consumption reduction to the midpoint cost estimate. While
(hi5 may not correspond to the actual order in which technologies are implemented by auto manufacturers, it is nonetheless the most appropriate assumption for analyzing the
mnomic trade-off between vehicle price and fuel savings,
The Path 3 technology scenario was used because all of the
Path 3 technologies could be in full-scale production by 201 3

to 2015. The data in Tables 3-1 through 3-3 were used to
construct fuel economy supply functions and confidence
bounds on those functions. The supply functions are combined with functions describing consumers’ willingness to
pay for higher fuel economy and are solved for the point at
which the cost of increasing fuel economy by 1 mile per
gallon equals its value to the consumer.
Three curves were constructed for each vehicle class to
reflect the range of uncertainty shown in the tables in Chapter 3. The high costflow fuel economy and low costhigh fuel
economy curves provide a reasonable set of bounds for the
average cost/average fuel economy curve. For the method
used, see Greene (2001).
Consumers’ willingness to pay is estimated using average data on vehicle usage, expected payback times, gasoline
at $1.50 per gallon, and assumed rates of return on the
consumer’s investment in higher fuel economy. The key areas of uncertainty are the rate of return consumers will demand and the length of time over which they will value
future fuel savings. Because each additional mile per gallon saves less fuel than the one before, the marginal willingness to pay for fuel economy will decline as fuel economy
increases.
The cost-efficient point (at which the marginal value of
fuel saved equals the marginal cost) is then found, assuming
a fuel priced at $1.50 per gallon. This produces three fuel
economy estimates for each vehicle class, reflecting the three
curves. Finally, two cases are considered in which the key
parameters of consumer discount rate and payback time are
varied.
The following calculations for cost-efficient fuel efficiency are based on the key assumptions summarized in
Table 4- 1 for passenger cars and light-duty trucks. Two cases
TABLE 4- 1 Key Assumptions of Cost-Efficient Analysis
for New Car and Light Truck Fuel Economy Estimates
Using Path 3 Technologies and Costs (see Chapter 3)
~

Assumption

Case I

Case 2

First-year travel for new vehicles (mi/yr)
Rate of decrease in vehicle use (%/yr)
Payback time (yr)
Rate of return on investment ( % j
Base fuel economy (mpg)
Subcompact cars
Compact cars
Midsize cars
Large cars
Small SUVs
Midsize SUVs
Large SCVs
Minivans
Small pickups
Large pickups
On-road fuel economy (mpg) shortfall (Scj
Effect of safety and emissions standards (%)

15.600
4.5
14
12

15,600
4.5
3
0

31.3
30. I
27. I
24.8
24. I
21.0
17.2
23.0
23.2
18.5
15
-3.5

31.3
30.1
27. I
24.8
24. I
21.0
17.2
1-3.0
23.2
18.5
15
-3.5

,
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are developed. In Case 1 it is assumed that vehicles are driven
15,600 miles in the first year, decreasing thereafter at 4.5
percenvyear, and that a gallon of gasoline costs $1.50 (1999
dollars). Payback time is the vehicle lifetime of 14 years.
Base fuel economy is shown for each class of vehicles. It is
assumed that there will be a 15 percent reduction in on-theroad gasoline mileage from the EPA combined test data. It is
also assumed that there will be a 3.5 percent fuel economy
penalty as a result of weight gains associated with future
safety and emissions requirements and that consumers require a rate of return of 12 percent on the money spent on
fuel economy. Because this last assumption is more subjective than the others, Case 2 was developed using a payback
of 3 years at zero percent discount rate. This case represents
the perspective of car buyers who do not value fuel savings
over a long time horizon. Case 1 might be the perspective of
policy makers who believe that the national interest is served
by reducing fuel consumption no matter how many people
own a vehicle over its lifetime.
The results of the cost-efficient analysis for Case 1 are
shown in Table 4-2. Using the assumptions shown in Table
4- 1, the calculation indicates that the cost-efficient increase
in (average) fuel economy for automobiles could be increased by 12 percent for subcompacts and up to 27 percent
for large passenger cars. For light-duty trucks, an increase of
25 to 42 percent (average) is calculated, with the larger increases for larger vehicles.
For example, Table 4-2 shows that a new midsize SUV
typically (sales-weighted average) has a base fuel economy
today of 2 1 .O mpg. The adjusted base (20.3 mpg) reflects the
3.5 percent fuel economy penalty for weight increases to
meet future safety and emission standards. In the column
labeled “Average,” the cost-efficient fuel economy is
28.0 mpg. The percent improvement over the unadjusted
base of 2 1.O is 34 percent (shown in parentheses). The cost
to obtain this improved fuel economy is estimated at $1,254.
However, there is wide uncertainty in the results. This is
illustrated in the other two columns, which show an optimistic
case (low costhigh fuel economy curve) and a pessimistic
case (high cost/low fuel economy curve). In the low costhigh
fuel economy column, the cost-efficient fuel economy
increases to 30.2 mpg. for an improvement of 44 percent at a
cost of $1,248. In the high costnow mpg column, the fuel
economy is 25.8 mpg, for an improvement of 23 percent at a
cost of $1,589. In some cases the high costnow mpg column
will have a lower cost (and a significantly lower mpg) than the
low costhigh mpg column because of the nature of the costefficient calculation and the relative slopes of the cost curves.
There is some evidence suggesting that consumers do not
take a 14-year view of fuel economy when buying a new car.
For that reason, Table 4-3 shows the cost-efficient fuel
economy levels for 3-year payback periods. For cars, average cost-efficient levels are between 0.1 and 1S mpg higher
than their respective adjusted base fuel economy levels, with
the larger increases for the larger cars. The cost-efficient

levels of the light-duty trucks are about 1.4 to 3.1 mpg higher
than their respective adjusted base fuel economy levels, with
the larger increases being associated with the larger trucks.
The negative changes in fuel economy shown in Table 4-3
are because the base is used for this calculation. All vehicles
still improve relative to the adjusted base, even in the high
costnow mpg column.
As shown in Table 4-2, for the 14-year payback (12 percent discount) case, the average cost-efficient fuel economy
levels are between 3.8 and 6.6 mpg higher than their respective (unadjusted) bases for passenger cars, with the larger
increases associated with larger cars. For light-duty trucks,
the cost-efficient levels are about 6 to 7 mpg higher than the
base fuel economy levels, with the larger increases associated with larger trucks.
The cost-efficient fuel economy levels identified in Tables
4-2 and 4-3 are not recommended fuel economy goals. Rather,
they are reflections of technological possibilities and economic realities. Other analysts could make other assumptions
about parameter values and consumer behavior. Given the
choice, consumers might well spend the money required to
purchase the cost-efficient technology packages on other
vehicle amenities, such as greater acceleration, accessories, or
towing capacity.
The fuel economy and cost data used in this study are
compared with the data used in other recent studies in Figures 4-5 and 4-6 for cars and light trucks, respectively. The
cost curves used in this study are labeled NRC 2001 Mid
(average), NRC 2001 Upper (high costllow mpg upper
bound), and NRC 2001 Lower (low costhigh mpg lower
bound). For comparison with two other studies, one by Sierra Research (Austin et al., 1999) and one by Energy and
Environmental Analysis (EEA, 2001), the NRC curves were
normalized to the sales-weighted average fuel economies of
the new passenger car and light truck fleets. For passenger
cars, the NRC average curve (NRC 2001 Mid) is similar to
the Sierra curve (up to about 11 mpg increase) and slightly
more optimistic than the EEA curve.
The Massachusetts Institute of Technology WIT) (Weiss
et al., 2000) and American Council for an Energy-Efficient
Economy (ACEEE) (DeCicco et al., 2001) curves were obtained differently as they are based on complete, specific
vehicles embodying new technology. The NRC, Sierra, and
EEA analyses added technology incrementally. Neither the
MIT nor the ACEEE studies present their results in the form
of cost curves; the curves shown here are the committee’s
inferences based on data presented in those reports.
The MTT curve is calculated using the lowest cost and
most fuelefficient vehicles in the study, which uses advanced
technology and a midsize sedan and projects to 2020. Similarly, the ACEEE-Advanced curves in Figures 4-5 and 4-6
are based on individual vehicles and advanced technology
options. Both studies are substantially more optimistic than
this committee’s study, having used technologylcost options
more advanced than those considered by the committee.
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TABLE 4-2 Case 1: Cost-Efficient Fuel Economy (E)
Analysis for 14Year Payback (12% Discount Rate)"
Low Cost/High mpg

A\erage

High Costnow mpg

Base
mpgb

Base
Adjusted'

FE

Cost

Savings

FE

Cost

mpg, ( 9 )

(4)

($)

Cost
mpg. ( 9 ) (S)

Sa\ings

Vehicle Class

6)

mpg. (a)

(4)

CarS
Subcompact
Compact
Midsize
Large

31.3
30.1
27.1
24.8

30.2
29.1
26.2
23.9

38.0 (21)
37.1 (23)
35.4 (31)
34.0 (37)

588
640
854
1,023

1,018
1.121
1,499
1,859

35.1 (12)
34.3 (14)
32.6 (20)
31.4 (27)

502
561
791
985

694
788
1,140
1,494

31.7(1)
31.0 (3)
29.5 (9)
28.6(15j

215
290
554

813

234
322
651
1,023

Light trucks
Small suvs
Mid S U V S
Large SUVs
Minivans
Small pickups
Large pickups

24.1
21.0
17.2
23.0
23.2
18.5

23.3
20.3
16.6
22.2
22.4
17.9

32.5 (35)
30.2 (44)
25.7 (49)
32.0 (39)
32.3 (39)
27.4 (48)

993
1,248
1,578
1.108
1.091
1,427

1,833
2.441
3.198
2,069
2,063
2,928

30.0(25)
28.0 (34)
24.5 (42)
29.7 (29)
29.9 (29)
25.5 (38)

959
1,254
1,629
1,079
1,067
1,450

1.460
2,057
2.910
1,703
1,688
2.53 I

27.4(14)
25.8 (23)
23.2 (35)
27.3 (19)
27.4 (18)
23.7 (28)

781
1,163
1.643
949
933
1.409

974
1,589
2,589
1,259
1,224
2,078

FE

S.nings
($1

OOlher key assumptions. See Table 4-1.
hBase is before downward adjustment of -3 5 percent for future safety and emissions atandards
[Base after adjustment for future safety and emissions standards (-3 5 percent).

TABLE 4-3 Case 2: Cost-Efficient Fuel Economy (E)Analysis for 3-Year Payback (Undiscounted)"
Low Cost/High mpg

Average

High CostlLow mpg

Base
mpgb

Base
Adjusted'

FE

Savings
(S)

FE
mpg. (%)

Savings

mpg. (%)

Cost
(S)

Cost

Vehicle Class

($1

6)

Can
Subcompact
Compact
Midsize
Large

31.3
30.1
27.1
24.8

30.2
29.1
26.2
23.9

33.3 (6)
32.3 (7)
29.8(10)
28.2 (14)

180
202
278
363

237
268
363
488

30.3 (-3)
29.1 (-2)
26.8 (-1)
25.4(3)

II
29
72
173

29
76
190

30.2 (4)
29.1 (4)
26.2 (4)
23.9 (4)

24.1
21.0
17.2
23.0
23.2
18.5

23.3
20.3
16.6
22.2
22.4
17.9

27.3 (13)
25.0(19)
21.1 (23)
26.5 (15)
26.9(16)
22.7 (23)

358
497
660
411
412
600

492
721
992
570
579
918

24.7(2)
22.7 (8)
19.7(15)
24.2 ( 5 )
24.4 ( 5 )
20.8 (12)

174
341
567
247
247
477

193
407
740
284
285
608

I1

FE
mpg.

Cost

Sabings

(4)

($1

0
0
0
0

0
0
0
0

23.3 (3) 0
20.3 (4j
0
18.3 (6)
373
22.2 (4)
0
22.4 (4)
0
18.7(1)
178

0
0
424
0
0
189

Light trucks

Small SLVs
Mid SCVs
Large SUVs
Minivans
Small pickups
Large pickups

"Other key assumptions: See Table 4- I .
"Base is before downward adjustment of -3.5 percent for future safety and emissions standards
'Base after adjustment for future safety and emissions standards (-3.5 percent).

In Figure 4-6, the committee's curve (NRC) is more optimistic than the Sierra curve and similar to the EEA curve.
The ACEEE-Advanced curve, which is based on vehicles as
discussed for cars above, is much more optimistic. It uses
rschno'ogy'cost Options beyond those
for the 'Ommime's cost-efficient optimization.

POTENTIAL IMPACTS ON THE DOMESTIC
AUTOMOBILE INDUSTRY
Regulations to increase the fuel economy of vehicles will
require investments by automakers in R&D and tooling and
will thus increase the costs of new hrehicles. They will also
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divert resources that would otherwise go toward satisfying
consumers’ demands for performance, styling, and other
vehicle features. No regulation is without cost to consumers
or manufacturers. The impacts of CAFE standards in the past
are reviewed in Chapter 2 .
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FIGURE 4-6 Light-truck fuel economy cost c u n e s from selected
studies.

As noted in Chapter 2 , GM, Ford, and the Chrysler division of DaimlerChrysler will post lower profits in 2001 owing to the slower economy and the sharp rise in buyer incentives that the companies need to offer to maintain their
market shares. Vehicle demand is expected to decline in 2001
from 17.4 million in 2000, with the final number depending
in large part on the level of rebates and other incentives.
Foreign companies’ share of the U.S. market has grown
steadily and is now about 36 percent, compared with 26 percent in 1993. In 2000, GM, Ford, and Chrysler combined
lost 3 percentage points in market share, and so far in 2001
have lost another 1.4 percentage points (despite per-unit incentives that are the highest in history and often triple the
marketing support on competing foreign models). The gain
in market share of foreign companies has accelerated in recent year5 as foreign manufacturers entered the light truck
market with models that competed with traditional American pickups, minivans, and SUVs. They also created a new
category, the crossover vehicle, which is built on a car chassis but looks like an SUV and may be classed as a light truck
for fuel economy regulation. (Examples include the Toyota
RAV-4 and Honda CRV.)
The erosion in profit margins and income at GM, Ford,
and Chrysler began in 2000 as pricing pressures, once confined to passenger cars, spread into the light-truck sector and
sales slowed. The supply of light trucks, until recently balanced against sharply rising demand, had allowed vehicle
manufacturers to aggressively price these products. Although
the Big Three still dominate the light-truck market with a 77
percent share, that is down from 86 percent in 1993 as a
result of new products and capacity from Asian and European manufacturers. Additional North American truck capacity from Honda in Alabama and Toyota in Indiana and
expansion of capacity by BMW and Nissan will add at least
750,000 units of new truck supply to the market over the
next 3 years. Given the recent success of foreign manufacturers with new models and advanced technology (see Chapter 3), their share of the truck segment is likely to rise further
in the coming years.
To cope with falling profits and lower cash balances, auto
companies have cut back on discretionary spending, eliminated
jobs through voluntary retirement plans, and now appear to be
delaying product launch schedules. Standard & Poor’s, the arbiter of creditworthiness, recently lowered its outlook on GM
and Ford from stable to negative (Butters, 2001).
Even if vehicle demand rebounds in 2002 to the 17 million-unit level, industry profits are not expected to recover
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soon to historic levels. Increased competition could reduce
truck profits to half of their former levels. If the proliferation
of foreign brand crossover models draws buyers away from
larger, heavier, and more expensive domestic models, the
financial impact on the industry will be greater.
This is a difficult environment for GM, Ford, and the
Chrysler division of DaimlerChrysler. In less than 3 years,
Chrysler went from being the most profitable vehicle manufacturer in the country to a merger with Daimler that was
forced by financial distress. While GM and Ford are in reasonable financial health, they cannot count on truck profits
to generate above-average returns as they did in the past.
Nevertheless, the industry could adjust to possible
changes in CAFE standards if they were undertaken over a
long period of time, consistent with normal product life
cycles. An abrupt increase in fuel economy standards (especially one that hurt the industry's ability to sell light trucks)
would be more costly. A single standard that did not differentiate between cars and trucks would be particularly diffic ult to accommodate.

Criteria for Judging Regulatory Changes
The impacts on industry of changing fuel economy standuds would depend on how they were applied. Some of the

more important criteria are discussed here.

Timing and Scale of Increase
Raising standards too steeply over too short a time would
require manufacturers to absorb much of the cost of obtain~ n gor developing technology and tooling up to produce more
cl'ticient vehicles. It would lead to sharp increases in costs to
~ii;inufacturers(and thus consumers). The benefits of pre. - p i o u s increases in CAFE standards would flow instead to
nixhine tool companies, component manufacturers, and de\c.lapc.rsof vehicle technology. Automakers would be forced
11) h e n funds and talent away from longer-term investments
u i h 25 the PNGV). Given sufficient planning time, howc i c r . industry can adapt. Chapter 3 discusses the costs and
riming involved in introducing fuel-saving technology. Gen:r.dIb. little change can be expected over the next few years,
.dnnjor changes would require a decade.
f:uwalence of lmpact
I t n c u regulations favor one class of manufacturer over

llik~iher.[hey will distribute the costs unevenly and could
-3

1Lc unintended responses. In general, new regulations
:.:iulJ

Ji\tribute the burden equally among manufacturers

[here is il good reason not to. For example, raising the
:mJ.uJ for light trucks to that of cars would be more costly
.
:IL'h[-[rwI;manufacturers. On the other hand, tightening
- c ~"kh
for passenger vehicles while leaving light
:'AL\

.done would favor another set of manufacturers. A

current proposal to simply increase the standard for lightduty trucks to the current level of the standard for passenger
cars would operate in this inequitable manner. The rise of
the crossover S U V will add to the challenge of finding a
balanced approach.

Flexibility
In general, regulations that allow manufacturers flexibility in choosing how to achieve the desired policy goal (such
as reducing fuel use or improving safety) are likely to lower
the costs to the nation. That is because restricting the available technology options will reduce chances for cost-saving
innovations. To the extent possible, consistent with the overall policy goals, flexibility is an important criterion. This is
one reason for the committee's enthusiasm for tradeable fuel
economy credits, as described in this chapter.

Hidden Costs of Forcing Technical Innovation
In general, it is risky to commercialize technologies while
they are still advancing rapidly. Pioneering purchasers of
vehicles that incorporate highly efficient new technology
could find that these vehicles depreciate faster than those
with old technology if the new technology results in higher
repair costs or is replaced by improved versions. For the
same reason, leasors might be reluctant to write leases on
vehicles that are radically different and therefore have unpredictable future demand. GM offered its own leases on the
EVI (an electric vehicle) but did not sell the vehicle because
it recognized that the car might be unusable in a few years
because of technological obsolescence or high maintenance
costs.
On the other hand, as explained in Chapter 3, foreign
manufacturers are rapidly improving their technology,
largely because their main markets are in countries with high
fuel prices or high fuel economy standards. Not only are
their vehicles economical (and frequently low in emissions),
but they are proving popular because they offer other attributes valued by consumers, such as power and improved
driving characteristics. Insofar as higher fuel economy standards force domestic manufacturers to adopt new technology, it could improve their competitiveness.

SAFETY IMPLICATIONS OF FUTURE INCREASES IN
FUEL ECONOMY
In Chapter 2 the committee noted that the fuel economy
improvement that occurred during the 1970s and early 1980s
involved considerable downweighting and downsizing of the
vehicle fleet. Although many general indicators of motor
vehicle travel safety improved during that period (e.g., the
fatality rate per vehicle mile traveled), the preponderance of
evidence indicates that this downsizing of the vehicle fleet
resulted in a hidden safety cost, namely, travel safety would
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have improved even more had vehicles not been downsized.
Based on the most comprehensive and thorough analyses
currently available, it was estimated in Chapter 2 that there
would have been between 1,300 and 2,600 fewer crash
deaths in 1993 had the average weight and size of the lightduty motor vehicle fleet in that year been like that of the
mid- 1970s. Similarly, it was estimated there would have
heen 13.000 to 26,000 fewer moderate to critical injuries.
These are deaths and injuries that would havc been prevented
in larger, heavier vehicles, given the improvements in vehicle occupant protection and the travel environment that
occurred during the intervening years. In other words, these
deaths and injuries were one of the painful trade-offs that
resulted from downweighting and downsizing and the resultant improved fuel economy.
This section of Chapter 4 addresses the question of how
safety might be affected by future improvements in fuel
economy. The key issue is the extent to which such improvements would involve the kind of vehicle downweighting and
downsizing that occurred in the 1970s and 1980s. In Chapter 3 the committee examined the methods by which the industry can improve fuel economy in the future and identified
many potential improvements in powertrains, aerodynamics, and vehicle accessories that could be used to increase
fuel economy. Earlier in Chapter 4 the committee concluded
that many of these technologies could pay for themselves in
reduced fuel costs during the lifetimes of vehicles. Thus, it is
technically feasible and potentially economical to improve
fuel economy without reducing vehicle weight or size and,
therefore, without significantly affecting the safety of motor
vehicle travel. Two members of the committee believe that
i t may be possible to improve fuel economy without any
implication for safety, even if downweighting is used. Their
dissent forms Appendix A of this report.
The actual strategies chosen by manufacturers to improve
fuel economy will depend on a variety of factors. Even if the
technology included in the cost-efficient fuel economy improvement analyses is adopted, that technology might be
used to provide customers with other vehicle attributes (performance, size, towing capacity) that they may value as much
as or more than fuel economy. While it is clear vehicle
weight reduction is not necessary for increasing fuel
economy, it would be shortsighted to ignore the possibility
that it might be part of the response to increases in CAFE
standards.
In fact, in meetings with members of this committee, automotive manufacturers stated that significant increases in
fuel economy requirements under the current CAFE system
would be met, at least in part, by vehicle weight reduction.
Because many automakers have already emphasized weight
reduction with their current vehicle models, they also stated
that substantial reductions in weight probably could not occur without some reduction in vehicle size. They were referring to exterior dimensions, not to interior space, which is a
high customer priority. However, this type of size reduction

also reduces those portions of the vehicle that provide the
protective crush zones required to effectively manage crash
energy.
When asked about the potential use of lighter materials to
allow weight reduction without safety-related size reductions, the manufacturers acknowledged that they were gaining more experience with new materials but expressed concern about their higher costs. Given that concern, industry
representatives did not expect that they could avoid reducing
vehicle size if substantial reductions in vehicle weight were
made. Thus, based on what the committee was told in direct
response to its questions, significant increases in fuel
economy requirements under the current CAFE system could
be accompanied by reductions in vehicle weight, and at some
level, in vehicle size.
The committee recognizes that automakers' responses
could be biased in this regard, but the extensive downweighting and downsizing that occurred after fuel economy
requirements were established in the 1970s (see Chapter 2 )
suggest that the likelihood of a similar response to further
increases in fuel economy requirements must be considered
seriously. Any reduction in vehicle size and weight would
have safety implications. As explained in Chapter 2, there is
uncertainty in quantifying these implications. In addition,
the societal effects of downsizing and downweighting depend on which segments of the fleet are affected. For example, if future weight reductions occur in only the heaviest
of the light-duty vehicles, that can produce overall improvements in vehicle safety. The following sections of the report
describe the committee's findings on vehicle weight, size,
and safety in greater detail and set forth some general concerns and recommendations with regard to future efforts to
improve the fuel economy of the passenger vehicle fleet.

The Role of Vehicle Mass
The 1992 NRC fuel economy report concluded as follows: "Although the data and analyses are not definitive, the
Committee believes that there is likely to be a safety cost if
downweighting is used to improve fuel economy (all else
being equal)" (NRC, 1992, p. 6). Studies continue to accumulate indicating that mass is a critical factor in the injury
outcomes of motor vehicle crashes (e.g., Evans and Frick,
1992, 1993; Wood, 1997; Evans, 2001). Although there are
arguments that not all increases in vehicle weight benefit
safety, these arguments do not contradict the general finding
that, all other things being equal, more mass is protective.
For example, Joksch et al. (1998) have reported that, when
vehicles of similar size are compared, those that are significantly heavier than the average for their size do not appear to
improve their occupants' protection but do increase the risk
to occupants of other vehicles with which they collide. The
authors note (Joksch et al., 1998, p. ES-2) that this effect
should be interpreted with caution, because it is likely that
overweight vehicles are overweight in part because of more
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powerful (and heavier) engines and performance packages,
which could attract more aggressive drivers. Thus, Joksch et
al. demonstrate that some weight increases can be detrimental to safety, but this finding does not change the basic relationship: among vehicles of equal size and similar driving
exposure, the heavier vehicle would be expected to provide
greater occupant protection.
The protective benefits of mass are clearly understood in
multiple-vehicle crashes, where the physical conservation of
momentum results in the heavier vehicle’s experiencing a
smaller change in momentum, and hence lower occupant
deceleration, than the lighter vehicle. However, mass is also
protective in single-vehicle crashes with objects (such as
trees, poles, or guard rails), because many of these objects
will move or deform in proportion to the mass of the vehicle.
In this case, the change in velocity is not affected, but the
deceleration of the vehicle and its occupants decreases as the
object that is struck deforms or moves. Figures 4-7 and 4-8,
which show fatality rates per million registered vehicles by
vehicle type and vehicle weight, illustrate the protective effects of vehicle mass in single- and multiple-vehicle crashes.
n e heaviest vehicles in each class (cars, S W s , and pickups) have about half as many fatalities per registered vehicle
as the lightest vehicles.’
While the benefits of mass for self-protection are clear,
mass can also impose a safety cost on other road users. In a
collision between two vehicles, increasing the mass of one
of the vehicles will decrease its momentum change (and the
forces on its occupants) but increase the momentum change
of the crash partner. Figure 4-9 shows the increased fatalities
caused in other vehicles per million registered cars, S U V s ,
or pickups as the mass of the “striking” vehicle increases.
Becausz of this tendency to cause more injuries to occupants
of other vehicles, heavier vehicles are sometimes said to be
more “aggressive.” Aggressivity also varies by vehicle type;
SUVs and pickups cause more deaths in other vehicles than
do passenger cars. There are also effects of vehicle type on
the likelihood of injuring pedestrians and other vulnerable
road users, although the effects of mass are much weaker
[here (see Figure 4-10). The smaller effect of mass for the
more vulnerable nonoccupants probably reflects the fact that
mass ratios between, for example, pedestrians and the lightsjt vehicle are already so high that increasing mass of the
‘chicle makes little additional difference in survivability for
[he pedestrian. The differences by vehicle type may reflect
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FIGURE 4-7 Occupant death rates in single-vehicle crashes for
1990-1996 model passenger vehicles by weight of vehicle.
SOURCE: Insurance Institute for Highway Safety, using fatality
data from NHTSA’s Fatality Analysis Reporting System (FARS)
for 1991-1997, acensus of traffic fatalities maintained by NHTSA.
and vehicle registration data from the R.L. Polk Company for the
same years.

the greater propensity of taller vehicles to do more damage
in collisions with nonoccupants.
The net societal safety impact of a change in the average
mass of the light-duty vehicle fleet can be an increase, a
decrease, or no change at all. The outcome depends on how
that change in mass is distributed among the vehicles that
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‘Because mass and size are highly correlated. some of the relationships
lllu\trated in these figures are also attributable to differences in vehicle size.
r n i w e that will be discussed further later in this chapter. These figures
d w \how that mass is not the only vehicle characteristic affecting occupant
wr) nA. as there are substantial differences in occupant fatality risk for
.a\. SL‘\.’\.
and pickups of similar weight. Much of this difference probJ*l! recult\ from the higher ride heights of SUVs and pickups; riding higher
1‘ PrNc.cti\e in multiple-vehicle crashes, because the higher vehicle tends to
xl~m
lower
& vehicles. but increases single-vehicle crash fatalities by rais‘“3 thr. vehicle’s center of gravity and increasing rollover risk.
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FIGURE 4-8 Occupant death rates in two-vehicle crashes for
1990-1996 model passenger vehicles by weight of vehicle.
SOURCE: Insurance Institute for Highway Safety. using fatality
data from NHTSA’s Fatality Analysis Reporting System (FARS)
for 1991-1997,a census of traffic fatalities maintained by NHTSA,
and vehicle registration data from the R.L. Polk Company for the
same years.
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FIGURE 4-9 Occupant death rates in other vehicles in two-vehicle
crashes for 1990-1996 model passenger vehicles. SOURCE: Insurance Institute for Highway Safety, using fatality data from
NHTSA's Fatality Analysis Reporting System (FARS) for 19911997, a census of traffic fatalities maintained by NHTSA, and ve-

hicle registration data from the R.L. Polk Company for the same
years.

make up the vehicle fleet (compare Appendix D of NRC,
1992).
In Chapter 2 the committee reviewed a 1997 study of the
National Highway Traffic Safety Administration (NHTSA)
(Kahane, 1997) that estimated the anticipated effect of a
1 0 - h change in the average weight of the passenger car and
light-truck fleets. These estimates indicated that such a
weight reduction would have different effects on different
crash types. Nevertheless, over all crash types, decreasing
the average weight of passenger cars would be expected to
increase the motor vehicle fatality risk (all else being equalj.
Correspondingly, decreasing the average weight of the
heavier fleet of light trucks might reduce the motor vehicle
crash fatality risk (although the latter result was not statistically significant).
Lund and Chapline (1999) have reported similar findings.
They found that total fatalities in a hypothetical fleet of relatively modem passenger vehicles would be reduced by about
0.26 percent if all pickups and SUVs weighing more than
4,000 Ib were replaced with pickups and SUVs weighing
3,500 to 4,000 lb. However, if the heaviest cars, those weighing more than 3,500 Ib, were replaced by cars weighing between 3,000 and 3,500 Ib, the estimated effect changed to an
increase in total fatalities of 3.8 percent. Although the authors did not consider crashes with nonoccupants such as
pedestrians and bicyclists, whose risk appeared to have no
clear relationship to vehicle mass (see Figure 4-10), the
results confirm Kahane's (1997) finding that the expected

vehicle weight (ib.)

FIGURE 4- 10 Pedestrian/bicyclistmotorcyclist death rates for
1990-1996model passenger vehicles by vehicle weight. SOURCE:
Insurance Institute for Highway Safety, using fatality data from
NHTSA's Fatality Analysis Reporting System (FARS) for 19911997, a census of traffic fatalities maintained by NHTSA, and vehicle registration data from the R.L. Polk Company for the same
years.

societal effect of decreases in vehicle mass, whether in
response to fuel economy requirements or other factors, depends on which part of the vehicle fleet becomes lighter.2
'As noted in Chapter 2, the committee has relied heavily on these NHTSA
analyses in its consideration of the likely effects of future improvements in
fuel economy. Although they have been the subject of controversy, the
committee's own review of the analyses found no compelling reasons to
change the conclusions or alter the estimates of the relationship between
vehicle mass and safety. Statistical and conceptual considerations indicate
that changes are occurring in the pattern of motor vehicle crash fatalities
and injuries. which could affect these estimates in the future, but the stability of relative occupant fatality rates between lighter and heavier vehicles
over the past 20 years does not suggest that the estimates should change
significantly over the time period considered by the committee, essentially
the next 10-15 years (see Chapter 2 ) . As indicated in Chapter 2, this committee believes that further study of the relationship between size, weight.
and safety is warranted. because of uncertainty about the relationship between vehicle weight and safety. However. the majority of the committee
believes that these concerns should not prevent the use of NHTSA's careful
analyses to provide some understanding of the likely effects of future improvements in fuel economy, if those improvements involve vehicle
downsizing. The committee believes this position is consistent with that of
the National Research Council's Transportation Research Board (NRCTRB) committee that reviewed h e draft NHTSA report in 1996, which
concluded "it is important . . . to provide a sense of the range of uncertainty
so that policy makers and researchers can properly interpret the results"
(NRC-TRB, 1996, p. 7). NHTSA's final report has done that, and the use of
NHTSA's results is consistent aith this committee's approach to other uncertainties surrounding efforts to improve fuel economy: that is, to use the
best scientific evidence available to gauge likely effects and to state the
uncertainty associated with those efforts.
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Vehicle Size and Safety
Estimates of the effect of vehicle weight have been confounded with the effects of size because the mass and size of
vehicles are correlated so closely. For example, the 2001
Buick LeSabre, a typical large car, is 200 inches long and 74
inches wide and weighs (unloaded) 3,600 Ib. A 7001 fourdoor Honda Civic, a typical small car for the United States,
has an overall vehicle length of 175 inches, overall width of
67 inches, and a weight of 2,400 Ib (Highway Loss Data
Institute, 2001 j. Thus, some of the negative effect of vehicle
weight constraints on safety that has been attributed to mass
reduction is attributable to size reduction.
Historical changes in the fleet have similarly confounded
mass and size characteristics. While the mass of the passenger car fleet was decreased about 900 pounds between 1975
and 1990, the length of vehicles also declined, with average
wheelbase (the distance between the front and rear axles)
declining more than 9 inches (NRC, 1992). Efforts to disentangle these effects are hampered by the fact that, when vehicles of similar size differ in mass, they usually do so for
reasons that still confound the estimate of mass effects (see,
for example, Joksch et al., 1998; C.J. Kahane, NHTSA, also
spoke of this in his presentation to the committee on February 6, 2001).
Despite this confounding, carefully controlled research
has demonstrated that, given a crash, larger vehicles pro\ide more occupant protection independent of mass. In
crashes between vehicles of similar mass, smaller vehicles
have higher fatality rates than larger ones (Evans and
Frick, 1992; Wood, 1997; Evans, 2001). In addition,
Wood (1997) has argued that much of the apparent prortctive effect of mass in single-vehicle crashes may occur
because of the association of mass with size. Theoretically, increased size of one vehicle can be beneficial to
orher road users as well, to the extent that the increased
S I X translates to more crush space (Ross and Wenzel,
2001; O‘Neill, 1998). By the same token, to the extent
[hut size reductions translate to less cnish space, smaller
4 z e is detrimental to both the vehicle’s own occupants
.ind the occupants of other vehicles.
Theoretically, size can affect crash likelihood as well as
irxhworthiness, independently of mass. For example, reJucrions in size may make a vehicle more maneuverable.
Smaller vehicles may be easier to ‘‘miss’’ in the event of a
pmnrial collision. Drivers of smaller, lower vehicles may
hc k t t t . r able to see and avoid other vulnerable road users
w h as pedestrians and bicyclists. These effects could lead
10 reduced societal risk despite the negative effects of reJuct.d size on occupant protection, given a crash.
The committee found no direct empirical support for this
m h avoidance benefit, but there is some indirect support in
1hc partern of Kahane’s (1997) fatality results. For example,
U u n t . reported a much larger reduction in pedestrian, bicyJI\L
and motorcyclist fatalities associated with a reduction
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in light truck weights than with the same reduction in car
weights. The mass ratios between pedestrians and motor vehicles are so large that the difference between cars and light
trucks cannot be due solely to the change in mass. Rather, it
is possible that some of the difference in reduction is due to
changes in size, and hence visibility of pedestrians, to the
driver. In addition, Kahane’s analyses found no expected
change in car-to-car or truck-to-truck crash fatalities as a
result of vehicle downweighting. That result is contradictory
to other studies indicating that, in the event of a crash, smaller
cars offer less occupant protection (see above). The explanation could be that a smaller vehicle’s increased injury risk
given a crash is offset by a tendency to get into fewer crashes
(by virtue of its easier-to-miss, smaller profile or its potentially superior agility).
The direct evidence that is available contradicts this crash
avoidance hypothesis, however. Overall, there is evidence
that smaller vehicles actually are involved in more collisions
than larger vehicles, relative to their representation in the
population of vehicles. The Highway Loss Data Institute
(HLDI) tracks the collision insurance claims experience of
about 65 percent of the vehicles insured in the United States.
Table 4-4 indicates the incidence of collision claims for
1998-2000 models in 1998-2000, relative to the average
collision claims frequency for all passenger cars. The results
have been standardized to represent similar proportions of
drivers less than 25 years of age. The principal pattern of
these data is that the frequency of collision claims is higher
for smaller vehicles, the opposite of what might be expected
from the simple geometry of the vehicles.
The important theoretical role of vehicle size for crashworthiness led the committee to consider whether some of
the adverse safety effects associated with decreases in mass
could be mitigated if size remained the same. In this context,
it is important to distinguish among different meanings of
the term “vehicle size.” Changes in size of the occupant compartment are generally less relevant to safety (but not irrelevant) than changes in the exterior size of vehicles-the latter affect the size of the so-called crush zones of the vehicle.
It is noteworthy that almost all of the downsizing that
occurred in conjunction with increased fuel economy occurred in this crush zone; the size of the occupant compart-

TABLE 4-4 Relative Collision Claim Frequencies for
1998-2000 Models
Size Class
Mini
Small
Midsize
Large
Very large

Four-Door
Cars

124
I12
99
88
70

suvs

Pickups

-

-

78
76
65
86

SOURCE:Highway Loss Data Institute (2001).
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ments of vehicles has changed little since 1977, when EPA
estimated the interior volume of cars to be 110 cubic feet.
That fell to a low of 104 cubic feet in 1980, but generally
ranged from 108 to 1 10 cubic feet during the 1990s (EPA,
2000). This reflects the critical effect of interior volume on
the utility of passenger cars and hence their marketability.
For the same reason, the committee expects that future size
reduction, if necessary to reduce weight, would again occur
principally outside the occupant compartment, and that intcnor space would be one of the last areas subject to reduction.
What would be the benefits if crush space were retained
in a future lighter-weight fleet? Empirical data do not exist
to answer this question quantitatively, but the committee
would expect a smaller adverse safety effect of vehicle
weight reduction. Still there would be some loss of occupant protection, because lighter vehicles decelerate more
rapidly in crashes with other vehicles or with deformable
fixed objects. Effective crush space would therefore have
to increase with reductions in mass in order to keep injury
risk the same. Thus, if manufacturers try to maintain current levels of occupant protection as they downweight, they
would have to use some of the weight savings from alternative materials and structures to provide additional crush
space.
In addition, it must be noted that not all the effects of
maintaining size will necessarily be beneficial. Some of the
increased risk of injury to occupants associated with vehicle
downweighting was offset by reduced injury risk to vulnerable road users (Kahane, 1997). Those offsetting benefits
may occur as a result of changes in certain size characteristics that are typically associated with weight reduction. For
example, a change in the height and size of vehicle front
ends may be the critical factor in the estimated benefits to
pedestrians of reductions in the weight of light trucks. Thus,
if size is maintained, it may reduce the benefits of lighterweight vehicles for pedestrians and cyclists.
In sum, the committee believes that it will be important to
maintain vehicle crush space if vehicles are downweighted
in the future, but it is unable to develop quantitative estimates of the extent to which such efforts can reduce the estimated effects of vehicle downweighting.

Effect of Downweighting by Vehicle and Crash Type
To examine the impact of vehicle weight reduction on the
future safety environment, the majority of the committee
considered how weight reduction might influence various
crash types. This section of the report discusses how the committee expects vehicle weight reduction to operate in various
kinds of multivehicle and single-vehicle crashes.

Multiple-Vehicle Crashes
Multiple-vehicle crashes account for slightly more than
half of occupant fatalities. They include crashes between cars

and light trucks, crashes between either cars or light trucks
and heavy trucks, and crashes of cars with cars and light
trucks with light trucks. The effect on safety of downweighting and downsizing of the light-duty fleet varies
among these multiple-vehicle crash types:

Collisions Between Cars and Light Trucks Uniform downweighting of the fleet, that is, reducing weight from all
classes of vehicles, might be expected to produce an increase
in traffic casualties. However, if the downweighting is
restricted to the heaviest pickup trucks and S W s , with no
weight reduction in the smaller light trucks or passenger cars,
casualties could decrease. Thus, for these crashes, any
change in casualties is very sensitive to how downsizing is
distributed. This is a consistent finding in the safety literature and is confirmed by the 1997 NHTSA analysis.
Collisions Between Light-Duty Vehicles and Heavy
Trucks If there is downsizing in any light-duty vehicles with
no corresponding change in heavy trucks, the number of casualties would increase. This finding is reflected in the 1997
NHTSA analyses and throughout the safety literature.
Collisions of Cars with Cars or Trucks with Trucks In
collisions of like vehicles of similar weight, a reduction in
both vehicle weight and size is expected to produce a small
increase in casualties. In fact, one consistent finding in the
safety literature is that as average vehicle weight declines,
crash risks increase (see Evans [2001], for example). The
laws of momentum do not explain this typical finding, but
analysts typically attribute it to the fact that as vehicle weight
declines, so does vehicle size. Narrowly defined studies focusing on pure crashworthiness consistently show this increase. However, the 1997 NHTSA analysis, which examined the entire traffic environment, predicted a small
(statistically insignificant) decrease in fatalities. It has been
hypothesized that this inconsistency might be explained by
the greater maneuverability of smaller vehicles and, hence,
their involvement in fewer crashes. Studies have not found
this to be the case, but it is very difficult to fully normalize
data to account for the very complex traffic environment. In
this instance, the committee is unable to explain why the
1997 NHTSA analysis does not produce results consistent
with those in the safety literature. The rest of NHTSA's findings regarding muhivehicle crash types are consistent with
the literature.
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Single- Vehicle Crashes
Single-vehicle crashes account for almost half of lightduty vehicle occupant fatalities. As with multiple-vehicle
crashes, the safety literature indicates that as vehicle weight
and vehicle size decline, crash risks increase. The committee
examined three types of single-vehicle crashes: rollovers,
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crashes into fixed objects, and crashes with pedestrians and
bicyclists.

Rollovers Historically, a large part of the increase in casualties associated with vehicle downsizing has been attributable to rollovers. As vehicles get shorter and narrower they
become less stable and their rollover propensity increases. If
the length and width of the vehicle can be retained as weight
is removed, the effect of weight reduction on rollover propensity can be reduced. However, unless track width widens, the vehicle’s rollover propensity in actual use would
still increase somewhat, because occupants and cargo are
typically located above the vehicle’s center of gravity (CG),
mising the vehicle’s CG-height in use.
One Ford safety engineer noted in discussions with the
committee that the application of crash avoidance technology (generically known as electronic stability control) that is
being introduced on some new vehicles might significantly
reduce vehicle rollovers. It is unknown at this time how effective this technology will be. In this regard, it is worthwhile noting the experience with other technology aimed at
reducing crash likelihood.
Antilock brakes were introduced on vehicles after extensive testing indicated they unequivocally improved vehicle
handling in emergency situations. In fact, antilock brakes
were cited in the 1992 NRC report as a new technology that
might offset the negative effects of vehicle mass reductions
caused by increased fuel economy requirements (NRC, 1992,
p. 59). However, experience with antilock brakes on the road
has been disappointing. To date, there is no evidence that
antilock brakes have affected overall crash rates at all; the
principal effect has been to change the pattern of crashes
(Farmer et al., 1997; Farmer, 2001; Hertz et al., 1998). Most
tellingly, the initial experience suggested that antilock brakes
actually increased fatal, single-vehicle, run-off-the-road
crashes and rollovers (Farmer et al., 1997), the very crashes
(hat the NRC committee thought antilock brakes might bencfit. Recent research suggests that this increase in fatal,
.ingle-vehicle crashes associated with antilocks may be diminishing (Farmer, 2001), but still the evidence does not
p r m i t a conclusion that antilocks are reducing crash risk.
Thus while it is conceivable that new technology might
rcduce or eliminate the risk of rollovers, at this time the commlrtoe is not willing to change its expectations based on this
LY entuality.
Fixed-Object Collisions Fixed-object collisions occur with
both rigid. unyielding objects and yielding objects that can
break or deform. For crashes into rigid objects, larger vehlile\ will, on average, permit longer, lower decelerations,
.Ilrhwgh this will be influenced by the stiffness of the vehl& In crashes with yielding, deformable objects, as a
\Chick’s weight is reduced, the struck object’s deformation
I’ reduced. increasing the deceleration in the striking vehicle.

Thus lighter vehicles, with or without size reductions, would
be expected to increase occupant fatality risk.
Studies by Evans (1994), Klein et al. (1991j, and Partyka
and Boehly (1989) all confirm that there is an inverse relationship between occupant safety and vehicle weight in these
crashes. Klein et al. found that there was a 10 percent increase in fatality risk associated with a 1.000-lb reduction in
vehicle weight in single-vehicle, nonrollover crashes. Similarly, NHTSA’s 1997 analysis estimated that there is a
slightly greater than 1 percent increase in fatality risk associated with a 100-lb reduction in vehicle weight in these
crashes.’

Collisions with Pedestrians, Bicyclists, and Motorcyclists
If vehicles are downsized, they may be less likely to strike a
pedestrian, bicyclist, or motorcyclist. Further, should a collision occur, the reduced mass could lead to a reduction in
casualties, although, given the mismatch in the mass between
the vehicle and the unprotected road user, any benefit would
not be expected to be very large.

Safety Impacts of Possible Future Fuel
Economy Scenarios
The foregoing discussion provides the majority of the
committee’s general views on how vehicle weight and size
reductions, if they occur in response to demands for increased fuel economy, could affect the safety of motor vehicle travel. The committee evaluated the likely safety effects of a number of possible scenarios involving different
amounts of downweighting of the future fleet, using the results of the NHTSA analyses (Kahane, 1997) for quantitative guidance. Two of these possible scenarios are presented
below. They are not intended to reflect the committee’s recommendations, but they do reflect two possibilities that can
be instructive in evaluating future fuel economy requirements. The first scenario examines the safety consequences
that would be expected if manufacturers achieved a 10 percent improvement in fuel economy using the same pattem of

31n an attempt to gain more insight into single-vehicle crashes, Partyka
(1995)examined field data on single-vehicle. nonrollover crashes into yielding fixed objects. Her goal was to learn if there was a relationship between
vehicle weight and crash outcomes. However, in this study. rather than
examining occupant injury as the crash outcome of interest, crash outcomes
were defined as whether the yielding object was damaged in the crash. For
frontal crashes she found that damage to the yielding fixed object was more
likely to occur in crashes with heavier vehicles. However, there was no
consistent relationship between vehicle weight and damage to the yielding
object in side crashes. The author was not able to consider crash seventy as
a possible explanation for this anomaly since NHTSA’s national accident
sampling system (NASS) did not provide estimates of crash seventy for any
of the events where the yielding object was damaged. Further, the author
did not aggregate the data to reach an overall conclusion regarding the relationship between vehicle weight and damage to yielding fixed objects b e
cause she was uncomfortable with the results of the side impact analysis
and questioned its reliability (personal communication from the author).
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downweighting and downsizing that occurred in the late
1970s and 1980s. As discussed above, it is uncertain to what
extent downweighting and downsizing will be part of manufacturers’ strategies for improving fuel economy in the future, but one guide to their behavior can be to look at what
they did in the past.
The second scenario is based on the minimal weight
change predictions associated with the committee’s cost-efficient analysis of future technology, discussed earlier in this
chapter. Thus, this analysis projects the safety consequences
if manufacturers apply likely powertrain technology primarily to improve vehicle fuel economy.
In both scenarios, the hypothetical weight reductions are
based on the MY 2OOO light-duty vehicle fleet (the average
car weighed 3,386 Ib and the average light truck, 4,432 Ib).
The estimated effects of the weight reductions are applied to
the 1993 vehicle fleet, the reference year for the NHTSA
analyses (Kahane, 1997). Obviously the results in these scenarios cannot be, nor are they intended to be. precise projections. NHTSA’s analysis was based on the characteristics of
1985-1993 vehicles and was applied to the 1993 fleet. Further, even if manufacturers dropped the average weight of
the vehicles described in the two scenarios starting in 2002,
it would take many years before those changes had any significant influence on the overall makeup of the future vehicle fleet. And that fleet would be operating in an environment that will differ from the environment that was the basis
for the 1997 NHTSA analysis.
Nevertheless, the committee’s majority believes that the
caIculations below provide some insight into the safety impacts that might occur if manufacturers reduce weight in response to increased fuel economy standards, as described
below.

Historical Pattern Scenario
Between 1975 and 1984, the average weight of a new car
dropped from 3,057 to 3,095 Ibs (24 percent). For light
trucks, weight declined from 4,072 to 3,782, or 290 Ib
( 7 percent). These mass reductions suggest a 17 percent improvement in fuel economy for cars and a 5 percent improvement for light trucks.l During those years, the fuel economy
of cars and light trucks actually improved by about 66 percent (from 15.8 mpg to 26.3 mpg) and SO percent (from 13.7
mpg to 20.5 mpg), respectively. In other words, vehicle
downsizing accounted for about 25 percent of the improvement in fuel economy of cars and 10 percent of the improvement of light trucks between 1975 and 1984.
A similar pattern in achieving a 10 percent improvement
in fuel economy today would imply a 3.6 percent weight
reduction for cars ( I12 Ib for 2000 models) and a 1.4 percent

‘Based on an assumed 7 percent improvement in fuel economy for each

IO percent reduction in weight.

weight reduction for light trucks (63 Ib for 2000 models).
Had this weight reduction been imposed on the fleet in 1993,
i t would have been expected to increase fatalities involving
cars about 370 (*I IO) and to decrease fatalities involving
light trucks by about 25 (k40). The net effect in 1993 for a
10 percent improvement in fuel economy with this mix of
downsizing and increased fuel efficiency would have been
about 350 additional fatalities (95 percent confidence interval of 229 to -157).

Cost-Efficient Scenario
Earlier in this chapter (under “Analysis of Cost-Efficient
Fuel Economy”), cost-efficient fuel economy increases of
I 2 to 27 percent for cars and 25 to 42 percent for light trucks
were estimated to be possible without any loss of current
performance characteristics. In the cost-efficient analysis,
most vehicle groups actually gain approximately 5 percent
in weight to account for equipment needed to satisfy future
safety standards. Thus, for these vehicle groups. cost-efficient fuel economy increases occur without degradation of
safety. In fact, they should provide enhanced levels of occupant protection because of both the increased level of safety
technology and the increased weight of that technology.
For three groups of vehicles (large cars, midsize SUVs.
and large SUVs), under the cost-efficient scenario, it is projected that manufacturers would probably compensate for
the added weight attributable to safety technology with
weight reductions in other areas. These weight reductions
mean that occupants of these vehicles are somewhat less protected in crashes than they otherwise would have been
(though they still benefit from the added safety technology).
Estimating the potential effect of this limited downsizing
is complicated because the estimates of the safety effect of
100-Ib changes in average vehicle weight developed by
NHTSA cannot be applied directly to changes in specific
vehicle groups. However, NHTSA’s report included sensitivity analyses that estimated the effect of weight reductions
restricted to the heaviest 20 percent of cars (those heavier
than 3,262 Ib) and to the heaviest 20 percent of light trucks
(those heavier than 3,909 Ibj (Kahane, 1997, pp. 165-172).
Specifically, NHTSA estimated that a 500-lb reduction in
these vehicle groups in 1993 would have resulted in about
250 additional fatalities in car crashes and about 65 fewer
fatalities in light-duty truck crashes.
If it is assumed that cars greater than 3,262 Ib correspond
roughly to “large cars’’ as referred to in the committee’s costefficient fuel economy analysis outlined earlier in this chapter, then the 5 percent weight reduction, had it occurred in
1993, would have been about 160 to 180 Ib, or only about
one-third of the reduction of the NHTSA analysis. Thus, it is
estimated that reducing the weight of large cars in the way
foreseen in the cost-effective fuel economy analyses would
have produced about 80 additional fatalities in car crashes in
1993.
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Similarly, if midsize and large S U V s are assumed to be in
the heaviest 20 percent of light-duty trucks and if such vehicles account for as much as half the light-duty truck population in the near future, then about half the light-duty truck fleet
will be 5 percent lighter (about 200 Ib). This weight reduction
is about 40 percent of the reduction studied by NHTSA and
would have saved IS lives had it occurred in 1993.
Adding these effects yields an estimated increase of 80
car crash fatalities minus IS fewer truck crash fatalities, or
about 65 additional fatalities.
NHTSA's sensitivity analysis did not include standard
errors for the weight reductions in the heaviest vehicles, but
in this case they would clearly be large enough that reasonable confidence bounds for this estimate would include zero.
Thus, an increase in fatality risk in the future fleet is predicted from the kinds of weight reductions included in the
cost-efficient fuel economy scenario identified by the committee, but the uncertainty of this estimate is such that the
effect might be zero and would be expected to result in fewer
than 100 additional fatalities.
In addition, it should be noted that these results do not
imply that the actual safety effect would be as small as this
if the required fuel economy rises to the targets indicated in
the cost-efficient analyses. This is because manufacturers
could choose to use advances in drive train technology for
other vehicle attributes such as acceleration or load capaci1y. In that case, additional vehicle downweighting might
nccur, and the adverse safety consequences would grow.
Thus, the actual safety implications of increasing fuel
cconomy to the cost-efficient levels specified earlier in this
chapter will depend on what strategies manufacturers actually choose in order to meet them and the structure of the
regulatory framework.

Conclusion: Safety Implications of Increased CAFE
Requirements
In summary, the majority of the committee finds that the
Jcwnsizing and weight reduction that occurred in the late
1970s and early 1980s most likely produced between 1,300
~ i i d2.600 crash fatalities and between 13,000 and 26,000
wious injuries in 1993. The proportion of these casualties
.ilrrihutable to CAFE standards is uncertain. It is not clear
khat significant weight reduction can be achieved in the fuIurc without some downsizing, and similar downsizing
cluld be expected to produce similar results. Even if weight
rduction occurred without any downsizing, casualties would
hc c.ipected to increase. Thus, any increase in CAFE as currcllliy 5tructured could produce additional road casualties,
[ I n k s \ it is specifically targeted at the largest, heaviest light
'nicki.

For fuel economy regulations not to have an adverse imp.*~[on safety. they must be implemented using more fuel-'llic.lc.nt technology. Current CAFE requirements are new
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tral with regard to whether fuel economy is improved by
increasing efficiency or by decreasing vehicle height. One
way to reduce the adverse impact on safety would be to establish fuel economy requirements as a function of vehicle
attributes, particularly vehicle weight (see Chapter 5j . Another strategy might be to limit horsepower-to-weight ratios,
which could save fuel by encouraging the application of new
fuel efficiency technology for fuel economy rathcr than
performance.
The committee would also like to note that there is a remarkable absence of information and discussion of the speed
limit in the context of fuel consumption. The national 55mph speed limit that was in effect until 1987 is estimated to
have reduced fuel consumption by 1 to 2 percent while simultaneously preventing 2,000 to 4,000 motor vehicle crash
deaths annually (NRC, 1984). Relaxation of the speed limit
has increased fatalities in motor vehicle crashes (Baum et
al., 1991; Farmer et al., 1999). and fuel consumption prcsumably is again higher than it would have been. In addition,
it is reasonable to expect that higher speed limits, combined
with higher fuel efficiency, provide incentives for driving
further and faster, thereby offsetting intended increases in
fuel economy, though this hypothesis is speculative on the
part of the committee.
But the committee wants to close where i t started, by considering the effect of future advances in safety technology
on CAFE. Despite the adverse safety effects expected if
downweighting occurs, the effects are likely LObe hidden by
the generally increasing safety of the light-duty vehicle fleet.
This increase in safety is driven by new safety regulations.
testing programs that give consumers information about the
relative crash protection offered by different vehicles, and
better understanding of the ways in which people are injured
in motor vehicle crashes. Alcohol-impaired driving has been
decreasing and seat belt usage has been increasing. Roads
are becoming less hazardous for vehicles.
Some might argue that this improving safety picture
means that there is room to improve fuel economy without
adverse safety consequences. However, such a measure
would not achieve the goal of avoiding the adverse safety
consequences of fuel economy increases. Rather, the safety
penalty imposed by increased fuel economy (if weight reduction is one of the measures) will be more difficult to identify in light of the continuing improvement in traffic safety.
Just because these anticipated safety innovations will improve the safety of vehicles of all sizes does not mean that
downsizing to achieve fuel economy improvements will have
no safety costs.
If an increase in fuel economy is effected by a system that
encourages either downweighting or the production and sale
of more small cars, some additional traffic fatalities would
be expected. Without a thoughtful restructuring of the program, that would be the trade-off that must be made if CAFE
standards are increased by any significant amount.

_ _- - -
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Attachment 4A
Life-Cycle Analysis of Automobile Technologies

Assessments of new automobile technologies that have
[he potential to function with higher fuel economies and
lower emissions of greenhouse gases (GHGs) have been
made by the Energy Laboratory at the Massachusetts Insti[Ute of Technology (MIT) (Weiss et al., 2000) and by the
General Motors Corporation (GM), Argonne National Laboratory, BP, ExxonMobil, and Shell (General Motors et al.,
'@)1, draft). Both studies compared fuels and engines on a
total systems basis, that is, on a well-to-wheels (WTW) baris. These assessments provide an indication of areas of
promising vehicle and fuel technology and benchmarks for
likely increases in fuel economy and reduction of GHG emis\ions from the light-duty fleet over the next two decades.
This attachment provides additional information on the
cmcrging technologies and GHG emissions described in
ChJpters 3 and 1.
XIIT's analysis was confined to midsize cars with conrumcr characteristics comparable to a 1996 reference car
u h as the Toyota Camry. It was assumed that, aided by the
introduction of low-sulfur fuels, all technologies would be
.hie to reduce emissions of air pollutants to levels at or bel
t federal
~
Tier 2 requirements. Only those fuel and vehicle
kchnologies that could be developed and commercialized

by 2020 in economically significant quantities were evaluated. General Motors et al. (2001) focused on the energy use
of advanced conventional and unconventional power-train
systems that could be expected to be implemented in the
2005 to 2010 time frame in a Chevrolet Silverado full-size
pickup truck. The technologies were assessed on the basis of
their potential for improving fuel economy while maintaining the vehicle performance demanded by North American
consumers. Vehicle architectures and fuels analyzed in both
studies are listed in Table 4A- 1.
In the MIT study, the vehicle lifetimes and driving distances were assumed to be similar for all vehicles. The more
advanced technologies were compared to an "evolved
baseline" vehicle-a midsize passenger car comparable in
consumer characteristics to the 1996 reference car, in which
fuel consumption and GHG emissions had been reduced by
about a third by 2020 through continuing evolutionary improvements in the traditional technologies currently being
used. Figure 4A-1 summarizes energy use, GHG emissions,
and costs for all the new 2020 technologies relative to the
1996 reference car and the evolved 2020 baseline car. (The
battery-electric car shown is an exception in that it is not
"comparable" to the other vehicles; its range is about one-

T IBLE JA- 1 Vehicle Architecture and Fuels Used in the MIT and General Motors et a]. Studies
\lIT

1

et d , ?ooO)

General Motors et a1 ( 2 0 1 J
Conventional ( C O W ) with spark ignition (SI) gasoline engine (bmeline) [GASO SI C O W ]
CONV with SI E85 (85% ethanol and 15% gasoline by volume) engine [HE85 SI CONV]
CONV with compression-ignition direcl-injection (CIDI) diesel engine [DIESEL CIDI CONV]
Charge-sustaining (CS) parallel hybrid electric vehicle (HEV) with SI E85 engine [HE 55 SI HEV]
CS HEV with CIDI diesel [DIESEL CIDI HEV]
Gasoline fuel processor (FP) fuel cell vehicle (FCV) [GASO FP FC FCV]
Gasoline (naphtha) FP fuel cell (FC) HEV [NAP FP FC HEV]
Gaseous hydrogen (GH,) refueling station (RS) FC HEV [GH, RS FC HEV]
Methanol (MeOH) FP FCV [MEOH FP HE\I
Ethanol FP FC HEV [HEV 100 FP FC HE\I
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FIGURE 4A- 1 Life-cycle comparisons of technologies for midsize passenger vehicles. NOTE: All cars are 2020 technology except for the
1996 reference car. On the scale, 100 = 2020 evolutionary baseline gasoline ICE car. Bars show estimated uncertainties. SOURCE: Weiss
et al. (2000).
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third less than that of the other vehicles.) The bars suggest
the range of uncertainty surrounding the results. The uncertainty is estimated to be about +30 percent for fuel-cell and
battery vehicles, +20 percent for hybrid electric vehicles
(HEVs) using internal combustion engines (ICE), and + I O
percent for all other vehicle technologies.
MIT concludes that continued evolution of the traditional gasoline car technology could result in 2020 vehicles
that reduce energy consumption and GHG emissions by
about one-third relative to comparable vehicles of today at
a cost increment of roughly 5 percent. More advanced technologies for propulsion systems and other vehicle components could yield additional reductions in life-cycle GHG
emissions (up to 50 percent lower than those of the evolved
baseline vehicle) at increased purchase and use costs (up to
about 20 percent greater than those of the evolved baseline
vehicle). Vehicles with HEV propulsion systems using either ICE or fuel-cell power plants are the most efficient and
lowest-emitting technologies assessed. In general, ICE
HEVs appear to have advantages over fuel-cell HEVs with
respect to life-cycle GHG emissions, energy efficiency, and
vehicle costs, but the differences are within the uncertainties of MIT’s results and depend on the source of fuel energy. If automobile systems with drastically lower GHG
emitsions are required in the very long run future (perhaps
in 30 to 50 years or more), hydrogen and electrical energy
are the only identified options for “fuels,“ but only if both
are produced from nonfossil sources of primary energy

(such as nuclear or solar) or from fossil primary energy
with carbon sequestration.
The results from the General Motors et al. study (2001)
are shown in Figures 4A-2 and JA-3. The diesel compression-ignition direct-injection (CIDIjNEV, gasoline and
naphtha fuel-processor fuel-cell HEVs, as well as the two
hydrogen fuel-cell HEVs (represented only by the gaseous
hydrogen refueling station and fuel-cell HEV in Figure 4A2 ) are the least energy-consuming pathways. All of the crudeoil-based selected pathways have well-to-tank (WTT) energy loss shares of roughly 25 percent or less. A significant
fraction of the WTT energy use of ethanol is renewable. The
ethanol-fueled vehicles yield the lowest GHG emissions per
mile. The CIDI HEV offers a significant reduction of GHG
emissions (27 percent) relative to the conventional gasoline
spark-ignitied (SI) vehicle.
Considering both total energy use and GHG emissions,
the key findings by General Motors et al. (2001) are these:

.

Of all the crude oil and natural gas pathways studied,
the diesel CIDI hybrid electric vehicle (HEV), the
gasoline and naphtha HEVs, and the gaseous hydrogen fuel-cell HEVs were nearly identical and best in
terms of total system energy use. Of these technologies, GHG emissions were expected to be lowest for
the gaseous hydrogen fuel-cell HEV and highest for
the diesel CIDI HEV.
The gasoline-spark-ignited HEV and the diesel CIDI
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HEV, as well as the conventional CIDI diesel, offer
significant total system energy use and GHG emission
benefits compared with the conventional gasoline
engine.
The methanol fuel-processor fuel-cell HEV offers no
significant energy use or emissions reduction advantages over the crude-oil-based or other natural-gasbased fuel cell HEV pathways.
Bioethanol-based fueVvehicle pathways have by far
the lowest GHG emissions of the pathways studied.
Major technology breakthroughs are required for both
the fuel and the vehicle for the ethanol fuel-processor
fuel-cell HEV pathway to reach commercialization.
On a total system basis, the energy use and GHG emissions of compressed natural gas and gasoline sparkignited conventional pathways are nearly identical.
(The compressed natural gas [CNG] pathway is not
shown in Figures 4A-2 or 4A-3).
The crude-oil-based diesel vehicle pathways offer
slightly lower system GHG emissions and considerably better total system energy use than the natural-

gas-based Fischer-Tropsch diesel fuel pathways. Criteria pollutants were not considered.
Liquid hydrogen produced in central plants, FischerTropsch naphtha, and electrolysis-based hydrogen
fuel-cell HEVs have slightly higher total system energy use and the same or higher levels of GHG emissions than gasoline and crude naphtha fuel-processor
fuel-cell HEVs and electrolytically generated hydrogen fuel-cell HEVs.
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Potential Modifications of and Alternatives to CAFE

1

WHY GOVERNMENTAL INTERVENTION?

Exporting- Countries’ (OPEC’sj market power: greater U.S.
oil consumption could further increase the import price. In
addition, intemational oil market disruptions could lead to
economic losses in the United States. The greater the consumption of petroleum products, the more vulnerable the
United States-is to such disruptions.
These factors together imply that there are costs of increasing gasoline use in addition to those seen by the individual consumer. These additional costs are referred to collectively as externalities (external costs).
Since the rationale for fuel-use-reducing market interventions is the existence of external costs, the magnitude of these
external costs determines the appropriate scale, or strength,
of the interventions. Economic efficiency requires that consumers face the full social cost (including the external cost)
associated with gasoline use, or be induced to act as if they
faced those full costs. Therefore, quantification of these external costs is important for policy analysis. A later section
discusses this quantification.

Why should the government intervene in the fuel economy decisions of consumers and manufacturers? This section discusses the underlying rationales.

Environmental and International Oil Market Impacts
Fuel economy decisions can be distorted if the market
price of gasoline-the price that motivates decisions-fails
to take account of the environmental impacts of gasoline use,
the impacts of oil consumption on world oil prices, or the
impacts of oil consumption on vulnerability to oil market
disruptions. And, absent intervention, the resulting distortions would result in a fleet of new vehicles with fuel
economy lower than what is optimal for the United States as
a whole. Appropriately designed and scaled interventions
can successfully mitigate these distortions and thereby enhance overall welfare. This chapter examines the appropriate scale of interventions and explores alternative policy inmuments that could reasonably be expected to enhance
overall welfare.
The primary environmental issue is the emissions of carbon dioxide (CO,), a normal combustion product of hydrocarbons, and the resultant impacts of atmospheric accumula[ions of CO, on global climate change.’ The amount of CO,
released from driving is directly proportional to the amount
of gasolinz consumed. There is also an environmental cost
associated with releases of hydrocarbons and toxic chemicals from the gasoline supply chain.
The second issue is the impact of increased oil consumplion on the world oil market and on oil market vulnerability.
The price of oil imported into the United States exceeds the
competitive level because of the Organization of Petroleum

Unresolved Issues of Governmental Intervention
Some analysts argue that, even in the absence of any environmental and international oil market impacts, the United
States should intervene in automobile markets to require
higher fuel economy than would be chosen by manufacturers and consumers absent market intervention. These analysts argue that there are reasons to believe that the market
choices for fuel economy are not efficient, even absent these
The net value of major increases in fuel economy is, at
most, some hundreds of dollars to new car buyers even if

IAn intermediate position. held by at least one committee member, is
that there should be no intervention absent environmental and international
oil market impacts, but that when one combines environmental externalities
and oil market problems with the imperfections in the markets for fuel
economy, the case for action becomes strong.

IV

h c l e s also emit criteria pollutants, but these pollutants are regulated
‘In wms-per-mile basis. with allowsable emissions not dependent on auto“’t1’C
fuel economy. Therefore, varying the fuel economy of new vehicles
I’ unilkcb to cause significant variations in emissions of criteria pollutants.
J
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fuel savings over the entire life of the vehicle are considered.
This is because the net value is the difference between the
discounted present value of fuel savings and the cost to the
consumers of added technologies to achieve these savings.
But if buyers consider the fuel costs only over the first few
years they intend to own the vehicle, the perceived net value
from these costly changes could be very low-even negative-and consumers might prefer to not pay for such
changes.
In order to implement significant fuel economy increases,
manufacturers must completely redesign all the vehicles they
make. Manufacturers would decide whether to make very
expensive and risky investment decisions, in the expectation
of a small, uncertain advantage. According to this view, there
is a lot of inertia in the market choices determining fuel
economy, and one cannot be sure that manufacturers and
consumers would ever arrive at the optimal fuel economy
level.
In addition, although there is good information available
to consumers on the fuel economy of new vehicles, the information is not perfect. And, since consumers do not know
what the future price of fuel will be, they may underestimate
or overestimate future fuel costs. Consumers typically do
not actually compute the discounted present value of fuel
savings before buying a car. Most importantly, there is no
pure “price” of higher fuel economy facing car buyers; instead, they must infer how much greater fuel economy will
cost by comparing different vehicles. Thus, these consumers
may buy vehicles with fuel economy that is higher or lower
than what they would have chosen had perfect information
been available.
Finally, from this point of view, although automobile
companies compete intensely with each other, the automobile market is not perfectly competitive-in fact, it is more
adequately described as oligopolistic. In oligopolistic markets, companies may choose levels of fuel economy that are
higher or lower than they would have chosen if the markets
were perfectly competitive. For all of these reasons, this
viewpoint maintains that there is no guarantee that markets
will achieve economically optimal levels of fuel economy;
rather, the levels could be either too high or too low.
Committee members differ in their beliefs about the quantitative importance of these issues and whether they justify
government intervention to regulate fuel economy.
Those supporting the viewpoint described here suggest
that because automobile manufacturers might systematically
produce vehicles with lower-than-optimal fuel economy, the
government should intervene in the markets and should require manufacturers to increase fuel economy to some “correct” level. This viewpoint requires calculation, external to
the automobile manufacturers, of the correct level, at least
for each type of vehicle. That correct level of fuel economy
might be taken to be the cost-efficient level-that is, the level
at which the estimated cost of additional fuel economy improvements would be just equal to the estimated discounted

present value of additional fuel cost savings over the entire
life of the vehicle, using some estimate of future gacoline
prices and some specified discount rate for future fuel cost
savings. These fuel economy levels might correspond to the
14-year case described in Chapter 4, if all assumptions underlying that calculation turned out to be accurate.
Those rejecting the viewpoint argue that it is in the interests of automobile manufacturers to estimate the preferences
of their customers and others they wish to attract as their
customers. Therefore, manufacturers provide levels of fuel
economy that, in their estimation, best reflect the trade-offs
potential customers would make themselves.
But manufacturers realize, too, that vehicle buyers differ
greatly from one another, including in the trade-offs they are
willing to make between vehicle purchase price and fuel
economy. Accordingly, the various manufacturers offer different makes and models for sale, with a range of fuel economies. Potential customers are free to choose vehicles that
correspond to their particular preferences. Some will wish to
purchase vehicles with fuel economy corresponding to the
14-year case. Others value vehicle purchase price and may
prefer vehicles that use more gasoline but are less expensive.
For them, the best choice might be a vehicle with fuel
economy corresponding to the 3-year case from Chapter 4.
From this perspective, if the government requires fuel
economy to correspond to the 14-year case, then those people
who prefer to purchase vehicles corresponding to the 3-year
case would be harmed. They would have to pay more money
to purchase a vehicle. Although they would subsequently
spend less on gasoline, the gasoline savings would not be
sufficient to compensate them for the increased vehicle purchase price. Conversely, if the government were to require
fuel economy to correspond to the 3-year case, then those
who would prefer to purchase vehicles corresponding to the
14-year case would be harmed. Although they would save
money on new vehicle purchases, the savings would not be
sufficient to compensate them for the additional price they
would pay for gasoline over the life of the vehicle. This perspective notes that absent government intervention, each
type of consumer can be satisfied because the competing
manufacturers will offer a range of options from which consumers can select. If fuel economy is regulated, the range of
consumer choice may be sharply diminished, and some
people will be harmed.
This debate has not been resolved within the committee,
nor within the community of policy analysts. However, as is
clear from Tables 4-2 and 4-3 in Chapter 4,the difference
between the cost-efficient fuel economies of vehicles in the
14-year case and the 3-year case is large. Thus, if most consumers had preferences corresponding to the 3-year case, yet
fuel economy standards were set to correspond to the 14year case, most consumers would be made economically
worse off by such governmental regulation. Conversely, if
most consumers had preferences corresponding to the 14year case, yet automobile manufacturers offered only ve-
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hicles corresponding to the 3-year case, most consumers
would be made economically worse off by the government’s
failure to intervene to increase fuel economy.

Other Issues Not Considered
I

I

!

The committee has explicitly not relied on rationales other
than environmental and international oil market impacts. It
is sometimes asserted that increases in fuel economy would
reduce tailpipe emissions of criteria pollutants such as NO,
or volatile organic compounds. But these criteria pollutants
are regulated independent of fuel economy, so that each vehicle, when new, must have emissions below a federally
mandated (or a tighter state-mandated) number of grams per
mile. Since allowable grams per mile can be expected to
remain the binding constraint and since allowable grams per
mile does not depend on fuel economy, criteria pollutants
do not provide a rationale for intervening to increase fuel
economy. However, some research suggests that once the
control systems of vehicles deteriorate, there is a relationship between fuel economy and emissions. And some particularly high-fuel-economy vehicles now operate well below the grams-per-mile standards, although this is less likely
to occur with higher fuel economy standards andor with
tightened standards for criteria pollutant emissions. The
trend toward increasing the required warranty times for pollution control systems is likely to render this phenomenon
moot for the purpose of evaluating fuel economy standards.
Second, some critics believe manufacturers overestimate
costs, that it would cost little to improve fuel economy, and
that there could even be manufacturing cost savings associated with such improvements. The cost estimates presented
by the committee in Chapter 3 are, as might be expected,
lower than some from industry. Overall, however, the committee concludes that improving fuel economy significantly
will raise the price of vehicles significantly.
Third, some critics believe that consumers who care more
about performance characteristics, such as acceleration, than
about fuel economy are irrational. But this represents a difference in tastes-the consumers and the critics value different things-not a difference in rationality.
Finally, other industry observers have estimated external
costs of driving in addition to the costs identified above, such
as the costs of road congestion and policing. However, such
costs will be unaffected by fuel economy and therefore do
not provide a reason for market intervention to improve fuel
economy.

Quantifying Environmental and International
Oil Market Costs
One product of the combustion of hydrocarbon fuels such
as gasoline or diesel in internal combustion engines is CO,.
Scientific discussions of greenhouse gases typically refer to
CO, emissions in terms of the weight of the carbon (C) con-
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tained in the CO,, and it is this terminology that the committee uses in this report. The combustion of each gallon of
gasoline releases 8.9 kg of CO,, or 2.42 kg of C in the form
of C 0 2 . 3The environmental and economic consequences of
these releases are not included in the price of gasoline and
are part of the environmental externalities of gasoline use.
To quantify the environmental externalities associated
with such CO, releases, in principle one could directly measure the various consequences of additional CO, releases and
place monetary values on each consequence. Although estimates have been made of the costs to agriculture, forestry,
and other economic activities, estimating the marginal costs
of environmental degradation, species extinction, increased
intensity of tropical storms, and other impacts beyond commercial activities has proven highly controversial. A wide
range of estimates appears in the literature, from negative
values to values well over $100 per metric ton (tonne) of C .
Public debate suggests that many people would estimate values even outside of the published range of estimates, particularly because there are many possible, although highly
unlikely, events that could be very harmful or very beneficial. The committee has used a figure of $50/tonne C as an
estimate of the environmental externality of additional carbon emissions, although this figure is significantly higher
than typical estimates in the published 1iterature.j This estimate translates into a cost of $0.12/gal (gasoline), the value
used in the examples in this chapter. A range of cost estimates from $3/tonne to $100/tonne would give a range of
estimated external costs from $0.007/gal to $0.24/gal of
gasoline.
A second environmental cost of gasoline use is related to
the hydrocarbon and toxic chemical releases from the gasoline supply chain, including oil exploration and recovery, oil
refining, and distribution (tanker, pipeline, or tanker truck
distribution, and gasoline retail sales). The more gasoline
used, the greater will be the amount of hydrocarbons and
toxics released. However, the supply chain is tightly regulated, and releases per gallon of gasoline now are very limited. Marginal costs of this environmental impact are small.

3Combustion of gasoline releases about 19.36 kg of C per million Btu
(MMBtu) of gasoline. A barrel of gasoline has an energy content of about
5.25 MMBtu; there are 42 gallons per barrel.
one of the committee’s public meetings. a representative of an environmental advocacy organization indicated that there was much uncertainty
but offered a figure of $50/tonne. That figure is viewed as high, but not
implausibly high. by committee members who have been involved in the
global climate change debates.
sThis issue was examined in Delucchi et al. (1994). That study showed
various estimates for the value of hydrocarbon reductions from fuel
economy improvements, depending on assumptions about the value of reducing hydrocarbon emissions, upstream control effectiveness, possible
benefits of refueling, and evaporative losses. Based on this work, $0.02/gal
seemed a reasonable estimate. given current emissions control trends and
using $ I ,000/ton (1990dollars) marginal damage of hydrocarbon emissions.

i
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The committee used an estimate of a $0.02/gaI for the total
of these extemal costs in its calc~lations.~
The Organization of Petroleum Exporting Countries
(OPEC) operates as a cartel that restricts the supply of oil to
escalate its price above the free-market level. The greater
the consumption of oil, the higher will be its price. Since the
higher price would apply to all oil imports, not just to
the increased consumption, the financial cost to the United
States uf increased oil use exceeds the market payment for
the increased amount. The additional financial cost of importing more oil, often referred to as the monopsony component of the oil import premium, was much studied after the
energy crises of 1973-1974 and 1979-1980.
The volatility of oil prices also creates problems. Past oil
shocks may have caused significant macroeconomic losses
to the U.S. economy. As U.S. oil consumption rises, so does
the vulnerability to such disruptions.6 The additional vulnerability cost, often referred to as the security component of
the oil import premium, was also much studied in the wake
of past energy crises.
Observations of the world oil market since the 1980s suggest that the monopsony component of the oil import premium is small. primarily because the impact of U.S. oil consumption on world prices has proven to be smaller than once
thought. These observations also suggest that the security
premium also has become smaller, because the U.S. economy is now less vulnerable to oil price volatility than in the
1970s and the early 1980s: the United States has become
significantly more energy efficient, its expenditure on oil
relative to the gross domestic product (GDP) has declined,
there now are more mechanisms for cushioning oil shocks,
and the nation’s ability to manage the overall economy has
improved greatly. Therefore, the marginal cost to the United
States of oil consumption is now considerably smaller than
previously estimated and is likely to remain so. However,
this issue may become more important if the world price of
oil rises. In addition, some analysts would argue that the
concentration of oil use for transportation might be relevant,
since there are few substitutes for oil in this sector.
For its examples, the committee used an estimated external marginal cost of oil consumption of 55.001bbl of oil for
the combined monopsony component and security component of the oil import premium, although the cost could be
smaller or larger than this figure.7 This estimate translates

%Tome people believe that military expenditures will also increase as a
function of gasoline price (above and beyond mere fuel coats). However,
the committee ha5 seen no ekidence to support that belief.
’Work by Leiby et (11. (1997) provides estimates of $3.00/bbl. The Energy Modeling Forum (1982) study \Vo:or[d Oil, using nine different mathematical models. estimated that in 7O00, oil price would be increased by
between 0.8 percent and 2.9 percent for every million barrels per day of oil
impon reduction. Applying that same percentage to current prices would
give a monopsony component between $2.20 and $8.?O/bbI. The vulnerability component was much smaller in that study.

into a cost of $0.I2/gal of gasoline. An oil import premium
range from S l h b l to $IO/bbl would give a range of estimated extemal costs from $0.02/gal to $0.24/gal of gasoline.
It should be emphasized that the monopsony component
of the oil import premium is the marginal cost of increasing
oil use. It includes neither the entire benefit to the United
States of “solving” the problem of noncompetitive pricing
by the OPEC nations nor the entire benefit of increasing international stability in world oil markets (or, equivaIently,
the cost of not solving these problems). These problems cannot be solved completely by changing the amount of oil consumed in the United States.
Combining the $0.12/galmarginal cost estimate for CO,
extemalities, the $0.12/gal for international oil extemal marginal costs, and the $O.OUgal figure for extemalities in the
gasoline supply chain, the committee uses a total external
marginal cost of additional gasoline use of $0.26/gal in all of
the examples, although estimates as high as $0.50/gaI or as
low as $0.05/gal are not implausible and estimates well outside of that range cannot be rejected out of hand.
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ALTERNATIVE POLICIES-SUMMARY DESCRIPTION
Presentations to the committee, a review of published literature, and committee deliberations identified many possible modifications to the current CAFE system as well as
other approaches to improving fuel economy. The various
approaches are generally not mutually exclusive but normally can be used alone or in combination with others.
These changes can generally be grouped into four broad
classes:

8

9

Retain the basic CAFE slructure. This approach would
keep CAFE basically intact but would modify some
elements that are particularly troublesome.
Restructure fuel economy regulations. This approach
would restructure CAFE with alternative regulatory or
incentive policies directed at the fuel economy of new
vehicles.
Adopt energy demand-reduction policies. This broader
approach is designed to reduce either gasoline consumption or consumption of all fossil fuels.
Pursue cooperative governmentlindustry technology
strategies. This approach would attempt to advance automotive technologies to greatly improve fuel economy.

I

!

Retain the Basic CAFE Structure
This class of policies would keep CAFE basically intact but
would modify some troublesome elements, particularly those
involving domestic versus import production and the definitions used to classify vehicles as trucks or passenger cars.

t
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The Two-Fleet Rule Differentiating Between Domestic and
Imported Cars
Currently, each manufacturer must meet the CAFE standard separately for its domestically produced fleet of new
passenger cars and for its imported fleet. AveragingR is allowed within each of these two fleets but is not allowed
across the two fleets. A domestically produced fleet that significantly exceeded the CAFE standard could not be used to
compensate for an imported fleet that failed to meet the standard and vice versa. This requirement that the domestically
produced fleet and the imported fleet each separately meet
the CAFE standard is referred to as the two-fleet rule. No
such requirement exists for light trucks. This distinction
could be removed and the fuel economy standard could apply to the entire new car fleet of each manufacturer.

Classification of Vehicles As Trucks vs. Passenger Cars
The distinction between passenger cars and light-duty
trucks could be redefined to correspond more closely to the
original distinction between the two classes-passenger vehicles and worWcargo vehicles. Alternatively, the incentives
for manufacturers to classify vehicles as trucks could be reduced or eliminated. The provisions for flexible-fuel vehicles
could be eliminated or redefined to ensure they will apply
only to vehicles that will often use alternative fuels.

Restructure Fuel Economy Regulations
These policies more fundamentally restructure CAFE
with alternative regulatory or incentive policies directed at
fuel economy of new vehicles.

Tradable Fuel Economy Credits
There would be an increase in the economic efficiency
and the flexibility of the CAFE system if a market-based
system of tradable fuel economy credits were created, under
which automobile manufacturers could sell fuel economy
credits to other manufacturers and could buy credits from
other manufacturers or from the government. This system
would be similar in many respects to the successful system
now used for trading sulfur emission credits among electricity power plants.

CAFE, the “average” fuel economy is the sales-weighted harmonic mean of fuel economies of the individual vehicles sold by the manufacturer. Mathematically. a standard on the sales-weighted harmonic mean
of fuel economies of individual vehicles is exactly equivalent to a standard
on the sales-weighted average of per-mile fuel consumption of individual \'chicles. In this chapter, the word “average” or “averaging” is used to
denote this harmonic mean of fuel economies or average of per-mile
consumption.

Feebates
Feebates is an incentive mechanism that uses explicit government-defined fees and rebates. Vehicles with il fucl
economy lower than some fuel economy target pay il [ax,
while vehicles with a fuel economy higher than the target
receive a rebate. Such systems could be designed to be revenue neutral: the tax revenues and the subsidies would just
balance one another if the forecasted sales-weighted average
fuel economy (or average per-mile fuel consumption) turned
out as predicted.

Attribute-Based Fuel Economy Targets
The government could change the way that fuel economy
targets9 for individual vehicles are assigned. The current
CAFE system sets one target for all passenger cars (27.5 mpg)
and one target for all light-duty trucks (30.7 mpg). Each manufacturer must meet a sales-weighted average (more precisely,
a harmonic mean-see footnote 8) of these targets. However,
targets could vary among passenger cars and among truck,
based on some attribute of these vehicles-such as weight,
size, or load-carrying capacity. In that case a particular manufacturer’s average target for passenger cars or for trucks would
depend upon the fractions of vehicles it sold with particular
levels of these attributes. For example, if weight were the criterion, a manufacturer that sells mostly light vehicles would
have to achieve higher average fuel economy than would a
manufacturer that sells mostly heavy vehicles.I0

uniform Percentage ,ncreases
There have been proposals that would require each manufacturer to improve its own CAFE average by some uniform
percentage, rather than applying the targets uniformly to all
manufacturers. This is often referred to as the uniform percentage increase (UP0standard.

Adopt Energy Demand-Reduction Policies
There are several alternatives aimed more broadly at reducing motor fuel consumption or all fossil fuel consumption. They could be part of a more comprehensive energy
policy. If these more broadly based alternatives were implemented, they could be used in place of or along with the
instruments aimed directly at new vehicle fuel economy.
Vhroughout this chapter. the word “target” is applied to the goal for fucl
economy. or per-mile fuel consumption, of individual vehicles or groups of
vehicles. The word “standard” is used to denote a regulatory rule that must
be met. Under the current CAFE system, regulations do not require [hat
each car or truck meet any particular target. although CAFE requires the
corporation to meet the standards for the aggregate of all passenger cars and
the aggregate of all trucks.
’qargets could also be normalized, for example. by expressing them in
terms of weight-specific fuel consumption-for example, gallons ured per
ton of vehicle weight per 100 miles.
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Gasoline lax
The current federal excise tax on gasoline could be increased. A tax increase would provide direct incentives for
consumers to buy and for manufacturers to produce higherfuel-economy new vehicles and would also provide incentives to reduce the use of all new and existing vehicles.

Carbon Taxes/Carbon Cap-and-Trade Systems
In order to address problems of global greenhouse gas release, the United States could impose a carbon tax or could
adopt a carbon cap-and-trade system. Under these systems,
the total annual emissions of carbon dioxide would be limited
or capped, rights to emit carbon would be allocated or auctioned off, and these rights would then be tradable among
firms. In either system, the price of energy would increase, on
a fuel-by-fuel basis, roughly in proportion to the amount of
CO, released from combustion of that fuel. Such plans would
provide a broad-based incentive to use less of all fossil fuels,
especially those that are particularly carbon-intensive.

Pursue Cooperative Government/lndustry
Technology Strategies
The final class of strategies would attempt to create dramatic changes in automotive technologies, changes that
could greatly alter the economy of fuel consumption or the
types of fuels used.

Pattnership for a New Generation of Vehicles (PNGV)
A particular, ongoing example of such strategies is the
Partnership for a New Generation of Vehicles (PNGV) program, a private-public research partnership that conducts
precompetitive research on new vehicle technologies. One
of its goals is to create marketable passenger cars with fuel
economy up to 80 mpg.

Technology Incentives
The government could provide tax or other incentives to
manufacturers or consumers for vehicles that embody new
high-efficiency technology. Such incentives would encourage manufacturers to pursue advanced technology research
and to bring those new technologies to market and would
encourage consumers to purchase vehicles that use them.

MORE COMPLETE DESCRIPTIONS
OF THE ALTERNATIVES
Retain the Basic CAFE Structure

ferent standards were set for passenger vehicles and for
work/cargo vehicles. Work/cargo vehicles (light-duty trucks
that weigh less than 8,500 Ib gross vehicle weight) were allowed higher fuel consumption because they needed extra
power, different gearing, and less aerodynamic body configurations to carry out their utilitarian, load-carrying functions. At that point, light-truck sales accounted for about 20
percent of the new vehicle market. However, as one observer
noted, “the 1970s working definition distinction between a
car for personal use and a truck for work uselcargo transport,
has broken down, initially with minivans, and more recently
with sport utility vehicles and other ‘cross-over’ vehicles that
may be designed for peak use but which are actually used
almost exclusively for personal transport.”’ I
The carltruck distinction bears critically on fuel economy
considerations. Trucks are allowed to meet a lower CAFE
standard, 20.7 mpg versus 27.5 mpg for cars, and their market share has increased enormously. Vehicles classed as
light-duty trucks now account for about half the total new
vehicle market. The carltruck distinction has been stretched
well beyond its original purpose. For example, the PT
Cruiser, a small S U V that can carry only four passengers and
cannot tow a trailer, is considered a truck, while a large sedan that can carry six passengers while towing a trailer is
considered a car.
Two kinds of change might alleviate these problems:

.

Redefine the criteria determining whether a vehicle is
classified as a car or a truck or
Sharply reduce the economic incentives for manufacturers to classify their vehicles as trucks.

Fuel economy regulators might tighten the definition of
a truck. The Environmental Protection Agency (EPA) has
already done so: for example, it classifies the PT Cruiser as
a car for purposes of the emissions standards. EPA and the
National Highway Traffic Safety Administration (NHTSA)
have considerable regulatory discretion to implement such
changes after a rulemaking process.
The economic incentives for manufacturers to classify
their vehicIes as trucks come from both the CAFE standards
and the gas guzzler tax. Because CAFE standards require
much greater fuel economy for cars than for trucks and because they impose a binding constraint on manufacturers,
CAFE standards create a strong incentive to make design
changes in vehicles that allow them to be classified as trucks,
whenever such changes are possible at modest cost. (For
example, the PT Cruiser was designed with removable rear
seats, which allows it to be classified as a truck.)
Reductions in the differential between CAFE standards
for trucks and standards for cars would therefore reduce these
economic incentives. At one extreme, eliminating the differ-

Classification of Vehicles
When CAFE regulations were originally formulated, dif-

:‘J. Alston, EPA, Letter IO the committee dated April 16, 2001.
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entia1 between truck and car CAFE standards would eliminate all CAFE-derived incentives for manufacturers to have
vehicles classified as trucks.“ This is the approach EPA will
use for emission standards: beginning in 2009, it will treat
light-duty trucks the same as it treats cars under the Tier 2
emission reg~1ations.l~
In addition, the gas guzzler tax, discussed in Chapter 2, imposes a large tax on passenger cars but not on trucks. For example. a passenger car with a fuel economy of 20 mpg would
face a gas guzzler tax of $1,O00. while a truck with similar fuel
sonomy would face no tax.At 12 mpg, the tax on a car would
be $7,000. This tax provides a large financial incentive to design any vehicle expected to have low fuel economy in such a
way as to assure that it will be classified as a truck, so that
reducing or eliminating the tax would likewise reduce the incentive to ensure that vehicles are classified as trucks.
The distinction between cars and trucks extends to the
processes for determining fuel economy standards. CAFE
standards for passenger cars are set legislatively, with a long
rime horizon. CAFE standards for trucks are set by rulemaking within NHTSA, with shorter time horizons. Integra[ion of the processes, so that trucks and passenger cars are
subject to equivalent processes and equivalent time horizons
for regulatory decision making, might lead to more consistency of treatment among vehicle types.
A related problem involves flexible-fuel vehicles. In calculating new car fuel economy for CAFE compliance purposes. a flexible-fuel vehicle is currently deemed to have a
fuel economy 1.74 times as high as its actual fuel economy,
with a 1.2 mpg maximum total increase per manufacturer
from this flexible-fuel vehicle adjustment. This adjustment
is based on a legislative assumption that 50 percent of the
fuel such vehicles use would, on average, be E85, including
only 15 percent petroleum.IJ
However, few of these vehicles ever use any fuel other
than gasoline. Estimates from the Energy Information Administration (EIA) suggestI5 that for 1999, there were
725,000 vehicles capable of using E85, but only 3. I percent
of them were using any E85 at all. Total E85 consumption in
1999 was 2 million gallons, or only 92 gallons for each of
the 3.1 percent of the vehicles using some E85 (EIA, 2001).
Thcrefore, it is likely that even these vehicles were using
E85 for less than 25 percent of their fuel requirements. In
10ral, less than I percent of the fuel used in these vehicles
’sems to be E85, and more than 99 percent seems to be gaso-

i

i

‘:This statement is not a recommendation that the standards for trucks be
made identical to those for passenger cars, rather a simple observation about
Ihc incentikes that are created by the differential nature of these standards.

“The bin structure of Tier 2 emissions standards provides more flexibilfor manufacturers to meet the standards, but the requirements are identi~4 for patsenger cars and light-duty trucks.
”E85 consists of 85 percent ethanol and 15 percent gasoline.
‘ The data appear online at <http://www.eia.doe.gov/cneaf/altemate/
PWdatatables/atfl- 13_M).html>.
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line. Thus, the current incentives to produce such vehicles
lead to increased costs and lower fleet fuel economy without
corresponding benefits.

Distinction Between Domestic and Imported Passenger Cars
Current CAFE regulations make a distinction between
domestic and imported passenger cars. The distinction is
based on the proportion of the car that is manufactured in the
United States; an import is defined as a car with less than 75
percent domestically produced content. Imports and domestically produced vehicles constitute two separate car fleets
under CAFE regulations. Under these regulations the domestic fleet and the import Ceet of passenger cars must separately meet the same 27.5 mpg standard. There is no such
rule for trucks.
The two-fleet rule was added to the original CAFE lepislation to protect domestic employment. There was a concern
that U.S. manufacturers might decide to import their small
cars rather than continue to make them in the United States,
with a resultant loss of jobs. At one time the two-fleet rule
made it impossible for the Big Three to increase imports to
help meet their domestic fleet CAFE obligations.
Over time, however, foreign manufacturers have moved
production to the United States. Now the two-fleet rule can
just as well provide incentives for manufacturers to reduce
domestic production and increase import production to help
meet CAFE obligations. In addition, under the North American Free Trade Agreement (NAFTA), manufacturers can
count vehicles produced in Canada as part of their domestic
fleet and will soon be able to count those produced in Mexico. Thus it appears to the committee that the two-fleet rule
no longer serves to protect U.S. employment.
Presentations to the committee during its open meetings
noted that the rule produces perverse results and increases
costs. For example, representatives of American Honda
Motors testified that Honda ships Accords from Japan to assure that Honda Accords are classified as an import under
CAFE. Reporting on the testimony on March 19, 2001, in
Automotive News, Stoffer (2001) wrote as follows:
“Last year, by selling about 87,000 Japan-built Accords, to
go with the 317,000 built in Ohio, Honda was able to keep
the average domestic content of the whole model line below
the cutoff point of 75 percent,” Honda spokesman Art Garner said. That means the Accord remains classified an import model line and helps Honda keep the average fuel
economy of its imported fleet comfortably above the 27.5
mpg standard. Without the more efficient Accord, the imported fleet would consist entirely of the more perfonnanceoriented Acuras and the Honda Prelude.
A second example was discussed in the same Automotive
News story: “In the early 1990s, Ford Motor Co. intentionally reduced domestic content of the Crown Victoria and
Grand Marquis because of CAFE.”
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The United Auto Workers (CAW) union stated during
the committee's open meetings that i t supports continuation
of the two-fleet rule and indicated i t believes the rule continues to protect American jobs. In response to UAW communications, the committee sought to identify research or analysis that tends to validate that position but could not find any.
It is possible that the rule provides some protection for existing jobs, but it appears likely that removing it would have
little industrywide impact. Since the two-fleet rule increases
costs to consumers, the committee believes it is no longer
justifiable and should be eliminated.

Restructure Fuel Economy Regulations
Tradable Fuel Economy Credits
The existing CAFE system already allows a manufacturer
to accumulate CAFE credits if its fleet mix exceeds the standard. These credits may be carried forward and used to offset future CAFE deficits by the same manufacturer. The idea
of tradable fuel economy credits (tradable credits, for short)
carries this flexibility one step further: Manufacturers could
also be allowed to sell and buy credits among themselves or
to buy credits from the government.
Under this system, fuel economy targets would be set,
either uniform targets as in the current CAFE system, or attribute-based targets, as discussed below. Each manufacturer
would be required either to meet these targets or to acquire
sufficient credits to make up the deficit. The credits could be
purchased from the government or from other automobile
manufacturers. A manufacturer whose new vehicle fleet had
greater fuel economy than the overall target would acquire
credits. These credits could be saved for anticipated later
deficits or could be sold to other manufacturers. Credits
would be equal to the difference between the projected gasoline use over the life of the vehicle, using a legislatively
deemed total lifetime vehicle miles, and the projected lifetime gasoline use of \,chicles just meeting the target.
As an example, assume that a uniform target for cars of
30 mpg is legislated and the vehicle lifetime is deemed to be
150,000 miles. This implies a lifetime target fuel consumption of 5,000 gallvehicle (150,000 miles; 30 mpg). A
manufacturer that sold 1 million cars with an average expected lifetime fuel consumption of 3,500 gal each (33.33
mpg) would acquire 500 credits per car for each of 1 million
cars, or 500 million credits. A manufacturer that sold 1 million cars with an average expected lifetime fuel consumption of 5,500 gal each (27.27 mpg) would need to purchase
500 million credits.
The government would assure that prices for tradable
credits would not exceed some ceiling price by offering to
sell credits to any manufacturer at some predetermined offer
price. The offer price could be set equal to the estimated
external costs per gallon of gasoline use.I6 If external costs
(e.g., greenhouse gas emissions and international oil market)

are estimated to be $0.26/gal, the government would offer to
sell credits at a price of $0.26 per I-gallon credit.
The availability of credits from the government is important because it represents a safety valve preventing excessive costs to manufacturers (and consumers) in the event that
unforeseen market changes or errors in setting targets make
attaining the target more costly than originally projected.l7
The market-clearing price of tradable credits would never
exceed the government offer price, because a buyer of credits could always turn to the government if the price of credits
were above the government offer price.
Suppose the marginal cost of reducing gasoline use
enough to meet the target was greater than the sum of the
gasoline price plus the market price of credits: Manufacturers could buy credits without being forced to install overly
expensive technology or to make changes to vehicle attributes that could damage sales. Conversely, if the marginal
cost of reducing gasoline use to meet the fuel economy target was less than the sum of gasoline price plus market price
of credits, the manufacturer would choose to make changes
necessary to meet or to exceed the fuel economy target. Since
the decisions would be made by and the resulting financial
costs borne by the manufacturer, the manufacturer would
have a motivation to correctly estimate the costs of fuel
economy increases. Under this system, the manufacturer
could respond to automotive market conditions but would
still have an enhanced incentive to increase fuel economy.
In comparison with the current CAFE system, a tradable
credits system would increase the range of options available
to manufacturers. Currently, manufacturers have two options: They can meet the standards or they can pay the government a civil pena1ty.l8 Under a system of tradable fuel
economy credits, manufacturers would have more options:
They could meet the targets, they could pay the government
for credits, or they could purchase credits from other manufacturers. They would be free to choose.
Similarly, in comparison with the current CAFE system,
a tradable credits system would increase the range of attractive options available to manufacturers whose fuel economy
exceeds the target. Under CAFE, such manufacturers have
no incentives to further increase fuel economy. But under a
tradable fuel economy credits system, they would have the
option of further increasing fuel economy and receiving additional credits that they could sell to other manufacturers.

'6Applying this rule and using a reasonably accurate estimate of the lifetime miles of vehicles is economically efficient as long as the external cost
per gallon of gasoline use during the future vehicle life has the same value
for current decision making as the estimate of exiernal costs used for the
regulation.
"In addition, the safety valve limits the exercise of market power in the
market for tradable fuel economy credits. Such market power could otherwise become an important problem if only a very small number of manufacturers were selling tradable credits.
IRThepenalty is currently $5.50 for every 0.1 mpg by which the manufacturer misses the standard.
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The tradable credits system would have another advantage, especially if the sales price of tradable credits were
made public. l9 Debates about environmental standards usually involve disputes about implementation cost: Those favoring regulation contend that the standards will be cheap to
implement, while manufacturers contend that the standards
will be too expensive. The sales price of credits will reflect
the marginal Costs of fuel economy improvements, since
manufacturers can be expected to increase fuel economy to
the point at which the marginal cost of fuel savings equals
the sum of gasoline price plus the market price of tradable
credits.
It should be noted that a similar tradable credits scheme
has been used for some time in the electrical power industry
to reduce sulfur emissions.20There is general agreement that
wadable credits have been highly successful: They have reduced the economic cost of compliance, and they have
reached the achieved environmental goals.

!

Feebates

i

i

Like tradable fuel economy credits, a feebate system*' is
an incentive mechanism that can be used with almost any
method of specifying fuel economy targets. Under a feebate
,ystem, target fuel economies would be set, either uniform
rxgets or attribute-based targets. Fees would be imposed on
new vehicles with mpg's lower than the target; the lower the
mpg. the greater the fee. Rebates would be provided to manufacturers of new vehicles with mpg's above the target. These
ites and rebates would be aggregated across all vehicles sold
by a single manufacturer, which would receive, or make, a
,ingle payment.
Feebates could be designed to be revenue neutral, with
ice revenues and rebates balancing each other. However,
xrual revenue neutrality would depend on the accuracy of
kales forecasts. If it proves inexpensive to increase fuel
cconomy and manufacturers greatly exceed the targets, there
u-ould be a net payment from the government to the automotive industry. Conversely, if it is very costly to increase
iuel economy and manufacturers fall well short of the tar:e[$. there would be a net payment from the industry to the
aowmment.
Like tradable credits, feebates would provide direct inxntives for all manufacturers to increase the fuel economy

'Rcgulations could be established that require the prices of credits to be
Absent such regulations, manufacturers might include confi:rnl!~lltvprovisions in their agreements to buy or sell credits.
7 h c tradable fuel economy credits system would differ from tradable
: d l l \ for rulfur emissions in that the proposed system includes a safety
.Jl'*c. uhereas the sulfur emissions system does not. One reason for the
:,::crcnce is that exercise of market power for sulfur emissions credits is
7 k h kw likely than would be the case for tradable fuel economy credits.
F l v a more comprehensive study on feebates, see Davis et al. (1995).
'

of their vehicles.'? However, unlike the tradable credits system, particular fees and rebates would always be determined
by legislation and would not be influenced by market
conditions.

Attribute-Based Targets
Figure 5-1 illustrates the principles behind the current
CAFE standards. Each dot represents a specific passenger
car model-for example, the four-cylinder Accord and the
six-cylinder Accord are separate dots. Only those car models
that sold at least 1,OOO vehicles per year in the United States
are shown. The vertical axis shows fuel consumption measured not in miles per gallon but in the amount of gasoline
Lach car needs to travel 100 miles-for example, 25 mpg
implies 4.0 gallons to drive 100 miles. The dark horizontal
line shows the current CAFE standards: It is placed at 27.5
mpg, which is 3.64 gallons per 100 miles on the vertical
axis.
The horizontal axis shows the weight of the car. Cars on
the right-hand end weigh more and consume more fuel: They
are above the dark CAFE line, which means they are consuming more fuel than the average allowed by the standards.
To get back into compliance, a manufacturer that sells heavy
cars must also sell some light cars-the left-hand end of the
graph. Those cars consume less fuel than the standard. If the
manufacturer sells enough light cars, it can produce a fleet
average that complies with the CAFE standard of 27.5 mpg.
When the CAFE standards were first implemented, the
average car was considerably heavier than today's cars. To
comply with the new standard, manufacturers had a considerable incentive to downweight their very largest cars, to
produce more small cars, and to encourage consumers to
buy those small cars. Thus one effect of CAFE was to reduce
the average weight of cars, and this had an undesirable side
effect on safety.
There were also equity effects across manufacturers.
Some manufacturers had a product mix that emphasized
small and medium-weight cars-these manufacturers found
it cheap and easy to meet the CAFE standards. Other manufacturers were producing a mix that was more toward the
right-hand end of the curve-those manufacturers had to
spend a considerable amount of money to develop and sell
lighter cars so they could create enough CAFE credits to
bring them into compliance with the standards.
These problems arise because the CAFE standards hold
all cars to the same fuel economy target regardless of their
weight, size, or load-carrying capacity. This suggests that

d z puhlic

??There is a duality between feebates and tradable credits; if the targets
are identical, the feebate system is linear with respect to deviations in fuel
consumption rates from the targets, and the average fuel consumption rates
are above the average target. In this case, feebates and tradable credits have
identical incentives. They differ from each other if the average fuel consumption rates are below the average targets.

92

EFFECTIVENESS AND IMPACT OF CORPORATE AI'ERAGE F r E L ECOiVOMY (CAFE) STAIVDARDS

0

#*

L

CAFE standard
27.5 mpg =
3.64 gals/100 miles

1.54

1,500

I

2,500

3,500
Curb Weight

4,500

5,500

FIGURE 5- I The operation of the current CAFE standards: passengers cars, gasoline engines only, 1999.

consideration should he given to developing a new system of
fuel economy targets that responds to differences in vehicle
attributes. For example, the standards might be based on
some vehicle attribute such as weight, size, or load. If such
attribute-based targets were adopted, a manufacturer would
still be allowed to average across all its new vehicle sales.
But each manufacturer would have a different target, one
that depended upon the average size of the criterion attribute,
given the mix of vehicles i t sold.23
A tradable fuel economy credits system, as described
above, could be implemented in combination with the
attribute-based targets. The choice of method for setting vehicle economy targets could be separate from choice of incentives to meet targets.
In the current fleet, size, weight, and load-carrying capacity are highly correlated: large cars tend to be heavier, to
have room for more people, and to have more trunk capacity
than small cars. Choice of a particular attribute as the basis
for CAFE measurement will result in incentives for engineers to design vehicles with new combinations of the attributes and to respond to incentives by further varying that
particular attribute.
An attribute-based system might use vehicle weight as
the criterion. The dashed, upward sloping line in Figure 5- 1
shows the average relationship between vehicle weight and

23The manufacturer could average actual gallons per mile and compare
that average with the average of target gallons per mile. Alternatively, the
manufacturer could average deviations. plus and minus, between actual
gallons per mile and target gallons per mile. Whether averaging is done first
and deviation calculated second or deviations are calculated first and averaging is done second is mathematically irrelevant.

fuel consumption. A weight-based CAFE system would us2
that upward sloping line as its target rather than the current
horizontal line.'4
While a weight-based CAFE system has a number of attractive features, it also has one major disadvantage: It removes incentives to reduce vehicle weight. Judging by recent weight and profit trends, it seems likely the result would
be an increase in the proportion of very large vehicles, which
could cause safety problems as the variance in weight among
vehicles increased. It could also cause an increase in fleetwide fuel consumption. (These issues are discussed at more
length in Attachment 5A.)
Figure 5-2 illustrates an alternative that combines most of
the desirable features of the current CAFE standards and the
weight-based standard. The target for vehicles lighter than a
particular weight (here, 3,500 Ib) would be proportional to
their weight (e.g., the dashed line in Figure 5- 1). But to safeguard against weight increases in heavier vehicles, the target
line turns horizontal. Cars heavier than this weight would be
required to meet a target that is independent of their weight.
(The details of positioning the lines are discussed in Attachment 5A).
These targets provide a strong incentive for manufacturers to decrease the weight of heavier cars-and even a small
incentive to increase the weight of the lightest cars. The
safety data suggest that the combined effect would be to enhance traffic safety. Accordingly, the committee has named
it the Enhanced-CAFE standard (E-CAFE). The EnhancedCAFE standard may be calibrated separately for cars and for
trucks, or it is possible to create a single standard that applies
to both types of vehicles, thereby removing the kinds of
manipulation possible under the current dual classification
system.
The committee views the Enhanced-CAFE system as a
serious alternative to the current CAFE system. It holds real
promise for alleviating many of the problems with the current regulations. Attachment 5A presents a full description
and analysis.

Uniform Percentage Increases
Another possible change would be to require each manufacturer to improve its own CAFE average by some target,
say IO percent; this is often referred to as the uniform percentage increase (UPI) standard. Thus, a manufacturer that
was now right at the 27.5 mpg CAFE standard would have to
improve its performance to 30.25 mpg. A manufacturer that

IjThese possible %eight-basedtargets do not begin to exhaust the possibilities. Xlany alternative weight-based targets could be designed, or the
targets could be based on load-carrying capacity, interior volume, exterior
volume. other utility-related artributes, or a combination of these variables
(e.g., weight and cargo capacity). The committee did not try to identify and
analyze all such possibilities-that would have been well beyond the scope
of this study.
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carbon trading, carbon taxes, and fuel taxes. This does not
imply that it considers these options to be ineffective or inappropriate. In fact, such policies could have a much larger
short-term and mid-term effect on fuel consumption and
greenhouse gas emissions than any of the other policies discussed in this report. The committee did not address these
charge;
policies instead,
comprehensively
it presentsbecause
here a basic,
they were
thoughnotincomplete,
part of its
discussion of these options.

'

'
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FIGURE 5-2 Fuel economy targets under the Enhanced-CAFE system: cars with gasoline engines, 1999.

was exceeding the current standard at, say, 33 mpg would
have to improve its performance to 36.3 mpg.
The UP1 system would impose higher burdens on those
manufacturers who had already done the most to help reduce
energy consumption. The peer-reviewed literature on environmental economics has consistently opposed this form of
regulation: It is generally the most costly way to meet an
environmental standard; it locks manufacturers into their
relative positions, thus inhibiting competition; it rewards
those who have been slow to comply with regulations; it
punishes those who have done the most to help the environment; and it seems to convey a moral lesson that it is better
to lag than to lead.
In addition to fairness issues, the change would not eliminate the problems of the current CAFE system but would
create new ones. Implementation of such rules provides
strong incentives for manufacturers to not exceed regulatory
standards for fear that improvements will lead to tighter regulations. Thus, such rules tend to create beliefs counterproductive for longer-term goals.

One alternative, addressed directly at gasoline use, would
be an increase in the federal excise tax on gasoline from its
current level of $0.184/ga1.25Every $0. lOlgal increase in the
gasoline tax would increase the price of gasoline by almost
as much.?6
Increasing the gasoline tax would encourage consumers
to drive more efficient vehicles. This would indirectly provide incentives to the manufacturers to increase the fuel efficiency of their vehicles. In addition, a gasoline tax would
have an immediate broad impact on gasoline consumption:
It would encourage consumers not only to buy more efficient new vehicles but also to drive all vehicles less. If the
policy goal is to reduce gasoline consumption and the environmental and oil market impacts of gasoline consumption,
then a gasoline tax increase would broadly respond to that
goal.
Gasoline taxes, however, have faced significant opposition. Critics point out that gasoline taxes fall particularly hard
on rural families and those in more remote locations, where
long-distance driving is a normal part of life. It is often asserted that gasoline taxes are regressive and impact the lowest income families the most, even though urban poor and
wealthy people typically spend a smaller portion of their income on gasoline than do middle-class families. If the federal gasoline tax were increased, Congress could make the
tax revenue neutral or could take other measures to ensure
that the change would not cause undue harm.

Carbon Taxes/Carbon Cap-and-Trade Systems
Adopt Energy Demand-Reduction

Policies

Several alternatives would be aimed more broadly at reducing total gasoline consumption or at reducing all fossil
fuel consumption, not simply at reducing the per-mile gasoline consumption of new vehicles. Alternatives include pasoline taxes, carbon taxes, and a carbon cap-and-trade system.
Either gasoline taxes or carbon tradinghxes might be part
of a comprehensive national energy policy. If these more
broadly based policies were implemented, policies aimed
directly at fuel economy of new cars might be used along
uith the broadly based policies, or they could be used in
Place of one another.
The committee did not devote much time to discussing

To address problems of global greenhouse gas release,
the United States could (1) impose a carbon tax or (2) adopt
a carbon cap-and-trade system, under which the total annual
emissions of carbon dioxide would be capped or limited to
some policy-determined level.
In a system of carbon taxes, each fossil fuel would be
addition. state excise taxes average $O.?O/gal, according to the Energy Information Administration (2OOO).
I6The price of gasoline would increase by slightly less than the increase
in the gasoline PAX because the imposition of the tax uould reduce oil demand, which in turn would reduce crude oil price and would reduce the pergallon earnings of refiners and marketers. However, the price and earnings
reductions asould be small.
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taxed, with the tax in proportion to the amount of carbon (or
CO,) released in its combustion. Thus, coal would have the
highest tax per unit of energy, petroleum and petroleum products would have a lower tax, and natural gas would have the
lowest tax.
In a carbon cap-and-trade system, an energy-producing
or -importing firm would be required to possess carbon
credits equal to the amount of carbon emitted from its produ c t ~ . ~A’ limit would be set on the overall U.S. emissions
of CO, or of greenhouse gases. Credits could be auctioned
off to firms or could be given to firms in proportion to their
historical sales of products, and these rights would be tradable among firms. Either way, the price of energy would
increase, with the increases on a fuel-by-fuel basis roughly
in proportion to the amount of CO, released from combustion of the fuels.28
A carbon tax,or carbon cap-and-trade system, would have
all the advantages of a gasoline tax, and it would extend
them to other sectors as well: The rise in power costs would
encourage consumers to buy more efficient furnaces, air conditioners, and appliances and would encourage them to use
their existing furnaces, air conditioners, and appliances more
efficiently. Carbon taxes or trading would provide a broadbased incentive to use less of all fossil fuels, especially those
that are particularly carbon-intensive, extending the principle
of “least cost” to the entire economy. Implementing such
a plan would prevent one energy-using sector from having marginal costs of carbon reduction grossly out of line
with those of the other sectors and thus would be an economically efficient means of promoting the reduction of carbon emissions.

Pursue Cooperative Governmentllndustry Technology
Strategies
The final class of strategies would attempt to advance
technologies that create dramatic changes in available automotive technologies, changes that could, for the indefinite
future, greatly alter fuel economy or types of fuels used. The
committee has not evaluated these technology incentive
strategies (such an evaluation is beyond the scope of its
charge), but it believes such strategies would best be viewed
as complementary to the other policy directions, at least once
major technological successes had been achieved: A successful technology strategy could greatly reduce the costs of
increasing fuel economy. However, in the near term, aggressive requirements to increase fuel economy could divert
R&D expenditures away from such technology development
efforts and could lead to short-term modest increases in fuel

27See, for example. Kopp et al. (2000).
**Since all prices would further adjust in response to the changing demand conditions, the final equilibrium price increases would not be exactly
in proportion to the amount of CO, released but would depend on the various supply and demand elasticities.

economy at the expense of long-term, dramatic reductions in
fuel use.

Partnership for a New Generation of Vehicles
A particular ongoing example of such strategies is the
Partnership for a New Generation of Vehicles (PNGV) program. PNGV is a private-public research partnership that
conducts precompetitive research directed at new automotive technology. One of its goals is to create marketable passenger cars with fuel economies up to 80 mpg. Each participating company has developed a concept car that would
approach the fuel economy goal but that, because of the remaining technological challenges and high production costs,
is unlikely to be marketable in the near term. This program
has led to advances in technologies such as compression ignition engines, hybrid vehicles, batteries, fuel cells, light
engine and vehicle body materials, and advanced drive trains.

Technology Incentives
During the committee’s open information-gathering meetings, representatives of the automobile manufacturers proposed that the government provide tax credits to consumers
who purchase vehicles that embody new, high-efficiency
technology, especially hybrid electric vehicles. Such rebates
would strengthen incentives for manufacturers to pursue advanced technology research and then bring those new technologies to market and for consumers to buy these products.
However, the committee has not evaluated the particular
policy instruments; that evaluation is beyond the scope of
this study.

ANALYSIS OF ALTERNATIVES
Dimensions for Assessing Alternatives
In analyzing the alternatives to CAFE, it is important to
assess several issues associated with each particular policy
instrument as well as the trade-offs among these issues:
Fuel use responses encouraged by the policy,
Effectiveness in reducing fuel use,
Minimizing costs of fuel use reduction,
Other potential consequences
-Distributional impacts
-Safety
--Consumer satisfaction
-Mobility
-Environment
-Potential inequities, and
Administrative feasibility.
These are discussed in varying depth below.
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Alternative Policies and Incentives for Fuel Use Responses
The various policy measures encourage at least seven
quite different fuel use responses. The measures differ in
terms of which possible responses they will motivate: those
related to the fuel economy of new vehicles, to the usage of
vehicles, or to fleet turnover.
Three fuel use responses are directly related to the fuel
economy of new vehicles:
The number of cars sold in each weight class determines the average weight of the new vehicle fleet. All
else equal, lighter vehicIes use less fuel. This adjustment is referred to as “weight.”
Engine power, other performance characteristics, and
vehicle utility can vary. All else equal, greater performance implies more fuel consumed. This adjustment
is referred to as ‘‘performance.’’
More energy-efficient technologies can be incorporated into the engine, drive train, tires, and body structure, often at increased costs. to reduce fuel use without changing weight or performance. This adjustment
is referred to as “technology.”
Three fuel use responses are directly related to the usage
of vehicles:
The total vehicle miles traveled (VMT) by the entire
fleet of vehicles-new and old-is fundamental to fuel
consumption. All else equal, fuel consumption is directly proportional to total VMT. This adjustment is
referred to as “VMT.”
Driving patterns can be altered-driving during con-

.

gested times, relative usage frequency of various vehicles, speed. Such adjuztment possibilities are referred to as “existing vehicle use.”
Maintenance of existing vehicles can influence fuel
use. All else equal, a well-maintained vehicle will use
less fuel. This adjustment is referred to as “vehicle
maintenance.”

One possible fuel use response is directly related to vehicle fleet turnover:
The rate of retirement of older, generally less fuelefficient vehicles influences the rate at which the overall fuel economy of the vehicle fleet changes, especially if new vehicles are more fuel-efficient than old
vehicles. This adjustment is referred to as “vehicle
retirements.”

Effectiveness in Reducing Fuel

Use

The various policy instruments differ in which responses
they motivate and therefore differ in terms of their effectiveness in reducing fuel use. Table 5-1 summarizes fuel use
responses caused by various policy instruments. It provides
a very rough indication of whether a particular policy instrument would lead to a larger adjustment than would other
instruments. Each cell of the table indicates changes relative
to what would be the case absent the particular policy being
considered, with all else held equal. It should be noted that
for these comparisons, the magnitude of responses associated with any particular policy instrument depends on how
aggressively that instrument is implemented-the severity

TABLE 5-1 Incentives of the Various Policy Instruments for Seven Types of Fuel Use Response
VMT

Existing
Vehicle Use

Vehicle
Vehicle
Maintenancc Retirements

Small
increase
in VMT

No impact on
existing
vehicle use

Insignificant
impact on
No impact
vehicle
on vehicle
maintenancc re ti re me nts

Decreasc
in VMT

Shift to reduc
fuel use

Improve
maintenanci

Increase
retirements
of low fuel
economy
vehicles

c
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and speed of the intervention-and on the choices the manufacturers and the consumers make in responding to the implementation. Table 5- 1 incorporates an assumption that severity and implementation speed of the interventions are similar
for each instrument.
Table 5- 1 indicates that neither CAFE nor the altemative
instruments directed at fuel economy (feebates, tradable
credits, weight-based targets, tradable credits with weightbased targets, UP1 for each manufacturer) have any significant gasoline-reducing impacts through VMT, existing vehicle use, vehicle maintenance, or old vehicle retirements.
Only the two broad-based demand reduction policiescarbon taxedtrading or gasoline taxes-provide incentives
for people to drive less, to use their more fuel-efficient vehicle when possible, to maintain existing vehicles, or to retire old fuel-inefficient vehicles.
Any of the instruments directed toward new car fuel
economy would result in small increases in VMT, usually
referred to as the rebound effect, because increasing the fuel
economy of new vehicles decreases the variable cost per mile
of driving, encouraging consumers to drive more. As discussed in Chapter 2, empirical studies suggest that every 10
percent increase in gasoline price leads to a 1 or 2 percent
reduction in vehicle miles. Similarly, a I O percent increase
in fleet economy can be expected to lead to a 1 or 2 percent
increase in VMT. The net impact would be an 8 or 9 percent
reduction in fuel use for every 10 percent increase in fuel
economy of the entire vehicle fleet.
Table 5-1 indicates that all the policy instruments will
motivate changes in technology that reduce gasoline use, and
they all motivate reductions in performance. Each instrument, other than those including proportionate weight-based
targets, may reduce fuel use through reductions in the average vehicle weight. Proportionate weight-based targets, on
the other hand, are unlikely to motivate weight reductions,
since reducing vehicle weights would not bring the manufacturer closer to the targets.
The broad demand-reduction policies differ from the
other policies in the way they motivate changes in weight,
power, and technology. CAFE and the alternative instruments directed at fuel economy are felt directly by the manufacturer and give it a direct incentive to offer lighter, lowerperformance cars with more energy-efficient technologies.
Gasoline taxes and carbon taxes motivate consumers to
shift their new vehicle purchases, directing them toward
lighter, lower-performance cars with more energy-efficient
technologies, which, in turn, provides a stimulus to the
manufacturers.
In principle, a direct incentive for manufacturers to sell
vehicles with increased fuel economy and an equally strong
incentive for consumers to buy vehicles with increased fuel
economy should have similar fuel economy impacts. Manufacturers would change the characteristics of their vehicles
in anticipation of changes in consumer choices caused by
higher fuel taxes. Manufacturers facing a direct incentive

would respond to that incentive and would pass the financial
incentives on to the consumers, who would modify their
choice of vehicles.
In practice, however, considerable uncertainty is involved
in calibrating a gasoline tax or carbon tax so that it would
have the same impact as a direct incentive for manufacturers. If consumers discounted future gasoline costs over the
entire vehicle life, using identical discount rates, a gasoline
tax and a direct manufacturer incentive would change fuel
economy to the same extent if the manufacturer incentive
were equal to the discounted present value of the gasolinetax incentive. However, if some new vehicle buyers count,
say, only 3 years of gasoline costs, the discounted present
value of the gasoline tax cost over 3 years would provide an
equivalent manufacturer incentive. The results of the two
calculations differ by a factor between two and four, depending on the discount rate used,29 so there is significant uncertainty about how large a gasoline tax would, in fact, be
equivalent to a direct manufacturer incentive.

i

i

i

Minimizing the Costs of Fuel Economy Increases
A fuel economy policy may produce an increase in manufacturing cost through changes that require more costly materials, more complex systems, more control systems, or entirely different power train configurations. A fuel economy
policy may also impose nonmonetary costs on consumers
through reductions in vehicle performance or interior space.
Performance reductions may make vehicles less attractive
for towing trailers, for merging quickly onto freeways, or for
driving in mountainous locations.
Next, the committee examines whether particular policy
instruments would minimize the overall cost of whatever fuel
reductions are achieved. This is a matter both of the structure
of the policy instruments and of the aggressiveness of policy
implementation, including the lead time manufacturers have
to make the requisite adjustments. Also examined is whether
the policy instruments can be expected to reach an appropriate balance between higher vehicle costs and the savings
from reduced gasoline use (including external costs of fuel
use).
Each issue of cost-minimizing policy and cost-minimizing manufacturer and consumer response can be examined
based on most likely costs. However, no one has perfect

i
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'9Consider a gasoline tax intended to embody the same incentive as a
tradable credit with a credit price of $0.?6/gaI over a 150,000-mile lifetime.
Under tradable credits, a vehicle with a fuel economy of 25 mpg when the
standard was 30 mpg would need 150,000 x [(1/25) - (I/30)] credits, or
I ,OOO credits, with a value of $260. Assume the buyer discounts gasoline
use over only the first 3 years, at a 10 percent discount rate, driving 15,000
miles per year. A gasoline tax of $I.M/gal would give a discounted tax
difference of $260 beween a 30-mpg and a 25-mpg car, the same as the
value of the credits. Thus, for such a consumer, a manufacturer incentive of
$0.26/gaI for each of 150,000 miles is economically equivalent to a $ 1 .W/
gal gasoline tax.
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knowledge about all costs and no one can predict with confidence changes in technology or economic conditions. Therefore, the discussion focuses on whether various policy instruments allow manufacturers, consumers, and policy
makers to respond to uncertainty in future conditions.
This section provides a conceptual framework for examining these questions.

Minimizing the Total Cost of Fixed Economy Increases
The issue of minimizing the total cost to society of whatever average fuel economy increases are achieved depends
critically on the obbervation that vehicles differ significantly
from one another in size, weight, body type, and features,
and that some manufacturers offer a full line of such vehicles and others offer only a limited one. To minimize the
overall cost to society of a given reduction in fuel use, the
marginal cost of reducing gasoline use must be the same (or
approximately the same) across all vehicles.30Manufacturers must be able to meet this condition for all vehicles, including domestic and import fleets of one manufacturer.
Thus, under ideal conditions, policy options should not induce significant differences in the marginal costs among
manufacturers. Policies that do induce significant differences
will not minimize the total cost to society of whatever level
of average fuel economy increase is achieved.

Balancing the Costs and Benefits of Reducing Fuel Use
Two components, private costs (and benefits) and external costs, must be considered when evaluating costs and benefits of changing fuel use. The private costs of the vehicle
and its operation, including the fuel costs, can be estimated
by the new vehicle purchaser through reading magazines,
government reports, or examining the stickers on the car or
[ruck being considered for purchase. It is in the purchaser’s
own interest to take into account these private costs, not just
for the time he or she expects to own the vehicle but also for
periods after it is sold as a used vehicle, since the resale
value can be expected to reflect these gasoline purchase

“This equal-marginal-cost rule is easiest to see by considering an outsome for which different vehicles had very different marginal costs of reducing fuel use. For example, assume that the cost for vehicle A of reducing
lifetime fuel use by 200 galtons is slightly more than 5300 for the next 200
gallons reduction or slightly less than $300 for the previous 200 gallons
[that is. about $I.SO/gal) and assume that the cost for vehicle B of reducing
llt’crime fuel use by 200 gallons is slightly more rhan $500 for the next 200
:?allons or slightly less than $500 for the previous 200 gallons (that is, about
j?.SO/per g d J . In that situation. reducing vehicle A lifetime gasoline use by
YHl gallons and increasing vehicle B lifetime gasoline use by 200 gallons
u w l d nor change the total lifetime fuel use for the two cars but would
rduce total costs by about $200, the difference between the saving for
\chicle B and the additional cost for vehicle A.
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costs. The manufacturer can adequately balance this portion
of costs against the manufacturing costs of reducing fuel use.
Accounting for external costs is more difficult. Absent
policy intervention, it is not in the owner’s own interests to
account for these costs. These costs must be incorporated
into financial incentives facing consumers or manufacturers
to balance the costs and benefits of reducing fuel use: The
efficient policy intervention would require the manufacturer
or consumer to face a financial incentive that added a cost
equal to the external marginal cost of additional gasoline
used. If the incentive were substantially greater than the
marginal external cost, then the intervention would be too
severe-the fuel savings would cost more than they were
worth. If the incentive were substantially smaller than the
marginal external cost, then the intervention would be too
weak-the additional fuel savings would cost substantially
less than they were worth. Thus, given the magnitude of external costs, one can determine the appropriate severity of
incentives.
This task is complicated by the uncertainty facing the
policy process. Although future gasoline prices can be estimated, they cannot be predicted with certainty (EIA, 2000).
Estimates of external costs of gasoline use have wide error
bands. In addition, estimates of the marginal cost of fuel use
reductions will remain quite uncertain until these costs are
engineered into vehicles. Therefore, in evaluating any particular policy instrument, it is important to assess how the
instrument would operate given real-world uncertainties.
The task is also complicated by the existing gasoline
taxes. The consumer currently faces $0.38/gal combined
state and federal excise taxes on gasoline as part of the gasoline price. These taxes are costs from the perspective of the
consumer but are transfer payments from the perspective of
the nation. For consumer decisions about how much to drive,
these gasoline taxes can be seen as user fees covering the
costs of building and maintaining roads, highways, and associated infrastructure and providing services to motorists.
However, for consumer decisions about fuel economy of new
vehicles, the user service interpretation is inappropriate. As
discussed above, the committee has identified a total external marginal cost associated with the fuel economy of new
vehicles of about $0.26/gal, based on C 0 2 emissions and
international oil market impacts. But the price the consumer
faces in purchasing gasoline already includes an average of
$0.38/gal, an amount larger than the committee’s estimate of
those external costs that vary with fuel economy of new vehicles. Thus, if existing gasoline taxes are included, consumers are already paying tax costs larger than the external
costs seen as justifying intervention to increase fuel economy
above the market-determined levels. If existing gasoline
taxes are excluded, perhaps because they are used primarily
as a mechanism to collect revenue for states and for the federal government, then the $0.26/gal remains as a reason for
intervening so as to increase fuel economy beyond marketdetermined levels.
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TABLE 5-2 Issues of Cost Minimization for the Various Policy Instruments

Policy Instrument
Current CAFE, with two-fleet rule
Current CAFE, without two-fleet rule
CAFE with reformed cadtruck
differentiation
Current CAFE targets with tradable
credits
Current CAFE but with E-CAFE
weight-based targets
Tradable credits, E-CAFE weightbased targets
UP1 for each manufacturer
Feebates

For Manufacturer,
Is Marginal Cost
of Fuel Reduction
Same Across
Domestic Fleet and
Import Fleet?

For Manufacturer.
Is Marginal Cost of
Fuel Reduction
Same Across Fleet
of C a n and Trucks?

Unlikely
Yes

No. Probably significant
differences

Is Marginal Cost
of Fuel
Reduction Same
Across All
Manufacturers?

Can Policy Assui
Balance of Costs
and Benefits wid
Uncertain or
Changing
Economic
Conditions?

No. Probably significant
differences

No

Yes

Yes

Yes

Only if two-fleet rule
removed
Yes

No. Probably significant
differences
No

Only if two-fleet rule
removed
YLS

Better than current CAFE

No

Yes

Yes

Same as CAFE
Yes

Same as CAFE
Yes

No
Yes

NO

Analysis of the Costs of Various Policy Instruments
With that framework in place, the policy instruments can
be analyzed in terms of cost minimization for a given fuel
economy increase and balancing of marginal costs of fuel
economy increases with marginal benefits. Table 5-2 provides a summary.
Several of the policy instruments satisfy all rules for minimizing the cost for obtaining a given mean increase in fuel
economy: feebates, gasoline taxes, carbon taxes, and tradable
credits with attribute- i ndependent or with proportionate3
weight-based targets. Therefore, each of these instruments
would minimize the cost of obtaining a given mean fuel
economy increase. Furthermore, gasoline taxes and carbon
taxes would roughly minimize the overall cost of reducing
fuel use, not simply of increasing fuel economy, since they
also include incentives to reduce VMT. In addition, each of
these instruments (feebates, tradable credits, gasoline taxes,
or carbon taxes) could efficiently balance the costs and benefits of fuel economy even under uncertain or changing economic conditions, if the incentives in these are chosen correctly. This would require the marginal incentives to equal the
marginal value of the external costs (in our example, $0.26/
gal of gasoline). At the other end of the spectrum, two of instruments-the current CAFE targets and UP1 for each manufacturer-satisfy none of the conditions unless the two-fleet
rule is eliminated and the distinction between passenger cars
and trucks is appropriately reformed. Elimination of the two-

'

3'The addition of the enhanced-CAFE weight-based targets, even with
wadable credits, would give different incentives for increasing fuel economy
for heavy and light cars.

Yes

fleet rule and elimination or appropriate repair of the distinction between passenger cars and trucks would improve both
systems. Even if the two-fleet rule is eliminated and the car/
truck distinction appropriately repaired, neither of these instruments can be expected to lead to an efficient allocation of
reductions among manufacturers or to an economically efficient overall level of fuel economy increases.

Performance Trade-offs for Ihe Various Policy Instruments
The discussion above makes it clear that there are tradeoffs among the various performance objectives important for
the various policies. In particular, there may be trade-offs
between three separate performance objectives:
Flexibility of choice for manufacturers and consumers
to allow appropriate fuel economy increases, while
maintaining consumer choice;
Certainty, or predictability, in the magnitude of total
fuel consumption reductions, or at least certainty in
the magnitude of new vehicle fuel economy increases;
and
Effectiveness in motivating the broadest range of appropriate consumer and manufacturer fuel use responses, and possibly the greatest fuel use reductions.
Table 5-3 summarizes these trade-offs. For each policy
instrument it provides a summary of performance of the instrument in terms of these three objectives and compares
them where possible. Each summary of the performance
characteristics is stated relative to the current CAFE system.
Since none of the policy instruments provides certainty
about the magnitude of fuel use reductions, primarily because

I
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TABLE 5-3 Performance Trade-offs for the Various Policy Instruments

1
I
I

Policy Instrument

Will Manufacturers and
Consumers Have Flexibility
of Choice to Allow
Economically Efficient Fuel
Economy Increases?

Current CAFE, with two-fleet rule

No

Current CAFE, without two-fleet rule

No, but more flexibility
than current CAFE
Similar to current CAFE
Yes
More flexibility than current
CAFE

I

I
I

1

CAFE with reformed cadtruck differentiation
Current CAFE targets with tradable credits
Current CAFE but with E-CAFE weight-based
targets
I

I

1

How Certain Will Be the
Magnitude of New Car
Fuel Economy Increases?

How Broad a Range
of Fuel Use Responses
Would Be
Motivated?

Much certainty

Broad range of fuel econom!
responses

More certainty than current CAR
Less certainty than current CAFE

Broader than current CAFE

____
Similar to current CAFE

I

Feebates

Ii
I

Gasoline taxes
Carbon taxes

I

1

Less certainty than current CAFE
Yes

I

Considerably less certainty than
current CAFE

Broader range than current
CAFE
Broader range than current
CAFE
Broader than current CAFE,
plus VMT responses
Like gasoline taxes, plus
economy-wide responses

I

!

!
c
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none can directly control total vehicle miles, the second column of Table 5-3, “How certain will be the magnitude of new
car fuel economy increases?”, summarizes the degree of certainty in the magnitude of new vehicle fuel economy increases
not in the magnitude of total fuel use reductions.
The third column, “How broad a range of fuel use responses would be motivated?”, summarizes the material
from Table 5- 1. Broader ranges of responses tend to lead to
larger responses for a given magnitude of incentives and thus
larger expected reductions in fuel use.
Table 5-3 underscores the observation that choice among
instruments will necessarily involve trade-offs among those
three performance objectives. In particular, there is an inherent trade-off between flexibility and certainty. Generally,
policy instruments that give the most certainty of response are
the ones that allow the least flexibility of choice. In addition,
certainty of response should not be confused with magnitude
of response. For equivalent magnitudes, the broad energy demand reduction policies-gasoline taxes and carbon taxeshave less certainty of magnitude but can be expected to lead to
the greatest reductions in fuel use.
In addition to the trade-offs highlighted in Table 5-3, the
various policy options will have additional impacts and
therefore additional trade-offs. The following section of this
chapter points out some of the additional impacts of the various policy options.
Table 5-3 incorporates an implicit assumption that the seventy and implementation speed of the interventions are simi-

lar for each instrument. However, this analytic requirement
for consistency is not a requirement for policy making. For
example, it is quite possible to decide whether one would prefer to implement a system of tradable credits with aggressive
fuel economy targets or to increase the targets of the CAFE
system less aggressively. Or, one could choose between a
moderate carbon tax system or an aggressive gasoline tax increase. Further analysis of the trade-offs involved in such
choices is a necessary part of the policy-making process.

Other Potential Consequences
In addition to issues discussed above, there may be other
consequences, some unintended, associated with these instruments. Six classes of potential consequence have been
identified: distributional impacts, automotive safety, consumer satisfaction, mobility of the population, employment,
and environmental impacts. These will be discussed in what
follows.

Distributional Impacts of the lnstrumenfs
In addition to the economic efficiency impacts of the vari-

ous policy instruments, there are also impacts on the distribution of income/wealth between automotive companies,
consumers, and the government. Carbon taxes and gasoline
taxes could have the greatest distributional consequences:
Vehicle owners would pay taxes to the federal government

t
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even if the fuel economy of their cars or trucks exceeded the
fuel economy targets. For example, with a $0.26/gal gasoline tax, the consumer driving a 30-mpg vehicle over a
150,000-mile lifetime would pay $1,300 in gasoline taxes
during the life of the vehicle. The payment to the govemmen1 would allow other taxes to be reduced or would allow
additional beneficial government spending.
Current CAFE standards (or UPI), with or without the
two-fleet rule, with or without a redesign of the distinction
between cars and trucks, and with or without attribute-based
targets, would not lead to any financial transfer among manufacturers who meet or exceed the targets. However, if, to
meet the targets, those manufacturers need to increase the
price of low-mpg vehicles and decrease the price of highmpg vehicles, then this pricing strategy would have a differential impact on consumers. In addition, those manufacturers who fail to meet the targets would pay financial penalties
to the government.
Like the current CAFE systems, feebates and tradable fuel
economy credits cause no financial transfers for those manufacturers just meeting the target. Like the current CAFE
systems, both systems would lead to payments from those
manufacturers who failed, on average, to meet the targets. A
difference is that, unlike the current CAFE system, those
manufacturers exceeding the fuel economy targets receive a
financial transfer and that transfer provides the motivation
for further increases in fuel economy.
Feebates would require manufacturers with fuel economy
lower than the targets to pay money to the federal govemment, while those with higher fuel economy would receive
payments from the government. Although money would pass
through the government, on net there would be a transfer of
payments between the two groups of manufacturers. If the
mean fuel economy of the entire new vehicle fleet exceeds
the mean target, there would be a financial transfer from the
government to the automotive industry as a whole; conversely, there would be a financial transfer from the industry
to the government if the mean economy is lower than the
average target. Thus, whether the system adds net tax revenues or subtracts from tax revenues would depend on the
average fuel economy of the new cars sold.
Tradable credits, either with or without weight-based targets, could lead to financial transfers between automobile
manufacturers. However, the transfers would be smaller (on
a per-vehicle basis) than the transfers associated with an
equivalent gasoline tax or a carbon tax. In the example above,
with a 30-mpg target and a $0.26/gal price of credits, a manufacturer whose mean economy was 35 mpg would receive
$185 per vehicle from selling credits, and the manufacturer
of a 25-mpg vehicle would need to pay $260 per vehicle for
purchasing credits. These could be compared with the $1, I 14
per-vehicle consumer payment of gasoline taxes (at $0.26
per gallon) for the 35-mpg vehicle and the $1,560 pervehicle consumer payment of gasoline taxes for the 25-mpg
vehicle.

Safety
As discussed in Chapters 2 and 4, over the last several
decades, driving continued to become safer, as measured by
the number of fatalities and severe injuries per mile of driving. This trend has resulted from a combination of factors,
including improvement in highway design; enforcement of
traffic laws, including alcohol restrictions; and improved
design of vehicles. Although most of these factors are apt to
be unaffected by changes in CAFE standards, one of them,
the design of vehicles-in particular, their weights and
sizes-may well be influenced by changes in the form and
severity of CAFE standards.
The relationships between weight and risk are complex
and have not been dependably quantified. However, in general, it appears that policies that result in lighter vehicles are
likely to increase fatalities (relative to their historic downward trend), although the quantitative relationship between
mass and safety is still subject to uncertainty.
Chapter 4 estimated that about 370 additional fatalities
per year could occur for a I O percent improvement in fuel
economy if downweighting follows the pattern of 19751984. The downweighting by itself would improve fuel
economy by about 2.7 percent for cars and 1.0 percent for
trucks, which would reduce gasoline consumption by about
4.3 billion gallons. Thus, if this relationship accurately described future downweighting, and if for policy analysis purposes a benefit of $4 million is assigned to every life, then
the safety costs would be $1.4 billion, or $0.33 in costs of
lost lives per gallon of gasoline saved by downweighting.??
If, on the other hand, weight reduction was limited to light
trucks, the net result could be a reduction in fatalities, with a
safety benefit. Note that there is much uncertainty in the estimate of value of lives and in the number of fatalities. Higher
or lower values of these figures would increase or decrease
the estimate in safety costs or benefits proportionately.
As discussed above, proportionate weight-based targets
would eliminate motivation for weight reductions and thus
would avoid any adverse safety implications. Inclusion of the
enhanced-CAFE weight-based targets would eliminate any
motivation for weight reductions for small vehicles and would
concentrate all weight reductions in the larger vehicles, including most light-duty trucks, possibly improving safety.
"?The committee has not determined what fraction of this cost consumers already take into account in their choices of vehicles. If consumers are
already taking into account consequences of vehicle purchases for their
own safety, these safety consequences help explain consumer preferences
for larger cars. If consumers do not take this cost into account, the $0.33 per
gallon cost of downweighting overwhelms the $0.26 per gallon reduction in
external costs that would result from downweighting Finally, if consumers
already fully include consequences of car purchases for their own safety but
ignore all consequences of car purchases for the safety of other drivers with
u'hom they may collide, then these costs imposed on others would represent
another external cost, one associated strictly with choice of new vehicle
weight. The committee has not quantified this possible source of external
costs.
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All other policy instruments could be expected to reduce
vehicle weights and thus, all else equal, could be expected to
have unintended safety impact. Any policy instrument that
encourages the sale of small cars beyond the level of normal
consumer demand may have adverse safety consequences.

Consumer Satisfaction
Reductions in weight or performance of vehicles below
that desired by consumers could reduce vehicle purchaser
satisfaction by reducing the utility of the vehicles available
to consumers.33 Reduction in satisfaction might reduce purchases of new vehicles and thus adversely impact the auto
industry and employment in that industry. This issue may be
particularly important for policies that implicitly or explicitly restrict automotive firms from selling vehicles designed
to appeal to consumers whose preferences differ from those
of typical customers. For example, some consumers expect
to use vehicles for towing boats or trailers, for farming, or
for construction, activities in which vehicle power-at relatively low speeds-is more important than fuel economy.
Others consumers may desire luxury features that sacrifice
fuel economy. Some may use their vehicle for carpooling
several families or transporting youth soccer teams, Girl
Scout troops, or school groups and thus may need the ability
to safely seat many people.
All of the policy instruments provide strong incentives to
reduce performance, and many also provide incentives to
reduce weight. Such reductions could have unintended negative consequences. Policy instruments that provide no motivation for weight reduction are less likely to have such negative consequences.

Mobility
Personal mobility is highly valued in American society.
People living in suburban and rural locations often have no
alternatives to light-duty vehicles for personal mobility.
Large numbers of people cannot afford to live close to their
work, and many families include two wage-earners who may
work a significant distance from one another. Thus, any policies that reduce the mobility of these people may create unintended hardships.
Mobility may be reduced by policies that greatly increase
the cost of driving. Large enough gasoline taxes or carbon
taxes could have this impact. Conversely, any policy that, all
else equal, increases fuel economy could reduce the cost of
driving and could increase options for mobility.

j3The effect of weight reduction on consumer satisfaction is complicated, however, because structural redesign and the use of lightweight materials can allow- weight reduction without changes in structural integrity or
handling.
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Employment
Employment in the U.S. economy is linked primarily to
monetary and fiscal policies pursued at the federal level and
to regional policies that allow a range of employment opportunities throughout the United States. None of the policy
options can be expected to significantly impact monetary
and fiscal policies. However, policies that reduce the number of vehicles manufactured in the United States or rapidly
and significantly reduce the scale of an industry central to a
regional economy could have at least temporary regional
employment impacts.
The committee believes that none of the policies discussed here would have such negative consequences if
implemented wisely. If implemented too aggressively, any
of the policies could greatly increase the cost of vehicles or
their use and thus have the potential for harming employment. In the remainder of this chapter, it is assumed that no
policy will be implemented so aggressively that there would
be such employment impacts.
One particular issue was raised in the committee's open
sessions. It was suggested that maintenance of the two-fleet
rule, requiring each manufacturer's domestic fleet and imported fleet of passenger cars to separately meet the CAFE
standards, was important for avoiding job losses in the
United States, particularly in the automotive industry. However, the committee found no evidence nor was it offered
any evidence or analysis to support that contention. In addition, the current rule does provide a strong motivation for
manufacturers to reduce domestic content of some vehicles,
particularly the larger vehicles, to keep them in the importfleet category. Therefore, while at some time the two-fleet
rule may have protected domestic production, the committee
sees no reason to believe it continues to play this role at all.
Therefore, elimination of the two-fleet rule is not expected
to have net adverse impacts on employment in the U.S. automotive industry.

Environment
Environmental impacts can be viewed in two categories,
depending on whether the impacts are closely related to the
amount of gasoline used or are independent of gasoline use
but instead are dependent on the VMT and on the characteristics of individual vehicles.
In the first category are the environmental consequences
of the release of CO,, which is directly proportional to the
amount of gasoline consumed. These direct environmental
externalities, discussed previously, are a major reason for
market intervention.
In the second category are the environmental consequences of criteria pollutants emitted from cars and trucks.
For a given vehicle, the more it is driven, the greater will be
the amount of emissions released and the greater the environmental impact. Thus, policies that reduce VMT-gaso-
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line taxes and carbon tradingltaxes-can lead to additional
environmental benefits.
New cars emit far less criteria pollutants per mile driven
than do cars of older vintage. Thus, policies that reduce retirements of old cars (by, for example, significantly increasing the costs of new vehicles) would increase the average
emissions per vehicle mile traveled and the total emissions
of criteria pollutants.

Potential Inequities
The issue of equity or inequity is subjective. However,
one concept of equity among manufacturers requires equal
treatment of equivalent vehicles made by different manufacturers. The current CAFE standards fail this test. If one
manufacturer was positioned in the market selling many
large passenger cars and thereby was just meeting the CAFE
standard, adding a 22-mpg car (below the 27.5-mpg standard) would result in a financial penalty or would require
significant improvements in fuel economy for the remainder
of the passenger cars. But, if another manufacturer was selling many small cars and was significantly exceeding the
CAFE standard, adding a 22-mpg vehicle would have no
negative consequences.
This differential treatment of identical vehicles characterizes the current CAFE system with or without the twofleet rule, with or without reclassifications of trucks, and
without weight-based targets. With the enhanced-CAFE
weight-based targets, this differential treatment would continue to exist.
Another notion of equity involves whether manufacturers
are rewarded, treated neutrally, or punished for incorporating fuel-economy-enhancing technologies when they are not
required by law to do so. Rewards or neutral treatment seem
equitable: punishment seems inequitable.
Uniform percentage improvements would operate in this
inequitable manner. Consider two initially identical manufacturers initially selling identical fleets of vehicles, both just
meeting current CAFE standards. Suppose that one manufacturer of its own volition introduces improved technologies that increase fuel economy and the other does not; suppose further that some years later the government adopts a
UP1 regulation. The first manufacturer would then be required to achieve a higher fuel economy than the second.
But the first manufacturer would already have used the lowcost fuel-saving technologies and would be forced to use
higher-cost technologies for the further improvement. That
manufacturer would be significantly punished for having
improved fuel economy beyond what was required by law.
A final concept of equity among manufacturers is more
global. New policies that would impose costs disproportionately on particular manufacturers, who themselves have remained in compliance with existing law and policies, seem
inequitable because they would impose unequal costs on otherwise similarly situated manufacturers.

A policy decision to simply increase the standard for
light-duty trucks to the same level as for passenger cars
would operate in this inequitable manner. Some manufacturers have concentrated their production in light-duty
trucks while others have concentrated production in passenger cars. But since trucks tend to be heavier than cars
and are more likely to have attributes, such as four-wheel
drive, that reduce fuel economy, those manufacturers
whose production was concentrated in light-duty trucks
would be financially penalized relative to those manufacturers whose production was concentrated in cars. Such a
policy decision would impose unequal costs on otherwise
similarly situated manufacturers.

Administrative Feasibility
Perhaps the easiest policy to implement would be increases in gasoline or other motor fuel taxes. There is already a system of gasoline taxation in place, and implementation of the policy would simply involve increasing the tax
rate. No additional administrative mechanisms would be
required.
It is also relatively easy to enforce the current CAFE standards. These standards, with or without the two-fleet rule,
involve reporting the sales of the various models of vehicles
and reporting the fuel economy of each model. The fuel
economy data are already developed for reporting to consumers. The sales data and the associated mathematical
calculations could be self-reported. Accounting for carryforward and penalties is straightforward. Thus, CAFE standards involve little or no administrative difficulty except in
setting the standards. However, setting target levels requires
significant economic and technological information, so the
levels should be revised periodically. Similarly, weightbased targets require only one additional piece of readily
available data, the vehicle curb weight. Thus, the administrative issues would be virtually no different from those of
the current CAFE standards.
Feebates require financial transfers between the auto
manufacturers and the government and thus require a reporting and collecting function. This function could be integrated
with other taxation functions but would require administrative efforts.
Tradable credits, with or without weight-based targets,
require a new administrative mechanism. Perhaps the easiest approach would involve an extension of the reporting
mechanisms required under the current CAFE standards.
At the end of the year, the manufacturer would report the
number of cars sold and their fuel economies (based on the
standard testing procedure) and their weights, if weightbased targets are to be used. They would also report the
number of fuel economy credits purchased or sold, the
names of the other companies involved in the transactions,
and sales prices of credits. The government agency might
require public reporting of the credit sales prices to allow
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use of this information for further rule making. Reporting
on the names of the other companies involved in transactions would allow cross-checking to assure that every reported purchase of credits had a corresponding reported
sale. The govemment agency would also need a mechanism to sell credits to any firm that decided to buy them. In
general, however, the administrative requirements would
be modest.
Introducing a carbon tax or carbon trading mechanism
would require a system that extended well beyond just the
automobile manufacturers. Discussion of how one might set
up such a system is well beyond the scope of this report.
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Attachment 5A
Development of an Enhanced-CAFE Standard
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Accord. (Car models that sell fewer than 1,OOO cars per year
in the United States are not shown.)
The current CAFE standard sets a passenger car target of
27.5 mpg (3.64 gallons per 100 miles of driving) for each
manufacturer. Compliance is determined by averaging gallons per mile across the manufacturer’s entire fleet of cars.
With averaging, the manufacturer can produce some cars
that get low mpg if it balances them with enough cars that
get high mpg. The horizontal line in Figure 5A-1 shows the
CAFE target.
Point A in Figure 5A-1 represents a car model that consumes more fuel than is allowed by the CAFE standard. The
gap between point A and the horizontal CAFE line is the
amount of excess fuel consumption. Point B is a car that consumes less fuel than the CAFE standard. The gap between
point B and the CAFE line is not as large, so the manufacturer
who makes As and Bs will have to sell approximately two
point B cars to offset the high fuel consumption of one point A
car. Manufacturers have an incentive to sell more of the lighter

This attachment develops the Enhanced-CAFE (E-CAFE)
standard, an alternative to the current fuel economy regulations. This alternative has a number of advantages: It has the
potential to decrease fuel consumption, reduce the “gaming”
of the fuel economy standards, and increase the safety of the
overall vehicle fleet. The committee views the new system
as a serious alternative to the current CAFE standards. Because of limitations of time and data, it has only been able to
do an approximate calibration of the effects of the new system. Thus, although the E-CAFE standard is highly promising, some additional analysis will be required.

TARGETS UNDER THE CURRENT CAFE STANDARD
Figure 5A- 1 shows the general relationship between fuel
consumption and vehicle weight for passenger cars, based
on 1999 data. Fuel consumption, the vertical axis, is expressed as number of gallons needed to drive 100 miles. Each
point in the graph is a single car model, e.g., a four-cylinder
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FIGURE 5A-1 Gallons used per 100 miles (cars only, gasoline engines only).
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FIGURE SA-? Regression line through the car data in Figure SA-I (passenger cars only, gasoline engines only).

cars, which may lead to an increase in traffic fatalities. In addition, there are equity problems: Those manufacturers who
specialize in making large, heavy cars have a harder task meeting CAFE targets than those who specialize in making small,
light cars. These disadvantages of the current CAFE system
motivate the search for an altemative.

THE
AND

RELATIONSHIP BETWEEN WEIGHT
FUEL CONSUMPTION

Figure 5A-2 tits a regression line through the car datathe upward-sloping straight line. There is strong relationship
between weight and fuel consumption.' Figure 5A-3 adds in
the data for light-duty trucks (gasoline engines only; models
that sold fewer than 1,000 vehicles per year in the United
States are not shown). Again, there is a strong relationship
between weight and fuel consumption, though with somewhat more outliers than in the car graphs. A regression
through the truck data was computed and is shown as a
dashed line. It is nearly parallel to the car line.

'Why do the points in Figure SA-2 scatter? Imagine a venical line drawn
at the 3,000-Ib point on the weight axis, and consider the cars that fall along
that 3,000-lb line. The cars do not all have the same fuel consumption because they do not all have the same powertrain technology. aerodynamic
efficiency, and rolling resistance. The point where the 3,000-lb line crosses
the sloping line represents the average technology of 3 , W - l b cars. The
sloping line is derived from a sales-weighted regression fit and therefore
gives more importance to high-volume vehicles. For this reason it puts most
weight on the most often used technologies within each weight class.

If all manufacturers exactly met the weight-based targets
shown by the two regression lines, the total car fleet would
average 28.1 mpg, and the total truck fleet would average
20.1 mpg, a difference of 8 mpg. But the two regression
lines in Figure 5A-3 are only about 2.5 mpg apart. The reason for this apparent difference (8 mpg instead of 2.5 mpg)
is that the regression lines estimate fuel consumption while
holding weight constant. The 8-mpg car-truck gap occurs
because the average car is being produced on the left-hand,
low-weight end of the technology curve, while the average
truck is being produced on the high weight end. Analyzing
the components of the 8-mpg gap: 2.5 mpg of the gap is
technological-trucks have more aerodynamic drag, and in
general their drive trains are not as technologically advanced.
And 5.5 mpg of the gap occurs because trucks are designed
to be heavier than cars.
To gain a better sense of the characteristics of specific
vehicles, Figure 5A-4 shows a sample of 33 trucks and 44
cars that are representative of cars, vans, SUVs, and pickup
trucks. For analytic purposes it is sometimes more convenient to normalize the vertical scale of Figure 5A-4: Divide
the fuel consumption of each point by the curb weight. This
ratio is the weight-specific fuel consumption (WSFC).
Figures 5A-3, 5A-4, and 5A-5 show that fuel consumption is roughly proportional to the weight of the vehicles or,
equivalently, that the weight-specific fuel consumption is
roughly constant across the various weights. That is, the most
significant variable explaining fuel consumption is weight.
This suggests the possibility of basing fuel economy standards on the weight of the vehicle. For example, use the
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sloped line in Figure 5A-2 as the target baseline. This contrasts to the current CAFE system, which computes the gap
between each vehicle and the horizontal CAFE line in Figure 5A-1. Instead, use the sloped line in Figure 5A-2 and
compute the gap between each vehicle and the sloped line.

WEIGHT-BASED TARGETS VERSUS CURRENT
CAFE TARGETS
A regulatory system using weight-based targets would
remove the intense incentives for manufacturers to downweight their small cars, thereby reducing the potential negative safety effects of the current system. It would also
produce greater equity across manufacturers-under CAFE,
manufacturers who make a full range of car sizes have a
harder time meeting the standards.
Weight-based targets also have three major disadvantages. First, because they are weight-neutral, the principal
lever for influencing vehicle fuel economy is lost. Second,
they remove most of the incentive behind the current research programs that are pursuing the use of lightweight
materials to substitute for the steel in vehicles. Such programs have the potential to reduce vehicle weight while preserving vehicle size, reducing fuel consumption while preserving safety.
Third, and most important, weight-based standards could
result in higher fuel consumption. Unlike with CAFE, there
is no cap on the fleet average, so the average vehicle could

move to the right (upweight) on the curve. Is this likely?
Note that car weights and truck weights have been increasing over the past decade despite strong counteracting pressure from CAFE. Furthermore, the profit margin associated
with large vehicles has traditionally been much higher than
that associated with small ones. Thus there are substantial
market incentives for manufacturers to increase vehicle
weights and no restraints on their doing so once CAFE is
removed.
With these advantages and disadvantages in mind, the
weight-based standard could be modified to become the
Enhanced-CAFE standard discussed in the next section. The
committee recommends that serious consideration be given
to this alternative as a substitute for the current CAFE
system.
PRINCIPAL ALERNAT/VE:

THE ENHANCED-CAFE STANDARD

It is possible to combine the CAFE system with weightbased targets to preserve most advantages of each while
eliminating most disadvantages. In particular, the combined
system should improve safety, so it is called the EnhancedCAFE (E-CAFE) system. The E-CAFE system is a way to
restructure the current regulatory system. It creates a different kind of baseline for measuring compliance and hence
creates different incentives for manufacturers-incentives
that move the regulatory system toward some highly desirable goals. One possible set of targets is illustrated below,
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but the actual targets would be determined by the legislative
and regulatory process.
It is possible to have separate E-CAFE baselines for cars
and for trucks. However, there would be a substantial advantage to using a single baseline that applies to all light-duty
vehicles-it would eliminate the “gaming” possibilities inherent in a two-class system with different standards for each
class. The horizontal line in Figure SA-S shows such a fuel
consumption target: a single baseline used to measure performance deviations for both cars and trucks. For vehicles
that weigh less than 4,000 Ib, the target is sloped upward like
the weight-based targets.’ For vehicles that weigh more than
4,000 lb, the target is a horizontal line like the current CAFE
standard. This approach in effect uses a more stringent target
for vehicles above 4,000 Ib, creating incentives to use advanced technology to improve power-train efficiency, reduce
aerodynamic and rolling resistance losses, and reduce accessory power.
E-CAFE creates a strong set of incentives to improve the
fuel economy of the heaviest vehicles. Under current CAFE,
if a manufacturer wishes to offset the excess fuel consumption of a large vehicle, it can do so by selling a light vehicle:
The vertical gap of the large vehicle (“A”) in Figure SA- 1 is
offset by the vertical gap of the small vehicle (“B”). But if
the baseline is changed to E-CAFE (Figure SA-6), the small
vehicle does not generate a large credit because it is on the
sloped portion of the baseline and its gap is measured with
respect to the slope, not with respect to the horizontal line.
For our illustrative example, the horizontal line is set at
20.7 mpg, the current CAFE standard for light-duty trucks.
Each manufacturer is judged on its entire fleet of cars and
trucks: Vehicles that use less fuel than the targets can balance vehicles that use more. The committee recommends
that a system of tradable credits, such as that described earlier in this chapter, be made part of the regulation.
The E-CAFE targets can also be expressed in terms of the
weight-specific fuei consumption (WSFC) of the vehicles,
which is fuel consumption per ton of vehicle weight used in
100 miles of driving. This normalized measure is shown in
Figure SA-7.
How would this proposal affect the different manufacturers? A fleetwide compliance measure was computed for each
of the Big 3 manufacturers plus Honda and Toyota to measure their position with respect to the illustrative E-CAFE
targets. Compliance ranged from 3 percent below the targets
to 6 percent above the targets. None of the major manufacturers begins with a large compliance deviation. It is a relatively fair starting point.
The system has a single set of targets for all vehicles. This

?This figure is only an illurtration of one possible implementation of ECAFE. The equation for this part of the targets is: GPMlOO = -0.409 + l .3 l
times weight, where GPMlOO is gasoline consumption in gallons per 100
miles and weight is the vehicle weight in thousands of pounds.

eliminates any concerns about arbitrary trucWcar distinctions
and their pos\ible manipulation, since all such distinctions
would be eliminated.
There would be a small incentive for lightweight vehicles
to be made heavier and a large incentive for vehicles weighing more than the cutoff weight to be made lighter. Thus, the
variance in weight across the combined fleet should be lower.
This reduction in weight variance would improve safety in
car-to-car collisions.
The present position of the lines could serve as the initial
baseline under the E-CAFE system. It produces a combined
car and truck fuel economy of 74.6 mpg.‘ To improve the
overall fleet fuel economy in subsequent years, the horizontal portion of the baseline would be lowered, while simultaneously reducing the slope of the lower portion of the
baseline. The slope of the lower portion could also be adjusted to reflect the most cost-effectibe use of technology
(see Chapter 1). If the E-CAFE system is adopted, there
should be a phase-in period associated with the new standards: Manufacturers have already made plans based on the
existing CAFE standards and must be given time to analyze
the implications of the new standards and to redo their product plans.

AN A1 TERNATIVE A~RIBUTE
SYSTEM
Instead of basing the E-CAFE standards on curb weight,
they might be based on some measure of the vehicle‘s loadcarrying capacity, such as gross vehicle weight (GVW).
Thus, vehicles capable of carrying more load would be given
more liberal fuel consumption targets. This concept has some
potentially useful features, as described in Attachment 3A.
For regulatory purposes, however, it would have some serious problems.
Passenger vehicles rarely travel under full-load conditions. For example, data on vehicle occupancy from the Nationwide Personal Transportation Survey show that the large
seating capacity of these vehicles is typically unused. The
average van carries only 2.1 people, the average S W carries 1.7 people, the average pickup carries 1.4 people, and
for “other trucks” the average was 1.1 people. All these
occupancy figures need to be compared with the average
automobile, which carries 1.6 people. That is, if GVW were
used instead of curb weight, heavier vehicles would be allowed to consume more fuel all the time because they miglrt
carry a full load.
There are no measured data available that would allow
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?This was calculated by assuming that every manufacturer complied with
the E-CAFE standards. Compliance is measured by computing the gap between the E-CAFE baseline and each vehicle’s estimated fuel-consumption, multiplied by the number of vehicles of that model that were soldsome would be positive numbers, some negative. These would be summed
over all the models made by a given manufacturer.
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the determination of slopes and cutoffs under a GVW standard. EPA does not measure fuel consumption under those
extra weight conditions. It has adjustment formulas capable
of estimating the change in fuel consumption for small
changes in vehicle weight, but the uncertainty of the predictions becomes larger and larger as the prospective weight
change increases. To do an accurate analysis to set standards
under the GVW criterion, the EPA would have to rerun the
tests across all the vehicles in the fleet. Recalibrating to a
regulatory standard based on GVW would take a long time.

Finally, GVW is a rating, not a measure, and it is determined by each manufacturer, using that manufacturer's own
judgment of carrying capacity. A senior EPA analyst4 characterized GVW as "a remarkably arbitrary figure." As currently determined, it lacks the objective reliability needed
when setting a regulatory standard.

'Personal communication from Eldert Bonteko, Environmental Protection Agency, Ann Arbor, to committee member Charles Lave.
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Findings and Recommendations

Finding 2. Past improvements in the overall fuel economy
of the nation’s light-duty vehicle fleet have entailed very
real, albeit indirect, costs. In particular, all but two members
of the committee concluded that the downweighting and
downsizing that occurred in the late 1970s and early 1980s,
some of which was due to CAFE standards, probably resulted in an additional 1,300 to 2,600 traffic fatalities in
1993.’ In addition, the diversion of carmakers’ efforts to
improve fuel economy deprived new-car buyers of some
amenities they clearly value, such as faster acceleration,
greater carrying or towing capacity, and reliability.

As noted in previous chapters, the committee gathered
information through presentations at its open meetings (see
Appendix C); invited analyses and statements; reports from
its consultants, who conducted analyses at the direction of
the committee; visits to manufacturers; review of the pertinent literature; and the expertise of committee members. Informed by this substantial collection of information, the committee conducted its own analyses and made judgments
about the impacts and effectiveness of CAFE standards (see
Chapters 2 to 5). Since Congress asked for a report by July 1,
2001, and the committee had its first meeting in early February 2001, the committee had less than 5 months (from early
February to late June), to conduct its analyses and prepare a
report for the National Research Council’s report review process, an unusually short time for a study of such a complex
issue. In its findings and recommendations, the committee
has noted where analysis is limited and further study is
needed.

Finding 3. Certain aspects of the CAFE program have not
functioned as intended:
The distinction between a car for personal use and a
truck for work usekargo transport has broken down,
initially with minivans and more recently with sport
utility vehicles ( S W s ) and cross-over vehicles. The
cadtruck distinction has been stretched well beyond
the original purpose.
The committee could find no evidence that the twofleet rule distinguishing between domestic and foreign
content has had any perceptible effect on total employment in the U.S. automotive industry.
The provision creating extra credits for multifuel vehicles has had, if any, a negative effect on fuel economy, petroleum consumption, greenhouse gas emissions, and cost. These vehicles seldom use any fuel
other than gasoline yet enable automakers to increase
their production of less fuel efficient vehicles.

FINDINGS
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Finding 1. The CAFE program has clearly contributed to
increased fuel economy of the nation’s light-duty vehicle
fleet during the past 22 years. During the 1970s, high fuel
prices and a desire on the part of automakers to reduce costs
by reducing the weight of vehicles contributed to improved
fuel economy. CAFE standards reinforced that effect. Moreover, the CAFE program has been particularly effective in
keeping fuel economy above the levels to which it might
have fallen when real gasoline prices began their long decline in the early 1980s. Improved fuel economy has reduced
dependence on imported oil, improved the nation’s terms of
trade, and reduced emissions of carbon dioxide, a principal
greenhouse gas, relative to what they otherwise would have
been. If fuel economy had not improved, gasoline consumption (and crude oil imports) would be about 2.8 million barrels per day greater than it is, or about 14 percent of today’s
consumption.

‘A dissent by committee members David Greene and Maryann Keller on
the impact of downweighting and downsizing is contained in Appendix A.
They believe that the level of uncertainty is much higher than stated and
that the change in the fatality rate due to efforts to improve fuel economy
may have been zero. Their dissent is limited to the safety issue alone.
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Finding 4. In the period since 1975, manufacturers have
made considerable improvements in the basic efficiency of
engines, drive trains, and vehicle aerodynamics. These improvements could have been used to improve fuel economy
and/or performance. Looking at the entire light-duty fleet,
both cars and trucks, between 1975 and 1984, the technology improvements were concentrated on fuel economy: It
improved by 62 percent without any loss of performance as
measured by 0-60 niph acceleration times. By 1985, lightduty vehicles had improved enough to meet CAFE standards.
Thereafter, technology improvements were concentrated
principally on performance and other vehicle attributes (including improved occupant protection). Fuel economy remained essentially unchanged while vehicles became 20 percent heavier and 0-60 mph acceleration times became, on
average, 25 percent faster.
Finding 5. Technologies exist that, if applied to passenger
cars and light-duty trucks, would significantly reduce fuel
consumption within 15 years. Auto manufacturers are already offering or introducing many of these technologies in
other markets (Europe and Japan, for example), where much
higher fuel prices ($4 to $5/galj have justified their development. However, economic, regulatory, safety, and consumerpreference-related issues will influence the extent to which
these technologies are applied in the United States.
Several new technologies such as advanced lean exhaust
gas after-treatment systems for high-speed diesels and directinjection gasoline engines, which are currently under development, are expected to offer even greater potential for reductions in fuel consumption. However, their development
cycles as well as future regulatory requirements will influence if and when these technologies penetrate deeply into
the U.S. market.
The committee conducted a detailed assessment of the
technological potential for improving the fuel efficiency of
10 different classes of vehicles, ranging from subcompact
and compact cars to S W s , pickups, and minivans. In addition, it estimated the range in incremental costs to the consumer that would be attributable to the application of these
engine, transmission, and vehicle-related technologies.
Chapter 3 presents the results of these analyses as curves
that represent the incremental benefit in fuel consumption
versus the incremental cost increase over a defined baseline
vehicle technology. Projections of both incremental costs
and fuel consumption benefits are very uncertain, and the
actual results obtained in practice may be significantly
higher or lower than shown here. Three potential development paths are chosen as examples of possible product improvement approaches, which illustrate the trade-offs auto
manufacturers may consider in future efforts to improve
fuel efficiency.
Assessment of currently offered product technologies
suggests that light-duty trucks, including SUVs, pickups, and

minivans, offer the greatest potential to reduce fuel consumption on a total-gallons-saved basis.

Finding 6. In an attempt to evaluate the economic trade-offs
associated with the introduction of existing and emerging technologies to improve fuel economy, the committee conducted
what it called cost-efficient analysis. That is, the committee
identified packages of existing and emerging technologies that
could be introduced over the next I O to 15 years that would
improve fuel economy up to the point where further increases
in fuel economy would not be reimbursed by fuel savings.
The size, weight, and performance characteristics of the vehicles were held constant. The technologies, fuel consumption estimates, and cost projections described in Chapter 3
were used as inputs to this cost-efficient analysis.
These cost-efficient calculations depend critically on the
mumptions one makes about a variety of parameters. For
the purpose of calculation, the committee assumed as follows: (1) gasoline is priced at $1.50/gal, (2) a car is driven
15,600 miles in its first year, after which miles driven declines at 4.5 percent annually, (3) on-the-road fuel economy is 15 percent less than the Environmental Protection
Agency’s test rating, and (4) the added weight of equipment
required for future safety and emission regulations will exact a 3.5 percent fuel economy penalty.
One other assumption is required to ascertain cost-efficient technology packages-the horizon over which fuel
economy gains ought to be counted. Under one view, car
purchasers consider fuel economy over the entire life of a
new vehicle; even if they intend to sell it after 5 years, say,
they care about fuel economy because it will affect the price
they will receive for their used car. Altematively, consumers
may take a shorter-term perspective, not looking beyond,
say, 3 years. This latter view, of course, will affect the identification of cost-efficient packages because there will be
many fewer years of fuel economy savings to offset the initial purchase price.
The full results of this analysis are presented in Chapter 4. To provide one illustration, however, consider a midsize SUV. The current sales-weighted fleet fuel economy
average for this class of vehicle is 21 mpg. If consumers
consider only a 3-year payback period, fuel economy of 22.7
mpg would represent the cost-efficient level. If, on the other
hand, consumers take the full 1Cyear average life of a vehicle as their horizon, the cost-efficient level increases to 28
mpg (with fuel savings discounted at 12 percent). The longer
the consumer’s planning horizon, in other words, the greater
are the fuel economy savings against which to balance the
higher initial costs of fuel-saving technologies.
The committee cannot emphasize strongly enough that
the cost-efficient fuel economy levels identified in Tables
4-2 and 4-3 in Chapter 4 are not recommended fuel economy
goals. Rather, they are reflections of technological possibilities, economic realities, and assumptions about parameter
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values and consumer behavior. Given the choice, consumers
might well spend their money on other vehicle amenities,
such as greater acceleration or towing capacity, rather than
on the fuel economy cost-efficient technology packages.

imposed on manufacturers and consumers if standards turn
out to be more difficult to meet than expected. It would also
reveal information about the costs of fuel economy improvements and thus promote better-informed policy decisions.

Finding 7. There is a marked inconsistency between pressing automotive manufacturers for improved fuel economy
from new vehicles on the one hand and insisting on low real
gasoline prices on the other. Higher real prices for gasolinefor instance, through increased gasoline taxes-would create both a demand for fuel-efficient new vehicles and an
incentive for owners of existing vehicles to drive them less.

Finding 12. The CAFE program might be improved significantly by converting it to a system in which fuel economy targets depend on vehicle attributes. One such system
would make the fuel economy target dependent on vehicle
weight, with lower fuel consumption targets set for lighter
vehicles and higher targets for heavier vehicles, up to some
maximum weight, above which the target would be weightindependent. Such a system would create incentives to reduce the variance in vehicle weights between large and
small vehicles, thus providing for overall vehicle safety. It
has the potential to increase fuel economy with fewer negative effects on both safety and consumer choice. Above the
maximum weight, vehicles would need additional advanced
fuel economy technology to meet the targets. The committee believes that although such a change is promising, it
requires more investigation than was possible in this study.

Finding 8. The committee identified externalities of about
$0.30/gal of gasoline associated with the combined impacts
of fuel consumption on greenhouse gas emissions and on
world oil market conditions. These externalities are not necessarily taken into account when consumers purchase new
vehicles. Other analysts might produce lower or higher estimates of externalities.
Finding 9. There are significant uncertainties surrounding
the societal costs and benefits of raising fuel economy standards for the light-duty fleet. These uncertainties include the
cost of implementing existing technologies or developing
new ones; the future price of gasoline; the nature of consumer preferences for vehicle type, performance, and other
features; and the potential safety consequences of altered
standards. The higher the target for average fuel economy,
the greater the uncertainty about the cost of reaching that
target.
Finding 10. Raising CAFE standards would reduce future
fuel consumption below what it otherwise would be; however, other policies could accomplish the same end at lower
cost, provide more flexibility to manufacturers, or address
inequities arising from the present system. Possible alternatives that appear to the committee to be superior to the
current CAFE structure include tradable credits for fuel
economy improvements, feebates,? higher fuel taxes, standards based on vehicle attributes (for example, vehicle
weight, size, or payload), or some combination of these.
Finding 11. Changing the current CAFE system to one featuring tradable fuel economy credits and a cap on the price
of these credits appears to be particularly attractive. It would
provide incentives for all manufacturers, including those that
exceed the fuel economy targets, to continually increase fuel
economy, while allowing manufacturers flexibility to meet
consumer preferences. Such a system would also limit costs

'Feebates are taxes on vehicles achieving less than the average fuel
economy coupled with rebate\ to vehicles achiei ing barer than average
fuel economy.

Finding 13. If an increase in fuel economy is effected by a
system that encourages either downweighting or the production and sale of more small cars, some additional traffic fatalities would be expected. However, the actual effects would
be uncertain, and any adverse safety impact could be minimized, or even reversed, if weight and size reductions were
limited to heavier vehicles (particularly those over 4,000 Ib).
Larger vehicles would then be less damaging (aggressive) in
crashes with all other vehicles and thus pose less risk to other
drivers on the road.
Finding 14. Advanced technologies-including directinjection, lean-burn gasoline engines; direct-injection
compression-ignition (diesel) engines; and hybrid electric
vehicles-have the potential to improve vehicle fuel economy by 20 to 40 percent or more, although at a significantly
higher cost. However, lean-burn gasoline engines and diesel
engines, the latter of which are already producing large fuel
economy gains in Europe, face significant technical challenges to meet the Tier 2 emission standards established by
the Environmental Protection Agency under the 1990
amendments to the Clean Air Act and California's low-emission-vehicle (LEV II) standards. The major problems are the
Tier 2 emissions standards for nitrogen oxides and particulates and the requirement that emission control systems be
certified for a 120,000-mile lifetime. If direct-injection gasoline and diesel engines are to be used extensively to improve
light-duty vehicle fuel economy, significant technical developments concerning emissions control will have to occur or
some adjustments to the Tier 2 emissions standards will have
to be made. Hybrid electric vehicles face significant cost
hurdles, and fuel-cell vehicles face significant technological, economic, and fueling infrastructure barriers.
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Finding 15. Technology changes require very long lead
times to be introduced into the manufacturers' product lines.
Any policy that is implemented too aggressively (that is, in
too short a period of time) has the potential to adversely
affect manufacturers, their suppliers, their employees, and
consumers. Little can be done to improve the fuel economy
of the new vehicle fleet for several years because production
plans already are in place. The widespread penetration of
even existing technologies will probably require 4 to 8 years.
For emerging technologies that require additional research
and development, this time lag can be considerably longer.
In addition, considerably more time is required to replace
the existing vehicle fleet (on the order of 200 million vehicles) with new, more efficient vehicles. Thus, while there
would be incremental gains each year as improved vehicles
enter the fleet, major changes in the transportation sector's
fuel consumption will require decades.

RECOMMENDATIONS

and provide incentives to all manufacturers to improve fuel
economy. Importantly, trading of fuel economy credits
would allow for more ambitious fuel economy goals than
exist under the current CAFE system, while simultaneously
reducing the economic cost of the program.

i

I
1

Recommendation 3. Consideration should be given to
designing and evaluating an approach with fuel economy
targets that are dependent on vehicle attributes, such as vehicle weight, that inherently influence fuel use. Any such
system should be designed to have minimal adverse safety
consequences.

I

i

Recommendation 4. Under any system of fuel economy
targets, the two-fleet rule for domestic and foreign content
should be eliminated.

I

,

Recommendation 5. CAFE credits for dual-fuel vehicles
should be eliminated, with a long enough lead time to limit
adverse financial impacts on the automotive industry.

Recommendation 1. Because of concems about greenhouse
gas emissions and the level of oil imports, it is appropriate
for the federal government to ensure fuel economy levels
beyond those expected to result from market forces alone.
Selection of fuel economy targets will require uncertain and
difficult trade-offs among environmental benefits, vehicle
safety, cost, oil import dependence, and consumer preferences. The committee believes that these trade-offs rightfully reside with elected officials.

Recommendation 6. To promote the development of
longer-range, breakthrough technologies, the government
should continue to fund, in cooperation with the automotive
industry, precompetitive research aimed at technologies to
improve vehicle fuel economy, safety, and emissions. It is
only through such breakthrough technologies that dramatic
increases in fuel economy will become possible.

Recommendation 2. The CAFE system, or any alternative
regulatory system, should include broad trading of fuel
economy credits. The committee believes a trading system
would be less costly than the current CAFE system; provide
more flexibility and options to the automotive companies;
give better information on the cost of fuel economy changes
to the private sector. public interest groups, and regulators;

Recommendation 7. Because of its importance to the fuel
economy debate, the relationship between fuel economy and
safety should be clarified. The committee urges the National
Highway Traffic Safety Administration to undertake additional research on this subject, including (but not limited to)
a replication, using current field data, of its 1997 analysis of
the relationship between vehicle size and fatality risk.
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Dissent on Safety Issues: Fuel Economy and Highway Safety
David L. Greene
and Maryann Keller

The relationship between fuel economy and highway
safety is complex, ambiguous, poorly understood, and not
measurable by any known means at the present time. Improving fuel economy could be marginally harmful, beneficial, or have no impact on highway safety. The conclusions
of the majority of the committee stated in Chapters 2 and 4
are overly simplistic and at least partially incorrect.
We make a point of saying fuel economy and safety rather
than weight or size and safety, because fuel economy is the
subject at hand. While reducing vehicle weight, all else
equal, is clearly one means to increasing fuel economy, so is
reducing engine power, all else equal. To the extent that consumers value power and weight, manufacturers will be reluctant to reduce either to improve mpg. Indeed, Chapter 3
of this report, which addresses the likely means for improving passenger car and light-truck fuel economy, sees very
little role for weight or horsepower reduction in comparison
with technological improvements. However, we will spend
most of this appendix discussing the relationships between
vehicle weight and safety, because the more important technological means to improving fuel economy appear to be
neutral or beneficial to safety.
In analyzing the relationships between weight and safety
it is all too easy to fall into one of two logical fallacies. The
first results from the very intuitive, thoroughly documented
(e.g., Evans, 1991, chapter 4,and many others), and theoretically predictable fact that in a collision between two vehicles of unequal weight, the occupants of the lighter vehicle
are at greater risk. The fallacy lies in reasoning that, therefore, reducing the mass of all vehicles will increase risks in
collisions between vehicles. This is a fallacy because it is the
relative weight of the vehicles rather than their absolute
weight that, in theory, leads to the adverse risk consequences
for the occupants of the lighter vehicle. In fact, there is some
evidence that proportionately reducing the mass of all vehicles would have a beneficial safety effect in vehicle collisions (Kahane, 1997, tables 6-7 and 6-8;Joksch et al., 1998,
p. ES-2).

The second fallacy arises from failing to adequately account for confounding factors and consequently drawing
conclusions from spurious correlations. In analyzing real
crashes, it is generally very difficult to sort out “vehicle”
effects from driver behavior and environmental conditions.
Because the driver is generally a far more important determinant of crash occurrences than the vehicle and a significant factor in the outcomes, even small confounding errors
can lead to seriously erroneous results. Evans (199 1, pp. 9293), for example, cites research indicating that the road user
is identified as a major factor in 95 percent of traffic crashes
in the United Kingdom and 94 percent in the United States.
The road environment is identified as a major factor in 28
percent and 34 percent of U.K. and U.S. crashes, respectively, while the comparable numbers for the vehicle are 8
and 12 percent. Of the driver, environment, and vehicle, the
vehicle is the least important factor in highway fatalities.
Moreover, there are complex relations among these factors:
Younger drivers tend to drive smaller cars, smaller cars are
more common in urban areas, older drivers are more likely
to be killed in crashes of the same severity, and so on. To
isolate the effects of a less important factor from the effects
of more important yet related factors is often not possible. In
the case of vehicle weight and overall societal highway
safety, it appears that there are not adequate measures of
exposure with which to control for confounding factors so as
to isolate the effects of weight alone.

THE PROBLEM IS COMPLEX
Part of the difficulty of estimating the true relationships
between vehicle weight and highway safety is empirical: reality presents us with poorly designed experiments and incomplete data. For example, driver age is linearly related to vehicle weight (Joksch, personal communication, June 19,
2001), and vehicle weight, size, and engine power are a11
strongly correlated. This makes it difficult to disentangle
driver effects from vehicle effects. As another example, pe117
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destrian fatalities are most concentrated in dense urban areas,
where smaller vehicles predominate. In Washington, D.C., 42
percent of traffic fatalities are pedestrians; in Wyoming only 3
percent are pedestrians (Evans, 1991, p. 4). Failing to accurately account for where vehicles are driven could lead one to
conclude that smaller vehicles are more likely to hit pedestrians than larger vehicles. Measures of vehicle exposure with
which to control for confounding influences of drivers, environment, and other vehicle characteristics are almost always
inadequate. Under such circumstances it is all too easy for
confounding effects to result in biased inferences.
Another part of the problem is the systematic nature of the
relationships. To fully analyze the effect of weight on safety,
one must consider its impacts on both the probability of a
crash (crash involvement) and the consequences of a crash
(crashworthiness or occupant protection). Crashes among all
types of highway users must be considered-not just crashes
between passenger cars, or even all light-duty vehicles, but
also crashes between light vehicles and heavy trucks, pedestrians, and cyclists, as well as single-vehicle crashes.
Only one study has attempted to fully address all of these
factors. That is the seminal study done by C. Kahane of the
National Highway Traffic Safety Administration (Kahane,
1997). No other study includes pedestrian and cyclist fatalities. No other study also explicitly addresses crash involvement and occupant protection. Kahane’s study stands alone
as a comprehensive, scientific analysis of the vehicle weight
and safety issue. It makes the most important contribution to
our understanding of this issue that has been made to date.
But even Kahane’s study has important limitations. As
the author himself noted, he was unable to statistically separate the effects of vehicle size from those of vehicle weight.
This would have important implications if material substitution becomes the predominant strategy for reducing vehicle
weight, since material substitution allows weight to be reduced without reducing the size of vehicles. Both the steel
and aluminum industries have demonstrated how material
substitution can produce much lighter vehicles without reducing vehicle dimensions (e.g., see, NRC, 2 0 , pp. 4649). Not only prototype but also production vehicles have
confirmed the industries’ claims that weight reductions of
10 to 30 percent are achievable without reducing vehicle size.
Kahane’s analysis (1997) is thorough and careful. It details at length the approximations and assumptions necessitated by data limitations. These have also been enumerated
in two critical reviews of the work by the NRC (North, 1996)
and industry consultants (Pendelton and Hocking, 1997). We
will not belabor them here. It is important, however, to repeat the first finding and conclusion of the panel of eight
experts who reviewed the Kahane ( 1 997) study, because it is
identical to our view of this issue. We quote the panel’s No.
1 finding and conclusion in full.
I . The NHTSA analysts’ most recent estimates of vehicle
weight-hafety relationships address many of the deficiencies

of earlier research. Large uncertainties in the estimates remain, however, that make i t impossible to use this analysis
to predict with a reasonable degree of precision the societal
risk of vehicle downsizing or downweighting. These uncertainties are elaborated below. (North, 1996, p. 4.)

Despite these limitations, Kahane’s analysis is far and
away the most comprehensive and thorough analysis of this
subject. We will return to it below for insights on several
issues.

THE LAWS OF PHYSICS
There is no fundamental scientific reason why decreasing
the mass of all highway vehicles must result in more injuries
and fatalities. In debates about CAFE and safety, it has frequently been claimed that the laws of physics dictate that
smaller, lighter vehicles must be less safe. This assertion is
quite true from the perspective of a single private individual
considering his or her own best interests and ignoring the
interests of others, but it is false from a societal perspective.
Therefore, the safety issues surrounding a general downweighting or downsizing of highway vehicles are concerned
with the details of how vehicle designs may change, differences in the performance of lighter weight materials, the precise distribution of changes in mass and size across the fleet,
and interactions with other highway users.

The One Point on Which Everyone Agrees
There is no dispute, to the best of our knowledge, that if a
collision between two vehicles of different mass occurs, the
occupants of the heavier vehicle will generally fare better
than the occupants of the lighter vehicle. The evidence on
this point is massive and conclusive, in our opinion. This
conclusion is founded in the physical laws governing the
changes in velocity when two objects of differing mass collide. In a direct head-on collision, the changes in velocity
(Av) experienced by two objects of differing mass are inversely proportional to the ratio of their masses (Joksch et
al., 1998, p. 1 I), as shown in the following equations:

Because the human body is not designed to tolerate large,
sudden changes in velocity, Av, correlates extremely well
with injuries and fatalities. Empirically, fatality risk increases with the fourth power of Av (Joksch et al., 1998).
The implications are extreme. If vehicle 2 weighs twice as
much as vehicle I , the fatality risks to occupants of vehicle 1
will be approximately 2j = 16 times greater than those to the
occupants of vehicle 2 in a head-on collision. Lighter vehicles will generally experience greater Av’s than heavier
vehicles, and their occupants will suffer greater injuries as a
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result. Evans (1991, p. 95) has summarized this relationship
in two laws:
When a crash occurs, other factors being equal,
1. The lighter the vehicle, the less risk posed to other road
users.
2. The heavier the vehicle, the less risk posed to its occupants.

Evans’ two laws make it clear that there are winners and
losers in the mass equation. In free markets, this relationship
causes a kind of market failure called an externality, which
leads to oversized and overweighed vehicles. This market
failure, combined with the aggressive designs of many
heavier vehicles, is very likely a much more important societal safety concern than improving fuel economy. It is well
known that in collisions with sport utility vehicles, pick-up
trucks, and vans, car drivers are at a serious safety disadvantage, not only because of the disparity in vehicle weights but
because of the aggressivity of light-truck designs (Joksch,
2000).
The simple relationship expressed by equation ( I ) tells us
two important things. First, suppose that the masses of both
vehicle 1 and vehicle 2 are reduced by 10 percent. This is
equivalent to multiplying both m2 and m, by 0.9. The result
is a canceling of effects and no change in the Air’s. Thus, this
simple application of the laws of physics wouldpredict that
a proportionate dowrnveighting of all light vehicles would
result in no increase in fatalities or injuries in two-car
crashes. We emphasize this point because it is entirely consistent with the findings of Kahane’s seminal study (1997)
of the effects of downsizing and downweighting on traffic
fatalities. Second, the distribution of vehicle weights is important. Because the probability of fatalities increases at an
increasing rate with At!, a vehicle population with widely
disparate weights is likely to be less safe than one with more
uniform weight, at any overall average weight.

IN COLLISIONS BETWEEN VEHICLES OF THE SAME
WEIGHT, IS LIGHTER OR HEAVIER BETTER?
Kahane’s results (1997) suggest that in car-to-car or light
truck-to-light truck collisions, if both vehicles are lighter,
fatalities are reduced. The signs of the two coefficients quantifying these effects are consistent for the two vehicle types,
but neither is statistically significant. Focusing on the crashworthiness and aggressivity of passenger cars and light
trucks in collisions with each other, Joksch et al. (1 998) studied fatal accidents from 1991 to 1994 and found stronger
confirmation for the concept that more weight was, in fact,
harmful to safety.
In their analysis of the effects of weight and size in passenger car and light-truck collisions, Joksch et al. (1998)
paid special attention to controlling for the age of the occupants and recognizing nonlinear relationships between key
variables. Their analysis led them to two potentially very

important conclusions: ( I ) increased weight of all cars was
not necessarily a good thing for overall safety and (2) greater
variability of weights in the vehicle fleet was harmful.
Among cars, weight is the critical factor. Heavier cars impose a higher fatality risk on the drivers of other cars than
lighter cars. A complement to this effect is that the drit-er
fatality risk in the heavier car is lower. However, the reduction in the fatality risk for the driver of the heavier car is less
than the increase of the fatality risk for the driver of the
lighter car. Thus, the variation of weight among cars result3
in a net increase of fatalities in collisions. (Joksch et al.,
1998, p. 62.)

Studies like those of Kahane (1997) and Joksch et al.
(1998) that take greater pains to account for confounding
factors appear to be less likely to find that reducing aeight is
detrimental to highway safety in vehicle-to-vehicle crnches
than studies that make little or no attempt to control for confounding factors. This suggests to us that confounding factors are present and capable of changing the direction of a
study’s conclusions.

FINALLY, ALL THINGS CONSIDERED (KAHANE)
The most comprehensive assessment of the impacts of
vehicle weight and size on traffic safety was undertaken by
the National Highway Traffic Safety Administration, partly
in response to a request from the 1952 NRC study Autoruofive Fuel Economy. The NRC study pointed out that a societal perspective that included all types of crashes and d l
highway users was needed, and that crash involvement as
well as crashworthiness needed to be considered. The 1992
NRC study also noted the possibility that the downweighting
of vehicles could increase or decrease fatalities, depending
on the resulting weight distribution. Kahane’s study ( 1997)
attempted to address all of these issues. Because of its thoroughness, technical merit, and comprehensiveness, it stands
as the most substantial contribution to this issue to date.
Based on traffic fatality records for model years 1985 to
1993, Kahane (1997) estimated the change in fatalities attributable to 100-lb reductions in the average weight of passenger cars and light trucks. The author carefully and
prominently notes that the data and model did not allow a
distinction between weight and other size parameters such
as track width or wheelbase. This implies that the 100-Ib
downweighting includes the effects of whatever downsizing is correlated with it in the fleet under study. The
report also meticulously documents a number of data problems and limitations, and the procedures used to circumvent them. While these problems have important implications for interpreting the study’s results (more will be said
on this subject below), in our opinion, the seriousness and
professionalism with which Kahane tried to address them
cannot be questioned,
Perhaps the most interesting implication of Kahane’s
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TABLE A-1 Estimated Effects of a 10 Percent Reduction in the Weights of Passenger
Cars and Light Trucks
Cars

Type of
Crash

Fatalities in
1993 Crashes

Single-vehicle
Rollover
Object
Subtotal

1.754
7,456

Crashes with others
Pedestrian
Big truck
CU

Light truck
Subtotal

Light Trucks
Effect
(%)

4.58
1.12

Change in
Fatalities

272

283

Fatalities in
1993 Crashes

1,860
3,263

Effect
(%)

0.81
1.4

555

4.206
2,648
5,025
5-75I

-0.46
1.40
4.62
2.63

6 6
126
-105

67

208
275

2,217
1,111
5.75 1

1 . 1 IO

467

Change in
Fatalilies

-2.03
2.63
-1.39
-0.54

-199
129
-354

-27
1 5I

Subtotal single-vehicle crashes: 555 + 275 = 830
16
Subtotal crashes with others:
467 - 45 I =Total
846 f 147

NOTE: Weight reductions of IO percent in MY IO00 vehicles are assumed to be 338.6 Ib (0.1 x 3,386) for
pacsenger cars and 443.2 Ib (0.1 x 4,132) for light trucks. SOURCE, Based on Kahane (1997). tables 6-7 and
6-8

(1997) study has received little attention. Following the logic
of the simple laws of physics of equation (l), one would
predict that if the weight of all light-duty vehicles were reduced by an equal proportion, there would be no change in
fatalities in crashes among these vehicles. Calculating a 10
percent change in weight for model year 2000 passenger cars
and light trucks, and applying Kahane's estimates of the percent changes in fatalities per 100 Ib of weight, one sees that
Kahane's model also predicts little or no change in fatalities.
The calculations are shown in Table A- 1. Adding the change
in fatalities in car-to-car, car-to-light truck, light truck-tolight truck, and light truck-to-car collisions produces a net
change of +26. a result that is not close to being statistically
different from zero.' Of course, the simple laws of physics
say nothing about crash avoidance, which Kahane's study
partially addresses. Nonetheless, these results provide empirical evidence that, from a societal perspective, an appeal
cannot be made to the laws of physics as a rational for the
beneficial effects of weight in highway crashes. Of course, if
cars are downweighted and downsized more than light
trucks, the increased disparity in weights would increase fatalities. Conversely, if trucks are downsized and downweighted more than cars, the greater uniformity would reduce fatalities. These results are also entirely consistent with
the conclusions of Joksch et al. (1998).
Other studies have predicted substantial increases in fatali'The authors confirmed with Dr. Kahane that the calculations shown in
Table A-1 were consistent with the proper interpretation of his model.

ties for just such vehicle-to-vehicle collisions (e.g., Partyka,
1989; Lund et al., 2000). But these studies make much more
modest attempts to correct for confounding factors. The
Kahane (1997) and Joksch et al. (1998) studies suggest that
the more thoroughly and carefully one controls for confounding effects, the weaker the apparent relationships between vehicle weight and highway fatalities become. This is evidence,
albeit inconclusive, that adequately correcting for confounding effects might reduce or even eliminate the correlations
between weight and overall highway safety.
Kahane's study also found that downweighting and
downsizing cars and light trucks would benefit smaller,
lighter highway users (pedestrians and cyclists). But the benefits to pedestrians are approximately canceled by the harmful effects to light-duty-vehicle occupants in collisions with
larger, heavier highway vehicles (i.e., trucks and buses).
Kahane's finding that downweighting and downsizing are
beneficial to pedestrians and cyclists is important because
no other study includes impacts on pedestrians, a fact that
biases the other studies toward finding negative safety impacts. An important result is that in downsizing and downweighting light-duty vehicles, there will be winners and
losers. Including pedestrians, cyclists, and heavy truck collisions leads to an even smaller net change for collisions
among all highway users of +16, again not close to being
statistically different from zero.
The bottom line is that if the weights of passenger cars
and light trucks are reduced proportionally, Kahane's study
predicts that the net effect on highway fatalities in collisions
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among all highway users is approximately zero. Given the
history of the debate on this subject, this is a startling result.
The story for single-vehicle accidents, however, is not
good. Kahane’s model predicts that fatalities in rollovers
would increase by over 300 and fatalities in fixed object
crashes by almost 500, for a total of 800 more annual fatalities. These numbers are statistically significant, according to
the model. Thus, the predicted increase in fatalities due to
downweighting and downsizing comes entirely in singlevehicle accidents. This is puzzling because there appears to
be no fundamental principle that underlies it. Rollover propensity and crashworthiness in collisions with fixed objects
should, with the exception of crashes with breakable or deformable objects, be a matter of vehicle design rather than
mass. This issue will be taken up next.

WHY QUESTION THE RESULTS FOR SINGLE-VEHICLE
ACCIDENTS?

1

i

Kahane’s results (1997) for single-vehicle accidents are
suspect, though not necessarily wrong, because other objective measures of rollover stability and crashworthiness in
head-on collisions with fixed objects are not correlated with
vehicle weight. An advantage of crash test data and engineering measurements is that they are controlled experiments
that completely separate vehicle effects from driver and environmental effects. A disadvantage is that they may oversimplify real-world conditions and may measure only part of
what is critical to real-world performance. Nonetheless, the
fact that such objective measures of vehicle crashworthiness
and rollover potential do not correlate with vehicle weight is
cause for skepticism.
In Figures A-1 and A-2 we show the National Highway
Traffic Safety Administration’s five-star frontal crash test
results for MY 2001 passenger cars plotted against vehicle
weight (NHTSA, 2001). What is clear to the naked eye is
confirmed by regression analysis. There is no statistically
significant relationship between mass and either driver-side
or passenger-side crash test performance.
A plausible explanation for this result may lie in the fact
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that as mass is reduced, the amount of kinetic energy that a
vehicle must absorb in a crash is proportionately reduced. Of
course, the material available to absorb this energy must also
be reduced and, other things equal, so would the distance
over which the energy can be dissipated (the crush space).
However, vehicle dimensions tend to decrease less than proportionately with vehicle mass. Wheelbase, for example,
decreases with approximately the one-fourth power of mass.
That is, a 10 percent decrease in mass is associated with
roughly a 2.5 percent decrease in vehicle wheelbase. With
mass decreasing much faster than the length of structure
available to absorb kinetic energy, it may be possible to
maintain fixed-object crash performance as mass is reduced.
The NHTSA crash test data suggest that this has, in fact,
been done.
So we are left with the question, If lighter vehicles fare as
well in fixed-barrier crash tests as heavier vehicles, why
should Kahane’s results (1997) indicate this as one of the
two key sources of increased fatalities? There are several
possibilities. First, despite Kahane’s best efforts, confounding of driver, environment, and vehicle factors is very likely.
Second, the crash tests could be an inadequate reflection of
real-world, single-vehicle crash performance. Third, the difference could, in part, be due to the ability of vehicles with
greater mass to break away or deform objects.
The issue of collisions with breakable objects was investigated by Partyka (1995). who found that there was indeed a
relationship between mass and the likelihood of damaging a
tree or pole in a single-vehicle crash. Partyka (1995) examined 7,452 vehicle-to-object crashes in the National Accident Sampling System, Light-duty vehicles were grouped by
500-lb increments and the relationships between weight and
the probability of damaging a tree or pole estimated for the
3,852 records in which a tree or pole was contacted. Partyka
concluded,

6000

Curb Weight (Ibs.)

FIGURE A- I NHTSA passenger-side crash ratings for MY 2001

passenger cars.

6-

It appears that about half of vehicle-to-object crashes involved trees and poles, and about a third of these trees or
poles were damaged by the impact. Damage to the tree or
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pole appears more likely for heavier vehicles than for lighter
\chicles in front impacts, but not in side impacts.
When front and side impacts are combined, the result is an
uneven relationship between mass and the probability of damaging a tree or pole, but one which generally indicates increasing probability of damage to the object with increasing vehicle mass. Figure A-3 shows the percent of time a tree or pole
will be damaged by collision with passenger cars given a collision with a fixed object. Frontal and side impacts have been
combined based on their relative frequency (Partyka, 1995,
table 2). Roughly, the data suggest that the chances of breaking away an object may increase by 5 percent over a greater
than 2,000-lb change in weight, an increase in breakaway
probability of 0.25 percent per 100 Ib. If one assumes that a
life would be saved every time a pole or a tree was damaged
owing to a marginaI increase in vehicle weight (in what otherwise would have been a fatal accident), then the breakaway
effect could account for about 100 fatalities per year per 10
percent decrease in light-duty vehicle weight. This is about 1
percent of annual fatalities in single-vehicle crashes with fixed
objects but still represents a large number of fatalities and a
potentially important concern for downweighted vehicles.
While the assumption that one life would always be saved if a
tree or pole broke away is probably extreme, on h e other hand
objects other than trees and poles can be moved or deformed.
But Partyka’s study (1995) is also incomplete in that it
does not address crash avoidance. To the extent that smaller
and lighter vehicles may be better able to avoid fixed objects
or postpone collision until their speed is reduced, there could
conceivably be crash avoidance benefits to offset the reduced
ability to break away or deform fixed objects. The net result
is not known.

ARE LIGHTER CARS MORE LIKELY TO ROLL OVER?

also found that rollover propensity is empirically related to
vehicle mass (e.g., GAO, 1994; Farmer and Lund, 2000). It
is tempting to attribute these empirical results to an inherent
stability conferred by mass. But there is good reason to doubt
such an inference.
The stability of vehicles depends on their dimensions,
especially track width, and the height of their center of gravity. If downweighting and downsizing imply a reduction in
track width or a raising of a vehicle’s center of gravity, the
result would be greater instability. Data provided by NHTSA
on its measurements of the Static Stability Factor (SSF)? of
M y 2001 passenger cars and light trucks indicates that there
is no relationship between SSF and vehicle weight within the
car and truck classes (Figure A-4) (data supplied by G.J.
Soodoo, Vehicle Dynamics Division, NHTSA, 2001). However, combining passenger cars and light trucks, one sees
stability decreasing as vehicle weight increases. This is entirely due to the lesser stability of light trucks as a class.
One clear inference is that a vehicle’s rollover stability
based solely on the SSF is a matter of design and not inherent in its weight. Certainly, real-world performance may be
far more complicated than can be captured even by theoretically valid and empirically verified measures of stability. On
the other hand, the difficulty of sorting out confounding influences may also be biasing the results of statistical analyses based on real-world crashes. What raises doubts is the
fact that a theoretically valid measure of vehicle stability
shows no relation (or a negative relation if trucks are included) to vehicle weight. Given this, it is reasonable to surmise that some other, uncontrolled factors may account for
the apparent correlation between vehicle weight and rollover
fatalities.

THE BIG PICTURE (TIME SERIES DATA)

4500

From a cursory examination of overall trends in fatality
rates and light-duty vehicle fuel economy, it appears that the
two move in opposite directions: fatality rates have been
going down; fuel economy has been going up (Figure A-5).
But the trend of declining fatality rates antedates fuel
economy standards and can be observed in nearly every
country in the world. Can anything be learned by statistical
analysis of aggregate national fatality and fuel economy
trends? Probably not.
The question is relevant because one of the earliest and
most widely cited estimates of the effects of CAFE standards
on traffic fatalities comes from a study by Crandall and Graham (1989) in which they regressed highway fatality rates
against the average weight of curs on the road and other variables. The data covered the period 1947 to 1981. CAFE standards were in effect for only the last 4 years of this period, but

FIGURE A-3 Estimated frequency of damage to a tree or pole
given a single-vehicle crash with a fixed object.

?NHTSA’sSSF is defined as a vehicle’s average track width divided by
twice the height of its center of gravity. It is measured with a driver in the
vehicle.

The other large source of single-vehicle fatalities based
on Kahane’s analysis (1997) is rollover crashes. Others have
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had been known for the last 6. Statistically significant effects
of weight were found in 3 of 4 regressions presented, but other
variables one might have expected to be statistically significant-including income, fraction of drivers aged 15-25, consumption of alcohol per person of drinking age, and measures
of speed-were generally not significant.
Time-series regressions including variables with clear
time trends, such as the declining trend of highway fatalities,
are notorious for producing spurious correlations. One technique for removing such spurious correlations is to carry out
the regressions on the first differences of the data. First
differencing removes linear trends but retains the information produced when variables deviate from trendlines. Although it typically produces much lower correlation coefficient (R2) values, it is generally regarded as producing more
robust estimates.
We regressed total U.S. highway fatalities directly against
light-duty-vehicle fuel economy and several other variables
using first differences and first differences of the logarithms
of the variables. The data covered the period 1966 to 1999
(data and sources available from the authors on request). No

!

statistically significant relationship between the on-road fuel
economy of passenger cars and light trucks and highway fatalities was found in any of the many model formulations we
tried. Other variables tested included real GDP, total vehicle
miles of highway travel, total population, the price of motor
fuel, the product of the shares of light-truck and car travel,
and the years in which the 55-mph speed limit was in effect.
Only GDP and the 55-mph speed limit were statistically significant. The speed dummy variable assumes a value of 1 in
1975, when the 55-mph speed limit was implemented, and
drops thereafter to 0.5 in 1987, when it was lifted for rural
interstates, and then to 0 in 1995 and all other years. This
variable may also be picking up the effects of gasoline shortages in 1974. Most often, miles per gallon appeared with a
negative sign (suggesting that as fuel economy increases,
fatalities decline), but always with a decidedly insignificant
coefficient, as shown in typical results illustrated by the following equation:
lOg,(F,) - IO~<(F,-~)
= -0.0458 + 1.33[10g,(GDP,) - log,(GDP, ,)]
- 0 . 0 8 7 S ( D ,- D,.,)
- 0.1 12[log,(mpg,)
Adj. R’ = OS7
- log<“,
,)I

All variables except mpg are significant at the 0.01 level
based on a two-tailed t-test. The P-value for mpg is 0.69,
indicating that the odds of obtaining such a result if the true
relationship is zero are better than two in three. The constant
suggests that fatalities would decline at 4.6 percent per year
if GDP (i.e., the size of the economy) were not growing.
We present these results here only because they demonstrate that the aggregated national data covering the entire
time in which fuel economy standards have been in effect
and a decade before show not the slightest hint of a statistically significant relationship between light-duty-vehicle fuel
economy and highway traffic fatalities. The idea that a clear
and robust relationship can be inferred from aggregated national data is not supportable.

SUMMARY
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The relationships between vehicle weight and safety are
complex and not measurable with any reasonable degree of
certainty at present. The relationship of fuel economy to
safety is even more tenuous. But this does not mean there is
no reason for concern. Significant fuel economy improvements will require major changes in vehicle design. Safety is
always an issue whenever vehicles must be redesigned.
In addition, the distribution of vehicle weights is an important safety issue. Safety benefits should be possible if the
weight distribution of light-duty vehicles could be made
more uniform, and economic gains might result from even
partly correcting the negative externality that encourages
individuals to transfer safety risks to others by buying ever
larger and heavier vehicles.
Finally, it appears that in certain kinds of accidents, reducing weight will increase safety risk, while in others it
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may reduce it. Reducing the weights of light-duty vehicles
will neither benefit nor harm all highway users; there will be
winners and losers. All of these factors argue for caution in
formulating policies, vigilance in testing vehicles and monitoring safety trends, and continued efforts to increase understanding of highway safety issues.
In conclusion, we again quote from the conclusions of the
eight-member NRC panel convened to evaluate Kahane’s
analysis (1997) of the weight and safety issue.
Nonetheless, the committee finds itself unable to endorse the
quantitative conclusions in the reports about projected highway fatalities and injuries because of the large uncertainties
associated with the results- uncertainties related both to the
estimates and to the choice of the analytical model used to
make the estimates. Plausible arguments exist that the total
predicted fatalities and injuries could be substantially less, or
possibly greater, than those predicted in the report. Moreover,
possible model misspecification increases the range of uncertainty around the estimates. Although confidence intervals
could be estimated and sensitivity analyses conducted to provide a better handle on the robustness of the results, the complexity of the procedures used in the analysis, the ad hoc adjustments to overcome data limitations, and model-related
uncertainties are likely to preclude a precise quantitative assessment of the range of uncertainty. (North, 1996. p. 7.)

Although Kahane (1997) did estimate confidence intervals and did partially address some of the other issues raised
by the NRC committee, it was not possible to overcome the
inherent limitations of the data that real-world experience
presented. The NRC committee’s fundamental observations
remain as valid today as they were in 1996.
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Nissan, Tokyo, Japan, March 25-31,2001

8. Committee Subgroup Meeting, Association of International Automobile Manufacturers, Honda, and
Subaru, Rosslyn, Virginia, March 29,2001
9. Committee Subgroup Meeting, Alliance of Automobile Manufacturers, Washington, D.C., March 30,
2001
10. Site Visits to Volkswagen Audi (Ingolstadt), Daimler
Chrysler (Stuttgart), Porsche (Weissach), a n d
Siemens (Regensburg), Germany, April %7,2001

11. Committee Meeting, National Academy of Sciences,
Washington, D.C., April 1617,2001
Technology options for improving fuel economy
John DeCicco. consultant
12. Committee Subgroup Meeting, Stanford, California,
April 25,2001
13. Committee Subgroup Meeting, Stanford, California,
April 26,2001
14. Committee Meeting, National Academy of Sciences,
Washington, D.C., May 2 4 , 2 0 0 1
15. Committee Subgroup Meeting, FEV Engine Technology, Inc. Auburn Hills, Michigan, May 11,2001
16. Committee Meeting, National Academy of Sciences,
Washington, D.C., May 29-30,2001

6. Committee Subgroup Site Visits to Honda North

17. Committee Meeting, National Academy of Sciences,
Washington, D.C., June 14-15,2001

America, Inc., Torrance, California, and Toyota
Motor North America, Inc., Torrance, California,
March 22-23,2001

18. Committee Meeting, National Academy of Sciences,
Washington, D.C., July 17-18,2001

. .

Statement of Work:
Effectiveness and Impact of CAFE Standards

(3) Disparate impacts on the U.S. automotive sector;
(4) The effect on U.S. employment in the automotive
sector;
( 5 ) The effect on the automotive consumer; and
(6) The effect of requiring CAFE calculations for domestic and non-domestic fleets.

Since CAFE standards were established 25 years ago,
there have been significant changes in motor vehicle technology, globalization of the industry, the mix and characteristics of vehicle sales, production capacity, and other factors. The committee formed to carry out this study will
evaluate the implications of these changes, as well as changes
anticipated in the next few years, on the need for CAFE, as
well as the stringency andor structure of the CAFE program
in future years. The committee shall give priority in its analytical work to relatively recent developments that have not
been well analyzed in existing literature reviewing the CAFE
program. Specifically, these events include economic and
other impacts of current levels of oil imports, advances in
technological development and commercialization, the need
to reduce greenhouse gas emissions, and increased market
share for light trucks, including SUVs and minivans.
The study shall examine, among other factors:

The committee shall examine the possibility of either
positive or negative impacts, if any, in each of these areas
as a result of CAFE standards. The committee shall also
include in that analysis a statement of both the benefits and
the costs, if any, in each of the identified areas, and shall
include to the extent possible both quantifiable and nonquantifiable costs or benefits. The committee may also examine a broader range of related issues appropriate to providing the most accurate possible report. For example, in
reviewing possible impacts on U.S. employment in the automotive sector, the committee shall also examine the impacts on U.S. employment in other sectors of the economy
from both CAFE standards and resulting reductions in oil
imports if relevant to providing a complete picture of impacts on U.S. employment.
The committee shall write a report documenting its conclusions and recommendations.

( 1 ) The statutory criteria (economic practicability, tech-

nological feasibility, need for the U.S. to conserve
energy, the classification definitions used to distinguish passenger cars from light trucks, and the effect
of other regulations);
( 2 ) The impact of CAFE standards on motor vehicle
safety;
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Acronyms and Abbreviations

AAA
ASWAMT
AWD

American Automobile Association
automatic shift manual transmission
all-wheel drive

bbl

barrel
British thermal unit

Btu

CVA
CVT

carbon
computer-aided engineering
corporate average fuel economy (standards)
California Air Resources Board
carbon-fiber-reinforced polymer composites
compression ignition. direct injection
compressed natural gas
carbon monoxide
carbon dioxide
compression ratio
camless valve actuation
continuously variable transmission

DI
DOE
DOHC
DOT

direct injection
Department of Energy
double overhead cam
Department of Transportation

EEA
EIA

Energy and Environmental Analysis
Energy Information Administration
Energy Modeling Forum
Environmental Protection Agency
electric vehicle

C
CAE
CAFE
CARB
CFRP
CIDI
CNG

co
co,
CR

EMF
EPA
EV
1

i
1

i

FC
FHWA
JWD
FTP
GAO

GDP

GFRP
GHG
GM
GVW

glass-fiber-reinforced polymer composites
greenhouse gases
General Motors Corporation
gross vehicle weight

HEV

hybrid electric vehicle

ICE
IPCC

rvT

intemal combustion engine
Intergovernmental Panel on Climate
Change
integrated startedgenerator
intake valve throttling

Ib
LSFC

pound
payload-specific fuel consumption

MIT
mmbd
MMBtu
mpg

Massachusetts Institute of Technology
million barrels per day
million British thermal units
miles per gallon

NAFTA
NHTSA

North American Free Trade Agreement
National Highway Traffic Safety
Administration
nitrogen oxides
National Research Council

ISG

NOr
NRC

fuel cell
Federal Highway Administration
four-wheel drive
federal test procedure
General Accounting Office
gross domestic product
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OHC
O W
OPEC

overhead cam
overhead valve
Organization of Petroleum Exporting
Countries

PEM
PM
PNGV
PPm
PU
PZEV

proton exchange membrane
particulate matter
Partnership for a New Generation of Vehicles
parts per million
pickup (truck)
partial zero emission vehicle
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R&D

research and development

SCR
SI
SOHC

selective catalytic reduction
spark-ignition
single overhead cam
super ultralow-emission vehicle
sport utility vehicle

SULEV
SUV

TWC
2wD

three-way catalyst
two-wheel drive

UAW
UP1

United Auto Workers
uniform percentage increase

VCR
VMT
VVLT
VVT

variable compression ratio
vehicle miles traveled
variable valve lift and timing
variable valve timing

WSFC

weight-specific fuel consumption
well-to-tank
well-to-wheels

w7T
WTW

Letter Report:
Technology and Economic Analysis in the
Prepublication Version of the Report
Effectiveness and Impact of
Corporate Average Fuel Economy (CAFE) Standards
I

January 14, 2002

The Ilonorable .Jeffrey N7 Runge
Admini strator
National Highu ay Traffic Safety Administration
U.S Department of Transportation
400 7"' Streel, SiV, Rooni 5320
Washington, DC 20590

Dear Dr. Runge:
\Ve are pledsed to dcliber this letkr report to you It assesses the methodology
used to estimate the potential for fuel cconomj gains in the National Research Council's
(NRC) report E/l'ectiiwess urd hipticr of Corporclre A l w age Fuel Econoim /CAFE)
Smtkurcfs, which \bas released in prepublication form in July 2001
The NRC undertook this additional effort because, following thc July 2001 release
of the CAFE report, we heard criticism from some parties that the methodology was
fundamentally flawed. This letter report confirms that the methodology was quite valid.
The committee that prepared the CAFE report continued to refine its analysis, and the
estimates arc slightly Jiffcrent, but the conclusions and reconimendations are essentially
unchanged. We have incorporated these refinements (and letter report itself) into the f i n d
CAFE report, which we expect to deliver by about the end o f January.
We plan to release this lettcr report to the public at 9:OO a.m. on Wednesday,
January 16. At that time, copies will also be madc available to news reporters, and the
report will be posted on the National Academies web site.
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Dr. Jeffrey W. Runge
Administrator
DOTNationaI Highway Safety Administration
January 14,2002
Page 2
We appreciate the opportunity to have been of service. If you have any questions,
please do not hesitate to call me at 202-334-3000.

Executive Officer
National Research CounciUNational Academy of Sciences
cc:
Kenneth R. Katz, CORT DOTNational Highway Safety Administration
Office of Planning and Consumer Programs (NPS-30)
400 7* Street, SW, Room 5320
Washington, DC 20590
202-366-0832
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Technology and Economic Analysis in the Prepublication Version of the
Report Effectiveness and Impact of Corporate Average Fuel
Economy (CAFE) Standards
This letter report summarizes the reexamination of several technology issues originally
presented in the prepublication report by the Committee on the Effectiveness and Impact of
Corporate Average Fuel Economy (CAFE) Standards. It first explains why the reexamination
was undertaken and the process for doing so. It then evaluates the methodology used in Chapter
3 of the prepublication version of the report for estimating the benefits of improved technology,
corrects several minor errors, and explains the results. In doing so, it stresses the committee’s
desire that readers focus on averaged estimates for cumulative gains and costs instead of the
upper and lower bounds, which reflect the increasing uncertainty of costs and benefits as he1
efficiency is increased. It also updates and explains the economic analysis presented in Chapter 4
of the prepublication version.

REASONS FOR THIS LETTER REPORT
At the request of the U.S. Congress, the National Research Council (NRC) released a
prepublication version of its report Effectiveness and Impact of Corporate Average Fuel
Economy (CAFE) Standards in July 2001. The committee prepared the report in less than 6
months because Congress expected to address CAFE standards in 2001 and had requested
guidance on technical feasibility. During the study, President George W. Bush announced that
this report would be an important factor in his energy policy, prepared under the direction of
Vice President Richard Cheney.
During this initial 6-month period, the committee held a series of public meetings at
which representatives of automobile manufacturers, governmental agencies, and a variety of
nongovernmental organizations provided information on the issues addressed in the report. The
committee also visited manufacturers and major suppliers, reviewed thousands of pages of
presentation and other background material, and retained consultants to provide detailed
analyses.
Following the release of the prepublication report, the automotive industry challenged
some of the estimates for improved he1 economy. Representatives of the Alliance of Automobile
Manufacturers (AAM), General Motors, and DaimlerChrysler told the NRC in August 2001 that,
in their opinion, portions of the technical analysis in Chapter 3 were fundamentally flawed and
that some of the estimates for fuel economy improvements violated the principle of conservation
of energy. In particular, the industry claimed that the method used to estimate incremental
improvements in fuel consumption through stepwise application of technologies did not consider
system-level effects and that “double-counting” of potential reductions in energy losses had
occurred, especially in upper bound estimations, which resulted in the violation of the first law of
thermodynamics (conservation of energy).

’

I

The largest energy loss is due to inefficiency of the engine. The maximum efficiency of a typical current
spark-ignition engine is about 35 percent. The remainder of the energy in the fuel is transferred to the atmosphere
as thermal energy in the exhaust or through the cooling system. Some of the technologies discussed here raise
efficiency,but in general it is difficult to significantly reduce these losses. Other technologies indirectly accomplish

.-----”
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In response to these concerns, especially in light of the potential impact of the report’s
findings and recommendations on national energy policy, the committee held a public meeting
on October 5,2001, Industry representatives and several analysts with other perspectives
presented their questions and concems about the report2 The presentations are available in the
NRC’s public access file.
In addition to the allegation of violating the principle of conservation of energy, industry
raised other issues including the following:
1. Some technologies are already in widespread use, so the improvement fiom
implementing them for a particular class of vehicle is minimal.
2. Improvements fiom some technologies are overstated.
3. Baseline fuel economy levels do not match Environmental Protection Agency @PA)
data.
4. Some data supplied to the committee may have been misinterpreted as based on fuel
consumption rather than fuel economy, leading to an overstatement of benefits.
5. Because of these errors, the break-even analysis in Chapter 4 overestimates the
benefits of raising fuel economy standards.

Feng An presented some of the results fiom a recent report by the American Council for
an Energy Efficient Economy (ACEEE) and commented on the automotive industry’s
presentation. He pointed out that the ACEEE analysis, which was based on detailed energy
balance simulation, predicted results similar to those in the committee’s report when weight
reduction was excluded. He also noted that industry’s treatment of engine idle-off was inaccurate
and that analysis of energy losses was a matter of engineering judgment as well as exact
mathematics. He concluded that some double-counting of benefits may have occurred in the
committee’s most optimistic estimates. However, he argued that two other factors counter this
problem. First, other technologies could reasonably have been included by the committee,
especially weight reduction and hybrid-electric vehicles. Second, combining technologies can
produce positive ~ynergies,~
which may not have been considered.
David Friedman stated, among other things, that the committee had clearly eliminated
most double-counting, and, insofar as some may have occurred, the committee could have
considered additional technologies to achieve the same or greater levels of fuel economy. He
this goal; e.g., friction reduction results in less heat transfer fiom the radiator. Many of the engine technologies
discussed here typically are applied to reduce pumping losses (the energy required to move the air for combustion
through the engine), a smaller loss but one easier to reduce. As these technologies are added, pumping losses
decline, reducing the potential for the next technology. If these diminishing returns are not considered, the analysis
may overpredict the reduction in pumping losses, resulting in double-counting. However, many of these
technologies have secondary benefits as well, which also must also be considered. The term “system-level effects”
refers to these interactions.
2
Formal presentations were made by Greg Dana of the Alliance of Automobile Manufacturers; F a g An, a
consultant working with the Energy Foundation and the American Council for an Energy Eficient Economy;and
David Friedman of the Union of Concerned Scientists. Accompanying Mr.Dana were Aaron Sullivan of General
Motors (who made an additional informal presentation), Tom Asmus of DaimlerChrysler, Tom KeMy of Ford, and
Wolfgang Groth of Volkswagen. In addhon, Barry McNutt of the Department of Energy made an informal
presentation.
’System-level effects can be positive as well as negative. The t e m “synergies” is used when the benefit is
greater than the sum of the individual contributions.
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believed that with those technologies, even the most optimistic upper bound could be achieved.
He noted that losses due to aerodynamic drag, rolling resistance, and inertia can easily be
reduced more than the committee had allowed, and probably at lower cost than some of the
technologies that are on the committee’s list. In addition, hybrid electric vehicles (HEW) may
become competitive faster than the committee had assumed, and positive synergies were not
always included in its analysis.
The committee, in particular the Technology Subgroup,4 examined the concerns
expressed at the October 5 public meeting, reviewed additional materials submitted by interested
parties, evaluated the potential for fhdamental errors in its original analysis, and wrote this
report to present its findings. This effort has been limited to the technology methodology
presented in Chapter 3 of the prepublication version and the potential impact any revisions would
have on the economic analysis in Chapter 4.
The review uncovered several minor computational or data entry errors in the original
analysis. These are identified here and corrected in the final CAFE report, scheduled for
publication in early 2002. In addition, the methodology used for estimating the fuel efficiency
improvements is explained in greater detail, as is the increasing uncertainty in upper and lower
5ounds in the prepublication version of the report. These bounds have been eliminated in the
final report and in this letter report in order to help focus the reader on the average estimations.
FINDINGS

Based on its review of the information provided to it subsequent to the July 2001 release
of the prepublication version of the CAFE report, in combination with additional investigations
conducted by the Technology Subgroup, the committee finds as follows:
1. The fhdamental findings and recommendations presented in Chapter 6 of the CAFE
report are essentially unchanged. The committee still finds that “technologies exist
that, if applied to passenger cars and light-duty trucks, would significantly reduce fuel
consumption within 15 years” and that “assessment of currently offered product
technologies suggests that light-duty trucks, including SUVs, pickups, and minivans,
offer the greatest potential to reduce fuel consumption, on a total-gallons-saved
basis.” The only changes to the findings and recommendations presented in the
prepublication version are the references to the analyses presented in Chapters 3 and
4, which have been modified as discussed in the section “Technical Discussion,”
below, and Attachments A through E.

2. Baseline fuel consumption averages have been revised to reflect the latest results
published by EPA for model year 1999. The technology matrixes have been modified
to eliminate unlikely combinations that were erroneously carried forward in the
spreadsheets (see Tables 3-1 to 3-3 in Attachment A). Calculations of incremental
reductions in fuel consumption for certain vehicle classes’ also have been corrected.
4

John Johnson, Gary Rogers, Phillip Myers, and David Greene.
’Midsize and large cars should have used camless valve actuation instead of intake valve thronling in path
3. The benefits of variable valve timing should have been 2-3 percent (instead of 1-2 percent) and variable timing
and lift should have been at 1-2 percent (instead of 3-8 percent).
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These changes had a mixed effect on fuel economy estimates, but the net result is to
slightly lower the averages. In addition, the upper and lower bounds in Table 3-4 and
Figures 3-4 to 3- 13 of the prepublication version have been removed (see Attachment
A). The greatly increased uncertainty as technologies were added caused considerable
confusion, and the committee decided to simplify the presentation. The economic
analysis has been modified to reflect these changes and several other minor
modifications, as discussed in the section “Analysis of Cost-Efficient Fuel Economy
Levels,” below, and showr, in Attachment B. These changes, which are incorporated
into the final CAFE report, had no significant impact on the overall findings and
recommendations of the report because the average estimates changed so slightly.
3. The committee notes that its analysis of the incremental benefits of employing
additional fuel-efficient technologies was, of necessity, based largely on engineering
judgment. A detailed energy balance simulation of all the technologies in all the
vehicle classes could potentially improve the accuracy of the analysis, but that task
was well beyond the resources of the committee. The prepublication version of the
report states, “Within the time constraints of this study, the committee used its
expertise and engineering judgment, supplemented by the sources of information
identified above, to derive its own estimates of the potential for fuel economy
improvement . . . .” The report also notes that “the committee has applied its
engineering judgment in reducing the otherwise nearly infinite variations in vehicle
designs and technologies that would be available, to some characteristic examples.”
Moreover, as confirmed during testimony presented by AAM representatives, the
committee did not have sufficient proprietary technical data to conduct highly
detailed simulations. Additional explanation of this estimation process is presented in
the “Technical Discussion’’ section, below.

4. The committee acknowledges that, although it was conservative in its estimates of
potential gains attributable to individual technologies (in an attempt to account for
potential double-counting), some overestimation of aggregated benefits, compared to
aggressive development targets, may have occurred in paths 2 and 3 in the
prepublication version. Nevertheless, the committee finds that the principle of
conservation of energy was not violated. Furthermore, the committee may have
underestimated some potential improvements and given insufficient consideration to
system-level synergies.
The committee conducted a more detailed simulation to determine whether significant
overestimations of potential benefits may have inadvertently occurred. Only one case
(midsize S U V s ) was considered in the time available, but this case provides a general
confmation of the methodology used in the CAFE report. This analysis (detailed in
the technical discussion and in Attachment C), shows that the most optimistic upperbound estimate in the prepublication version exceeded aggressive development
targets by less than 10 percent. The same analysis suggests that if pumping losses
were reduced to extremely low levels (due to unthrottled operation) and friction was
reduced by 30 to 40 percent (theoretically possible but not currently feasible for
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production engines), fuel consumption reductions would equal the most optimistic
upper-bound estimate for midsize SUVs in the prepublication version.
Therefore the committee finds that its analysis did not violate any laws of energy
conservation. The committee acknowledges that the uncertainty associated with any
upper boundary increases significantly as additional technologies are considered.
Accordingly it does not propose them as development targets.

!

5 . All estimates (even those involving sophisticated modeling) of the costs and benefits
of new technologies are uncertain. As technologies are added, the overall uncertainty
increases. The committee included a wide range of costs and benefits for each
technology to account for such uncertainties. However, based upon the feedback
received since the release of the prepublication version, the committee believes that
the increasing level of uncertainty associated with moving up each of the three paths
was not sufficiently explained in Chapter 3. Additional technical discussion and
clarification are therefore included below. Furthermore, the committee finds that its
methodology for determining the collective uncertainty as technologies are added has
produced wide upper- and lower-bound estimates that have contributed to confusion
and misinterpretation of the analysis. Chapter 4 uses a statistical technique to narrow
the bounds (using the values for each technology in Chapter 3 as input), as seen in
Figures 4-5 and 4-6 in Attachment B. This technique maintains an approximately
constant confidence bound over the range of fuel economy. Therefore, the upper and
lower bounds for improved fuel consumption and associated costs are dropped from
Table 3-4 and Figures 3-4 to 3-13 (see Attachment A), and only the now slightly
lower averages are retained in order to focus attention on the most probable and
useful results. However, the reader is cautioned that even the averages are only
estimates, not exact predictions.

i
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CONCLUSIONS

;

Based on the additional information provided to the committee subsequent to the July
2001 release of the prepublication version of the CAFE report, including testimony provided at
the October 5,2001, meeting, the committee concludes as follows:

1. The committee reaffirms its approach and general results: Significant gains in fuel
economy are possible with the application of new technology at corresponding
increases in vehicle price. Although the committee believes that its average estimates,
as presented here, provide a reasonable approximation of the fuel economy levels
attainable, it endorses its statement in the prepublication version-namely, that
changes to CAFE standards should not be based solely on this analysis. Finding 5 of
the CAFE report states: “Three potential development paths are chosen as examples
of possible product improvement approaches, which illustrate the trade-offs auto
manufacturers may consider in future efforts to impove fuel efficiency.” The finding
also notes that “economic, regulatory, safety, and consumer-preference-related issues
will influence the extent to which these technologies will be applied in the United
States.”

I
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2. The fuel economy estimates include uncertainties that necessarily grow with the
increasing complexity of vehicle systems as fuel economy is improved. Thus for
regulatory purposes, these estimates should be augmented with additional analysis of
the potential for improvements in fuel economy and, especially, their economic
consequences. The development approaches that manufacturers may actually pursue
over the next 15 years will depend on improvements made in current systems, price
competitiveness of production-intent technologies, potential technological
breakthroughs, advancements in diesel emission-control technologies, and the quest
for cost reduction in hybrid technology.
Path 3 includes emerging technologies that are not fully developed and that are, by
definition, less certain. The committee also recognizes that this path includes
technologies that likely have not been tested together as a system. The upper and
lower bounds of the paths are even more uncertain than the average. Therefore in
formulating its conclusions, the committee used the path averages.
Full analysis of systems effects, which might be better defined by more rigorous
individual vehicle simulations, could suggest fuel economy improvements that are
greater or less than the average estimates made by the committee. More accurate
estimates would require detailed analyses of manufacturer-proprietary technical
information for individual vehcle models, engines, transmissions, calibration
strategies, emissions control strategies, and other factors-information to which the
committee has no access. Even if such information were provided, evaluating all
possible scenarios would require a prohibitive number of simulations for the
committee to pursue.

3. Based on input provided subsequent to the July 2001 release of the prepublication
version, the committee concludes that additional technologies, beyond those
identified in the report, may also become available within the 10-15 year horizon. The
committee may have underestimated the vehicle-based (e.g., aerodynamics, rolling
resistance, weight reduction) benefits that may be expected within 15 years.
Prototype vehicles are now being designed and tested that achieve significantly
higher fuel economy (FE) than the levels considered by the committee (see the
section "Future Potential," in Attachment D). While the committee has not analyzed
all of these concepts (they still must surmount a series of barriers, including cost,
emissions compliance, and consumer acceptance issues), it notes that they illustrate
the technical potential for greater fuel economy.
4. At the August 2001 meeting, industry representatives stated that the methodology

used by the committee violated the principle of conservation of energy.6 However, at
%e industry representatives separated the technologies according to how, in their judgment, they might
reduce energy losses. They expected most technologies to contribute to reducing pumping and engine friction losses.
When they added all the improvements from those technologies, the total exceeded some relative value assumed to
represent the combined EPA cityhighway cycle for a single vehicle exampl:. This was the basis for the claim that

!
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the October 2001 meeting, no detailed energy balance formulations or independent
analyses were presented to support this claim. Rather, industry representatives
presented their judgment-based contributions of the different technologies considered
by the committee to reduce energy losses. The representatives then summed these
contributions, suggesting that the committee’s methodology overestimates the
potential improvement and thereby violates the conservation of energy principle.
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The committee has several points of contention with industry’s formulation of the
energy balance issue: for example, the allocation of the benefits of an integrated
starter-generator (with idle-off) to pumping, friction, and transmission. While tuming
off the engine when power is not needed (i.e,, during idle or braking) does not raise
the efficiency of the engine itself, it does lower the energy required for the EPA test
cycles used to measure fuel efficiency. Thus idle-off effectively results in an increase
in overall fuel economy, which can be realized without violating the conservation of
energy. This effect varies the relationship between engine losses and fuel
consumption that has historically been considered when estimating fuel economy.
Regenerative braking, although not considered in the three hypothetical paths, is
another example of fuel economy improvement being essentially independent of
engine efficiency.
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In addition, assumptions as to primary and secondary benefits must consider varying
trade-offs as many new technologies are aggregated. The committee therefore
concludes that differences in engineering judgment are likely to produce significantly
different approximations when projecting some 15 years into the future.
The committee agrees that achieving the most optimistic (upper bound) results of path
3 in the prepublication version of the report with the technologies identified there
would require overcoming great uncertainty and technical risk. The committee did not
regard the upper bound as a viable production-intent projection. It is a bound, by
definition, as is the lower bound, and plausible projections lie somewhere in between.
Furthermore, consumer acceptance and real-world characteristics will certainly cause
actual fuel economy gains to be less than the technically feasible levels presented in
this study.
5 . The committee reaffirms its position in Finding 6 of the CAFE report: “The
committee cannot emphasize strongly enough that the cost-efficient fuel economy
levels identified in Chapter 4 are not recommended CAFE goals. Rather, they are
reflections of technological possibilities, economic realities, and assumptions about
parameters values and consumer behavior.’’ The fuel economy estimates in Chapters
3 and 4 describe the trade-offs between fuel economy improvement and increased
vehicle price. They do not incorporate the value of reducing U.S. oil consumption or
greenhouse gas emissions. Nor are they based on particular views of the
the NRC analysis violates conservation of energy. The presentation, but not the specific charge, was repeated at the
October meeting, yet the detailed propriety data behind the relative assumptions were not offered.

I
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appropriateness of government involvement. The committee provides some
discussion of these issues, but the value judgments must be left to policy makers.

TECHNICAL DISCUSSION
Methodological Issues
The state of the art in overall powertrain simulation, including gas exchange, combustion,
heat loss, exhaust energy, and indicated thermodynamic efficiency, has advanced with the
development of computing capacity, computational fluid dynamics, and mechanical system
simulation. Automotive manufacturers, subsystem suppliers, private and governmental research
institutions, and universities around the world are investing vast resources to improve the
accuracy of such predictive tools.
Expansion of the simulation to include the transmission, drivetrain, tires and wheels,
vehicle aerodynamics, rolling resistance, frictional losses, accessory loads, and the influence of
control system response, calibration strategies, and hundreds of other parameters creates models
of sufficient size to tax even high-power computers. Morever, such sophisticated models still
require experimental verification and calibration and are best used to quantify incremental
improvements on individual vehicle models. They also require the input of proprietary data.
The committee’s charge was to estimate the potential for fuel economy improvements,
not to define new regulatory standards. Hence it desired only a general understanding of the
potential for fuel economy gain for different types of vehicles and what the relative costs might
be. In addition, the committee wished to determine @ich technologies are currently being
applied in markets where the high price of fuel provides an economic incentive for the
introduction of new technology for reduced fuel consumption.
Although the committee is familiar with the state-of-the-art analytical methods identified
above, it did not have the resources, time, or access to proprietary data necessary to employ such
methods. Therefore it used a simpler methodology to provide approximate results. The
committee identified candidate technologies, as explained in Chapter 3 of the prepublication
version of the report, that could be considered for application in various types of vehicles. It then
estimated ranges of possible improvements in fuel consumption and costs associated with these
technologies. Finally, it assembled packages of technologies, deemed revelant to different
vehicle classes, and estimated the total impact on fuel economy and costs. This approach allowed
the committee to estimate potential changes in a wide variety of vehicle classes within the
boundary conditions of the study. The committee notes that similar methods were used in the
1992 NRC analysis of automotive fuel economy potential (NRC, 1992) and by many studies in
the published literature over the past 25 years (see, e.g., Greene and DeCicco, 2000, for a
review).

Analytical Issues
Technical input to the study included a review of technical publications, a review of
automotive manufacturer announcements of new technology introductions and reported fuel
consumption (economy) benefits, and information acquired directly from automotive
manufacturers and suppliers in the United States and abroad. The committee evaluated vehicle
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features (engine size, number of cylinders, state of technology) and published performance and
fuel economy data. It assessed engine, transmission, and vehcle-related energy consumption,
system losses, and potential improvements in thermal or mechanical efficiency. Finally, the
committee applied engineeringjudgment to reduce an exceedingly complex and seemingly infinite
number of possible technology combinations-and their relative performance, fuel consumption,
drivability, production costs, and emissions compliance trade-offs-into a more manageable,
though approximate, analysis.
Most of the technologies considered in the committee’s analysis either are in, or will soon
enter, production in the United States, Japan, or Europe. Promising emerging technologies,
which are not completely developed but are sufficiently well understood, were also included.
Background information concerning these technologies is given in Chapter 3 of the CAFE report.
The potential choice of technologies differs by vehicle class and intended use. In addition, the
ease of implementation into product plans and consumer-based preferences will influence
whether a technology enters production at all.
The analysis was complicated by the need to infer potential fuel consumption benefits from
published data in which experimental results were based on European (NEDC) or Japanese (10/11
mode) test cycles. Furthermore, differences in exhaust emission regulations, especially between
European and US.Tier I1 or California standards, can have a great effect on the potential
application of several tec~mologies.~
The potential of each technology to improve fuel economy, and the costs of implementing
the technology, were determined from the sources listed above. Both fuel economy (FE) benefits
and costs are expressed in terms of a range, with low and high values, because of the uncertainty
involved.8The benefit is expressed as a percent reduction of fuel consumption (FC; gallons/lOO
miles).
The fuel consumption ranges were adjusted in an attempt to account for potential doublecounting of benefits. Attachment E shows how FC improvements were modified to avoid
double-counting. It also shows that most of the technologies considered have primary and
secondary benefits related to the reduction of different types of losses or improvements in
thermal efficiency. In general, this strategy results in predicted improvements for individual
technologies that are lower than the values commonly found in the literature.
In addition, subsequent to the release of the prepublication version, the committee
simulated one case, the midsize SUV, in order to evaluate potential inaccuracies in its simplified
methodology. This sample simulation is presented in Attachment C.
To assist in evaluating near-term potential (within 10 years) versus long-range predictions
(1 0-15 years or beyond), the committee considered three technology paths with three different
levels of optimism regarding technology implementation. The technologies grouped within these
paths were chosen based on current production availability (in the United States, Europe, or
Japan), general compatibility with the dominant vehicle attributes (engine size/power, transmission
~

7

~~

~

This is especially true in the case of lean combustion concepts (direct-injection diesel and gasoline), which
are unlikely to penetrate U.S.markets rapidly due to production cost and emissions compliance issues, even though
they are quickly approaching 50 percent of the new vehicle sales in Europe. The committee examined these
technologies but did not include them in any of the paths because of high uncertainty concerning exhaust emissions
compliance and production cost. Nevertheless, it is quite possible that one or more will be successful. In such a case,
fuel economy levels higher than any of those estimated by the committee could become feasible.
8
Note that the economic analysis in Chapter 4, including that in the prepublication version, heavily weights
the average but statistically considers the uncertainty represented by the high and low values.
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type, vehicle size, intended use, and so on), and, very qualitatively, “ease of implementation,”
related to possible product introduction. The committee believes that all these paths are plausible
under some conditions, but it notes that technologies must meet development, production,
customer acceptance, or other corporate boundary conditions that were not necessarily analyzed by
the committee.
The baseline was determined from the EPA listings (EPA, 2001) for each class of vehicle,
but FC was increased by 3.5 percent to account for potential weight increases (estimated at 5
percent) for future safety-specific and design changes. Aggregate reductions in FC were calculated
for each path by simple multiplication of adjusted values as technologies germane to the path were
added. Lower and upper bounds were calculated separately and an average was determined at each
step. Aggregate costs were determined by adding the low and high costs separately and taking the
average for each point, starting from zero. However, these costs were intended to approximate only
the incremental cost to the consumer that could be attributed to improved fuel consumption alone.
Box 1 shows some detailed calculations as an example.

Box 1
Example: Midsize S U V Path 1
The baseline fuel economy value is 21 mpg,’ which is converted to fuel consumption
(FC): 4.76 gallons/100 miles. The 3.5 percent penalty for safety equipment brings the starting
point to 4.93 gallondl00 miles.
Six engine technologies, two transmission technologies, and one vehicle technology are
included in Path 1, as shown in Table 3-2 (Attachment A). The average value for the first one,
“Engine Friction Reduction,’’ is 3 percent. Thus the average FC value with that technology added
is 4.93 x 0.97 = 4.78. The next technology, “Low Friction Lubricants,” is estimated at 1 percent,
resulting in a value of 4.78 x 0.99 = 4.73. With all six engine technologies, the averaged
:onsumption estimate is 4.19 gallons/lOO miles. Including the transmission and vehicle
:ethnologies brings the total to 3.96 gallons/100 miles (or 25.3 mpg), as listed in Table 3-4
:Attachment A). The cost values in Table 3-2 are averaged and then simply added.
’EPA. 2001. Light-Duty Automotive Technology and Fuel Economy Trends I975 Through 2001, EPA 4201-01-008, September.

Overall Assessment
The committee’s methodology is admittedly simplistic. Nevertheless, the committee
believes it to be sufficiently accurate for the purposes of the study. The overall results are
consistent with those of other analyses, such as those done by Energy and Environmental
Analysis, Inc. (EEA’s report to the committee is in the NRC public access file). In addition, two
examples of the use of new technologies illustrate the potential to be gained (Attachment D).
Several changes and corrections of minor errors in the prepublication version of the
report also have been made. The baseline fuel economy level for each vehicle is now taken
directly fiom EPA published data (EPA, 2001) instead of a prepublication data set. Existing use
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of technology assumes that an entire class incorporates a technology when 50 percent or more of
the class sales weighted average does. Two entries in Tables 3-1,3-2, and 3-3 are corrected: (1)
FC benefit value for variable valve timing (VVT) is now 2-3 percent (compared with 1-2 percent
in the prepublication version), and (2) variable valve lift and timing (VVLT) is now 1-2 percent
(formerly 3-8 percent). The values in the prepublication version had been adjusted on the
assumption that the technologies would be coupled with transmission and
downsizedsupercharged engine configurations and should have been corrected when the
methodology was changed. Also, some combinations of technologies have been corrected,
having been carried forward in the spreadsheets (see Tables 3-1 to 3-3). Table 3-4 and Figures 34 through 3- 13, incorporating these changes, are shown in Attachment A.

!
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ANALYSIS OF COST-EFFICIENT FUEL ECONOMY LEVELS
The cost-efficient analysis (called the “break-even analysis” in Chapter 4 of the
prepublication version but renamed the “cost-effkient analysis” in order to eliminate a source of
confusion) depends on the results of the technical analysis. This section revises the cost-efficient
results accordingly (these results are also in the final CAFE report). In addition, it provides an
improved interpretation of the results.
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Changes to the Cost-Efficient Analysis
The committee made several minor changes to the fuel economy improvement and cost
data after the economic analysis was completed. The current analyses in Chapters 3 and 4 are
now entirely consistent. In addition, the changes discussed above have been incorporated. An
error affecting only midsize passenger cars was discovered in the computer program used to
perfonn the cost-efficient calculation^.^ Finally, the committee corrected a minor methodological
inconsistency in sequencing the application of technologies.” These changes collectively had
only a small impact on the estimated cost-efficient fuel economy levels. The largest impact was
due to the changes to the base fuel economy leveIs, as explained in the previous section.
The new cost-efficient he1 economy numbers are presented in Attachment B. In some
cases, changes from the prepublication version tables exceed 2 mpg. These differences are due
primarily to changes in the base miles per gallon (mpg) estimates. For example, the base mpg for
large cars has been increased from 21.2 to 24.9 mpg. Chiefly as a result of this change, cost? h e committee is gratehl to Walt Kreucher of Ford Motor Company for pointing out this error.
I
? h e method used to construct cost curves for he1 economy improvement begins by ranking technologies
according to a cost-effectiveness index. The index is the midpoint of the range of “average” percent improvement
divided by the midpoint ofthe range of “average” cost. Technologies are ranked fromhighest to lowest, in effect
assuming that technologies will be implemented in order of cost-effectiveness. While this method is in accord with
economic theory, it does not necessarily respect engineering reality. In one case, a technology (42-volt electrical
system) that would have to be implemented before a second technology (integrated starter/generator) was ranked
lower. This problem was solved by adding their costs and percent improvements as if they were one technology, in
effect assuming that the two would be implemented simultaneously. The committee discovered this inconsistency
Prior to release of the report, determined that it did not significantly affect the calculations and, in the interests Of a
timely release of the prepublication version of the CAFE report, did not revise the method. The reconsideration of
the report afforded the opportunity to make this revision.
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efficient mpg levels are higher, but the percent increase is lower. Changes in the estimation
method (described above) also contributed to changes in the estimates for cost-efficient fuel
economy levels, but to a lesser degree.

Interpreting the Cost-Efficient Fuel Economy Estimates
The committee’s analysis of cost-efficient (formerly referred to as “break-even”) fuel
economy levels has been more often misunderstood than understood. The committee
acknowledges its responsibility to adequately explain this analysis and is taking this opportunity
to clarify the meaning and proper interpretation of its analysis.
Cost-efficient fuel economy levels represent the point at which the cost of another small
increment in fuel economy equals the value of the fuel saved by that increment. They do not
represent the point at which the total cost of improving fuel economy equals the total value of the
fuel saved. All mpg increases before this last increment more than pay for their cost in lifetime
fuel savings. In general, the total value of fuel saved exceeds the total cost at the cost-efficient
mpg level, quite significantly in some cases.
The originally published versions of Tables 4-2 and 4-3 included the costs but not the
value of fuel savings, contributing to confusion about how to interpret the cost-efficient mpg
levels. The revised tables, in Attachment B, show both total costs and the total value of fuel
savings.
The committee emphasizes that these calculations depend on several key assumptions
that are surrounded by substantial uncertainty. The analysis of cost efficiency considers only the
consumer’s costs and benefits. Societal benefits, such as external costs, are not reflected in the
cost-efficient results (these costs are discussed in Chapter 5 of the report). From a societal
perspective, higher or lower fuel economy levels might be preferred, depending on assumptions
made regarding externality costs and how they should be applied.
Other critical assumptions concern the annual use and life of vehicles, consumers’
perception of the value of fuel savings over the life of the vehicle, and the relationship between
government fuel economy estimates and what motorists actually obtain in their day-to-day
driving. As in the prepublication version, two sets of estimates are presented. One is based on
fuel savings over the full expected life of a vehicle. The other is based on just the first 3 years of
a vehicle’s life.

REFERENCES
Environmental Protection Agency (EPA). 2001. Light-Duty Automotive Technology and Fuel
Economy Trends 1975 27zrough 2001, EPA420-R-01-008, September.
Greene, David L., and John DeCicco. 2000. “Engineering-Economic Analyses of Automotive
Fuel Economy Potential in the United States,” Annual Review ofEnergy and
Environment.
National Research Council (NRC). 1992. Automotive Fuel Economy: How Far Should We Go?
Washington, D.C.: National Academy Press.
Sovran, G., and M.S. Bohn. 1981. Formulae for the Tractive-Energy Requirements of Vehicles
Driving the EPA Schedules. S A E paper No. 8 10184, Detroit.
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Attachment B
Please see Chapter 4,Tables 4-2 and 4-3 and Figures 4-5 and 4-6.
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Attachment C
Energy Balance Analysis
Written correspondence and verbal testimony offered during the October 5,2001, public
hearing suggested energy balance analysis as a method to avoid the potential for double counting
of benefits. As noted above, such analyses can most accurately be applied to a particular vehicle
with unique engine, powertrain, and vehicle characteristics and must be performed for each
incremental improvement. In addition, engine map data (torque, speed, fuel consumption) must be
incorporated that represent the incremental improvements for the various technologies being
considered. These data must then be linked to transmission, driveline, and vehicular-specific
parameters (rolling resistance, aerodynamic drag, etc.) and then simulated over various dnving
cycles. Furthermore, as the complexity of the technologies increases to include such things as
intake valve throttling, integrated starter generators, or electrically controlled accessories, then
assumptions and decisions on operating strategy, drivability, and emissions compliance are
required that are time-consuming and require increasing amounts of proprietary data for
simulation.
In an attempt to determine whether some bdamental flaws, resulting in gross errors, had
inadvertently entered the judgment-simplified analysis described above, the committee conducted
a simulation of a single vehicle (midsize SUV), for which it had access to data that could be used
to attempt a more in-depth energy consumptionhalance-type analysis. The analysis employed the
computational methods outlined by Sovran and Bohn (SAE 8 10184) and a commercial engine
simulation code (GT-Power’) to assess the contribution of gas exchange (pumping),
thermodynamic efficiency (indicated efficiency), and cooling and exhaust heat losses. A
proprietary test cycle simulation code was also employed to determine the percentage of fuel
consumed by the simulated vehicle during deceleration and idle operation over the FTP-75
highway and city cycles, weighted (55/45), for a combined-cycle estimation.
Using the Sovran/Bohn equations, together with some limited cycle-estimated engine
parameters (indicated efficiency, torque (brake mean effective pressure, BMEP), and speed
(RPM)), the model was calibrated to 20.3 mpg for a simulated midsize S U V with a weight of 4300
lbs. A more detailed summary is shown in the table below. The committee’s overall conclusion is
that the path 1 and path 2 estimated average fuel consumption improvements in Table 3-4 (see
Attachment A) appear quite reasonable, although the uncertainty in the analysis grows as more
technology features are considered. The average path 3 prediction is, by definition, more
aggressive. However, as previously stated, all Path 3 scenarios are presented as examples only,
with increasing uncertainty as the number of technologies increases.
Overall, the committee believes that its judgment-based approach provides a sufficiently
rigorous analysis for drawing the conclusions included in its report.

Driving the EPA Schedules. SAE paper No. 8 10184, Detroit.

Category and
Performance
Eneine size (L)

I BaseEngine 1
I 4.0

I

Path 1

Path 2

3.5 (12.5%
downsizing due to 2V
to 4V)

FMEP (bar)

1 (highway)
I 0.5 (city and I 0.4 for active

PMEP (bar)

I

highway)

Indicated efficiency (“10)

37

Cylinder deactivation ?

No

Braking and idle-off ?
Vehicle loss reduction

No
No

I

cylinders (20% down)
and 0.1 for
deactivated cylinders
(80% down)
37

Aggressive Path 3

Upper Bound Case

3.4 (15% downsizing
due to 2V to 4V,WT,
etc.)

3.0 (25% downsizing,
due to 2V to 4 V , W
and supercharging)

0.53 (city) and 0.57
(highway) (1 2%
reduction)
0.4 for active cylinders
(20% down) and 0.1
for deactivated
cylinders (80% down)

0.54 (city) and 0.59
(highway)
5 10% reduction)
0.10 (city and
highway, 80% down,
mainly due to
eliminating intake
throttle)
38.9 (So/,increase due
to 4V and VCR)

2.5 (37.5%
downsizing, due to
2V to 4V,VVT and
supercharging)
0.42 (city) and 0.46
(highway)
(30% reduction)
0.05 (city and
highway, 90%
down, mainly due
to eliminating
intake throttle)
38.9 (5% increase
due to 4V and
VCR)

2.3 (42.5%
downsizing, due to
2V to 4V,VVT and
supercharging)
0.35 (city) and
0.38(highway)
(42% reduction)
0.05 (city and
highway, 90% down,
mainly due to
eliminating of intake
throttle)
39.2 (6% increase due
to 4V and VCR)

No

No

Yes
13% (account for
max. rolling /CD
and accessory
improvements, and
1/3 of transmission
improvement,
accessory
improvement)
33.8 (1 17%)
47.1 (70%)
39.8 (90%)
2.51 (47%)
90%
47.3%
261

Yes
13% (account for
max. rolling /CD and
accessory
improvements, and
1/3 of transmission
improvement,
accessory

26 1

249

10
I 403

I

16.9%
I330

I 446

I364

320

Yes (3 cylinder
deactivated1
] No
-0.75% (weight
1 increase-rolling
resistance reduction,

1
~

-

Path 3

37.7 (2% increase
from 2V to 4 V, W L T
and intake valve
throttlinp)
No
Yes (3 cylinder
deactivated)
Yes
Yes
8.6% (account for
8% (account for
averaged rolling /CD
averaged rolling /CD
and accessory
and accessory
improvements, and 113 improvements, and 113
of transmission
of transmission
improvement,
improvement,
accessory
accessory
improvement)
improvement)
28.9 (85%)
25.6 (64%)
37.3 (35%)
41.1 (48%)
34.4 (64%)
30.9 (47%)
2.92 (39%)
3.24 (32%)
47%
3 1.9%
320

~~

FC improvement (on base)
BSFC excluding idle +
braking (glkwh)
BSFC including idle +
braking (pjkwh)

!

I

289

2.40 (so‘?’~)
99%

49.6%
249
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Attachment D
Examples of Technology Improvements
PAST IMPROVEMENTS
Over the past several years, DaimlerChrysler has introduced a new family of engines,
replacing engines with push rods and overhead valves. One of them, the 2.7 liter engine,
produces 200 horsepower, 40 more than its older equivalent, yet uses 10 percent less fuel. Had it
been kept at the same power, fuel economy presumably could have been improved significantly
more. Several technologies were used to achieve these improvements, including overhead cams
(OHC), 4 valves/cylinder (the committee’s estimated average contribution of these together is 3
percent), reduced engine size (6 percent when combined with a supercharge: for even greater
downsizing), and reduced friction losses (3 percent). According to the committee’s values, these
technologies would have contributed some 12 percent to fuel consumption reduction on average.
Had DaimlerChrysler included variable valve timing and lift, fuel economy improvements of
well over 20 percent might have been achieved for the same output. DaimlerChrysler used other
factors, including electronic exhaust gas recirculation (EGR) which is tuned for high fuel
economy as well as low emissions and lower idle speed, which were not included in the
committee’s list. This example is included to illustrate how much improvement is possible with
redesign and technology upgrades.

FUTURE POTENTIAL

i

The variable compression ratio (VCR) engine, pioneered by Saab (which is now part of
GM), is reported to achieve a 30 percent fuel consumption reduction (equivalent to a fuel
economy gain of 43 percent) compared to a naturally aspirated conventional engine (GM, 2001).
The Saab VCR uses a supercharger to achieve the same power as a larger engine. Most engines,
in particular supercharged and turbocharged engines, must have a lower-than-optimal
compression ratio to avoid knocking at high load. The compression ratio in the Saab engine can
vary between 8 and 14. Variable compression allows the engine to work at high efficiency and
produce a very high output (150 bhp/liter-more than twice the level of most current engines).
In the committee’s analysis, all Path 3 engine technologies, production-intent and
emerging including VCR, collectively result in an average he1 consumption reduction of 24
percent for midsize cars. Thus the committee’s projection is conservative relative to Saab’s 30
percent reduction, especially since the Saab VCR is presumably benchmarked against European
engines that already have more of these sophisticated technologies than U.S. manufacturers use.
In the long term, even more innovative concepts may become available. For example, the
hydraulic hybrid vehicle is drawing attention because it can store a much higher fraction of the
energy from regenerative braking than can a HEV.One research group estimates that a car
equivalent to a Ford Taurus could achieve 61 mpg in the urban driving cycle (Beachley and
Fronczak, 1997).
Toyota is taking another approach, using a capacitor to store energy from regenerative
braking. Toyota estimates that the four passenger prototype it is building will achieve 88 mpg
(Toyota, 2001).
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Attachment E
Derivation of Fuel Consumption Improvement Values

Technology

Engine Friction Reduction

FC Improvement
From Base

I Vehicle fuel consumption reduction resulting from reduced engine friction

From Ref.‘

to reduce SI engine fuel

1

Low Friction Lubricants
Technology
Description
Primary Benefits
Secondary
Benefits
FC lmprovement
Example of
Application
Reference

I

I Low friction lubricant to reduce engine fnction and driveline parasitic losses.

1

FC Improvement

I From Base

I

I

From Ref.

Low engine friction lo reduce vehicle fuel consumption
Low friction to reduce driveline parasitic losses and vehicle fuel consumption
Base: 2V baseline engine; Reference: 2V baseline engine

1.0 %

1.0 %
~

Toyota I Nippon Oil: K. AJdyama, T. Ashida; K. Inoue, E. Tominaga
SAE-Paper 951037
Conclusion: Using additive in the lubricant oil reduces the fuel consumption
by 2.7% for a 4.OL-V84V engine

2.7 %

‘“Reference” refers to a vehicle with prior technologies already implemented. Thus it is the incremental
improvement in a series of steps. It is lower than the base improvement (except for the first step in each category) to
account for double-counting and other diminishing returns.
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Multivalve, Overhead Camshaft (2V vs. 4V)

Benefits

Reference

FC Imp vement

Improvement from 2 valve engine into a multiintake valve engine (including
total of 3,4, and 5 valves per cylinder)
Lower pumping losses: larger gas exchange flow area
Less friction: higher mechanic efficiency due to higher engine IMEP
Less pumping losses: engine down size with higher power density
Higher thermal efficiency: higher compression ratio due to less knocking
tendency and faster combustion process with central spark plug position
Base: 2V baseline engine; Reference: 2V baseline engine
Advanced engines from Ford, GM, and DC
Volkswagen: R.Szengel, H. Endres
6. Aachener Kolloquium (1997)
Conclusion: A 1.4L-144 engine improves the fuel consumption by 11%
(MVEG) in comparison to a 1.6L-14-2V engine
Ford: D. Graham, S. Gerlach, J. Meurer. SAE-Paper 962234
Conclusion: new valve train design (from OHV to SOHC) with 2 valves per
cylinder plus additional changes (higher CR, less valve train moving mass)
result in a 28% increase in power, 11% increase in torque and 4.5%
reduction in fuel consumption (11.2 to 10.7 UIOOkm, M-H) for a 4.OL-V6-2V
engine.
Sloan Automotive Laboratory I MIT: Dale Chon, John Heywood
SAE-Paper 2000-01-0565
Conclusion: The changing preference from 2-valve to 4-valve per-cylinder is
a major factor of current engine power and efficiency improvement; the
emergence of variable valve timing engines suggests a possible new trend
will emerae.

From Base

From Ref.

2- 5%

2- 5%
11%FC in
MVEG

I

4.5% FC
(OHV, 2V to
SOHC, 2v)
+28% power
+I
1% torque

I
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I

Variable Valve Timing ( V U )
Variable valve timing in the limited range through cam phase control

!

Less pumping losses: later IVC to reduce intake throttle restriction for the
same load
Less pumping losses: down size due to better torque compatibility at high
and low engine speed for the same vehicle performance
Base: 2V baseline engine: Reference: 4V OHC engine
Toyota WT-i; BMW Vanos
Ford: R.A. Stein, K.M. Galietti, T.G. Leone
SAE-Paper 950975
Conclusion: for a 4.6L-Va2V engine in a 4,000 Ib vehicle benefit in M-H fuel
consumotion of 3.2% with unconstrainedcam retard and 2.8% (M-HI with
constrained cam retard (I
0% EGR)
Ford: T.G. Leone, E.J. Christenson, R.A. Stein
SAE-Paper 960584
Conclusion: for a 2.OL-144 engine in a 3,125 Ib vehicle benefit in M-H fuel
consumption of 0.52.0% (10-15% EGR)
Toyota: Y. Moriya, A. Watanabe, H Uda, H. Kawamura, M. Yoshioka, M.
Adachi. SAE-Paper 960579
Conclusion: for a 3.OL-164V engine the VVT-i technology (phasing of intake
valves) improved the fuel consumption by 6% on the 10-15 official Japanese
mode.
Ford: D.L. Boggs, H.S. Hilbert, M.M. Schechter. SAE-Paper 950089
Conclusion: for a 1.6L-14 engine the later intake valve closing improved the
BSFC by 15% (10% EGR).
MAZDA I Kanesaka TI: T. Goto, K. Hatamura, S. Takizawa, N. Hayama, H.
Abe, H. Kanesaka. SAE-Paper 940198
Conclusion: A 2.3L-V6-4V boosted engine with a Miller cyde (late intake
valve closing) has a 10-15% higher fuel efficiency compared to natural
aspiration (NA) engine with same maximum torque. 25% reduction in friction
loss because of lower disdacement. ExDected 13% increase in fuel
consumption of 2.3L Miller engine compared to 3.3L NA engine.
Mitsubishi: K. Hatano, K. lida, H. Higashi, S. Murata. SAE-Paper 930878
Conclusion: A 1.6L-144 enaine reached an increase in fuel efficiency UD to
16% (Japanese Test Driving-Cycle) and an power increase of 20%.
ionda/Nissan/...: S. Shiga; S. Yaai;
.,. M. Morita; T. Matsumoto: H. Nakamura;
T. Karasawa SAE-Paper-960585
Conclusion: For a 0.25L-ll-4V test engine an early closing of the intake
ialve results in up to 7% improvement in thermal efficiency
Sicardo: C. Gray SAE-Pager 880386
Conclusion: Variable intake valve dosing and cam timing duration improves
part load fuel consumption by 3 5 %
.
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