


Of course, the primary responsibility--and liability--for vehicle safety lies with the automakers.
Government, however, has the responsibility to understand the issues and set appropriate safety
peformance standards. NHTSA, under the Department of Commerce, is responsible for safety
regulations for motor vehicles. NHTSA has received comments on new and amended Federal
Motor Vehicle Safety Standards collected under an Advanced Notice of Proposed Rulemaking,
but has not drafted any final rules. NHTSA has determined that EVs should comply with the
intent or purpose of all existing standards,” although it recognizes the need to modify existing
regulations that apply to ICE vehicles as appropriate.

DOE’s National Renewable Energy Laboratory (NREL) has conducted a number of studies on
EV safety issues,39 and since 1990 has chaired the Ad Hoc EV Battery Readiness Working
Group, a government/industry advisory body.40 While NREL and the Working Group have made
a good start, much remains to be done. Examples include: the need for better data from a more
extensive testing and demonstration program; developing “systems” approaches to EV safety (as
opposed to battery or component-oriented approaches); comprehensive risk assessment to place
particular risks in perspective; and the need to broaden the focus to include additional
technologies, such as flywheels and ultracapacitors.

As discussed in the section on crashworthiness of vehicle materials and structures, preliminary
tests have demonstrated that vehicles made of aluminum and polymer composites can meet safety
standards. Designers and regulators, however, do not currently have the tools to predict
accurately the behavior of these advanced vehicle structures in crash situations, especially for
composites. In FY 1996, NHTSA has requested $3.5 million to model the crashworthiness of
advanced, lightweight vehicles. Much more experience with the crash behavior of these materials
is likely to be required before designers and regulators develop the confidence they currently have
in steel.

Infrastructure. Advanced vehicles cannot operate in a vacuum; they require a supporting
infrastructure comparable to the existing conventional vehicle infrastructure. As used here,
infrastructure refers not only to fuel production, distribution, storage, and transfer to the vehicle,
but also to manufacturing issues such as materials availability, manufacturing expertise, and
capabilities for servicing, repair, and recycling vehicles.

Depending on the specific vehicle design, fuel and structural materials, this infrastructure could
look very different from those of today, although a major transformation of the infrastructure will
not occur rapidly. It is more likely that advanced vehicles for the mass market will be designed to
function within the existing infrastructure--at least initially--than that the massive petroleum-based
fuel infrastructure will be changed to accommodate new vehicle technologies.41 Eventually,
vehicle technologies and supporting infrastructure may evolve together incrementally into new
forms.

39smdim  ~ve  included =fe~ ‘u= associated wilh shipping  in-vehicle aafety, and recycling/dispoaal of a number of EV battery ~ including
aodium aulfbr, nickel-metal hydride, lithium polymer, and lithium ion.

aC.J. HammeL a-g Society of Detroi$  “Eleetric Vehicle Environmental, Heal& and Safbty fiOgI?lIll and BatIery Readiness Working
Grou ,“ January 1994.

4!E_l= *~ld ~ h~ds hat ~ ~ On dual fuels such as gasoline and methanol, or fuel cells that mn on refo~~ g=line  ~ diesel fuel
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The current federal R&D program focuses almost exclusively on developing advanced vehicles;
at most, a few million dollars--perhaps 1 percent of the hardware budget--has been set aside for
infrastructure considerations. DOE has a $2 million program to work with the electric utility
industry to develop infrastructure for EVs and finding for studies to determine infrrastructure
needs for fuel cell vehicles has been requested in FY 1996.

There are undoubtedly many reasons for the lack of federal attention to infrastructure issues.
One is the chicken-or-egg problem: it is risky to invest in infrastructure development for vehicles
whose numbers and requirements are not yet clearly defined. Another has been the belief that the
private sector has the responsibility for infrastructure development. A third reason has been a lack
of follow-through on the part of government. For example, although $40 million was authorized
by Congress in the Energy Policy Act of 1992 for electric vehicle infrastructure development and
demonstration programs, no money was ever appropriated.

U.S. experience with programs aimed at promoting the use of alternatively fueled vehicles has
shown that the lack of a convenient refueling infrastructure is a critical constraint. The
infrastructure issue is certain to constrain advanced vehicle development as well. Ultimately, the
cost of developing a national infrastructure for advanced vehicles is the responsibility of fuel
providers and the automakers. Experience with AFV programs, however, has shown that the
government has an important role to play in such areas as national standards development, federal
fleet procurement, coordinating with states and localities to ensure an adequate concentration of
vehicles in a given area, demonstration programs, and so forth. As the technological uncertainties
of advanced vehicles are resolved, the federal government will have to pay increased attention to
this area to ensure the national availability and reliability of infrastructure to support these
vehicles.

Standards. Today’s light-duty vehicle fleet is largely uniform in terms of the structural materials
and propulsion system technologies. Although there are slight variations among models--such as
in their use of plastics or size of engine, for the most part the fleet is composed of steel vehicles
using gasoline internal combustion engines. The standards and specifications for these materials
and engines are well established.

With the prospect of a fleet of vehicles made of exotic structural materials, mix-and-match
powertrains, operation algorithms, and alternative fuels and fueling systems, manufacturers,
consumers and regulators must each be assured of the safety, reliability, and performance of these
vehicles and subsystems. This is certain to -become a critical area of government involvement
(along with standards organizations and private companies) for complex new vehicle
technologies. Standards associated with crashworthiness and infrastructure have already been
mentioned above. In addition, however, much more work will be needed in the areas of vehicle
testing, component testing, and material testing. With an increasingly global automobile industry,
harmonization of U.S. standards with international standards is also essential.

Again, the primary responsibility for development of these standards will be private-sector
organizations such as the Society of Automotive Engineers. The government, however, must also
be able to set such standards as are necessary to fulfill its regulatory functions (examples include
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emissions testing standards, fuel economy standards, and standard procedures for handling
emergency situations).

As one example, emissions testing of hybrid vehicles presents a complex problem. Depending
on the relative sizes of the engine and battery (or other energy storage device), the control
algorithm that determines when the power sources turn on and off, and the fuel type, the
emissions from the hybrid over the test cycle may range from zero to a significant level. How the
test procedures are established and how emissions limits are set could have a major impact on
what kinds of hybrids are produced as well as their cost. Yet, EPA currently has less than one full
time equivalent employee working on this problem. In the future, important roles can be seen for
NIST (for materials and manufacturing standards), EPA (for environmental performance
standards), DOE (for component testing and certification standards, and refueling standards), and
NHTSA (for safety standards).

Life Cycle Materials Flows. Light-weight vehicles with advanced powertrains will utilize a very
different set of materials than do current autos. Because the auto industry is such a prodigious
user of materials, any significant change would have wide-ranging ramifications for the entire life
cycle of materials use, from extraction of raw materials to final disposal. As one example, if 10
percent of all new vehicles sold in California in 2003 are electric vehicles, and most of these use
advanced lead acid batteries, the auto industry’s demand for lead will increase significantly. While
the lead mining industry may be able to handle the increased demand, a significant impact is
expected on the battery-recycling industry. In fact, significant increases can be expected in
releases of lead residues to the environment from battery-recycling processes.42 To the extent that
battery recycling facilities are not located in California, the net effect of the California ZEV
regulations would be to “export” lead pollution to other states where recycling is performed.
Similar life-cycle impacts on the economy and environment may result from use of other advanced
materials in other propulsion systems or structural components.

DOE conducted some studies of materials flows associated with battery EV’s in the early
1980s.43 These appeared to concentrate primarily on questions of materials availability, rather
than environmental impacts on the entire materials cycle. These studies must be updated to reflect
modem technologies and regulations. The Department of the Interior Bureau of Mines has
developed considerable expertise in recent years in the areas of life-cycle materials flows, and
might be an effective agency for preliminary studies.

Future Role of Federal R&D Programs -

At this writing, Congress is debating the appropriate federal and private-sector roles in
supporting scientific research and technology development across a broad range of areas.
Advanced vehicle R&D and especially the joint public/private partnership concept of PNGV is
part of that debate. Below, OTA discusses several issues that Congress should consider in its
deliberations.

42- ~ve d d., “EIIti nmental Implication of Electric C~” Science, vol. 268, May 19, 1995, p. 993.
43s=  fw e-pie, U.S. ~~mt of -B, “Electric and Hybrid Vehicle Rogram: Firat  Annual R-to ~ng~” q~ 1977, P.3
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Issue 1: Should Congress continue to support advanced vehicle K&WY

During the past 20 years, government policies at the federal and state levels have been the
principal drivers for leapfrog vehicle development. Auto manufacturers and their suppliers are
anxious not to be blindsided by new technologies, but have had little market incentive to invest in
developing leapfrog technologies on their own.44 The rationale for this government involvement
has been that the benefits offered by these vehicles--improved air quality, enhanced U.S. energy
security--are social benefits that do not command higher prices in the marketplace.

Government policies to stimulate advanced vehicle R&D have been of two types: “carrots”
such as R&D contracts or procurement subsidies for advanced vehicles; and “sticks” such as
higher regulatory standards for emissions control and fuel economy. Regardless of one’s view of
California’s ZEV regulations, for instance, it is undeniable that they have stimulated extensive
research on batteries and fuel cells that would not have occurred in their absence. In addition
numerous small, entrepreneurial companies producing small numbers of electric vehicles and fuel
cell prototypes are dependent on the ZEV regulations for their continued existence. The
automakers, however, have fought bitterly against these regulatory mandates, claiming that they
are forcing technologies into the marketplace before they are ready.

This lack of market demand for advanced vehicles seems unlikely to change in the foreseeable
future, absent a major oil price shock or other unforeseen developments. With real gasoline prices
at historic lows and urban air quality improving, car buyers care more about such attributes as
good acceleration performance and carrying capacity than about increased fuel economy and
reduced emissions. This is especially true if these attributes carry a higher price, as OTA’s analysis
suggests. Thus, if government wishes to continue to pursue the goal of superefficient vehicles, it
will likely need to continue its involvement, whether through R&D finding, mandates, or other
incentives.

Issue 2: Is the federal advanced vehicle R&D effort coherent and consistent with national
needs?

Government policies toward advanced vehicles have been driven by a diverse set of concerns,
including the desire to improve urban air quality, reduce oil imports and, more recently, to avoid
global climate change. This diverse set of concerns has led to a patchwork of legislation and
programs that attempt to address the concerns through different technical and economic
approaches. The result has been a federal effort that has been poorly coordinated and that lacks
clearly defined relationships to national needs.

Traditionally, for example, R&D on controlling vehicle emissions to address air quality issues
such as those addressed in the Clean Air Act have been the province of EPA, while R&D on
improving fuel economy to address energy security issues has been the province of DOE.

44~~&~ly, ~d~ ~.b~  on ~~v-~t R&D Con- tO &VdOp  I%&,  kg-h  hdndogies  (e.g., gm ~fiines,  ‘iel ‘lk) k
generally been less than 20 percent. In some recent progranm  such as the DOE RlkD con- with the automakers on advanced batteries and hybrid
vehicl~ industry cost-sharing is around 50 penxnt.
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Although fuel economy and emissions characteristics are closely related in actual vehicle
operation, R&D programs at EPA and DOE have not been well coordinated.

Many other examples might be cited. During the past 20 years, finding for R&D programs
such as DOE’s Electric and Hybrid Vehicle Program has fluctuated wildly, making it impossible to
sustain a coherent effort to develop hybrid vehicles. And, although Congress outlined clear goals
for bringing alternatively fueled vehicles into the fleet in the Energy Policy Act of 1992, federal
tax policies favor some fuels at the expense of others, without regard for the fuels’ relative energy
content or desirability from an environmental point of view.

PNGV is clearly an attempt to address some of these issues, by coordinating government and
industry R&D efforts toward achieving commonly accepted goals; principally, the development
of an 80 mpg prototype vehicle by 2004. Nevertheless, the 80 mpg target appears to have been
chosen more for the technological innovations that will be required than for any direct relationship
to national goals for reduced oil imports or reduced greenhouse gas emissions. Although a
superefficient vehicle would clearly contribute greatly to these goals, little thought has apparently
been given about whether the 80 mpg target is the most cost-effective approach. For example, the
same amount of imported oil might be displaced more cheaply through a combination of a 50 mpg
target with a more aggressive alternative fuels program.

The point here is not that a high fuel economy target is wrong, but that appropriate planning
and analysis are lacking that would enable an evaluation of the entire federal R&D program in the
context of broader national goals for air quality, energy security, and reduced potential for global
climate change. This analysis becomes especially important in a tight budget environment in which
PNGV-inspired R&D programs may be competing with other continuing programs (e.g.,
alternative fuels heavy-duty vehicle research) for the same resources.

Issue 3: Is the federal R&D relationship with industry structured to encourage maximum
innovation?

There is an ongoing debate about how federal R&D funding can best catalyze the emergence of
advanced vehicle technologies. On the one hand, there are advantages to supporting work by the
major automakers and their suppliers, since the automakers are in a position to commercialize
rapidly a successful innovation in mass-market vehicles. On the other hand, many observers are
concerned that federal efforts to develop leapfrog vehicle technologies rely too heavily on the
existing industry, which they argue has a considerable stake in maintaining the status quo. In their
view, more agile small and medium sized- companies are best able to commercialize novel
technologies, particularly in niche markets that initially maybe too small to attract the attention of
the major automakers.

OTA’s investigations for this study suggest that many small and medium-size U.S. companies
have developed innovative advanced vehicle technologies not currently being displayed by the
automakers. 45 Most of these companies recognize that successful commercialization of these
innovations will require working in concert with a large company in the industry. The automakers

45E-]~  incIu& ~~or regendve *g  ‘d ‘i-] ‘-g ement systems to enhsmx EV battery capacity in cold climates.
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for their part recognize that small entrepreneurial companies have important contributions to
make in solving the many challenging problems. These considerations suggest that the federal
advanced vehicle R&D program should maintain a balance between small and large company
participation to ensure the most successful outcome.

Traditionally, DOE advanced vehicle technology programs have worked primarily with large
companies--defense contractors, automotive suppliers, or the Big Three themselves. To the extent
that small or medium-size companies have participated, it has generally been as part of a
subcontractor team. CRADA agreements with federal labs are also difficult for small companies
to participate in, owing to the 50 percent cost sharing requirements. PNGV which is structured
to work as a partnership under the leadership of the Big Three, seems likely to reinforce the large
company orientation of the federal effort.46

Recently, other government programs, such as NIST’s Advanced Technology Program, and
ARPA’s Electric and Hybrid Vehicle Program and Technology Reinvestment Project have begun
to provide significant finding to contractors outside the traditional auto industry, especially to
small and medium-sized companies. The Administration, however, has requested no finding for
EHV in FY 1996, and substantial cuts in TRP and ATP are being debated in Congress. If these
cuts are made as threatened, the federal program would become even more dependent than it
currently is on the traditional industry.

Conclusions

The 20-year plus federal involvement with advanced vehicle R&D provides an important
perspective on current efforts to commercialize advanced automotive technologies. First, from the
earliest days of these programs, the amount of time that would be required to commercialize
advanced vehicle technologies was severely underestimated. For example, according to a
projection made in the first annual report to Congress of DOE’s Electric and Hybrid Vehicle
Program, dated December 1977: “The technology of electric and hybrid vehicles is such that . . .
advanced vehicles with advanced energy storage systems are not likely to appear before the early
to mid-1980 s.” In fact, many of the technical challenges cited in those early reports, such as
battery energy storage capacity, power density, and lifetime continue to be major challenges
today.

Although most of the technologies involved in advanced vehicles (batteries, flywheels, motors
and controllers) have received government finding for decades, this funding has been highly
variable,47 and only in the last five years has there been a concerted attempt by both the auto
industry and government to develop viable commercial vehicles. Thus, although the technologies
are by no means “new,” we still have little experience with the way they perform as an integrated
system in on-the-road vehicles, or with rapid, cost-effective manufacturing processes. At this

%%e PNGV steering committee has recognized the need to fmd ways to bring innovative ideas from entrepreneur and mall Companiea  into the

Wm ~ ~ publ~ed a document titled “Inventions Needed for pNGV.n.
47FW eqle fin~g fm ~E*~ E~~c ~d H@jd Vefic]e program roae to a peak of $37.5  IIdliOn in 1979, but dropped tO $8.4 million  in

1985. By 1995, it ~ riaen again to about $90 million.

258



writing, government finding for advanced vehicle R&D appears once again poised for a
downturn owing to budget cuts. PNGV has begun to define the R&D priorities for some of these
technologies, particularly for hybrid vehicles; however, it will be difficult, if not impossible, to
address these priorities and solve the many remaining problems without sustained, and even
increased, finding.
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BOX 5-1: DOE’s Electric and Hybrid Vehicle Program

DOE funding rose rapidly from startup in 1976 to a peak of $37.5 million in 1980. During this period, several
prototype vehicles were constructed that established the “state of the art.” General Electric developed a hybrid
prototype vehicle with Volkswagen and the Jet Propulsion Laboratory. GE also developed a battery EV prototype
with Chrysler. In the early 1980s, however, government and industry interest in the program began to wane, owing
to three factors-the Reagan Administration’s negative attitude toward what it viewed as government intervention in
private-sector activities; a rapid decline in energy costs; and economic recession.1 By FY 1995, program funding
reached a low of $8.4 million. After cuts forced the elimination of government loan guarantees, small companies
dropped out of the program, and after testing the GE vehicle, the hybrid development activity was shelved.

Most of the activity during the mid-1980s involved battery and electric drivetrain development (e.g., transistorized
motor controllers, induction motors) with Ford, GE, and Eaton. Cost-sharing in the contracts by industry was
generally from 10 to 20 percent, reflecting the high risk of these technologies as perceived by industry. Following
the passage of the California Low Emission Vehicle program regulations in 1991, however, and the establishment
of the U.S. Advanced Battery Consortium in the same year, government and industry funding turned a corner. The
Big Three, which had made only a modest investment in advanced technologies during the 1980s, were forced to
become more actively involved. A new five-year hybrid development program began in 1992, and fuel cell vehicle
development contracts were negotiated with each of the Big Three. DOE funding for the Electric and Hybrid Vehicle
program rose to about $90 million in FY 1995, with industry cost-sharing as much as 50 percent.

IKm ~, -at of Energy Mice of Transpmtation  TecboIog@ personal comrnunicatiq May 15, 1995.
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BOX 5-2: The Partnership for a New Generation of Vehicles PNGV

PNGV was conceived as a model government/industry research program that would provide a template for
government/industry cooperation in other industries in the future. The program combines a “stretch” goal (up to a
threefold increase in fuel economy) with a clear timetable for achieving it (10 years).

Considerable care was taken to define clearly both government and industry roles in the partnership. The federal
role in PNGV is to provide resources for technology development from relevant defense work and from the national
laboratories, particularly for the longer term goal 3. PNGV research is to be jointly funded by industry and the
federal government, with industry funding proportionally greater for near-term, low-risk projects (goals 1 and 2), and
federal funding greater in long-term, high-risk areas (goal 3). Industry will shoulder increasing responsibility for goal
3 as the program nears the concept vehicle and production prototype stages. In the first two years of the program,
cumulative federal funding is estimated at around $500 million, with $200 million contributed by private industry. ’
Over the 10 years, it is expected that government and industry spending on the program will be about equal.

The Big Three manufacturers were given a leadership role in resource allocation decisions, particularly in regard
to the commercial viability of various technologies. This was consciously done to correct the government-led model
that characterized federally funded automotive R&D previously, in hopes that the prototype vehicles that emerge
from the program will be commercially attractive.

PNGV is directed jointly by a government and an industry steering group. The government group consists of
representatives of the eight participating agencies (Departments of Commerce, Defense, Interior, Transportation,
Environmental Protection Agency, National Aeronautics and Space Administration, National Science Foundation)
and other executive branch organizations, chaired by the under secretary of commerce for technology. The industry
group is led by the vice presidents for research of the Big Three auto manufacturers, together with a representative
of the U.S. Council for Automotive Research (USCAR)--the umbrella organization under which joint research is
conducted by the Big Three (see below). Separate technical task forces have also been organized on both the
government and industry side.

PNGV released its first Program Plan in July 1994, outlining its organizational structure and plans. At the
invitation of DOC, the National Research Council formed a review committee to evaluate PNGV and its first report
was released in November 1994.2 The report found that PNGV had made a good start, but that many issues
(especially in project management) would have to be resolved if the program were to succeed.

The existence and structure of the PNGV program raise some important issues for policymakers. For some,
PNGV represents a classic “technology push” approach that attempts to develop technology and then find a market
for it. According to this view, the government involvement will waste both public and private funds in an attempt to
skew the production of cars toward characteristics that are not demanded by consumers. A second type of
criticism, heard from some small companies and environmental groups, is that PNGV is skewed too heavily toward
the existing industry--that the technologies are promising, but that the Big Three cannot be expected to
wholeheartedly pursue new technologies that undermine their extensive investments in internal combustion engines
and installed plant and equipment. In this view, the central role of the Big Three crowds out smaller, more
innovative companies that are not constrained by the baggage of existing investments.

PNGV’s 10-year time frame for goal 3 is also a source of potential concern. This timetable has advantages in
providing a concrete target and structure for the program. The 1997 date for beginning technology selection for the
prototype will, however, exclude promising longer term technologies that could contribute to goal 3 (such as
composites and fuel cells) but which, according to OTA’s analysis, will not be available in this time frame. If these
technologies are excluded from subsequent PNGV funding on that basis, long term efforts to improve fuel economy
may be harmed. Finally, what will happen after 2004 is unclear. Participation in PNGV involves no commitment on
the part of the Big Three to produce commercially any vehicles that result from the research.

lwC1kton  Budg~  _ c]m~ Fun&g  2YY’wAtaotnotweN ews, Feb. 13, 199$ P- 8.
2N~onal  R-ch ~n~l, Research pr~ram of the Partnership for a New Generation of Vehlcks,  (N~io~l  AG@XIIY  R-, w*goL

DC: 1994).
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BOX 5-3: Federal Spending on Advanced Auto R&D

The federal government conducts a wide range of R&D that is relevant to advanced vehicles, from basic science
to vehicle deployment programs. This makes it difficult to define precisely a total budget for automotive R&D The
federal R&D effort can be described by analogy to an onion. At the core of the onion are projects that are clearly
related to advanced vehicles; an example would be DOE’s Electric and Hybrid Vehicle Program (see below). As one
moves away from the core, successive layers include projects that are less and less closely identified with vehicles
per se.

One of the first initiatives of PNGV was to conduct an inventory of all federal R&D that might be relevant to
PNGV goals.l All eight federal agencies involved were asked to nominate projects that relate to 14 technology
areas judged by PNGV to be critical to achieving its goals. Although the general technology areas were specified,
however, no common criteria were given for the agencies to determine which program to include or exclude. As a
result, different agencies used different criteria, and sometimes the criteria changed in subsequent rounds of the
inventory. For example, DOD projected an increase in funding for PNGV-relevant projects from FY 1995 to FY 1996
(from $24 million to $42 million); however, this “increase” did not involve increased R&D activity, but instead the
inclusion of a number of ongoing projects in FY 1996 that had been excluded in the FY 1995 inventory.2

In early agency responses to the inventory effort, the agencies listed both “directly relevant" research, as well as
“indirectly relevant, or “supporting” research. An example of supporting research might be the National Institute of
Standards and Technology’s project on ceramic machining, which is intended to develop cost-effective techniques
for machining ceramics within specified tolerances. These techniques eventually might be used to machine ceramic
gas turbine rotors to their final dimensions, or they might be used for very precise ceramic spray painting nozzles or
ball bearings. Funding for such basic research cannot be accurately allocated 100 percent to advanced vehicles, as
it serves much broader purposes.

Typically, the agencies reported spending four or five times as much on “supporting” research as on “direct”
research. Yet, this supporting research is not currently included in the budget totals for PNGV In addition, many
vehicle-related federal programs are also excluded from the PNGV budget because they are not considered part of
PNGV’s scope. PNGV defines itself as being concerned only with the rolling stock-that is, not with infrastructure,
policy, marketing, or other “systems” considerations. Thus, DOE’s battery electric vehicle program, its alternative
fuels fleet demonstration program, its biofuels research program, and its hydrogen technology development
program are not generally included in PNGV even though the results of these efforts could have a direct impact on
the commercialization of a PNGV prototype vehicle. Depending on one’s point of view, total federal spending on
R&D relevant to advanced vehicles could fall anywhere in the range of about $170 million to $500 million.

1~ ~v~w - i8 being - ~d -“*
2 ormation supplied by the PNGVAcmrding to inf %xetariat in the Department of Commeme.

262



TABLE 5-1: Key Legislation Affecting Automotive Research and Development

Public law
Title number Major provisions Comments
Clean Air Act PL 89-675 Provides Department of Housing, Education, and Legislative history emphasizes that a balanced research program is to be
Amendments of Welfare (HEW) funding to support the followed regarding automobile-related air pollution, including supporting
1966 development of technologies to assist in improving research to develop cleaner internal combustion engine-powered vehicles and

air quality. the development of electric vehicles.

Clean Air Act PL 91-604 Provides the secretary of HEW with the authority Directs the secretary to test, as he deems appropriate, any new motor vehicle
Amendments of to set and enforce national air quality standards, or engine as it comes off the assembly line to determine whether it conforms
1970 including for automotive emission control, motor to applicable standards, and to conduct R&D activities with respect to low-

vehicle testing and certifications, and for cost instrumentation techniques to facilitate the measuring of automotive
automotive and other fuels emissions.

Energy PL 93-48 Gives Energy Research and Development Agency Responsibility for this was transferred to DOE under the Department of
Reorganization (ERDA) responsibility for accelerating the Energy Reorganization Act of 1977, PL 95-91.
Act of 1974 commercialization of electric and hybrid vehicles.
Non-Nuclear PL 93-577 instructs ERDA in Sec. 6.(3)(A)(iii) to advance ERDA initiated a near-term Electric Vehicle Program.
Energy R&D energy conservation technologies in the near term
Act of 1974 through “improvements in automobile design for

increased efficiency and lowered emissions,
including investigation of the full range of
alternatives to the internal combustion engine . . .“

Electric and PL 94-413 Authorizes Department of Energy (DOE) to, inter Launched DOE’s Electric and Hybrid Vehicle Program. Subsequently
Hybrid Vehicles alia, “encourage and support accelerated research amended by PL 95-238.
Research, into, and development of, electric and hybrid
Development vehicle technologies. ”
and
Demonstration
Act of 1976
Department of PL 95-238 Directs the Department of Energy to undertake Amended PL 94A13. Launched DOE’s Automotive Technology
Energy Act of research and development of new automotive Development Program, which currently consists of two major engine-related
1978 --Civil propulsion systems to achieve improved fuel projects: (1) the Advanced Turbine Technology Applications Project and (2)
Applications. economy, which can be adapted to various the Heavy-Duty Transport Project. [n addition, basic ceramic materials and

alternative fuels. alternative fuels technologies for all engine projects are being developed
under the Advanced Materials Development Project and the Alternative Fuels
Utilization Program.



Alternative PL 100-494 Directs DOE to prepare studies on alternative Relies mainly on plarming, information exchange, and coordination, rather
Motor Fuels motor fuels such as methanol, ethanol, and natural than mandates, to encourage production of alternative fuels.
Act of 1988 gas, and established Interagency Commission on

Alternative Motor Fuels to coordinate federal
activities and report to Congress.

Clean Air Act PL 101-549 Provides increased standards for vehicle emissions. Phase 1 standards were achievable with 1990 technology for most vehicles.
Amendments of Phase 1 standards were to be implemented in 1993. It was recognized at the time that further R&D would be required to meet
1990 Phase 2 standards, which reduce acceptable Phase 2 standards.

emissions to half of their 1993 levels, are to be
implemented in 2003.

Energy Policy PL 102-486 Directs secretary of DOE to determine feasibility Target schedule for acquisition of AFVS considered very difficult to meet,
Act of 1992 of replacing 10 percent of petroleum fuels with and costs and benefits are uncertain.

alternative fuels by 2000 and at least 30 percent by
2010. Mandates a schedule for purchase of AFVs
by public and private fleets. Section 1913 provides
a 10 percent tax credit (up to $4,000) for electric
vehicles. Title VI authorizes up to $50 million for
electric and electric hybrid vehicle demonstrations
between 1993 and 2002, as well as $40 million for
electric vehicle infrastructure development between
1993 and 1997.

SOURCE: Office of Technology Assessment, 1995.
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TABLE 5-3: Regional R&D Consortia Supported by the

Advanced Research Projects Agency (ARPA)

Consortium Members Activities

Hawaii Electric Vehicle 24 members including Developing technology

Demonstration Project companies, and infrastructure for
university% utilities, electric cars and buses.
and local government.

Calstart Over 100 members Technology
including GM, development for
defense and electronic electric, hybrid, and
companies, small natural gas vehicles and
companies, utilities, infrastructure.
universities, and local
government.

Sacramento Electric Over 30 members led Development of “dual

transportation by the Sacramento use” advanced vehicle

Consortium Municipal Utility technologies, including
District and local Air flywheels and fuel
Force installations. cells.

Electricore, the Mid- Over 36 groups from Electric vehicle (EV)

America Electric 17 states, including development and

Vehicle Consortium GM subsidiaries. deployment, including
a strong emphasis on
public awareness.

Southern Coalition for Over 45 utilities, Development of

Advanced universities, and advanced EV

Transportation manufacturers. technologies for
civilian and military

I
rapid charging,

Northeast Alternative Over 60 Technology

Began in 1993 with
$5 million from
ARPA, matched by
local sources.
Has operated more
than 15 technology
programs, with a
budget of over $60
million--mostly
private funding
sources.
Joint finding from
ARPA and local
sources.

Joint projects over
$18 million, cost-
shared by ARPA and
local sources.

Joint projects over
$24 million, including
EV fleet for 1996
Olympics in Atlanta.

Begun in 1993, now
has more than $25
million in joint
projects.companies.

Mid-Atlantic Regional Organizations in 7 Development of high Newest consortium.

Consortium for states. efficiency EV

Advanced Vehicles components.

SOURCE: Advanced Research Projects Agency, “Progress Report,” vol. 1, No. 1, Winter 1994.
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Table 5-4: Government-Funded Advanced Automotive R&D in Japan

1 I —
Agency Project Comment

Fuel cell power-generation R&D on many fuel cell typesMIT/New Sunshine
Program

MITI/JEVA

MITI/Agency of Natural
Resources and Energy

Technology -

Ceramic gas turbine

Dispersed-type battery energy
storage technology

including some 700 million yen
for 1 kW proton exchange
membrane modules (1992-1995).
1988-1996 at about 1.8 billion
yen per year; focus is on 300 kW
turbines for power generation,
though past public and private
R&D have given Japan the lead in
automotive ceramics.
1992-2001, with total funding of
14 billion yen, focus is on high-
energy-density, long-life batteries
for stationary or vehicle
applications.

Lean NOx catalysts 1993-2000, to develop better
catalyst compositions to remove
NOX from the exhaust of lean-
bum engines. Japan is a world
leader in this technology.

Hydrogen energy system 1993-2020, currently in planning
stages, includes R&D on use of

mobile needs.
Electric vehicle (EV) 5-year program begun in 1992,
popularization -

Eco-Station 2000

total funding is 1.1 billion yen.
The goal is to demonstrate
optimum load-leveling measures
and charging systems for the mass
introduction of EVs
1993-2000, goal is to have a
nationwide network of 2,000

alternate fuels by the year 2000.

SOURCE: Office of Technology Assessment, 1995.
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TABLE 5-5: PNGV Budgetary Changes in FY 1996

to
m
00

FY 1996 dollars in
millions, requested

Agency/program R&D area change (in percent) Comments
DOC/NIST/ATP 8 new projects on composite manufacturing -lo (50%) Requested budget does not include an expected $30 million in new

initiated in FY 1995. auto-related contracts to be negotiated in FY 1996. However,
funding for ATP is controversial in Congress, and substantial cuts
have been proposed.

DOD/ARPA/EHV Hybrid and electric vehicle development -15 (loo%) Congressional add-on to ARPA budget in FY 1993, provides funds
to seven regional consortia including small businesses. Funding
zeroed out in President’s FY 19% budget request.

DOD/ARPA/TRP Advanced vehicle drivetrains ? Supports development of “dual use” technologies; focus area on
vehicle drivetrains designated in FY 1995. Funding for TRP is
controversial in Congress, and large cuts have been proposed.

DOE/OTT/material Composite and light metal manufacturing +5 (42%) Joint work with USAMP and national laboratories.
technology processes, recycling, and crashworthiness
DOE/OTT/heat engine Develop gas turbine, spark-ignited piston, +6 (48%) Cost-shared work with industry, national labs.
technologies and diesel engines as hybrid vehicle APUs
DOE/OTT/electric and Battery and other energy storage device +3 (lo%) A $9 million increase for power storage devices for hybrids is
hybrid propulsion development offset by a $6 million decrease for advanced batteries.
DOE/OTT/electric and Automotive fuel cell development +19 (84%) Increase equally divided between 15 percent cost-shared contracts
hybrid propulsion with Big Three, and enabling research at national labs.
DOE/OTT/electric and Hybrid vehicle development +17 (45%) Adds a third contractor team to existing teams at Ford and General
hybrid propulsion Motors (presumably at Chrysler).
DOE/UT/hydrogen Production, storage, distribution, and -2 (22%) Reduction comes from stretch-out of joint industry/lab efforts on
research and conversion of hydrogen as fuel near-term natural gas reforming and storage system.
development
EPA Reducing emissions from four-stroke, +5 (65%) Addresses a key problem with hybrids.

direct-injection engines

KEY: APUs = auxiliary power unit; ARPA = Advanced Research Projects Agency; ATP = Advanced Technology Program; DOC = Department of Commerce;
DOD = Department of Defense; DOE = Department of Energy; EHV = Electric and Hybrid Vehicle program; EPA = Environmental Protection Agency; NIST =
National Institute of Standards and Technology; OTT = DOE’s Office of Transportation Technologies; TRP = Technology Reinvestment Project; USAMP = U.S.
Advanced Materials Partnership; UT = DOE’s Office of Utility Technologies.

SOURCE: Office of Technology Assessment, 1995; and U.S. Department of Energy, FY1996 Congressional
February 1995).

Budget Request, vol. 4, DOE/CR-0030 (Washington, DC:
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SOURCE: Ken Barber, Department of Energy, personal communication, May 1995.
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APPENDIX A:
Method for Evaluating Vehicle Performance

The Office of Technology Assessment’s (OTA’s) analysis of vehicular performance and fuel
economy hinges on examining the vehicle on the Environmental Protection Agency (EPA) driving
cycle, using average (“lumped parameter”) estimates of key variables such as motor efficiency and
battery efficiency over the urban or highway portions of the cycle. Ideally, a performance analysis
of complex vehicles such as hybrids should be based on detailed engine and motor maps coupled
with models that are capable of capturing the second-by-second interactions of all of the
components. Such models have been developed by the auto manufacturers and others.
Nevertheless, OTA believes that the approximate performance calculations described here give
results that are adequate for our purposes. Also, the detailed models require a level of data on
technology performance that is unavailable for all but the very near-term technologies.

ENERGY CONSUMPTION IN CONVENTIONAL AUTOMOBILES

It is relatively easy to derive a simple model of energy consumption in conventional
automobiles that provides insight into the sources and nature of energy losses. In brief, the engine
converts fuel energy to shaft work. This shaft work is used to overcome the tractive energy
required by the vehicle to move forward, as well as to overcome driveline losses and supply
accessory drive energy requirements. The tractive energy can be separated into the energy
required to overcome aerodynamic drag force, rolling resistance, and inertia force. It is useful to
consider energy consumption on the EPA urban and highway test cycles, which provide a
reference for comparing fuel economy.

The engineering model used in this study follows the work by GM
scientists Sovran and Bohn.1 Defining the average engine brake specific fuel
test cycle as bsfc, fuel consumption FC2 is given by:

Research Laboratory
consumption over the



where

is the drive train efficiency

is the energy to overcome aerodynamic drag
is the energy to overcome inertia force

is the accessory energy consumption
is idle fuel consumption per unit time

are the time spent at idle and braking
.

The first term in the above equation represents the fuel consumed to overcome tractive forces.
Because the Federal Test Procedure (FTP) specifies the urban and highway test cycle, ER, EA,
and Ek can be readily calculated as functions of the vehicle weight, the rolling resistance, body
drag coefficient, and frontal area. Note that weight reduction reduces both inertia force and
rolling resistance. It should also be noted that not all of the inertia force is lost to the brakes, as a
vehicle will slow down at zero input power owing to aerodynamic drag and rolling resistance,
without the use of brakes. The fuel energy is used not only to supply tractive energy requirements
but also to overcome transmission losses, which accounts for the transmission efficiency that is in
the first term.

The second term in the equation is for the fuel consumed to run the accessories. Accessory
power is needed to run the radiator cooling fan, alternator, water pump, oil pump, and power-
steering pump (but the water pump and oil pump are sometimes excluded from the accessory
drive loads). The air conditioner is not included because it is not turned on during the FTP. Idle
and braking fuel consumption are largely a function of engine size and idle rpm, while
transmission losses are a function of transmission type (manual or automatic) and design. The
engine produces no power during idle and braking but consumes fuel so that factor is accounted
for by the third term.

Tables A-l(a) and (b) show the energy consumed by all of these factors in a typical midsize car
with a three litre overhead valve (OHV) engine, four-speed automatic transmission with lockup,
power steering, and typical alternator size. Table A-l(a) shows the distribution of the vehicle’s
tractive energy and total fuel consumption for the two cycles as well as the EPA 55/45 composite
cycle. Table A-l(b) indicates the absolute energy consumption and estimates the car’s engine
efficiency.

The values in table A-l(a) can be easily utilized to derive sensitivity coefficients for the
reduction of various loads. For example, reducing the weight by 10 percent will reduce both
rolling resistance and inertia weight forces, so that tractive energy is reduced by (30.5 + 39.6) x
O. I or 7.01 percent on the composite cycle. Fuel consumption will be reduced by 7.01 percent x
0.708 which is the fraction of fuel used by tractive energy, or 4.96 percent. This matches the
common wisdom that reducing weight by 10 percent reduces fuel consumption by 5 percent.
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However, if the engine is also downsized by 10 percent to account for the weight loss, fuel
consumption will be reduced by 6.02 percent as idle and braking fuel consumption will be reduced
in proportion to engine size. Table A-1 provides a framework by which total fuel
consumption for any automobile can be analyzed for the FTP cycle.

On a total energy basis, energy can be allocated to the various losses using different
conventions on the treatment of idle and accessory power loss. One example of this allocation is
provided in a chart from the Partnership for a New Generation of Vehicles (PNGV)3 shown in
figure A-1. The figure implies that the engine usefully converts 20.4 percent of fuel energy into
useful power in the city cycle, and 10.8 percent of this useful power (or 2.2 percent of fuel
energy) is used for accessory drives. The other 18.2 percent is used by the drivetrain. The PNGV
chart specifies a drivetrain efficiency of 69.2 percent in the city cycle, which appears unusually
low. Most modern transmissions with lockup converters operate at efficiencies of over 85 percent
in the city cycle, and 92 to 94 percent on the highway cycle. The PNGV allocations to kinetic
energy, rolling resistance, and drag force are also different born the values shown in table A-1,
especially in the allocation between the rolling resistance and inertia forces, but these differences
may be owing to the conventions followed in allocating energy to the different loads. The source
of these numbers is not documented.

A separate analysis,4 shown in figure A-2, also differs somewhat from the tractive energy
values calculated from Sovran and Bohn’s formula, probably because of differences in the
accounting conventions. Their estimate of overall energy efficiency appears low, as engine thermal
efficiency (excluding idle loss) is shown at 20.1 percent for the composite cycle, rather than the
more common 23 to 24 percent. Although these differences may seem academic, they may play a
significant part in explaining the widely different results estimated in the literature for the fuel
economy of hybrid vehicles. For example, if the PNGV value for transmission efficiency is
connect, a 30 to 35 percent fuel economy increase (or a 23 to 26 percent fuel consumption
decrease) would be possible simply by eliminating the transmission, as is likely with electric motor
drives. The resolution of these figures is one key to reconciling the widely varied findings
regarding hybrid vehicle efficiency.

The analysis of conventional vehicles in this report is based on the formulae and sensitivity
indices computed using a methodology similar to the one described for weight. The weighting
factors for EK, EA and ER utilize the relationships developed by Sovran and Bohn. All of the
other coefficients are computed as ratios so that the actual equation used is in the form of
FCnew/FCold. This is particularly convenient as most of the variables such as bsfc have been
analyzed in terms of potential changes from current values. For example, engine average bsfc over
the composite cycle was forecast to be reduced by 18 percent from current values. All of the
analysis is in fuel consumption space. The same tractive energy equations also hold for electric
and hybrid vehicles, although the bsfc and weight calculations for hybrid vehicles are far more
complex.

3P.G. Pati~  “Partnerh“p fw a New Generation of Vehicles”, Automotive Technology Development Cmtractora  Coordination Meeting  U.S.
_mt of Energy, october 1994.4M R= ~d w Wu, ‘Fuel ~nOmY  of a H@rjd & Baaed  on a Buffkd  Fuel-Engine _ing at It’s ml pO@w s~ W 95~J
1995.
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PERFORMANCE, EMISSIONS, AND FUEL ECONOMY

The previous section described energy use over a prescribed driving cycle, and treated the
variable of average engine brake specific fuel consumption, bsfc, as constant. The value of bsfc is
dependent on the size of the engine, the gear ratios and final drive ratio, as well as the engine’s
emission calibration. The size of the engine and the transmission/axle ratios have an impact upon
vehicle performance capability and affect bsfc, although the driving cycle over which fuel
economy is measured remains constant. These issues and the resultant tradeoffs with fuel
economy are discussed below.

Different levels of performance can be attained most simply be varying axle ratio, which
determines the engine rpm to vehicle speed ratio in any particular gear. Increased numerical values
of axle ratio imply higher rpm at a given speed and increased performance. The tradeoff of fuel
economy with axle ratio is nonlinear, however; fuel economy increases with decreasing axle ratio
up to a point, but decreases beyond this maximum level at even lower axle ratios. The reason is
that, at very low axle ratios, gear shifts must be delayed owing to insufficient torque at low speed
to follow the driving cycle. Figure A-3 provides an illustration of the tradeoff between fuel
economy and performance with changing axle ratio, holding all else constants As can be seem
axle ratios below 3:1 (in this example) make both performance and fuel economy worse, and
would make no sense for a manufacturer to employ. The tradeoff between axle ratio,
performance, and fuel economy is defined to the right of the fuel economy maximum point in the
figure. Statistical analysis of data from EPA tests indicates that a linear approximation of the
effect of a 10 percent increase in axle ratio is a 2.0 percent decrease in fuel economy, and a 5
percent decrease in O to 60 mph time.6

The next option is to increase engine size, and figure A-4 shows the family of tradeoff curves of
fuel economy and performance with axle ratio for different engine sizes.7 Larger engines obtain
worse fuel economy than smaller engines for two reasons:

●

●

increased fuel consumption during braking and idling, when the fuel consumption rate is largely a
fiction of engine size, and

lower average load relative to the maximum which requires more throttling and higher pumping loss.

Of course, a larger engine could be utilized with a lower axle ratio that changes the performance
and fuel economy tradeoffs. As can be seen in the figure, for some combinations of axle ratios and
engine size, different engine sizes have nearly identical fuel economy and only slightly different
performance. Statistical analysis has shown that increasing engine size by 10 percent, while
keeping all other factors constant (including weight and axle ratio), leads to approximately a 3.6
percent increase in fuel consumption.

5Fwd M@w q p=~on to he Department of Energy on fiv=p=d aut~tic trammiasions,  September 1992.
6H.T Mck, “S~tjti~ Projection of Fuel Economy to the Year 2000,” presentation at the SAE Government Industry Meeting  1992.
7FWd  Mot~ &., = footnote 5.
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With larger engines and more performance potential, however, many other vehicle factors
change. Larger engines require stronger drivetrain components and better suspension and brakes,
all of which increase weight. In addition heavier “performance” tires with higher rolling resistance
may be used. Increased engine displacement could also require that the number of cylinders be
increased, leading to an even larger weight increase and increased internal engine fiction. Hence,
the tradeoff leads to even larger differences in fuel economy for each increment of performance.

Manufacturers have a wide set of options to improve performance to a given level, and the
actual fuel economy impact depends on the particular set of options chosen. A statistical analysis
of data from the EPA test car list at constant engine technology showed a tradeoff of the form:

Percent change in F/E = -0.20 * (A HP) -0.560 *

which represents an average of all strategies represented
change in horsepowers

in the data, where A HP is percent

The impact of emission standards on fuel economy and performance is less clear, but this is
principally because the impacts are relatively small. Most modem cars calibrated to current Tier I
standards produce very little emissions once the engine is warmed up, and the cold start phase
(which lasts about two minutes after cold start) is responsible for 75 percent of all emissions on
the test.9 In this context, the ability to meet future low emission vehicle/ultralow emission vehicle
(LEV/ULEV) standards is based on reducing emissions in the first two minutes of operation, and
the methods developed include the use of small “start” catalysts that light-off very quickly,
electrically heated catalysts, intake air heaters, improved fuel atomization and heated fuel spray
targets. An evaluation of different methods conducted for NESCAUM1° concluded that the direct
effects were small but the indirect effects, such as the increased back pressure owing to start
catalysts and increased weight associated with more components, would cause fuel economy
penalties in the 2 percent range. Electrically heated catalysts could have larger penalties, but
recent data suggests that they may not be necessary in most vehicles, even at ULEV emission
levels. For example, the 1995 Toyota Camry (California version) comes very close to meeting
ULEV standards with virtually no advanced aftertreatment methods, while Honda plans ll to
certify an Accord to ULEV standards for 1998, and has publicly stated that fuel economy
penalties are very small.12 The impact on performance owing to increased back pressure is also
likely to be in the same range as the impact on fuel economy--that is, about 2 percent, and Honda
hopes that costs will be below $300 (as an incremental retail price effect (RPE)).

“Off-cycle” emissions are also of concern as the EPA and Air Resources Board have found that
emissions increase dramatically during hard accelerations and high speeds, which currently are not
represented in the FTP but occur often in actual driving. These increases are associated with the
engine going into enrichment mode (i.e. increased fuel-air ratio) at high loads, which increases

8-13Y~~vimnmental  AM@@ Inc., “The Fuel Economy Model - Documentation report to EL%” October 1993.
9Hti R&D ~. SH~ ULEV  Technology,” brochure, JZUWUY  1995.
1OE H ph ~d ~W ~d ~~~a~ ~@~  Inc., “Adopting the CdifOmh LEV ~~ in tie Nofi  _ s~t~,”  -fi _. .

fw NESCAw  September 1991.
1 Ills. Environmental ~“on Agency, ‘EPA CertKcation li~w 1995.
12~ tie of fuel composition ia _t but not diaeuaaed here.
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hydrocarbon and carbon monoxide emissions dramatically. EPA is now planning a separate “high-
speed driving cycle” (that is, unfortunately, independent of vehicle characteristics) with new
emission standards for these cycles.13 Such an approach would favor the high-performance vehicle
as the engine may not reach the high load levels to require enrichment on such a vehicle during the
new EPA cycle. Low performance vehicles however will be hurt more, because the enrichment
levels must be cut back, which will improve fuel economy but hamper performance. In sum, the
effect of this potential new regulation will not be to hurt fuel economy directly, but will indirectly
affect it by making the trend toward higher performance more attractive.

ELECTRIC VEHICLES

The energy use of an electric vehicle (EV) is governed by the same equation shown on page A-
2, except that there is no “idle” energy consumption so that:

FC =

The relative energy efficiency of electric vehicles can be discussed with reference to this
equation. First, the electric vehicle gains back the fuel consumption associated with braking and
idling--a 10.8 percent savings. Second, most of the accessories used in the internal combustion
engine-powered car, such as the water pump, oil pump, cooling fan, and alternator, can be
eliminated if battery heat losses are not high, as motor and electronics cooling requirements do
not require much power. In addition the conventional power steering must be replaced by electric
power steering, which consumes only a fraction of the power of conventional systems, and
consumes no power on an EPA dynamometer test where the steering is not used. This saves as
much as 9.5 percent of fuel consumption on the test cycle. The EV may need power for the
brakes, however, but this requirement is probably small owing to the use of regenerative braking,
as described below.

Third, some of the energy lost during braking can be recovered by electric vehicles, because the
motor can act as a generator when it absorbs power from the wheels. The energy can be stored in
battery and later released to drive the motor. As noted earlier, the energy lost to the brakes in a
conventional car in the FTP city cycle is about 35 percent of total tractive energy. For the motor
to convert this to electricity, however, transmission loss and motor loss in generator mode must
be considered. Typically, transmissions for electric motors are simple drive gears, and can be 95
to 96 percent efficient. Motors operated in reverse generator mode typically have cycle average
efficiency in the 80 to 84 percent range. Hence, only 78 percent of the braking energy can be

13Ho~ R&D (h., see f~= 9.
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converted to electricity, which is about 27.0 percent of traction energy. The storage and retrieval
of electricity in a battery causes further loss, but this is very dependent on both the battery type
and its efficiency in terms of absorbing power pulses. This efficiency is only 80 percent or lower
for lead acid and nickel-cadmium batteries, so that regenerative braking recaptures only 0.82 x
0.95 x 0.80x 0.35, or 21.8 percent of tractive energy using such batteries. This assumes that all of
the braking can be done regeneratively, but this is not true in practice, because the motor
generally is connected to only two wheels, leaving the other two wheels to be braked
conventionally .14 As a result, actual systems in the Toyota EV15 and the Cocconi CRX16 have
been reported to provide range increases of about 17 to 18 percent maximum since other system
losses prevent reaching the 21.8 percent figure. These figures quoted for the Toyota EV and
Cocconi CRX are the best achieved, as regenerative braking more typically extends range by only
8 to 10 percent in many vehicles, such as the BMW El.

Fourth, the motor is quite efficient in converting electrical energy to shaft energy, with typical
cycle average efficiencies in the 75 to 80 percent range in the city cycle, as opposed to gasoline
engines, which have an efficiency of only 20 to 23 percent on the fuel economy test cycle. Of
course, the production of electricity from fossil fuels has an efficiency of only 35 to 40 percent,
and there are other transmission losses, so that direct efficiency comparisons are more complex.
Nevertheless, electricity stored on a car can be converted to useful power almost 300 percent
more efficiently than gasoline.

Substituting these efficiency values into the fuel consumption equation, and assuming that EV
accessory power consumption is only 25 percent of the power consumed by accessories in
conventional vehicles, it can easily be shown that an EV uses only 14 percent of the energy used
by a similar current conventional vehicle, if the weight of both vehicles are identical and if
battery losses are not considered. When electricity generation efficiency, transmission loss,
charger efficiency, battery storage efficiency, and battery internal self discharge are considered,
however, the picture is quite different, and the EV of the same weight consumes 60 percent or
more of the energy consumed by a current conventional gasoline vehicle of equal weight. In order
to obtain sufficient range and performance, however, EV’s can be much heavier than conventional
vehicles, so that the EV can be less efficient on a primary energy basis than even a conventional
vehicle of equal size and acceleration performance.

The analysis of overall vehicle weight, and the range/performance tradeoffs are especially
important for an electric vehicle. A simple analytical framework allows the calculation of these
tradeoffs. The battery energy storage capacity and the peak-power capacity affect the range and
performance capability, and the more batteries used, the greater the capacity. As battery weight
increases, however, structural weights must also increase to carry the loads, and a larger motor is
required to maintain performance. The weight spiral effects lead to a situation where there are
rapidly declining benefits to each additional battery weight increment.

14Properhandling  during braking requires that all four wheels be braked fw stability.
ls~ Kanamaw  “Toyota EV-50: An Efkt to Realize Practical EVs paper presented at the 12th International Electric Vehicle Symposium

Deeernber  1994.
1 6A me ~w of T_~i~ SW&~ u~v=i~ of California d Dam “DyIwII~* ~ R~ Tag of ~vd El~c

Vehicle,” 1995.
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For a vehicle of a given size, there is a specific “zero weight engine” body weight that is
essentially a theoretical body weight if engine weight were zero, assuming a flow through of
secondary weight reduction. This was calculated to be 50 to 54 percent for several cars whose
detailed weight breakdowns were available, assuming a secondary weight reduction of 0.5 for
each unit of primary weight reduction. Denoting this “zero weight engine” body weight as MBZ

we have total EV weight given by:

where: MBATT is the battery (including tray and thermal management system) weight

MMOTOR is the weight of the motor and controller.

The traction energy needed to move a vehicle forward normalized by total vehicle weight is the
specific traction energy, and one analysis17 has shown that this number is relatively constant in city
driving, being a weak function of rolling resistance coefficient and the ratio of drag force to mass.
Denoting specific traction energy as E, we have the range, R, given by:

R =

where SE is the battery specific energy. This equation simply balances the energy stored in the
battery to the energy demanded by the car. Of course, this range represents the maximum range, if
the battery were discharged down to zero charge, which is not recommended for some battery
types. This leads to a simple relationship to derive the ratio of battery to vehicle weight, as
follows:

The above equation effectively links the battery weight to vehicle range and
energy.

The size of the motor is simply determined by the output requirement as set

battery specific

by performance
requirements. Setting the performance requirement in the form of horsepower to vehicle weight
ratio, we have:

P ‘ H P = K ● M M O TO R/ ME V

lMEV

where k is the power to weight ratio of the motor. As discussed in chapter 4, a typical vehicle
with average performance requires 80 HP per ton (1000 kg) of weight (curb + payload), but an
electrical motor of 20 percent lower output can provide equal performance at low to mid speeds.

l’som ~ BohQ s= f~ 1“
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Hence, an electrical motor power output of 50 kW (or 67 HP) per ton of vehicle weight provides
comparable or average performance. Typically, electrical motors (and their controllers) weigh
about 1.0 to 1.2 kg for each kW of output so that a MMOTOR/MEV ratio of 0.05 provides a
reasonable approximation of motor weight to vehicle weight.

The weight-compounding effect is best illustrated by the ratio of battery weight to “zero weight
engine” body weight, which is a constant for a car of a given design and size. Using the above
relationship, it can be shown that:

for an acceptable performance car. This relationship is very useful in illustrating the effects
different specific energy storage capability and the choice of vehicle range on battery weight.

of

Table A-2 lists the actual and specific energy consumption of several recent EV models, based
on the city cycle test procedure. The energy consumption values for these EVs indicate that the
specific traction energy E is similar across most cars ranging between 0.084 to 0.151 kWh/ton-km
or 0.12 to 0.22 kWh/ton-mile. Vehicles at the high end of the spectrum were models with low
regenerative braking efficiency or with less efficient motor/electronics, but the body
characteristics or total weight did not have a significant impact on the specific energy efficiency.
(For example, the GM Impact is slightly less efficient than the Cocconi CRX-4 using this
measure). The Cocconi CRX stands out with an energy consumption of 0.084 kWh/mi but it has
no accessories, not even power steering. These energy consumption figures are based on federal
city cycle driving, and are often not the ones quoted in the press.

Many publications also provide inconsistent and in many instances, significantly lower estimates
of energy used for each ton-mile, based on the same cars shown in table A-2. For example, ARB
tests of the Cocconi CRX were used to derive energy from the battery used as 96.5 Wh/km, but
this is based on subtracting all of the regenerative energy going into the battery from the battery
output18; this is incorrect because not all of the regenerative power going in can be recovered
owing to charge/discharge loss in the battery. The GM Impact is another car where city cycle
energy consumption has been reported as low as 0.065 kWh/km.19 However, GM claims a range
of 70 miles in the city based on the discharge of a 16.3 kWh battery to 80 percent DoD.20 If 13
kWh (0.8x 16.3) is required to travel 70 miles (112.6 km), it is easy to see that the quoted 0.065
kWh/km cannot be correct. Finally, it should be noted that E is calculated in Wh/km per kg of



empty weight in this calculation, as opposed to Wh/km per kg of inertia weight (empty weight +
300 lbs), which yields lower results.

Using a representative value of E of 0.1 kWh/ton-km for a vehicle with power steering and
developed from a glider body, figure A-5 shows the relationship between battery weight and “zero
engine” body weight, and its nonlinear increase with range is obvious. At an R/SE of 6, battery
weight is infinite, as the added weight of the battery does not provide enough energy to increase
range while maintaining performance. When battery weight equals zero engine body weight, the
value Of WSE is 3.6. To place this in perspective, an advanced lead acid battery, which has an SE

of 42 Wh/kg, provides a range of 150 km (42 x 3.6) or 90 miles, when battery weight equals zero
engine body weight. For a current (1995) mid-size car such as the Taurus, the “zero engine” body
weight is about 730 kg or 1,600 lbs. Hence, to obtain a 90-mile range even with an advanced
semi-bipolar lead acid battery, 1,600 lbs of battery are required, and the total weight of the car
increases from the current 3,100 lbs to 5,240 lbs. (In reality, usefud range is only about 70 miles
since lead acid batteries should be discharged only to 20 percent of capacity). In contrast, a
nickel-metal hydride battery, with an SE of 72 Wh/kg, of the same weight will provide a range of
more than 150 miles. The weight of nickel-metal hydride battery to provide a 100-mile range is
957 pounds, while the car weight falls to 3,305 lbs, illustrating the importance of weight
compounding effects in an EV.

The second constraint on the battery size is that it must be large enough to provide the peak-
power requirement of the motor, or else some peak-power device such as an ultracapacitor or
flywheel may be necessary. To meet this requirement, we have the following:

where Sp is the specific power capability of the battery. Algebraic manipulation and substitution
can be employed to show that:

For a value of P of 50 kW/ton, a range of 160 km, and a value of E = 0.1 kWh/ton-km (or 0.1
Wh/kg-km), we have:

At a range of 100 miles or 160 km, the specific power to specific energy ratio must be at least
3.125 hrl; otherwise, the power requirement becomes the limiting factor on battery size. If the
range requirement is doubled to 200 miles, then the minimum ratio declines to 1.56 hrl. For a
100-mile range, the advanced semi bipolar lead acid battery meets this requirement, with an S@E
ratios of almost 5, while the Ni-MH battery has a ratio of about 3.1, close to the minimum. The
existing “hot-battery” designs provide ratios of only 1.25, while more recent advanced designs
provide ratios closer to 2. The important point of this discussion is that doubling the specific
energy does not automatically lead to half the battery size, if the battery’s power capability is
inadequate to provide “average performance. ” Relaxing the performance requirement reduces the
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required ratio, illustrating that hot batteries with good specific energy but low specific power have
best application in commercial vehicles, where range is more important than performance. One
alternative is to include peak-power devices such as ultracapacitors with such batteries to provide
adequate peak power.

HYBRID VEHICLES

Series Hybrids

The equations governing hybrid fuel consumption, performance, and weight
for EV’s, with the motor generator added. The total weight of the vehicle,
employed for EVs is given by:

are similar to these
using the notation

where MEG is the weight of the engine + generator. The performance, P, as defined by the peak
power (kW) to vehicle weight ratio, is given by:

P (using the same notation employed for EVs

where C is the specific power output of the engine and generator in kw/kg. The main defining
idea of the series hybrid is that the engine can be run at nearly constant output, and the output
level be matched to the engine peak efficiency point. Hence, the engine is either run at this optimal
point or shut off, and the energy stored in the battery for use over any arbitrary driving cycle (in
practice, running at exactly one point is quite a restrictive operating strategy, as explained below).

Typically, a modem internal combustion engine (ICE) produces its peak output at 5,000 to
6,000 rpm and the weight of an engine (dressed) is about 2 kg/kW of peak output. Other items
such as the radiator, exhaust system, and catalyst, however, which are required to operate the
engine, make the total weight closer to 2.2 to 2.6 kg/kW as shown in table A-3. The peak
efficiency point usually occurs at 40 to 45 percent of peak rpm and 70 percent to 80 percent of
maximum torque. Hence, a typical engine operating at its best efficiency point produces about 40
percent of its peak output, and such an engine and generator would weigh 7.5 to 8.5 kg/kW, and
its specific power is about 117 to 130 W/kg. (i.e., the value of C in the equation is 117 to 130).
Advanced lead acid batteries of the semi-bipolar or bipolar type provide specific power of over
300 W/kg for a 30-second rating, while ultracapacitors and flywheels can provide 2 kW/kg or
more. These specific power values make it clear that the engine should provide energy while the
battery, ultracapacitor, or flywheel can provide peak power. Hence, the engine should be small
and provide the total energy for driving, while the battery or other storage device should be sized
to provide the peak power output, so that the total weight is kept low. This also implies that
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batteries with high specific peak power are better suited for use in Hybrid Electric Vehicles
(HEVs).

Because the battery is capable of providing peak power in short bursts only, the critical engine
size is limited by the maximum continuous demand under the most severe design condition.
Consistent with the analysis for EVs we impose the requirement that an HEV must have a
continuous power capability of 30 kW/ton of vehicle and payload weight. This sets a lower limit
on engine size. Peak-power requirement is 50 kW/ton of vehicle and payload, which permits a
zero to 60 mph time of about 12 seconds, so that the batteries must supply the (50-30) kW/ton
for peak accelerations. Calculations are performed to show that operating the engine at its single
“best efficiency” point at all times is not an optimal solution.

Given these specifications, it is easy to solve for the weight of the vehicle given MBZ, the zero
engine body weight. Using the mid-size vehicle as the example, with an MBZ of 750kg and a
payload weight of 200 kg, we have the following HEV characteristics, derived from the equations
shown in table A-4:

Vehicle curb weight 1843 kg

Engine output (nominal) 61.3 kW

Battery peak output 40.9 kW

Battery weight 136.2 kg

Battery type Semi-bipolar lead acid, 300 w/kg

The engine must be a 3.3L four-valve valve engine that can be rated 155 kw at its normal peak.
The amazing result is that the engine must actually be more powerful than that of the current
Taurus. The reason of course, is that the engine of the current Taurus already operates near the
maximum efficiency point at an output of 30 kW/ton. Hence, if the engine of the HEV is sized in
the same proportion it must be larger to provide the increased power to overcome the weight
associated with the motor, battery, electrical system, and generator, which adds 360 kg to the
weight.

This is only one of the unattractive aspects of limiting engine operation to only one output
level. Another factor is that on the FTP city cycle, the engine operates for a very brief duration.
The 23-minute cycle requires about 2.3 kwh of energy at the motor to cover the cycle, which
means that the engine needs to run 2.3/(61.3 x 0.8) percent of the cycle time (where 61.3 x 0.8 is
the electrical output of the engine in kW stored and retrieved from the battery), or about 1.1
minutes, and be shut off the rest of the time. Hence, cold-start fuel consumption will add a
significant penalty to total fuel consumption. The battery is capable of storing 5.7 kWh, and the
vehicle can be run as a reduced performance EV over the entire FTP cycle, if it starts with the
battery fully charged.
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A less restrictive scenario could allow the engine to operate at much higher peak ratings, if the
control logic determines that the load is not a transient one. For example, if high peak-loads
persist for more than 20 or 30 seconds, the control logic can allow the ICE to provide more
power rapidly (albeit with much lower efficiency), so that the batteries are not taxed too heavily.
In addition the engine can provide a range of horsepower, if efficiency is allowed to decline to
within 10 percent of the maximum. Such an operating strategy does not require as much power to
be available from the battery with attendant charge/discharge losses, so that the 10 percent
efficiency loss in the ICE is compensated by a 20 percent gain (for example) in avoiding the
charge/discharge loss.

These requirements could be achieved by a smaller engine that is capable of providing the peak-
power requirement at its normal maximum RPM. Such an engine would weigh 2.3 kg/kW, and
assuming the generator weighs 1.0 kg/kW, we find the value of C2 increases to 285 W/kg (i.e.
1/(2.3+1)). However, the batteries must now be able to provide more power for short duration
accelerations when the engine is still providing only 140 W/kg. Again, solving for vehicle weight
for the same Taurus example, we have the following HEV specification:

Vehicle curb weight 1385 kg

Engine peak output 44.7 kW

Continuous output 19.0 kW

Engine +
Battery:

Motor:

generator weight 167 kg

Peak output 59.1 kW

Energy stored 8.3 kWh

Weight 197 kg

Type Semi-bipolar lead acid

output 79.3 kW

Weight 80 kg

Here, the solution is far more reasonable, as an engine of 44.7 kW peak rating, with a
displacement of 1.0 litre would be all that is required. The total weight of this type of system is
very similar to the current intermediate size car. On the urban cycle, the engine would be on 28
percent of the time, and shut off for the rest of the cycle. On the highway cycle, the engine is on
for 62 percent of the time, and the engine would be operating continuously at speeds above 70
mph cruise on level ground. This is favorable for fuel efficiency as the engine would be operating
at or near its optimal bsfc point, and energy can flow directly from generator to motor without
going through the battery.

Efficiency calculations shown are not as detailed as those that would be obtained from a
simulation model, but a reasonably accurate picture can be established using the equations
presented earlier in this section. The major assumption here is that the engine can be operated at
close to optimal bsfc (but run occasionally at higher output when it is needed for high
accelerations or prolonged periods of hill climbing or other high vehicle loads), or else be turned
off. Using the details provided in table A-1, one can compute the following fuel consumption
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reduction. First, as there is no idling, the 16 percent of fuel consumed on the city cycle and 2.0
percent on the highway cycle is saved. Second, accessory power demand is not likely to be
reduced in a hybrid, because an engine running at or near its optimal bsfc point rejects much more
heat to the coolant, and, hence, cooling fan and water-pump requirements will increase, but the
engine itself is much smaller. Accessory fuel consumption will be reduced by the improvement in
bsfc or efficiency. Third, the use of regenerative braking will reduce tractive energy requirements
by an amount similar to that for an EV, but the smaller battery (relative to an EV) may not be able
to absorb the power spikes as efficiently. Fourth the use of an electric motor drive eliminates the
transmission and improves drivetrain efficiency. Finally, by operating at or near its optimal
efficiency point, the engine bsfc is greatly reduced.

On the negative side, a small engine (with smaller cylinders) is inherently less efficient owing to
the higher surface/volume ratios of its combustion chamber. In the Taurus example, the engine
would be a 1.0 litre four-valve four-cylinder engine, rather than the 3. O-litre two-valve V-6
currently used. Although some have discussed using one-or two cylinder engines, the noise and
vibration characteristics of such engines are so poor that only a four-cylinder engine is thought to
be acceptable in a midsize car (Even the three-cylinder Geo Metro engine is considered quite
rough in automotive circles). Hence, peak efficiency is sacrificed by 2 percent to 3 percent relative
to a 2.0 litre four-cylinder or 3.0 litre six-cylinder engine. The generator also must be sized for
peak continuous output of 45 kW, while operating at a nominal output of 19 kW, which makes it
heavier and less efficient under the standard operating mode.

Detailed analysis of the efficiency without a comprehensive simulation model requires some
assumptions regarding average generator and motor efficiency. For a “2005 best” calculation, the
assumptions are as follows:

● Generator efficiency: at 19.0 kw 91 percent

at 45 kw 94 percent

. Motor Efficiency: Urban cycle 82 percent

Highway cycle 90 percent

. Drivetrain gear efficiency: Urban 94 percent

Highway 96 percent

The motor and generator efficiency values are 3 to 4 percent higher than those of the “best”
current motor/generators.

Engine efficiency was assumed at a slightly off-peak value of 33 percent (in reality, this is
higher than the peak efficiency of small engines today). A cold-start related fuel economy loss of 5
percent was also used on the urban cycle. A sample calculation is shown in table A-5; the
calculations assumes the 1995 mid-size car body and a 1995 “prototype” battery and
motor/generator with the 2005 production component efficiencies detailed above. Urban fuel
economy for the HEV “Taurus” is computed to be 32.74 mpg, and highway fuel economy is 41.2
mpg, yielding a composite fuel economy of 36.07 mpg, about 30 percent better than the current
Taurus. Most of the improvement is in the urban cycle, with only a small (8.4 percent)
improvement on the highway cycle.
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The 30 percent value is an optimistic number for current technology, since every one of the
components have been selected to be at the 2005 expected values, which are higher than the
actual observed range. It also assumes the availability of a semi-bipolar battery that can produce
high peak power for acceleration. It is easy to see that in the absence of such high peak-power
capability, fuel economy drops precipitously. If a normal lead acid battery with a peak-power
capability of 125 W/kg is used, composite fuel economy is only 24.5 mpg, which is almost 12
percent lower than the conventional Taurus! These findings are in good agreement with the
observed fuel efficiency of some HEVS with conventional lead acid batteries. As noted, both
Nissan and BMW reported lower fuel economy for their series hybrid vehicles, even though they
used nickel cadmium batteries with specific peak power of 125 to 150 W/kg.
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TABLE A-1 (a): Energy Consumption as a Percent of

Total Energy Requirements for a Mid-size Car

Rolling resistance
Aerodynamic drag
Inertia (weight) force
Total

Tractive energy
Accessory energy
Idle + braking consumption
Transmission + driveline loss

Percentage of total tractive energy

City Highway Composite a

27.7 35.2 30.5
18.0 50.4 29.9
54.3 14.4 39.6
100 100 100

Percentage of total fuel consumed

58.5 81.5 66.6

11.0 7.0 9.6

16.0 2.0 10.7
14.5 9.5 12.9

aAssumes that highway fuel economy = 1.5 X city fuel economy.

NOTE: Mid-size car of inertia weight= 1588 kg, CD= 0.33, A = 2.1 m2,CR=0.011, 3L OHV V-6,
power steering, four-speed automatic transmission with lockup, air conditioning.

SOURCE: Derived from G. Sovran and M. Bohn, “Formulae for the Tractive Energy Requirements of
Vehicles Driving the EPA Schedules,” SAE paper 810184, 1981.
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TABLE A-1 (b): Energy Consumption for a Mid-size Car

Consumption in kWh/mile

City Highway Composite
Tractive energy requirement 0.2064 0.1974 0.2024
Transmission loss 0.0336 0.0160 0.0257
Accessory energy 0.0314 0.0164 0.0247
Total energy required 0.2714 0.2298 0.2528
Total fuel energy used 1.2146 0.8469 1.0490
Idle and braking loss 0.2314 0.0173 0.1348
Total fuel used 1.4460 I 0.8642 1.1838

(22.7 mpg*) (38.0 mpg*) (27.72mpg*)
Engine efficiency 22.34% 27. 13Y0 24. lo~o

(w/iflle) 18.77V0 26.59?40 21.35’Yo

*Fuel lower heating value of 32.8 kWh/gallon.

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economy to 2015,” report prepared for the Office of Technology Assessment, June 1995, p. 10-6.
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TABLE A-2: Specifications of Some Advanced Electric Vehicles

Fuel
Total weight Motor output consumption P E

Vehicle type (kg) peak (hp) (kWh/km) (hplkg) (Wh/kg-km)
GM Impact 1,348 137 0.115 0.091 0.086
Cocconi Honda CRX 1,225 120 0,103 0.087 0.084
BMW E-1 880 45 0.133 0.044 0.151
Chrysler Van 2,340 70 0.300 0.028 0.128
Ford Ecostar 1,405 75 0.188 0.040 0.134
Honda CUV4 1,680 66 0.155 0.036 0.093

KEY: P = performance rating of vehicle + payload; E = specific efficiency of vehicle.

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economyto 2015,” prepared for the Office of Technology Assessment, June 1995, p. 10-39.
Compiled from manufacturer brochures; Cocconi data from California Air Resource Board tests.
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TABLE A-3: Engine and Accessory Weights (lbs)

I

Ford Taurus 3.OL Toyota Corolla 1.5L

Base engine 444 264

Accessoriesa 34 26

Electrical systemb 38 27

Emission controls 30 incl.

Exhaust system 33 33

Catalyst 30 24

Total 609 lbs 374 lbs
(276 kg) (170 kg)

output 105 kW 78 kW

Specific output 0.3 kWlkg 0.460 kW/kg

Specific weight 2.63 kg/kW 2.17 kg/kW

aIncludes radiator, water pump, hoses, coolant.
bIncludti  s~rter, alternator and ignition  sYstem

SOURCE: American Automobile Manufacturers Association, 1994.
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TABLE A-4: Equations for Deriving HEV Weight

1) Engine operates at optimal bsfc only.

MHEV + Payload = MBZ + Payload + 1.4 MBA~ + 1.4MM0T0R + 1.4MEG

Peak Performance = (Sp ● MBA~ + C ● MEG/(MHEV + Payload)

Maximum Continuous Performance = C s MEG/(MHEV + Payload)

If peak-power requirements are 50 kW/ton and the continuous requirement is 30 kW/ton, we
have:

~z + Payload = 1- 1.4 * 30 - 1.4 * (50-30) -

1.4 *50

M~EV + Payload c1 ‘P K

2) If the engine normally operates at or near optimal bsfc but can produce higher power
output for a continuous requirement, such as hill climb, we have:

Maximum Continuous Performance =  C2

~z + Payload = 1
M~EV + Payload

where MHEV =

‘ B z =
MBA~ =
MMOTOR =
MEG =
C or Cl =
K =
C2 =

‘P
=

1.4 *30
C2

MEG/(MHEV + Payload)

- 14 * (50 -30 * C]/c?.)  -
. 1.4 *50-—

‘P K

weight of hybrid electric vehicle
“zero engine” body weight
weight of battery
weight of motor
weight of ICE + generator
continuous specific output of engine + generator, kW/ton
specific output of motor, low/ton
peak specific output engine + generator, kW/ton
peak specific power of battery, kW/ton

Note: Typical values used are S = 300 kW/ton,
K b= 1000 kW/ton, Cl = 125 k /ton, C2 = 285 kW/ton

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economy to 2015,” report prepared for the Office of Technology Assessment, June 1995, p. 10-60.
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TABLE A-5: Energy Use for a Current (1995)
Mid-size Car Converted to an HEV

(kWh)

Urban

Tractive energy 0.201

Motor output 0.214

Regenerative braking recovery 0.045

Tractive energy input 0.216

Engine outputa 0.315

Fuel economy, mpg 32.7

Percent improvement over 1995 base 44.1

Highway

0.184

0.192

0.008

0.205

0.263

41.2

8.4

ZIAs~um~ ba~eri~ r~harged to initial state at end Of Cycle. Analysis assumes highly optimized
electrical drivetrain components.

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economy to 2015,” report prepared for the Office of Technology Assessment, June 1995, p. 1O-64..
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NOTE: Numbers indicate urban energy distribution. Numbers in parentheses indicate highway energy distribution.
SOURCE: Partnership for a New Generation of Vehicles.
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(4,308-391)

SOURCE: M. Ross and W. Wu, “Fuel Economy of a Hybrid Car Based on a Buffered Fuel-Engine Operating at its
Optimal Point,” SAE paper 95000,1995.
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Vehicle performance (0-60 mph in seconds)

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies to Improve Fuel Economy to 201 5,”
prepared for the Office of Technology Assessment, June 1995, pp 10-13.
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SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies to Improve Fuel Economy to 2015,”
prepared for the Office of Technology Assessment, June 1995, p. 10-41.
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APPENDIX B:

Methodology: Technology Price Estimates

In this report, the Office of Technology Assessment (OTA) has estimated the approximate
retail price of technologies that range from those already present in the current light-duty vehicle
fleet to those whose final design, choice of materials, and manufacturing process are not known.
Some warning about these estimates and their sources is warranted:

1.

2%

3.

For technologies far from commercialization, price estimates should be treated with
skepticism. The only available manufacturing experience with these technologies is likely to be
one-of-a-kind hand building. Redesigning to solve remaining problems may increase costs; mass
production will certainly lower costs; the technologies will be redesigned to cut manufacturing
costs; and learning over time will cut costs both through product redesign and through
continual cost-cutting in manufacture. The magnitude of changes over time is not particularly
predictable.

Although technology developers know the most about their technology’s costs and remaining
problems, their estimates of costs are particularly suspect. Technology developers are at the
mercy of their finding sources--their company’s directors, venture capitalists, and government
agencies--and these sources generally will not proceed without assurances that costs will be
competitive. The sole exception occurs when regulatory demands require proceeding with a
technology regardless of market factors.

Alternative estimates of technology prices are exceedingly difficult to compare, because they
rarely focus on precisely the same technological specifications and often differ in their inclusion
of key cost components. For example, vehicle price estimates must include a range of expenses,
including amortization of design costs, transportation, dealer markups, and so forth, but key
cost components are frequently ignored in cost analyses.

OTA’s analysis focuses on the incremental effect introduction of the technology will have on a
vehicle’s retail price, averaged across new vehicles. The price effect on an individual car or light
truck model may be higher or lower than the estimated “retail price equivalent” (RPE), but these
price variations represent cross subsidies between consumers. For example, marketing strategies
may require certain models to be priced lower than other technologically similar models to
compete efficiently in the marketplace, but average price increment is the focus of this analysis.

The analysis assumes that the industry is sufficiently competitive, and the technology and
production methods are widely enough understood by competing companies, that manufacturers
earn only their usually expected returns on capital--that is, they get no benefit by being able to
charge a premium because no one else has the technology. In fact, most of the technologies
considered in this report, except for battery and fuel cell technology, cannot be considered
proprietary. This is also true of production methods, although different companies can be more or
less efficient in production. In a competitive marketplace, all manufacturers must price their
product so that the average producer earns a normal rate of return on capital; more efficient
producers can gain market share by pricing lower than average at the expense of less efficient
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producers, or they can increase unit profits by charging the same as their less-efficient
competitors.

In reality, the auto manufacturers are not a fully competitive industry but an oligopoly, in that
three manufacturers control more than 70 percent of the U.S. market, and there are difficult
barriers to entering the market. The picture is further complicated by a segmented car market that
has some highly competitive market segments while others, such as large-car segments, are less
competitive. The methodology used here is based on a manufacturer’s “expected” rate of return on
capital, which may be higher than the “normal” rate of return (if sales volume goals are attained)
because the market is not perfectly competitive. Using this method, the calculated price impact
may overstate the actual price impact in very market competitive segments, but may understate
the impact in more oligopolistic segments.

Some technologies, such as diesel engines, are all already widely available, and their price effect
is reported from direct observation of market prices. For most technologies, the method of
estimating RPE is based on first estimating the cost of manufacturing a technology, then
translating this to a retail price equivalent, assuming an expected rate of return. For those
technologies that affect horsepower and performance, RPE is adjusted to account for the market
value of performance. For example, the RPE of a four-valve engine would be determined as an
increment to a two-valve engine of equal performance, which translates into a comparison with a
larger displacement two-valve engine.

METHODOLOGY TO DERIVE RPE FROM COSTS

The RPE evaluation uses an approach followed by industry that includes the variable cost for
each unit of the component or technology, and the allocation of the fixed costs associated with
facilities, tooling, engineering, and launch expenses. The methodology has been used widely by
regulatory agencies and is described in a report to the Environmental Protection Agency.1 It has
been adopted here with modifications suggested by recent manufacturer submissions to the U.S.
Department of Transportation.

The methodology estimates both the amortization (based on the expected rate of return) of the
investment cost of R&D engineering, tooling, production, and launch, and the labor, material,
and plant operating costs, based on expected sales. If actual sales volume exceeds expected
volumes, the manufacturer records a higher profit margin, but a lower volume can result in a loss.
These excess profits and losses are balanced over a range of models which exceed, or are below,
sales targets for a given manufacturer. The expected rate of return is set at 15 percent (real),
which is higher than the normal rate of about 10 percent, and represents the risk-adjusted
oligopoly rate of return.

IU.S. Envkmllental Rotectl“on Agency, “cost Esthatl“on fm Emission Control Related Component@stems  and Cost Methodology,” Report
No. 460/3-78402, 1978.
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The methodology uses a three-tier structure of cost allocation. A specific component, such as a
new piston or a turbocharger, is first manufactured by a supplier companv, or by a division of the
manufacturer that is an in-house supplier (e.g., Delco supplies GM with electrical components).
The supplier part “cost” to the manufacturer has both variable and fixed components--the variable
cost is associated with materials, direct labor, and manufacturing overhead, and the pretax profit
is calculated as a percentage of variable costs.2 Fixed costs--tooling and facilities expenses--are
based on amortizing investments undertaken before production and include the return on capital.
In-house and external suppliers are treated identically, so that RPEs are not affected by
outsourcing decisions, which is consistent with the idea of a competitive marketplace for
subassemblies.

The second cost tier is associated with vehicle assembly, where all of the components are
brought together (for example, the stamping plant producing body sheet metal parts can be
treated as a “supplier” for costing). Manufacturer overhead and pretax profit are applied to the
components supplied to an assembly plant plus the assembly labor and overhead.3 Fixed costs
include the amortization of tooling, facilities, and engineering costs, and include return on capital.
The final tier leads to the retail price equivalent, and includes the markups associated with
transportation, dealer inventory and marketing costs, and dealer profits.4

Table B-1 summarizes the cost methodology, and all of the overheads and profits are specified
as standard percentage rates applied to variable costs.

Amortizing fixed costs and applying them to individual vehicles requires estimates of:

fixed-cost spending distribution over time,

return on capital,

annual production capacity, and

amortization periods

The fixed-cost spending occurs over five years before technology introduction in the
marketplace, with most spending taking place in the two-year-period before launch. The rate of
return on capital is assumed to be 15 percent real (inflation adjusted), consistent with the normal
project rate used by the automotive industry (using this
project has a net present value of $1.358 at launch).

rate, every dollar of total investment in a

of

3Mwuf@re ova ~m~ t. ~ 0.25, ~~~rm ~ofit to be 0.20, W on ibid., and auto hd~ sutiions to he U.S. ~t

of Transportation.
4m1m  -@ um~ ~ ~ 0-25,  H on auto indq submissions to the U.S. Dep*ent of T_~tion.
5~m= ad ~~mm~ ~]ysi~ hc.,  “Documentation of tie Fuel ~nomY,  p~~ and Price Irnpaet  of Automotive Technology,”

report prepared for the Oak Ridge National laboratory, Martin Marietta Energy S- July 1994.
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Plant capacity is 350,000 units a year, a “representative average” for automotive body-related
technologies. Atypical model lifecycle is eight years, with a “facelift” at the midpoint in a model’s
product cycle; the appropriate period for amortization of engineering expenses related to the
exterior design is four years. Engine and drivetrain components usually have a longer lifecycle
than vehicle platforms, ranging from 8 to 10 years. In general, there are no major changes during
this period, so that cost recovery over an 8-year-period is appropriate. Typical production
capacity is 500,000 units a year for engines and transmission plants and designs. Calculations to
derive unit costs assume operation at 85 percent capacity. Table B-2 shows the conversion
method for deriving unit prices from variable and fixed costs for engine and drivetrain
components.

It should be noted that the purpose of this analysis is not to derive the total cost, but the
incremental cost, of a technology relative to the existing baseline technology. The analysis,
therefore, estimates the difference in variable costs and investment between a technology and the
one it supersedes. In this context, the choice is not between continuing production of an existing
technology whose investment costs may have been fully amortized versus a new technology, but
between a new model with baseline technology versus a new model with new technology. This is
a crucial difference that potentially accounts for the great differences between some very high
estimates of technology RPE and estimates presented here. The high estimates basically treat the
fixed costs of the conventional vehicles as “sunk,” making the conventional vehicles a much
greater bargain than vehicles with new technology. This may be reasonable for the short term, but
eventually manufacturers will have to redesign the conventional vehicles, including their
powerplants, and the decision between conventional and new technology should then be based on
the framework presented here.
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TABLE B-1: Costing Methodolo~

Tier I
Supplier/Division Cost

Tier II
Automanufacturer Cost

Tier III
Retail Price Equivalent =

Notes
Supplier Overhead =

Supplier Profit =

Manufacturer Overhead =

Manufacturer Profit =

Dealer Margin =

[Materials + Direct Labor+ Manufacturing
Overhead] x [1 + Supplier Overhead+ Supplier
Profit] + Tooling Expense+ Facilities Expense+
Engineering Expense

[Supplier Cost + Assembly Labor+ Assembly
Overhead] x [1 + Manufacturing Overhead+
Manufacturing Profit] + Engineering Expense+
Tooling Expense + Facilities Expense

Manufacturer Cost x Dealer Margin

0.20
0.20
0.25
0.20
0.25

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economy to 2015,” report prepared for the Office of Technology Assessment, June 1995, p. 9-5.
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TABLE B-2: Methodology to Convert Variable and Fixed Cost to RPE

. Supplier cost to manufacturers = A

. Total manufacturer investment in tooling, = B
facilities, engineering, launch

. Unit cost of investment for drivetrain = B X 1.358 +(500,000X 0.85X 4.487)
technology

‘ c

. Automanufacturer cost

●  R.PE

= D

= D X 1.25

au~t ~Q for My tw~olo= = (B * 1.358)+(350,000x 0.85x 2.855)

SOURCE: Energy and Environmental Analysis, Inc., “Automotive Technologies To Improve Fuel
Economy to 2015,” report prepared for the Office of Technology Assessment, June 1995, p. 9-8.

301


