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PREFACE

This annual report serves to inform the United States Congress on the progress for fiscal year 1996 of

- programs under the Department of Energy’s Office of Advanced Automotive Technologies (OAAT).
This document complies with the legislative requirement to report on the implementation of Title III of
the Automotive Propulsion Research and Development Act of 1978 (Public Law 95-238, 15 U.S.C. 2701
et seq.). It specifically fulfills the reporting requirements of subsections 304(f) and 310(a). Also
reported are related activities performed under subsequent relevant legislation without specific reporting
requirements. Furthermore, this report serves as a vital means of communication from the Department to
all public and private sector participants.

Specific requirements of subsections 304(f) and 310(a) of Title III of Public Law 95-238 that are
addressed in this report are:

Subsection Title lll Requirement Section of Report

304(f)(4) Discussion of how each research and development Appendix A
contract, grant, or project funded under the
authority of this Act satisfies the requirements of this

subsection

310(a)(1) Current comprehensive program definition for Section 2
implementing Title III

310(a)(2) Evaluation of the state of automotive propulsion system Section 1, 2
research and development in the United States

310(a)(3) Number and amount of contracts and grants awarded | Appendix A
under Title III

310(a)(4) Analysis of the progress made in developing advanced Section 2

automotive propulsion system technology

310(a)(5) Suggestions for improvements in automotive Section 5
propulsion system research and development, including
recommendations for legislation

Advanced Automative Technologies - FY 1996







1.0 INTRODUCTION

1.1 OVERVIEW

This annual report presents the work that has been accomplished during fiscal year 1996 under the
auspices of the Office of Advanced Automotive Technologies (OAAT) of the U.S. Department of Energy

(DOE).

Significant strides have been made in the past two decades in improving automotive fuel economy and
reducing automobile emissions. However, these gains have leveled off in recent years, and there remains
considerable potential for making further improvement. The U.S. average passenger car fuel economy
increased by nearly 70% from the mid-1970s to the mid-1980s. This was achieved largely through
vehicle and engine design changes in response to government policies and consumer demand. However,
the increase in fuel economy in the decade from the mid-1980s to the mid-1990s was less than 5%.

Overall, the petroleum imports required to meet the needs of the transportation sector are continuing to

rise, and stronger measures must be implemented in order to turn the situation around. The programs

sponsored by the OAAT are aimed at doubling, and eventually tripling, the fuel economy of mid-size
vehicles, as well as replacing petroleum-derived fuels with electricity and alternative fuels derived from

domestic resources.

Allowing time for development, commercialization, and market penetration, it is estimated that the direct
contribution of the technology advancements supported by OAAT will result in a reduction in oil
consumption of one quarter of a million barrels per day by 2010 and three quarters of a million barrels
per day by 2020. If this is combined with reductions attributable to advancements achievable from other
Office of Transportation Technologies (OTT) programs, the total reductions will be more than 1 million
barrels per day in 2010, and nearly 2 million barrels per day in 2020.

The technologies being developed under sponsorship and support of the OAAT are aimed at realizing the
potential fuel economy improvements and emissions reductions that are achievable. Implementation of
these advancements by the U.S. automobile industry will strengthen the Nation’s economy, improve
living standards, and reduce our vulnerability to energy price and supply volatility.

ORGANIZATION

Figure 1 is a fiscal year 1996 organization chart of the OAAT, one of four offices in the OTT. The OTT,
in turn, is one of four end-use sectors reporting to the DOE Assistant Secretary for Energy Efficiency and
Renewable Energy. The OAAT was established in March of 1996 to consolidate all of the Department’s
light vehicle technology research and development efforts into an integrated Advanced Automotive
Technologies program.

In fiscal year 1996, there were six program areas and organizational teams within the OAAT as shown in
Figure 1. The Vehicle Systems program area covered system requirements definition, modeling, and
hybrid electric vehicle propulsion technology programs. The Advanced Heat Engines program area
included gas turbine and piston engine technology research and development for light-duty vehicles, as
well as associated combustion research. The Electric Vehicle Batteries program area focused on high-
energy battery technology development and support of electric vehicle readiness activities. The Fuel Cell
Systems program area covered programs in fuel cell, fuel processor, and fuel storage technology
development. The Automotive Materials program area included programs to develop lightweight
materials and propulsion system materials. The Alternative Fuels program area addressed technology
research and development to facilitate the utilization of alternative fuels in automobile engines.

Advanced Automotive Technologies - FY 1996 ' 1
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FIGURE 1
Office of Advanced Automotive Technologies Organization
(for Fiscal Year 1996)

Office of Advanced Automotive Technologies
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Vehicle Advanced Heat Electric Vehicle Fuel Celt Automotive Alternative
Systems Engines Batteries Systems Materlals . Fuels

The budget appropriations for OAAT for fiscal year 1996 were distributed among the six program areas
as shown in Table 1.

TABLE 1
OAAT Fiscal Year 1996 Budget Appropriations

Vehicle Systems $52,690*
Advanced Heat Engines $5,350
Electric Vehicle Batteries $18,930
Fuel Cell Systems $21,497
Automotive Materials ‘ | . $18.232
Alternative Fuels o $2,205
TOTAL $118,904

*  Includes funding for high-power energy storage devices, and power electronics and electric machines. Also
includes funding for Gas Turbine Hybrid Power Unit (GT-HPU) research and development, which is conducted
as part of Advanced Heat Engines activities.

GOAL AND OBJECTIVES

The goal and objectives of the OAAT programs arise from the OTT vision: Within the first decade of the
twenty-first century, the United States will turn the corner in the growth of petroleum use for highway
transportation. This vision follows from the primary DOE goals that apply to the OTT, which include:

« Enhance energy productivity to strengthen the US. economy and improve living standards; _
*  Ensure reliable energy services with reduced vulnerability to energy price and supply volatility; and

+  Reduce adverse environmental impacts associated with energy production, delivery, and use.

The goal of the OAAT program is to research, develop, and validate technologies that will enable light
vehicles to have:

»  Several times the fuel economy of current, comparable conventional vehicles;
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*  Fuel flexibility;

» Emissions that comply with statutory limits projected to be in place when the vehicles become
available for the marketplace; and

o  Other attributes, such as price, comfort, and safety, that would enable them to be competitive with
conventional vehicles.

The objectives of the OAAT are to develop and validate the technology to achieve the following:

» By 1998, automotive propulsmn subsystem technologles that will enable the achievement of 50 miles
per gallon (mpg) in a test-bed six-passenger sedan;

. By 1999, technologies that will enable the use of compressed natural gas as an alternative fuel in
conventional automobiles, with full range and performance capability;

» By 2003, battery technologies that will render full-range electric automobiles commercially viable;

* By 2004, automotive technologies that will enable the achievement of 80 mpg in a six-passenger
sedan that could be successfully marketed by 2008;

« By 2008, technologies that will enable the use of ethanol as an alternative fuel to achieve 80 mpg
(gasoline equivalent) in demonstration automobiles; and

* By 2011, automotive technologies that use non-petroleum-based fuels and achieve zero emissions
while obtaining 100 mpg in lightweight vehicles that could be marketed by 2015

Much of the research and development work of the OAAT is directed toward the govemment/mdustxy
Partnership for a New Generation of Vehicles (PNGV) due to the similarity of the common OAAT
objective and the PNGV goal of achieving up to 80 mpg fuel economy in passenger cars while providing
the same level of comfort, convenience, and affordability as today’s vehicles. The PNGV is a
cooperative effort between seven Federal Government agencies and the U.S. Council for Automotive
Research (USCAR). The USCAR is a cooperative partnership between Chrysler, Ford, and General
Motors. The breadth of the PNGV program extends beyond fuel economy improvements to include
objectives, such as improvements in manufacturing technology, which do not fall under the purview of
the OAAT. Several of the OAAT program areas also extend beyond the PNGV program. These include
funding of research in electric vehicles and alternative fuels. Figure 2 schematically shows the
interrelationships among the various technologies that are required to achieve the goal and objectives of
the OAAT.

The strategy for achieving these objectives is focused on the research, development, and validation of
energy-efficient technologies as final products.

NATIONAL NEEDS

The 1mportance of the stated goal stems from the ma_;or challenges facing the U.S. in meeting the ever-
increasing demand for transportation goods and services while striving to minimize adverse energy,
environmental, and economic impacts. Over 97% of the fuel consumed by the U.S. transportation sector
involves petroleum-based fuels, and this use accounts for two-thirds of the Nation’s total oil
consumption Vehicle fuel efficiencies have shown considerable improvement since the 1970s, but
increases in populatlon and per capita miles driven have more than offset these gains, contributing to an
overall increase in consumption of petroleum for transportation.

Advanced Automotive Technologies - FY 1996
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FIGURE 2
Technologies Under Research and Development
to Achieve OAAT Goal and Objectives
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Figure 3 shows the new car fleet average fuel economy (mpg) in the U.S. for model years 1975 to 1996.
It shows a dramatic reduction in vehicle inertia weight and a corresponding improvement in fuel
economy between 1976 and 1980. Improvements in fuel economy have reached a plateau since 1988 and
vehicle inertia weight has been slowly increasing in the same time period, indicating that vehicle
efficiency has been increasing at only a modest pace. One of the primary reasons for the trend toward
increasing average vehicle weight is the popularity and high sales volumes of sport utility vehicles, vans,
and light trucks. These types of vehicles are required to meet less stringent Corporate Average Fuel
Economy (CAFE) standards than passenger automobiles. The increase in vehicle fuel economy shown in
the figure is offset to a great extent by the increase in total vehicle miles traveled each year, as shown in
Figure 4. The net effect is a substantial growth in overall fuel consumption and corresponding petroleum
imports, as shown in Figure 5. This trend is likely to continue unless further progress is made in
achieving substantial improvements in vehicle fuel economy and increasing the use of domestically
produced alternative fuels.

In 1995, the net imports of petroleum represented 44% of domestic petroleum consumption, close to the
1977 record level of 46%. The Energy Information Administration (ELA) predicts that the percentage

- will reach 61% in 2015. The EIA also forecasts that shortly before the turn of the century, more than
60% of the oil traded in the international market will come from the Persian Gulf, a region characterized
by continued political instability. The growing level of imported petroleum also represents a massive
transfer of wealth from the U.S. to oil-exporting countries. In 1995, the U.S. paid $49 billion for
imported petroleum. The growing reliance on imported petroleum is becoming a national concern.

In December 1994, the Department of Commerce (DOC) concluded that our growing reliance on low-
priced crude oil from unstable foreign sources threatens national security by leaving the U.S. increasingly
vulnerable to the potentially serious adverse economic impacts of disruptions in oil supply. The DOC
also noted that “political and economic problems in the Persian Gulf region make supply disruptions a
possibility in the near-term.” Rather than employing import adjustments, such as tariffs and quotas, to
address the situation, the DOC recommended reducing the demand for petroleum by implementing a
number of measures, including the design of more energy-efficient cars and the introduction of
alternative transportation fuels and vehicles into the marketplace.
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FIGURE 3
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Source: U.S. Environmental Protection Agency, Light-Duty Automotive Technology and Fuel Economy Trends
Through 1996, Technical Report, EPA/AA/TDSG/96-01, August 1996.

FIGURE 4
Increasing Highway Vehicle Miles Traveled
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Source: U.S. Department of Energy, Transportation Energy Data Book: Edition 16, ORNL-6898, July 1996.
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FIGURE 5
Transportation Contribution to Our Growing Dependence on Imported Oil
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Source: U.S. Department of Energy, Transportation Energy Data Book: Edition 16, ORNL-6898, July 1996.

There is also continuing concern about poor air quality and levels of greenhouse gas emissions. The
transportation sector is a major contributor to air pollution in the U.S. In 1994, the transportation sector
was responsible for 78% of the U.S. total carbon monoxide emissions, 45% of the total U.S. oxides of
nitrogen (NOx) emissions, 37% of the total emissions of volatile organic compounds, and 32% of the
emissions of lead. There has been steady improvement, but the gains are offset to some degree by the
increase in vehicle miles traveled each year. Figure 6 shows, on a normalized scale, the emission level
trends of five major pollutants from highway vehicles per mile traveled.

Another issue is increasing global market competition in the transportation sector. Other automobile
manufacturing countries (most notably Japan and the European nations) have committed substantial
public funds to support advanced automotive research in partnership with their domestic manufacturers.
All indications suggest a long-term commitment by these governments to the development and
production of advanced vehicles, both for the domestic and the export markets. The emerging economies
of Asia, Latin America, and Eastern Europe, where much of the future growth in the automotive market
is expected, are becoming a competitive marketplace for the global automotive industry. These markets
are expected to be particularly receptive to cost-competitive advanced vehicles with high fuel economy
and low emissions. '

STATUS OF CONVENTIONAL POWERTRAIN TECHNOLOGY

Passenger cars, sport utility vehicles, light trucks, and vans, the vehicles of choice for personal
transportation in the U.S., are substantially more efficient than when the Automotive Propulsion
Research and Development Act of 1978 (Public Law 95-238) was enacted. The efficiency improvements
are due to a combination of engine and powertrain efficiency gains along with weight reduction,
aerodynamic improvements, and a reduction in tire rolling resistance. Electronic control of automatic
transmissions, fuel injectors, valve timing, and valve lift control have also contributed to improved
efficiency. The use of lighter and stronger materials and improved design engineering have also been
major contributors. The use of alternative fuels, particularly natural gas, for reducing emissions is
becoming more widespread for light-duty vehicles. The increased availability of reformulated gasoline
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FIGURE 6
Relative Highway Vehicle Emissions per Mile Traveled (Base 1970)
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in certain areas of the country is also contributing to reduced emissions from gasoline-powered vehicles.
Some of the emissions reduction also can be attributed to the Federal Motor Vehicle Control Program,
which has resulted in the widespread use of catalytic converters on automobiles to reduce not only
carbon monoxide emissions but also NOx and volatile organic compound emissions.

FOUR-STROKE SPARK IGNITION PISTON ENGINES

For model year 1997, light-duty vehicle manufacturers continued a trend toward increased use of
multi-port fuel injection systems, which allows for precise control of the air-fuel ratio for better
performance, improved throttle response, lower emissions, and better fuel economy. The continuing -
trend toward lighter rotating and reciprocating engine and transmission parts is made possible by a
combination of better designs and materials. Lighter weight rotating and reciprocating components
reduce inertia and the resulting forces and stresses, thereby allowing related engine components, such as
camshafts, connecting rods, crankshafts, and bearings, to be lightened in a synergistic way. The reduced
inertia and mechanical stress in these components allow engines to be operated at higher speeds, which -
improves the power capability of engines without resorting to increased displacement. Alternatively,a
smaller size engine can produce the same power, allowing for further space and weight savings in the
vehicle structure and a reduction in engine friction.

Improved air management is being applied to some engines with the use of tuned and/or variable-length
intake manifolds. An increasing number of automobiles are manufactured with intake manifolds that are
formed from composite plastic materials. In addition to having a smooth internal surface finish for
minimal airflow restriction, these materials are lighter than aluminum and can also be recycled.

Many new engines incorporate technologies designed to increase efficiency by reducing friction,
including roller cam followers, lightweight pistons, and precision machined crank journals. Piston ring
height and tension have been modified to reduce surface area and ring friction while maintaining a
durable ring seal. - : '

Advanced Automotive Technologies - FY 1996




United States Department of Energy )

Lightweight materials, such as aluminum and magnesium, are being used in automobile powertrains in
greater amounts. There is also increased use of powder metallurgy technology due to its ability to form
strong, complex shapes with less expense and time-consuming machining. Its use has nearly doubled
since 1978.

Advanced spark plugs are being developed for longer life, with various electrode configurations and
shapes, for higher-voltage ignition systems, in smaller sizes, and as part of combustion-sensing systems.
Platinum tipped spark plugs are being used in many car models, resulting in extension of scheduled
maintenance intervals to 100,000 miles. Improved and simplified powertrain modules in some engines
have added four times the computer power with one-half the number of components. This has resulted in
increased diagnostic capability and improved powertrain control at a reduced cost.

TWO-STROKE AND ROTARY SPARK IGNITION ENGINES

In the past, the U.S. automotive industry had pursued development of two-stroke engines for automobiles
because of their potential advantages of simplicity, fewer parts, lower manufacturing costs, reduced
weight, and improved fuel economy compared to equivalent four-stroke engines. However, it appears
that the U.S. automobile industry has suspended further development of the two-stroke engine because
increasingly stringent emission regulations tend to reduce the two-stroke engine’s potential for
commercial viability in automotive applications.

The automotive rotary engine has been used in limited sports car applications, but sales of rotary
powered vehicles have decreased to the point in recent years that they are no longer marketed in the U.S.
The rotary engine offers excellent performance and competitive reliability compared to conventional
reciprocating engines and has the added benefits of mechanical simplicity, low noise, and low vibration.
However, the fuel economy and emissions of the rotary engine have not equaled those of conventional
engines for general automotive applications.

DIESEL ENGINES

The number of diesel engines used in light-duty vehicles in the U.S. has been small relative to the
number used in European countries. The sales of new diesel automobiles in the U.S. increased from
1.02% of total automobiles sales in 1978 to a peak of 6.1% in 1981. The sales of new diesel automobiles
decreased sharply to 0.02% in 1988 and was 0.04% in 1995. The application of diesel engines in light
trucks, 10,000 Ibs gross vehicle weight and less, increased from 1.0% of total light truck sales in 1978 to
a peak of 5.0% in 1982. Since that time, the percentage of new diesel light truck sales decreased to a low
of 2.0% in 1988 but have increased to 2.7% in 1994.

In past years, the diesel engines used in light-duty vehicles predominantly employed indirect injection.
The trend now is toward the use of direct injection diesel engines, which offer a substantial advantage in
thermal efficiency over indirect injection diesels. However, their emission of NOx tends to be more
difficult to control.

In order to reduce the emission of NOx from the lean oxidizing environment of direct injection diesel
engine exhaust, considerable research and development is being conducted to develop diesel/lean NOx
catalyst technologies. Using such catalysts, a reduction in NOx by 25% has been achieved in passenger
car tests and approximately 40% reduction for truck engine tests. However, commercialization of such
catalysts has not been achieved to date because the durability goals have not yet been reached.

TRANSMISSIONS AND BRAKE SYSTEMS

New automatic transmissions for U.S. light-duty vehicles utilize electronic controls that monitor key
vehicle parameters, including throttle position, vehicle speed, gear range, and engine load to create
seamless operation between the engine and the transmission. Gear shifts are controlled by powertrain
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management computers, which activate solenoid-operated shift valves on a schedule designed for the best
balance of performance and economy. Some automatic transmissions feature altitude compensation,
which allows the transmission to adjust for the changes in engine output. Evolutionary refinements in
electronic transmission control are occurring with each new model year. Automatic transmission fluids
are now available that last the life of the car under normal service. In addition to reducing ownership
costs, the elimination of periodic transmission fluid changes significantly reduces the amount of waste oil
that must be recycled. The domestic industry’s first 5-speed automatic transmission has been introduced
into a sport utility vehicle.

Sophisticated interactive traction control systems are now available on some vehicles. These systems
work together with antilock brake systems and combine brake action control with engine torque
reduction when wheel slip is detected. Vehicles with traction control can potentially satisfy the needs of
some customers who would otherwise purchase vehicles with less fuel-efficient four-wheel-drive
powertrains.

Automotive components suppliers typically manufacture parts such as brake rotors and brake calipers
from ferrous materials, but these same suppliers may soon build these components from new advanced
composites that use ceramic particles dispersed in an aluminum alloy matrix for weight savings and
improved performance.

ALTERNATIVE FUELS

Domestically produced alternative fuels such as natural gas, methanol, ethanol, propane, and biodiesel (a
mixture of conventional diesel fuel with a renewable diesel-like fuel formulated from agricultural plant
oils and animal fats), offer the potential of reducing U.S. dependence on imported petroleum and
transportation’s contribution to air pollution.

Alternative fueled engines have been developed, and some have shown emissions advantages over
conventional engines. A number of U.S. manufacturers have introduced alternative fueled engines and/or
vehicles to the marketplace. Many facilities around the country are capable of converting conventional
vehicles to use alternative fuels.

As shown in Table 2, the use of alternative fuels in light-duty vehicles increased by approximately 38%
during the period from 1992 to 1996. Only the consumption of M100 (100% methanol) and E95 (95%
ethanol, 5% gasoline) have shown a decrease during that time period.
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TABLE2
Estimated U.S. Consumption of Alternative Fuels in Light-Duty Vehicles
: (thousand gasoline-equivalent galions)

*

Source: Alternatives to Traditional Transportation Fuels 1994, Volume 1, Energy Information Administration,

Liquefied petroleum gas 141,042 167,300 177,200
Compressed natural gas 10,477 15,490 28,949
Liquefied natural gas >0.5 >0.5 >0.5
M85 (85% methanol, 15% gasolinej 607 2,290 3,490
M100 (100% methanol) 13 0 0
E85 (85% ethanol, 15% gasoline) 20 80 1,030
E95 (95% ethanol, 5% gasoline) 3 >0.5 >0.5
Electricity 226 280 311
L;1‘__S)TAL"‘ . 152,338 _ 185,440 210,979

This table does not include the use of ethanol and methanol as oxygenate additives that are blended into today’s
petroleum based gasoline. Consumption of oxygenate additives has increased from 2,106,000 thousand

gasoline-equivalent gallons in 1992 to 4,407,000 thousand gasoline-equivalent gallons in 1995.

DOE/EIA-0585 (94)/1, February 1996.




2.0 ADVANCED AUTOMOTIVE TECHNOLOGIES

- RESEARCH AND DEVELOPMENT

2.1 VEHICLE SYSTEMS

INTRODUCTION

The objective of the Vehicle Systems Program is to develop, validate, and integrate advanced vehicle
systems in support of the Office of Advanced Automotive Technologies’ (OAAT) goals of achieving
revolutionary improvements in fuel economy, while meeting statutory emission and safety standards,

and enhancing the capability to use domestically produced alternative fuels. During fiscal year 1996, the
Vehicle Systems Program focused on hybrid electric vehicle technology, one of the leading candidates
for achieving the fuel efficiency objectives of OAAT. The near-term objective is to develop and validate
production-feasible hybrid propulsion system technologies that will enable the achievement of 50 mpg in
a test-bed six-passenger sedan by 1998. This is an intermediate milestone toward the longer term goal of
demonstrating and validating production-feasible vehicle technologies that will enable the achievement
of 80 mpg in a test-bed six-passenger sedan by 2004, consistent with the goals of the Partnership for a
New Generation of Vehicles (PNGV).

In support of these ambitious goals, the Vehicle Systems effort is composed of three major elements
directed toward: (1) Technology Requirements and Validation, (2) Technology Development, and (3)
Advanced Vehicle Competitions.

The objective of the Technology Requirements and Validation effort is to establish, within the context of
a total vehicle perspective, technology attribute requirements and targets for vehicle systems and
components. These technology attribute requirements and targets serve as the focus for all OAAT
technology development activities. Powerful systems analysis and component-level modeling tools are
being developed and utilized to simulate vehicle/subsystem performance, to define the technology
requirements, and to verify that target performance characteristics for the total automobile are
achievable. These modeling capabilities supplement tests and evaluation of hardware in test-bed
vehicles.

The objective of the Technology Development effort is to develop representative integrated test-bed
vehicles that can be used as platforms for system/component-level optimization, technology validation,
and model verifications. In addition, key enabling technologies are being supported, including high-
power energy storage devices such as batteries, ultracapacitors, or flywheels, and cost-effective, high-
efficiency power electronics and compact electric drive systems.

The objective of the Advanced Vehicle Competitions is to bring together the expertise and talents of
government, industries, and universities to look beyond conventional automotive approaches in order to
develop and evaluate test vehicles to advance automotive technology to meet the goals of improved fuel
economy and reduced emissions. Several nationwide competitions are held each year, with vehicles built
by university teams with government support and extensive industry sponsorship.

The above three elements of the Vehicle Systems effort are inherently synergistic and are being
implemented in an integrated manner. Multiple competitive teams of domestic automakers and their
suppliers are at work with support from the other Federal agencies, national laboratories, suppliers, and
universities (see Table 3).
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TABLE 3
Vehicle Systems
Fiscal Year 1996 Program Participants

Hybrid Propulsion Systems

Chrysler Corporation Contract 50
Ford Motor Company Contract 50
General Motors Corporation Contract 50
National Renewable Energy Laboratory Field Work Proposal 0

High-Power Energy Storage

SAFT America Contract 50
SRI International Contract 50
Varta Contract 50
Yardney : Contract 50
Maxwell Contract 20
Federal Fabrics Contract 0
General Electric Contract 50
University of Wisconsin Grant 0
Idaho National Engineering Laboratory Field Work Proposal 0

Lawrence Berkeley National Laboratory
Argonne National Laboratory

Power Electronics

U.S. Navy/Harris Semiconductor Contract 85

Sandia National Laboratories Field Work Proposal 0
Oak Ridge National Laboratory

Advanced Vehicle Competitions*

Argonne National Laboratory Field Work Proposal 0

*  The Advanced Vehicle Competitions Program is only partially funded by the government. Industry and
universities provide substantial support for this program as sponsors and providers of equipment and facilities.

HYBRID PROPULSION SYSTEMS
TECHNOLOGY BACKGROUND

The hybrid electric vehicle (HEV) combines two or more energy conversion technologies (e.g., heat
engines, fuel cells, generators, or motors) with one or more energy storage technologies (e.g., batteries,
ultracapacitors, or flywheels). The hybrid propulsion system takes advantage of the strengths of each
constituent technology, resulting in a vehicle with two to three times the fuel efficiency of current
vehicles without compromising other attributes such as performance, emissions, control, safety; or cost.
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Hybrid vehicles are expected to meet the Environmental Protection Agency’s stringent emission
standards expected to be in place by 2004, and provide more than a 60% reduction in tailpipe carbon
dioxide emissions compared to current conventional vehicles of comparable size.

Hybrid propulsion systems can be designed to incorporate a range of competing and complementary
technologies. They can be configured in series or parallel configurations, or a combination of the two.

In a series HEV, the heat engine drives an electric generator to produce electricity. The electricity is then
stored in the batteries or drives the electric motor to power the vehicle. A parallel HEV is configured so
that either the heat engine or the electric propulsion system -- or both -- can be used to power the vehicle.
Figure 7 shows schematic diagrams of typical series and parallel HEV configurations.

Under the Vehicle Systems effort, extensive conceptual design and systems analysis activities have been
undertaken by contractor teams to develop preferred system configuration and technology options to
meet the intermediate program goal of up to 50 mpg in a test-bed six-passenger sedan by 1998.

FIGURE 7
Schematic Diagrams of
Typical Series and Parallel HEV Configurations

Motor/Generator

Battery

Series Hybrid Configuration

Parallel Hybrid Configuration
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Although the hybrid vehicle technology under development is promising, there are many technical
barriers that must be overcome. Key barriers and challenges include:

» Devices with high power-to-energy ratios to augment power for vehicle acceleration and hill
climbing are not yet available. The devices must be thermally managed and have a high specific
power, long life, and competitive cost.

» Size, weight, and cost of power electronic devices must be reduced.

¢ Current engine-based hybrid power units need to convert fuel to useful power more efficiently while
complying with projected emissions standards.

* . More advanced mathematical models of propulsion system components (both steady state and
dynamic) are needed, with supporting data, for a variety of vehicle subsystems. Component models
are being improved and integrated into system-level performance models for validation with test data
derived from prototype vehicles.

PROGRAM ACTIVITIES

In fiscal year 1996, the hybrid systems development effort entered its fourth full year. Cost-shared
contracts are now in place with Chrysler, Ford, and General Motors. These contracts are managed
through the National Renewable Energy Laboratory (NREL), and include more than 30 subcontracts with
component and subsystem suppliers, small businesses, national laboratories, and universities. The
Chrysler systems technology development contract was awarded in March 1996, with goals and terms
similar to the earlier Ford and General Motors contracts, but with a more compressed time schedule.

Systems Analysis Activities

The vehicle simulation model developed at NREL, called ADVISOR, has continued to be enhanced
through working with component developers, the auto industry; and participants in the PNGV, and is the
central tool used for the systems analysis and technology integration. ADVISOR is designed for system-
level analyses, tradeoffs, and optimizations.

NREL staff performed simulations to guide lower-tier subcontractors and facilitate communications
among the prime subcontractors, lower-tier subcontractors, and program management. Results from the -
HEV ADVISOR simulation program are used by NREL project managers to help oversee the prime
subcontracts. -

The first step to improve ADVISOR is to validate the component models and the overall vehicle
modeling algorithms with data collected through university subcontracts. Four separate subcontracts
with universities are providing this data. Component suppliers are an increasingly important source of
validated data, and relationships established with suppliers allow non-proprietary component models and
data to be added to the ADVISOR component toolbox.

The Systems Analysis goals are to: further develop and use NREL’s HEV performance modeling
capabilities to guide U.S. investment in vehicle technology research and development; support the PNGV
Systems Analysis Team; support the General Motors, Ford, and Chrysler subcontracts; and enable proper
technical management of the subcontracts. The primary objectives of this task are:

» To assist decision makers on vehicle system and component development programs, provide project

direction, and define technology attribute targets that can serve as the focus for technology research
and development.
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» To create a tool that will facilitate the evaluation of component technologies in the context of a total
vehicle.

» To support the PNGV systems analysis effort through specific tasks identified by the PNGV Systems
Analysis Steering Committee.

» To assist the original equipment manufacturers (OEMs) in modeling efforts through assisting in
trade-off studies for their internal down-selection decisions.

Fiscal Year 1996 Accomplishments

* National Lab support provided component data and simulation models of advanced HEV components
to the PNGV Systems Analysis Toolkit model, such as flywheels, motors, batteries, and continuously
variable transmissions (CVTs).

* NREL validated its HEV simulation software model, ADVISOR, against Ford, General Motors, and
Chrysler’s models in a benchmarking exercise to correlate the results, which all agreed within 5%.

* NREL refined and distributed a publicly available version of ADVISOR, which is now used by more |
than 20 companies and organizations throughout the U.S.

*  Advanced component data for HEVs was collected from three universities in order to facilitate
further validation of the ADVISOR model and build up the database of models available for use in
simulation.

* Detailed HEV modeling for Chrysler’s hybrid prototype was initiated by using ADVISOR as an
initial vehicle simulator, and then building a specialized model to meet the needs of Chrysler through
a cooperative Chrysler and NREL effort.

General Motors Subcontract Activities
Introduction

The General Motors Hybrid Vehicle Propulsion System Program was initiated on September 30, 1993.
During fiscal year 1996, Phase B of the program, the System Design Phase was completed and the
program transitioned into Phase C, the System Development and Validation Phase. The overall goals of
the General Motors program are to develop production feasible hybrid vehicle propulsion system
technology that can be integrated into a family sedan (e.g., Chevrolet Lumina), which will facilitate a fuel
economy improvement of up to two times the current fuel economy and will meet proposed Federal

Tier 2 emissions standards without compromising existing consumer expectations for performance,
driveability, comfort, and safety.

During Phase A (Systems Analysis Phase) of the program, General Motors performed a detailed
engineering study on the relative merits of a variety of both series and parallel hybrid electric propulsion
system architectures. In parallel with its technical analysis, information was gathered on consumer
preferences for advanced technology vehicle attributes along with marketplace sensitivity to premium
pricing for the additional value that hybrid vehicles could potentially offer.

As a result of the analytical efforts conducted during Phase A, and recognizing that the program has
definitive limits on funding and time, it was decided at the beginning of Phase B that future efforts would
focus exclusively on a series hybrid propulsion system architecture. The series hybrid architecture of
choice for all future development under the auspices of the program was further defined to be the “dual
mode” type. This type of hybrid propulsion system provides the greatest level of operational flexibility
to the consumer. It affords the opportunity to choose whether to operate on battery power alone, i.e., as
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zero-emission vehicle (ZEV) for short trips, or in full hybrid mode when undertaking a long journey. A
dual mode series hybrid vehicle could even be operated on the Hybrid Power Unit (HPU) alone, although
at reduced performance, if there was a failure in the energy storage system, thus providing the consumer
“limp home” capability.

Another benefit of the series type of hybrid propulsion system architecture is the ability to employ
continuous combustion engine technologies which have demonstrated sub-ULEV (ultra-low-emission
vehicle) capabilities, such as Stirling and gas turbine, without sacrificing the vehicle’s driveability due to
the historically poor ability of these types of engines to rapidly respond to load change. These types of
engines have combustion systems that are generally more flexible and easier to modify to operate on
alternative fuels such as ethanol, methanol, and natural gas, in comparison to their spark ignited and
compression ignited internal combustion engine (ICE) counterparts.

Commonly recognized drawbacks of series hybrid propulsion systems are increased cost, complexity,
volume, and mass in comparison to parallel hybrid propulsion system configurations designed to meet the
same vehicle performance requirements.

Program Activities

Fiscal year 1996 spanned two phases of the program. The first half of the fiscal year was marked by the
culmination of Phase B, the System Design Phase of the program. Activities supporting Phase C, the
System Development and Validation Phase, the third and final phase of the program, were launched as
planned in April 1996.

Phase B Activities. During the first six months of fiscal year 1996, the Gen 1-1 system mule vehicle
with a gas turbine HPU and spiral-wound lead-acid battery pack was assembled and controls, debugging,
and testing activities began. Initial operation of the major vehicle subsystems including the HPU, Energy
Storage System (ESS), Electric Drive Unit (EDU), Electric Power Steering (EPS), and climate control
system were all achieved. A second Gen 1-1 gas turbine HPU underwent test stand development at the
supplier’s facility in preparation for replacing and upgrading the HPU in the Gen 1-1 system mule
vehicle. The battery pack supplier built a second Gen 1-1 pack for long-term cycling experiments to
support the characterization of pack performance and the development of pack management techniques.
A control system integration bench consisting of all vehicle controllers and simulated subsystems was
built and used to check out software and inter-controller interfaces, thereby allowing control system
integration in advance of vehicle integration.

Vehicle packaging and component design efforts for the Gen 1-2 system mule vehicle with a Stirling
cycle HPU were conducted in parallel with the Gen 1-1 vehicle activities. The Stirling cycle HPU
supplier initiated test stand development of the Gen 1-2 engine. The Gen 0 Hybrid Technology Test-Bed
vehicle that was completed during Phase A was maintained in a state of operational readiness and
periodically used to test components and subsystems of the Gen 1-1 configuration level as they became
available.

Phase C Activities. Shortly after the commencement of Phase C, following a review of the status of
the two HPU suppliers, it was decided to stop the development work on the gas turbine HPU. Hence, all
available resources were redirected to support the development of the Stirling HPU. It was further
decided to abandon efforts to make the Gen 1-1 gas turbine mule vehicle fully operational. The Gen 1-1
mule vehicle was used to test the electric drive system and batteries in ZEV mode and supported the
development of the thermal management system, electrically driven air conditioning, electric power
steering, and regenerative braking system. After completion of these development activities, the Gen 1-1
components were removed and the vehicle is currently undergoing conversion to accept Gen 1-2
components in the future.
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The packaging team completed a packaging mock-up at General Motors Milford Proving Grounds that
simulated the final configuration of the Gen 1-2 system mule vehicle. A major structural modification of
the Gen 1-2 system mule vehicle was accomplished to accommodate the much improved Gen 1-2 battery
pack configuration. The assembly of the Gen 1-2 system mule vehicle was completed, and the Stirling
cycle HPU was operated for the first time in the vehicle on September 20, 1996.

Electric Drive Development Activities. The electric drive system consists -of the motor/gearing
assembly, otherwise referred to as the EDU, the Power Electronics Bay (PEB), and the electronic
controls housed within the PEB. All of these components were designed specifically for application to
both the Gen 1-1 and Gen 1-2 system mule vehicles; however, incremental improvements were made
between the Gen 1-1 and Gen 1-2 versions.

The EDU is composed of an AC induction motor FIGURE 8
driving into a set of fixed ratio reduction gears and
differential, all of which is integrated into a common
housing that replaces the transaxle found in a
conventional front wheel drive vehicle. An adapter
plate on one end of the EDU housing allows the
system to be used with either the gas turbine or the
Stirling HPUs. See Figure 8.

Electric Drive Unit

To date, work on the EDU has been making excellent
progress toward achieving its technical targets. The
EDU has achieved 90% of the target levels for
maximum torque and mass. Average drive efficiency
throughout the entire driving cycle is within a
percentage point of the target. The goal for
continuous power output has been met. The major
cost drivers have been identified as the housing,
gears, rotor assembly, and stator assembly, and cost
reduction measures are being implemented.

The PEB houses the Insulated Gate Bipolar

Transistor (IGBT) power switching devices that electronically communicate with the AC induction
motor. Also contained within the PEB are the controllers for the air conditioning compressor, auxiliary
heater, and electric power steering system. An auxiliary power supply to power the 12V vehicle systems
and an onboard battery charger are also packaged within the PEB. The technical targets for inverter
efficiency, continuous power output and peak power output, have all been met or exceeded. However,
the weight of the PEB is projected to be 50% above the target. Current estimates for piece price cost at
production volumes are reasonably close to the objective. Considerable effort still needs to be exerted to
improve the reliability of the PEB with respect to electromagnetic interference (EMI) from the high
voltages and switching frequencies. The Gen 1-1 PEB is shown in Figure 9.

HPU Development Activities. At the beginning of fiscal year 1996, two candidate engine
technologies were still under consideration for use as the series hybrid HPU. Hence, it was decided to
build both a Gen 1-1 and Gen 1-2 mule vehicle to be able to fully and accurately determine the relative
strengths and advantages of each engine technology when installed in an actual hybrid vehicle and under
equivalent operating conditions. Unfortunately, the gas turbine HPU that was installed in the Gen 1-1
system mule vehicle never achieved a state of operational readiness that was sufficient to support the
original testing and data collection mission that was intended for the Gen 1-1 system mule vehicle. The
inability to operate the engine reliably enough to support the integration and test of the other associated
hybrid propulsion system components and controls seriously delayed the progress of the program.
Development and test of the Gen 1-1 vehicle was halted shortly after the beginning of Phase C, and the
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FIGURE 9 focus of the HPU development work shifted to the
Gen 1-1 Power Electronics Box Stirling cycle engine and the Gen 1-2 system mule
vehicle.

 General Motors management terminated further
development efforts on the gas turbine HPU
effective May 17, 1996. However, ceramic gas
turbine technology is still considered to be a
viable option as a hybrid vehicle HPU designed
for 3X fuel economy and under circumstances
where more time and resources are available for
the development, test, and implementation of the
essential enabling technology. A picture of the
gas turbine HPU mated to the EDU and ready for
installation in the Gen 1-1 system mule vehicle is
shown in Figure 10.

After cancellation of the gas turbine HPU, the
program focused on the development of the
Stirling cycle HPU. Through diligent engineering
and small but important incremental
improvements to the engine configuration, this engine technology had gradually emerged as a strong
candidate during fiscal year 1996. The engine developer had been conducting many parallel efforts at its
own expense, or in support of other engine programs, which continued to mature the technology.

By the end of Phase B in March 1996, an engine and electrical generator had been built and separately
tested. During Phase C, the components were mated and test cell development of the complete HPU
began. In parallel, a combustor test rig was constructed and used for developing the emissions control
strategy. The first Stirling cycle HPU was delivered to General Motors in August of 1996. Initial
operation of the engine in the Gen 1-2 system mule vehicle was achieved on September 20, 1996. Prior
to delivery, the HPU ran successfully at 4,300 rpm and generated 29 kW of electrical power in the
supplier’s test cell. ‘At the rated speed of 5,600 rpm, the engine should come close to achieving its rated
power level of 40 kW. A picture of the Gen 1-2 Stirling HPU, mated to the EDU on the engine cradle, is
shown in Figure 11.

Much adc!itional deve!og.)ment effort Gas Tu rbinFeleHlli?JENraoted to EDU

still remains on the Stirling HPU
before this engine technology can be
deemed to be “production feasible.”
The single largest technical hurdle yet
to be overcome is the containment of
the hydrogen working fluid. Work is
underway to mitigate the loss of
hydrogen through the heater tubes and
slider seals. Advanced coating
materials are being investigated and
new, low friction, low loss seal designs
are under consideration for further
development.

By the end of fiscal year 1996, the
engine was two-thirds of the way
toward meeting its mass goal.
Maximum power output achieved was
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FIGURE 11 three-fourths of the target value. The engine’s
Gen 1-2 Stirling HPU Mated to EDU thermal efficiency was approximately 85% of
the target value at its designated operating
point. Emissions of hydrocarbon gases and
-carbon dioxide were well below target levels.
- However, NOx emissions remain a concern
“-due to the elevated combustor temperatures,
- and a concerted effort will be undertaken
during fiscal year 1997 to develop a NOx
emissions reduction strategy.

Energy Storage System Activities.
Spiral-wound lead-acid battery technology
was selected for use in this program due to its
inherently high-power density, low cost, and

~ demonstrated robustness in electric propulsion
system applications. Much of the resources in -
this program allocated to the ESS have been
devoted to making incremental improvements
to battery performance and developing
application-specific packaging for existing
spiral-wound lead-acid battery technology.

A large amount of experimentation has been conducted at the battery pack supplier’s facility to
understand the factors affecting the performance and life of battery modules when subjected to the rigors
of operation under a variety of hybrid vehicle duty cycles. A battery pack management system has been
designed and implemented in an attempt to keep the individual modules within the battery pack ata
balanced open circuit voltage. A battery pack cooling system was designed and implemented in an
attempt to keep the temperatures of individual battery modules near constant and below the threshold
temperature where damage can occur.

Individual spiral-wound lead-acid battery modules were tested to determine their ability to accept charge
under various states-of-charge and ambient temperatures. Additional tests were run to determine self-
discharge characteristics and shelf life of the battery.

Experimental work on paste additives was conducted with the goal of achieving higher power and energy
densities and increased cycle life. Cell level research is still underway on a variety of additives, some of
which are showing considerable promise. An intricate computer model of the battery cell level thermal
behavior was developed.

By the end of fiscal year 1996, the ESS had made significant progress toward achieving its technical
targets. The mass of the pack was below its target level. Round trip energy efficiency is within two

- percentage points of the objective. Pack power is at 75% of the desired level. The propensity of these
_particular batteries to self-discharge remains a concern. Much work still must be done to reduce the
estimated cost of battery packs at the projected levels of high-volume production.

‘Fiscal Year 1996 Accomplishments (General Motors)

»  The Gen 1-1 system mule vehicle with a gas turbine HPU was completed. Due to inadequate
performance, the gas turbine research and development activities were terminated. As a consequence
of its high performance potential, the Stirling cycle engine was selected as the HPU technology of
choice to meet the near-term program goal of 2X fuel economy.
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+ Test cell development of the first Stirling cycle HPU was completed, and the unit was subsequently
delivered to General Motors for installation in the Gen 1-2 system mule vehicle.

»  All major propulsion system components were delivered for the Gen 1-2 system mule vehicle. Fit
check of all the hybrid propulsion system components was completed, and the final assembly of the
Gen 1-2 system mule vehicle was accomplished.

» The Gen 1-2 battery pack was completely redesigned to create more space in the passenger
compartment. The Gen 1-2 spiral-wound lead-acid battery modules were improved to increase
current carrying capability.

» The PEB was significantly improved to reduce its volume by 30% and reduce the cost of
manufacturing and assembly.

Ford Subcontract Activities
Introduction

The Ford Motor Company hybrid vehicle development program is aimed at making advancements in
automotive technology on a number of fronts. The Ford plan calls for a five-year program to analyze
component trade-offs; identify hybrid propulsion systems and vehicle configurations; design, fabricate,
and test components in mule vehicles; and to build and test hybrid prototype vehicles. This 50% cost-
shared program began December 2, 1993 and is scheduled to end in December 1998.

The program objective is to design, build, and test production-feasible hybrid propulsion system
technology with high energy efficiency and low emissions. Specific performance objectives include fuel
efficiency twice that of a comparable production vehicle; driving range that is equivalent to current
vehicles; and emissions below the most stringent Federal standard. The deliverable vehicles planned for
the program include a Low Storage Requirement (LSR) parallel hybrid and a Post Transmission parallel
hybrid vehicle. A series gas turbine vehicle that was under development is on hold until several
programmatic issues are resolved.

The LSR hybrid has a minimal energy storage capacity of only 0.4 kW-hr. This results in a greatly
reduced weight, size, and cost for the electric drive system, while still providing some benefits of
hybridization. LSR hybrids will operate in a manner similar to conventional vehicles in most driving
situations. The Post Transmission Hybrid (PTH) utilizes a much larger battery pack: approximately 2.0
kW-hr. The term “post transmission” refers to the point at which the electric drive system’s power assist
enters the drivetrain; downstream of the transmission. The larger energy storage capacity in the PTH -
will allow greater flexibility in the control strategy, resulting in higher predicted fuel economy. This
comes at a cost of higher vehicle weight and greater cost for the electric drive system.

Ford is employing a four-phase process that will facilitate the development of tailored, purpose-built
propulsion system components for each of the vehicles that have been designed. To control costs,
maximum use is also made of existing items that only require minor modification to meet the exacting
specifications of the hybrid vehicle designs. Team members have defined performance targets that must
be achieved in order for the hybrid system to meet its performance goals. Maximum use is being made of
computer aided design, rapid prototyping, and concurrent engineering techniques to control costs and
increase productivity. The four phases of the program and the major thrusts of each phase are identified
below.

¢ Phase I - Study/Definition (Dec 1993 - Jun 1995): Characteristics of components and subsystems
were defined and system trade-offs performed to understand the fundamental relationships between
the major propulsion system components. In addition, hybrid propulsion systems and vehicle
configurations were defined.
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¢ Phase II - System and Component Design (Jul 1995 - Oct 1996): The system design and the
detailed component designs were generated. Acquisition of components for mule vehicles was
initiated. Extensive computer modeling was used to gain a fundamental understanding of the control
complexities, system management strategy, and control algorithms required for simultaneous
operation of multiple power plants in a vehicle environment.

*  Phase III - Component Build/Test (Oct 1996 - Dec 1997): All major propulsion system
components are being built and tested. Vehicle control strategies are being fine tuned, the
lightweight vehicle platforms are being fabricated, and the mule vehicles are under development and
test.

* Phase IV - Systems Integration Vehicle Test (Jan 1998 - Dec 1998): The propulsion system
components will be integrated into a total vehicle system, and the resulting vehicles will be tested to
provide correlation to projections and demonstration of the technology.

In order to make hybrid vehicles more suitable for commercialization, there will have to be a
considerable effort directed at developing several fundamental propulsion technologies. Therefore,

- several key enabling technologies are being evaluated in this program. Additional research and
development of these key enabling technologies are required for future improvements in hybrid vehicle
performance. Although improvements in power, efficiency, and mass reduction are desired for most
components, cost remains the major challenge for virtually all. Because of the complex nature of hybrid
propulsion systems and the number of discrete components that must be carefully integrated, the cost of
each component will need to be reduced considerably before the system can become commercially
viable. This is particularly true for batteries, power electronics, and hybrid power units. There are
several ongoing activities outside this program that address these challenges. The key enabling
technologies evaluated by Ford throughout 1996 include:

»  High-power density energy storage devices (batteries, flywheels, ultracapacitors).
*  Cost-effective high-efficiency power electronics and compact electric drive systems.

» Efficient, low-emission heat engines, including gas turbines and compression-ignition, direct-
injection (CIDI) diesel engines.

. Applicatioh of lightweight structural vehicle materials.
Program Activities

Throughout 1996, efforts were focused on completing detailed design of major components, fabricating
prototype components, performing component tests, and validating the Phase I modeling assumptions.
The work during this period was focused on the major components that are intended for the deliverable
vehicles as well as enabling technology items such as ultracapacitors and flywheels. Much progress was
made in the development of several critical propulsion system components: the CIDI power unit, gas
turbine power units, and batteries. Tests were performed on individual battery cells, gas turbine
combustor concepts, and the prototype flywheel system. Unfortunately, a motor failure curtailed the
flywheel tests. The rotor and hub of the flywheel energy storage system is shown in Figure 12.

The lightweight materials applications project was also initiated during 1996. This project aims to
develop a lightweight, mid-size vehicle weighing approximately 2,000 lbs to serve as the platform for
integrating the final hybrid propulsion system. In the systems analysis and modeling area, the vehicle
configurations and control strategies for the two parallel vehicles was finalized, and additional vehicle
modeling was accomplished to estimate and predict vehicle performance parameters. Modeling
predictions showed both CIDI parallel vehicles meeting the program goal of 50 mpg. Although the series
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FIGURE 12 vehicle development was put on hold,
Flywheel Energy Storage System work continued on development of the
Composite Rotor/Hub gas turbine power unit, which is

important to the overall PNGV effort
and potentially a very low emission
alternative to the CIDI power unit.
Figure 13 depicts the model 105-1 gas
turbine hybrid power unit.

Energy Storage. Several energy
storage devices were designed and
developed. A 0.5 kW-hr flywheel was
constructed and tested during fiscal year
1996. The flywheel used low friction
rolling element bearings, a permanent
magnet motor/generator, and a polar-
wound composite rotor on a flex-rim
hub. The unit was intended for
demonstration purposes so a heavy
gauge stainless steel containment
housing ensured safety during tests.
During a full-power test, excessive temperatures in the upper structure caused the motor magnets to
demagnetize. The failure put the flywheel program on hold until a reevaluation of the program could be
conducted.

Two configurations of lead-acid battery have been under development: a bi-polar prismatic battery and a
spiral-wound mono-polar battery. Only lead-acid batteries were considered viable for the program
because of cost concerns and the immaturity of technology with other battery chemistries. Both batteries
have the potential to provide the high specific power required for adequate vehicle performance.
Considerable effort was aimed at optimizing the battery’s thermal state and understanding its effect on
battery life and performance. Several advanced techniques have been employed to measure the
temperature distribution throughout full battery packs under different operating conditions. The bi-polar
lead-acid battery is intended for the post-transmission hybrid, and the spiral-wound battery will be used
in the low storage requirement hybrid. Both

battery development efforts addressed FIGURE 13

manufacturing methods and cost reduction Teledyne Ryan Aeronautical
techniques as well. Model 105 Turbo-Generator Mockup

Hybrid Power Units. Two gas turbine -
power units have been under development.
Both gas turbines include starter/generators
and associated power electronics designed to
provide 55 kW of electric power. The
advantages of gas turbines in series hybrid
vehicles include multi-fuel capability, low
emissions, and operational flexibility. One of
the gas turbines employs an all metal
construction designed to be a low-cost, low-
risk approach. The other turbine employs
ceramic components throughout the hot
flowpath and is a more advanced approach.
The use of ceramics reduces the weight of the
engine and allows higher temperatures for
increased peak efficiency.
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A 1.2 liter 55 kW CIDI diesel engine was also under development. This unit will be among the most
efficient small displacement diesel engines available, if it meets its performance targets. It has an all-
aluminum, through-bolted block and head, a turbocharger, and a high-pressure common rail fuel injection
system. These technologies and extensive analytical techniques are being employed to reduce noise,
vibration, and harshness to levels typical of gasoline engines. Emissions, driveability, reliability, and
manufacturability also receive considerable attention. This engine will be suitable for conventional
drivetrains as well as hybrid vehicles. This engine will be the power source for both the low storage
requirement and PTH deliverable vehicles.

Vehicles. A lightweight materials application project was initiated in fiscal year 1996. The objective
of this effort is to develop a prototype mid-size vehicle weighing approximately 2,000 Ibs. This
represents a 40% weight reduction relative to comparable conventional steel intensive vehicles. The
vehicle makes extensive use of aluminum, magnesium, titanium, carbon fiber, and polymer composites.
Each of the materials is utilized in the structural application, which maximizes mass reduction while
minimizing cost and manufacturing process modifications. Two of the prototype vehicles will serve as -
the platforms for the two parallel vehicles in the program. This concept w1ll be equally apphcable to
conventional vehicles as well.

FIGURE 14
- 'Series and Parallel Mules Induction Motor
Traction Drive

Considerable effort was also directed at acquiring
components for and beginning assembly of mule vehicles.
These mule vehicles are conventional cars with the engine
removed and replaced by a prototype hybrid propulsion
system. Mules are very useful in gaining operational
experience with prototype components, experimenting with
different control strategies, working out packaging and
integration details, and collecting operational data. The
mule vehicles that were initiated during 1996 include: (1)a
recuperated gas turbine powered series mule, based on the
Ecostar electric vehicle, and (2) a gasoline engine powered
parallel mule, based on a Mondeo vehicle platform. The
traction drive unit utilized in the mule vehicles is shown in
Figure 14. A description of the final deliverable vehicles is
shown in Table 4.

TABLE 4
Hybrid Vehicle Descriptions

Platform

Advanced Automotive Technologies - FY 1996

5+ Passenger, 5-Passenger, Lightweight 5-Passenger, Lightweight
Al-intensive Sedan Prototype Prototype
HPU 55 kW Turbo-Alternator | 55kW 1.21 CIDI 55kw 121 CIDI
Transmission (rione) Auto 5-speed Auto 5-speed
Traction Motor | 75 kW EV Transaxle 18/30 kW Motor on 4x4 8 kW Starter/Alternator
' Transfer Case
Battery 180 kW x 6 kWh 48 kW x 2 kWh 15kWx 0.4 kWh
Weight (est.) 1401 kg 1258 kg 1000 kg
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Fiscal Year 1996 Accomplishments (Ford Motor Company)

* The System and Component Design Phase was completed and the phase report delivered.
* AlliedSignal completed development of a complete gas turbine hybrid power unit.

» Two configurations of high-power lead-acid battery cells were fabricated and tested.

» A single-cylinder CIDI research engine was built and tested to validate the concept for the full size
CIDI HPU.

» The lightweight materials applications program began development of a lightweight, mid-size vehicle
platform for the deliverable vehicles.

» The Mondeo-based gasoline, parallel mule vehicle was developed.

« Testing of an Ecostar-based series hybrid mule vehicle using an existing turbo generator was
performed.

» Design, fabrication, and assembly of a 0.5 kWh demonstration flywheel energy storage system was
completed and tested.

Chrysier Subcontract Activities
Introduction

The Chrysler hybrid propulsion system development program began in March 1996 with the signing of a
three-year, nine-month letter subcontract, 50-50% cost shared with the Department of Energy. Although
joining the HEV Program later than General Motors and Ford, Chrysler still plans to develop a viable
hybrid propulsion system with the PNGV goals in mind. Since Chrysler began its program in March
1996, this report covers the first seven months of work, which has been mostly devoted to simulation
studies and definitizing the subcontract. Chrysler’s program includes propulsion hardware and software
as well as those subsystems with substantial interface requirements and impact on energy efficiency.

The Chrysler program is divided into four phases:

e Concept Definition (Phase A)

» Design and Development (Phase B)
*  Vehicle Integration (Phase C)

*  Vehicle Demonstration (Phase D).

The program objective is to develop, build, test, and demonstrate a production-feasible hybrid propulsion
system for use in a vehicle that provides a high-energy efficiency and low emissions. This propulsion
system will incorporate advanced propulsion, control and energy storage technologies while meeting
market requirements for cost, safety, and performance. An additional objective of this program is to
develop alternative propulsion system technologies that would address and contribute to the goals set for
the PNGV program.

The technical scope of this program includes propulsion hardware and software as well as those
subsystems with substantial interface requirements that impact on energy efficiency and emissions.
Modeling and simulation are pivotal analytical techniques in the program. Chrysler, in conjunction with
the team members, is developing and improving models to predict the behavior of hybrid propulsion
systems in order to build confidence in the analysis techniques, to reduce the design time. The validation
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of these models against a development vehicle helps speed the process toward a production vehicle,
should the component technology prove successful.

Vehicle targets for this program are based on the assumption that the program will focus on powertrain
propulsion technology and vehicle integration. Chrysler’s hybrid propulsion system will be integrated in
an aluminum Neon for test and development. However, since the PNGYV target is a Concorde-size
vehicle with the weight of a Neon, the ability to meet the PNGV targets must be extrapolated. The
targets are compared in Table 5.

TABLE 5
Chrysler Hybrid Propulsion System Performance Targets

Fuel economy (mpg) combined EPA cycle 252 up to 80 up to 80
Emissions (HC/CO NOx) @ 100K miles 0.25/3.4/0.4 0.125/1.7/0.2 0.125/1.7/0.2
Tier 1 Tier 2 Tier 2
Accel 0-60 mph (sec) @ perf weight 11.4 12 12.0
Accel 0-85 (sec) @ perf weight 229 24 234
Accel 40-60 (sec) @ perf weight 5.4 6 5.3
Peak accel (ft/sec”2) @ perf weight 16.6 16 17
Top speed (min) continuous (mph) @ perf weight 122 85 85
Max grade @ 55 mph (%) for a 20-minute duration 8.8 6.5 6.5
with full accessory load @ gvw (3rd unlocked)
_I_(_;a_l_l_ge (miles) 450 380 380

Program Activities

During Phase A of the program, Chrysler performed a detailed engineering study of the relative merits of

both series and parallel hybrid configurations. The focus of the seven months involved trade-off studies

and performance predictions for numerous hybrid configurations and technologies. Based on simulation |
results, team member input, and Chrysler’s automotive experience, Chrysler determined that a vehicle |
with minimal parallel hybridization is the optimum approach to meet the goal of this program and |
support PNGV goals. The powertrain consists of an advanced 3-cylinder turbo charged CIDI engine,

advanced automatically shifted 5-speed manual transmission, a unique starter/aiternator, advanced motor,

and energy storage combination. Chrysler then generated the design specifications for this parallel

configuration, which became identified as the Gen 1 design. The vehicle specifications are shown in

Table 6.

The alternator and battery pack are sized to capture regeneration energy and return this energy to power
only the accessories. The electric motor is not intended to drive the vehicle in forward gear, but will
drive the vehicle in reverse gear, thereby eliminating the need for a reverse gear in the transmission,
which helps reduce the transmission cost. Electronic shifting will be employed to automatically shift the
5-speed manual transmission.

Chrysler’s HEV program will optimize this configuration through simulation and vehicle build, test, and
development for the duration of the HEV program. This will be accomplished in three steps: Generation
OB, Generation 1, and Generation 2. These developmental test mules are described below.

Advanced Automotive Technologies - FY 1996
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TABLE 6
Chrysler Gen 1 Prototype Vehicle Specifications

Curb Weight (Ibs) 2,000
Performance Weight (Ibs) (curb + 300) 2,300
Gross Weight (Ibs) (curb + 1,000) 3,000
Coefficient of Drag (cd) 0.20
Frontal Area (A ft}) 21.5
CdA (ft) 43
Tire Size P195/60R15
Tire Rev/Mile 866
Rolling Resistanée Coefficient 0.005
Wheel/Tire/Brake Rotor Inertia (slug ft?) 0.75
Accessory Power (hp) 1.0
Weight Distribution (front) 0.62 "
Center of Gravity HiightNVheelbase 0.2 "

Gen 0B. An important part of the program is an automatically shifted manual transmission for
improved efficiency over a standard automatic transmission. The program direction is to use the electric
motor to perform engine-transmission synchronization. Gen 0B is a current production Neon with a 2.0

liter gasoline engine, with a 5-speed manual transmission mated to an existing powertrain. This test mule

will be used for communications, control, and shift strategy development on this vehicle in preparation

for the Gen 1 HEV build scheduled for July 1997.

Gen 1. For the first generation (Gen 1) of HEV components, this test mule, with existing state-of-the-art

technology, will be used to help design and build components to primarily develop control strategies and

software.

Gen 2. The second test mule will incorporate stretch technology in the designs of components and
systems that have potential to reach production and be cost effective in the PNGV time frame. This
design will incorporate advanced electric motor technologies such as permanent magnet, AC induction,

synchronous reluctance or switched reluctance; advanced diesel engine technologies designed to achieve

Tier 2 emission levels; an advanced alternator/starter/motor design; advanced transmission; advanced

high-power energy storage system; advanced power electronics; and controllers.

Fiscal Year 1996 Accomplishments (Chrysler Corporation)

* Vehicle performance goals were developed.

* Preliminary component specifications were established.
¢ Simulation studies were completed defining the HEV configurations.
- Preliminary packaging was completed for the Gen 1 design.
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HIGH-POWER ENERGY STORAGE DEVICES

A lightweight, compact, high-power energy storage device is one of the critical pacing component
technologies for a viable hybrid propulsion system. The primary functions of the device are to level the
dynamic load profiles for the powertrain, to recover the energy from the regenerative braking systems,
and to store unused engine output during braking and idle periods. Based on the hybrid vehicle
requirements, detailed technical targets at the subsystems level have been developed for high-power
energy storage supporting the 80-mpg objectives of the Vehicle Systems effort and the PNGV. Two sets
of parallel targets have been developed for the fast-response and the slow-response engines (see Table 7).
These targets cover requirements for power, energy, efficiency, cycle and calendar life, weight, volume,
and cost as well as operating voltage, self-discharge, and temperature limits. These targets differ
considerably from those for the high-energy electric vehicle batteries being developed (for a full electric
vehicle rather than a hybrid) under the U.S. Department of Energy (DOE)-U.S. Advanced Battery
Consortium (USABC) cooperative agreement (June 1991).

The critical need is to develop low-cost, high-power energy storage technology that meets or exceeds the
desired energy storage requirements for the fast-response and slow-response engines. Candidate
technologies that have the potential to meet or exceed these requirements are advanced high-power
batteries for the slow-response engine, and ultracapacitors and flywheels for the fast-response engine.
These technologies are the focus of the high-power energy storage activities.

HIGH-POWER BATTERIES A . |
Technology Background

For the slow-response engine, the high-power battery storage requirements are significantly more
challenging than those for electric vehicles. One major challenge is that the required power-to-energy
ratio, a key determinant of battery cell design, is a factor of 10 greater for hybrid vehicles. A second
major challenge is the need to operate the battery at an intermediate state-of-charge (SOC), such that it
can both accept regenerative power input and deliver discharge power output. Typically, the battery will
never be fully recharged, except as a possible periodic maintenance operation. A third unique challenge
is very long cycle life in a pulsing mode, with relatively small swings in battery SOC. The target life is
at least 120,000 cycles with a 3% change in SOC.

The greatest challenge will likely be to achieve the production cost goals for the energy storage system.
Several manufacturing process challenges need to be addressed, involving fabrication and assembly of
relatively thin electrodes at high throughput rates, assembly of electrodes into conventional or advanced
bi-polar cells, and integration of cells into physical modules and complete systems.

Two candidate battery chemistries that have the potential to meet these challenges are nickel-metal
hydride and lithium-ion. The first of these offers relatively good power capability due to the good ionic
conductivity of the potassium hydroxide electrolyte. The second offers better energy density, but may
require excessively thin electrodes to meet the power targets.

Program Activities

Under a 50-50% cost shared Cooperative Agreement signed in September 1995 with DOE, the USABC is
investigating both nickel-metal hydride and lithium-ion technologies. The objective is first to establish
the basic performance and life capabilities in small laboratory cells, and then to demonstrate the best of
these technologies in full-size modules. The USABC has issued four Phase I subcontracts to establish
baseline cell chemistries and electrode design parameters. SAFT America and SRI International were
awarded contracts to develop the lithium-ion technology; Yardney Technical Products and VARTA AG

Advnced Auomotive Technologies - FY 1996
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were awarded contracts for developing the nickel-metal hydride technology. The SAFT contract was

completed in August 1996.

TABLE 7
Energy Storage Requirements for Hybrid Vehicles

Pulse Discharge Power (constant for kW 25 40 65 80
18 seconds)
Peak Regenerative Pulse Power 30 60to 110 70 150
(trapezoidal pulse for 10 seconds kw (for 50-Wh | (for 150-Wh | (for 150-Wh (for 150-
for the specified pulse energy) ~ pulse) pulse) _pulse) Wh pulse)
Total Available Energy (discharge kWh 03 0.51t00.75 3 3t08
plus regenerative)
Minimum Round-trip Efficiency on % 90 90 95 95
FUDS/HWFET Cycle*
Cycle Life, for Specified SOC 200K for 300K for 120K for 300K for
Increments 25 Wh 35 Wh 100 Wh 200 Wh
50K for 100K for 20K for 100K for
100 Wh 100 Wh 600 Wh 600 Wh
Calendar Life , year 10 10 10 10
Maximum Weight (plus marginal 40 35 65 50
increase/kWh for E>3 kWh)** kg (+10 (+10
kgkWh) | ke/kWh)
Maximum Volume (plus marginal 1 32 25 40 40
increase/KWh for E>3 kWh) (+8 1/kWh) | (+8 1/kWh)
Maximum Package Height mm 150 150 150 150
Production Cost, at 100,000 Units 300 200 500 500
Per Year (plus marginal $ (+862.50/k | (+$62.50/k
increase/kWh for E>3 kWh) Wh) Wh)
Operating Voltage Limits 4 300 min 300 min 300 min 300 min
Ve | 400max | 400 max 400 max 400 max
Maximum Allowable Self-discharge Wh/ 50 50 50 50
Rate day
Temperature Range:
Equipment Operation °C -40 to +52 -40 to +52 -40 to +52 -40 to +52
Equipment Survival -46 to +66 -46 to +66 -46 to +66 -46 to +66

*  FUDS = Federal Urban Driving Schedule
HWFET = Highway Fuel Economy Test

** E = Total Available Energy
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In conjunction with the Phase I cell programs, the USABC has developed battery technology analysis
models and test protocols tailored for the PNGV high-power battery applications. The analysis models
include a generic unit cell model to support interpretation of experimental results, and a battery system
design model that optimally scales up the unit cell data to a full system. New test protocols have been
developed for performance characterization and pulse cycle life at varying magnitudes of the cyclic
swing in battery SOC. These will be used by INEL to evaluate the deliverable cells from the four Phase I
subcontractors.

Fiscal Year 1996 Accomplishments

+ SAFT demonstrated specific power of up to 2,000 W/kg and specific energy greater than 60 Wh/kg
at the unit cell level (electrodes, substrates, separator, and electrolyte).

»  SAFT achieved cycle life in excess of 120,000 cycles at an SOC increment of 3% of rated capacity,
with less than 20% degradation in performance.

»  SAFT delivered four optimized laboratory cells FIGURE 15
(Figure 15) to Idaho National Engineering Laboratory SAFT Lithium-lon Cells
(INEL) for confirmation test and evaluation. Delivered to INEL for Testing
ULTRACAPACITORS

Technology Background

Electrochemical capacitors (ultracapacitors) are being
developed for hybrid vehicle systems as a power-assist
device for the fast-response engine energy storage
requirements. Ultracapacitors show promise toward being
able to accept high regenerative pulses while exhibiting
high cycle life. However, before ultracapacitors can
achieve widespread use, there are several technical
barriers that need to be resolved: low specific energy,
high cost, low reliability in a multiple string configuration,
and efficient packaging of multi-cell high-voltage
modules.

Carbon (particles, fibers, foams, and composites) has been
investigated extensively and formed into electrodes
exhibiting high specific capacity (100 to 300 F/g) and low
electronic resistivity (0.01 ohm-cm). Packaged
experimental carbon-based devices have achieved 5 Wh/kg
and 1 kW/kg. Although these values are impressive, the volumetric energy density is low and the high
cost of these devices may prohibit their widespread use as a component in hybrid propulsion systems.
Alternative non-carbon based systems are being investigated because of the potential for low cost while
meeting the energy storage requirements shown in Table 7. These include dielectric nano-structure
materials, conducting polymers, and metal oxides in combination with aqueous or organic electrolytes.

Program Activities

The DOE ultracapacitor program supports several industrial as well as national laboratory development
projects aimed at developing the technology to produce ultracapacitors with specific energy greater than
5 Wh/kg and specific power greater than 1,000 W/kg. INEL is responsible for technical program
management, technology assessment, and testing.
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Fiscal Year 1996 Accomplishments

* Demonstrated a three-cell carbon/organic ultracapacitor containing 200 cm? bipolar electrodes at
Maxwell Laboratories. Performance levels approached 5 Wh/kg at discharge powers of 600 W/kg
over a 3-Volt operational window.

* Developed carbon/aqueous based capacitors containing novel high-density Z-axis carbon electrodes
at Federal Fabrics-Fibers. These cells are the highest energy aqueous based cells tested to date with
3 Wh/kg and 500 W/kg.

* Demonstrated a potentially low-cost fabrication method for forming thin sol-gel nickel oxide -
electrodes for aqueous based electrochemical capacitors at the University of Wisconsin.

* Activated a class-100 clean room facility for fabricating dielectric nano-structure capacitdr at
Lawrence Livermore National Laboratory (LLNL). High-rate deposition suitable for large-scale
manufacturing was demonstrated.

FLYWHEELS
Technology Background

Chrysler, Ford, and General Motors have completed preliminary work on the development of flywheel
system technologies for automotive applications. The major issue that must be resolved prior to the use
of flywheels is safety and containment in the event of a failure of the flywheel rotor. Other issues .
identified are weight of the containment system, cost of the composite materials, and the development of
effective magnetic or mechanical bearings. :

Program Activities

A coordinated program involving DOE and the Defense Advanced Research Projects Agency (DARPA)
has been initiated, with emphasis on addressing safety and containment. Through the Oak Ridge
National Laboratory (ORNL) and the LLNL research and development activities, DOE’s efforts are -
focused on the development of analytical models and design tools. These development efforts will assist
the flywheel industry in the design and development of lightweight containment housings. In support of
this effort, the DARPA-funded flywheel developers are building hardware and test fixtures and
conducting experimental rotor burst tests.

Fiscal Year 1996 Accomplishments

» Developed a kinetic particle model that will be used to predict actual experimental results and to
guide experiments that will adequately support completion of the model development.

* Demonstrated use of the transient dynamic model for containment housing design. This modeling
activity has improved the understanding of the importance of mass, stiffness, and damping with
respect to how these parameters would be used in a housing design.

* Prepared a draft industry safety memo (test protocol). The memo describes possible flywheel rotor
failure modes and seeks to make all flywheel developers aware of some of the unexpected failure
characteristics. ’
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POWER ELECTRONICS AND ELECTRIC MACHINES

TECHNOLOGY BACKGROUND

The next generation of electric-drive vehicles will require increasing use of sophisticated power
electronics for the intelligent control and conditioning of all electric power. In a hybrid electric vehicle,
power electronics must be provided for power system control management, bi-directional traction drive,
power generation DC-DC converter, auxiliary motor drives; and other subsystems. An order of
magnitude cost reduction is needed along with dramatic improvements in weight, volume, performance,
reliability, and efficiency. Power Electronic Building Block (PEBB) technology, under development
through a joint DOE/Navy-industry Program, offers the potential for achieving the needed improvements
in power electronics. These improvements can be applied to automotive and military applications and to
a wide range of other industrial uses.

The overall PEBB Program goal is to develop new technology that will dramatically reduce the cost and
weight of the electric propulsion system and its high-power accessories, while adding a high degree of
functional integration, and maintaining high efficiency and reliability for automotive industry
applications. Specific technology objectives are aimed at:

* Cost Reduction: Today’s motor controller technology is too expensive, costing as much as, or more
than, the entire conventional ICE powertrain at $2,500. This is a major obstacle to achieving viable
electric and hybrid vehicles, comparable in many ways to the lack of adequate battery technology.
For the power electronics system (inverter/controller), the target is to reduce cost from the current
$50/kW to $2/kW by 2004 (PNGV timeframe). '

*  Weight and Volume Reduction: Weight and volume are critical to vehicle design for achieving -
efficient packaging and fuel savings. This is particularly true for hybrid vehicles because more
components are combined into the limited space under the hood. Current power electronics
technology is bulky and heavy, with off-the-shelf 100-kW units that are the size of a large suitcase
and weighing nearly 70 lbs. By integrating power circuits, bus structures, cooling and control
circuits, and other technology advancements, the PEBB Program seeks to downsize 100-kW units
that are to be under 10 1bs and one-fourth of a cubic foot.

» Improved Functional Integration: Integrated power technology products with a high degree of
functional integration will drastically simplify system design while reducing weight and volume.
Advanced PEBB technologies under development will integrate control, communications, bus work,
cooling, and improved power electronics.

+ Efficiency Improvement: Efficiency is key to reducing vehicle energy requirements and
component-level thermal management requirements. The PEBB Program is targeting 98% efficiency
for the power electronics system (inverter/controller) by 2004, up from the 94% efficiency currently
achievable.

Several technical barriers must be addressed in order to achieve these technology objectives.
Improvements are required in the areas of (1) materials technology;, (2) thermal management, and

(3) miniaturization and optimization. Materials that allow high-temperature operation with high-power
densities are needed. New thermal management technologies are needed to dissipate the heat and
ultimately remove it from the module. Power electronics components are not adequately miniaturized or
optimized. Each power device, for example, needs an isolated power supply for control, which
multiplies system complexity and cost. Integration of these components is needed to reduce cost, size,
and weight. Large power systems also need fast communications and control features to prevent power
faults and to perform system-level control. To support this, power system communication and control
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standards need to be developed. These standards also will help to reduce costs by increasing
commonality between components.

PROGRAM ACTIVITIES

DOE and the Office of Naval Research initiated the joint PEBB Program in 1995 to develop advanced
power electronics technologies for use in automotive, defense, and other industrial applications. A high
degree of similarity has been identified between the power systems requirements for these applications.
The PEBB Program leverages available government funding and technical expertise at the national
laboratories and universities through a concurrent engineering program with industry.

Harris Semiconductor is the prime industry contractor for the PEBB Program. Systems-level
development and demonstration of the PEBB technology is done at the Oak Ridge Power Electronics
Center in Oak Ridge, TN and the Naval Surface Warfare Center in Annapolis, MD. DOE is currently
defining a baseline automotive controller with representatives from Chrysler Liberty (a division of
Chrysler), Ford, and General Motors.

FISCAL YEAR 1996 ACCOMPLISHMENTS

» Demonstrated trench technology (micron-size grooves in semiconductor structure) for improved
power density switches at Harris Semiconductor and the Naval Research Laboratory.

» Conducted functional demonstration of PEBB technology -- one integrated device can control a
motor, an actuator, DC-DC conversion, and a low-noise, three-phase power supply.

* Demonstrated a 100 kW soft-switching, multi-function motor controller at ORNL.

ADVANCED VEHICLE COMPETITIONS

Advanced vehicle competitions are an effective way to integrate all the technologies necessary for
efficient, proof-of-concept vehicles. The competitions produce a wide range of results that allow
industry to quickly assess the merits of a number of innovative concepts.

In fiscal year 1996, DOE discontinued the Hybrid Electric Vehicle Challenge and introduced two new
competitions: the FutureCar Challenge and the Propane Vehicie Challenge.

FutureCar, the most ambitious competition ever offered by DOE, is co-sponsored by the U.S. Council for
Automotive Research, representing Chrysler, Ford, and General Motors. The competition is closely
aligned with the technology path of the PNGV. Twelve universities were selected to participate in the
first two-year phase of the FutureCar Challenge. Each school was given a mid-size production vehicle
and $10,000 in seed money from the auto manufacturers. The objective of FutureCar, like PNGYV, is to
design and build a vehicle that can ultimately get up to 80 mpg without sacrificing the performance,
safety, and affordability of the original car. Technologies used to reach this goal included: CIDI
engines, both parallel and series hybrid configurations, high-power energy storage, power electronics,
lightweight vehicle materials, and alternative fuels (electricity, ethanol, natural gas, and propane). In the
FutureCar event, which occurred at the Ford Proving Grounds in June 1996, Virginia Polytechnic
Institute showed that a mid-size production vehicle could be modified to exceed conventional fuel
economy by achieving a combined city/highway fuel economy of 44.7 mpg. Lawrence Technological
University won awards for best use of advanced technology and best engineering design (see Figure 16).

In the Propane Vehicle Challenge, co-sponsored by Natural Resources Canada, Chrysler Canada, and
DOE, 12 universities converted a Chrysler minivan to dedicated propane operation. The objective was to
demonstrate performance that equaled that of the gasoline counterpart. The schools incorporated both
gaseous and liquid injection technologies. Although no one school met or exceeded the performance of a
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FIGURE 16 stock vehicle in all areas, there
Lawrence Technological University were many outstanding
1996 FutureCar Challenge Hybrid Electric Vehicle achievements. For instance, the

University of Windsor met ULEV
emissions (two other schools met
low-emission vehicle emission
levels), the Illinois Institute of
Technology achieved on-road fuel
economy of 20.2 mpg, and Texas
Tech demonstrated acceleration
and handling that was faster than
the standard minivan.

2.2 ADVANCED HEAT
ENGINES

INTRODUCTION

The function of the Advanced Heat
Engines Research and
Development Program is to
conduct research and development
of advanced heat engine and
complete power unit technologies
that will contribute to revolutionary
improvements in the fuel efficiency
and emission characteristics of light-duty vehicles. The program consists of three key activities: (1) Gas
Turbine Hybrid Power Unit (GT-HPU) research and development, (2) Advanced Automotive Piston
Engine research and development, and (3) Combustion Efficiency and Emissions research and
development. The Advanced Heat Engines Program is working closely with the major domestic gas
turbine manufacturers, automobile manufacturers, diesel engine manufacturers, suppliers, national
laboratories, and universities to identify, evaluate, and accelerate development of the most promising
technology alternatives to a point where industry can proceed with their commercialization in production
engines. Fiscal year 1996 Advanced Heat Engines Research and Development Program participants,
contracting mechanisms, and cost share percentages are shown in Table 8. Successful development and
commercialization of advanced heat engine technologies for light-duty vehicles will directly contribute to
reducing the Nation’s petroleum dependency and alleviating adverse human health effects associated
with exhaust emissions, while enhancing the competitiveness of the U.S. light-duty vehicle industry. The
Advanced Heat Engines Research and Development Program is consistent with the requirements of the
Energy Policy Act of 1992 (sections 2022 and 2025) and directly supports the goals of the Partnership for
a New Generation of Vehicles (PNGV). ‘

GAS TURBINE HYBRID POWER UNIT

Automotive-scale (20-60kW) gas turbine technology is being developed for a high-efficiency, ultra-low
emission, and multi-fuel capable Hybrid Power Unit (HPU) as an option for PNGV. Use of ceramic
components, with their high-temperature capability, is being pursued to increase gas turbine fuel
efficiency (over metal components) while preserving and enhancing the low-emission characteristics.
The fuel efficiency and emissions potential of a hybrid vehicle using a ceramic gas turbine power unit is
illustrated in Figure 17.

Advanced Automotive Technologies - FY 1996
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TABLE 8
Advanced Heat Engines
Fiscal Year 1996 Program Participants

Gas Turbine Hybrid Power Unit Research and Development (Technology Support)

NASA Lewis Research Center Interagency Agreement 0
Allison Engine Company 5 ‘ -Contract 20
Argonne National Laboratory Tesk Assignment 0
AlliedSignal Engines ” Contract o 30

Advanced Automotive Piston Engine T echnologies Research and Development -

Argonne National Laboratory & USCAR’s LEP* CRADAs"‘* ' 50
Idaho National Engiﬁeering Laboratory & USCAR’s LEP CRADAs 50
QOak Ridge National Laboratory & USCAR’s LEP CRADA 50
Pacific Northwest National Laboratory & USCAR’s LEP l CRADAs 50
Sandia National Laboretories & USCAR’s LEP CRADA | 50

Combustion Efficiency and Emissions Research and Development

Princeton Uniyei‘sity ' . Grant 0
Florida A&M University » Grant 0
Massachusetts Institute of Technology Grant 0
Pennsylvania State Uhiversity | Grant 0
University of Illinois - Grant 0
Drexel University Grant 0

* U.S. Council for Automotive Research (USCAR) Low Emission Partnership (LEP) is composed of Chrysler, Ford,
and General Motors.

** CRADA = Cooperative Research and Development Agreement
TECHNOLOGY BACKGROUND

Metallic automotive gas turbines have achieved thermal efficiencies up to 30% with uncooled metal
turbine engines operating up to 1,900°F. Ceramic components permit turbine inlet temperatures up to
2,500°F, increasing efficiency by 30%-40%. Several experimental gas turbine engines using high-
temperature ceramic components have been run for a cumulative-combined total of approximately 20,000
hours. A ceramic turbine rotor, the critical hot-section component, has been run 1,000 hours cumulative
in realistic operation of a test-bed engine at 2,500°F inlet temperature.
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FIGURE 17
Ceramic Gas Turbine HPU
A Candidate for PNGV Hybrid Vehicles

Hybrid Vehicle Emissions

Fuel Efficiency (with Gas Turbine HPU)

w
@

w

18 ¢ 1.7
18 }
1l 0 without Aftertreatment
M ULEV Standard

N
o

N
v

12 ¢

-
.

08 |
6.6 ¢+ 0.51

-

04

Emissions g/mile

[=]
s
L]

0.2
02 t 0.05 0.02 0.04
: A

o

Fuel Efficiency 4
(Relative to 1994 Conventional Piston Engine Vehicle)

1994 Adv.Gas  Hybrid Advanced
Conv.  Turvine  Vehicle  Hybrid co NOx NMHC

Piston inConv. w/Turbine Vehicle

Engine Vehicle Engine - w/Turbine

Vehicle HPU Engine
HPU e

Development efforts for structural ceramics have focused on increasing strength and toughness, and
improving forming processes. Major advances have been made in mechanical properties of several
ceramic materials. However, complex-shaped components have riot been manufactured from these
materials on a large scale and they are still too costly. Current experimental ceramic fabricating
processes produce net yields ranging from less than 40% to nearly 70%. Net yield is defined as the
percentage of manufactured parts that meet specifications relative to the total number of parts produced.
In most cases, ceramic hardware received by engine companies did not meet all dimensional and quality
specifications, indicating unresolved problems with design and manufacture of components.

Gas turbines with high-temperature heat recovery systems are currently in use for industrial applications.
Low cost, commercially-manufactured automotive regenerators or recuperators are not currently
available. Regenerator seals are limited by oxidation, high wear and friction, and chemical reactivity at
higher temperatures. Seals with 10,000-hour durability in a metal engine (operating at up to 1,900°F)
have been demonstrated in the laboratory. Continued advances have been made in materials and process
development for high-temperature insulation and thermal management. Improved material density,
lower conductivity, and improved surface finishes suitable for high-temperature ceramic turbines have
been demonstrated. Experimental gas turbines and test rigs with advanced combustors have
demonstrated the ability to meet all existing and proposed emission standards without exhaust
aftertreatment. Automotive-turbine combustion systems have been demonstrated using gasoline, diesel
and alcohol fuels, as well as natural gas and even dry powdered coal.

Gas turbines face four critical technology challenges including part-load efficiency, high manufacturing
cost, durability and reliability, and emissions. Temperature limitations of contemporary metallic alloys
do not permit gas turbine fuel efficiency to match that of piston engines. High-temperature structural
ceramic materials, required for gas turbines to achieve acceptable efficiency levels, are much more costly
than conventional metallic components and have not yet been manufactured on a large scale. Ceramic
components in gas turbines have not yet demonstrated long-term survivability. Finally, despite

N
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inherently excellent emission characteristics, oxides of nitrogen (NOx) emission levels in mass-
producible ceramic gas turbines are still uncertain, particularly during transient operation.

The goal of the gas turbine research and development effort is to achieve high efficiency (greater than
30% thermal efficiency at full load; 40% efficiency at 25% load), ultra-low emission, multi-fuel capable
gas turbine HPU technology for application in hybrid vehicles with up to 80 mpg fuel economy. Specific
objectives are: (1) to develop and validate ceramic component production technologies suitable for
automotive applications by 1998; (2) to develop and validate advanced gas turbine technology for
application in hybrid test vehicles that achieve 50 mpg and meet EPA Tier 2 requirements by 1998; and
(3) to develop gas turbine technologies for application in test vehicles that achieve 80 mpg and exceed
EPA Tier 2 requirements by 2004.

PROGRAM ACTIVITIES

In 1978, DOE established the Advanced Gas Turbine (AGT) Program, which demonstrated the operating
feasibility of a ceramic gas turbine engine and the capability to operate at turbine inlet temperatures in
excess 0of 2,200°F. The AGT Program successfully initiated the development of a ceramic infrastructure
in the U.S., established the U.S. as the world leader in the application and demonstration of ceramic
technologies, and identified design technology challenges for further development.

The Advanced Turbine Technology Applications Project (ATTAP) was initiated in 1987 as a follow-on
to the AGT Program, with goals to develop basic design technologies and ceramic manufacturing
processes. The ATTAP demonstrated ceramic engine test-bed operation at nominal turbine inlet
temperatures up to 2,375 °F; designed and demonstrated the first ceramic mixed flow turbine rotor,
developed design methodologies for thermo-mechanical stress and impact resistance; enhanced ceramic
properties, shape capability, and processes; and identified the need for a low-risk engine test-bed for
developing operating time and reliability for gas turbine ceramics. The present GT-HPU Research and
Development Program is a continuation of ATTAP and consists of two primary component technology
elements, the Ceramic Turbine Engine Demonstration Project and the Hybrid Vehicle Turbine Engine
Technology Support Project. The Supporting Research and Technology Project of NASA/AlliedSignal
provided additional research and development.

AlliedSignal Engines is the prime contractor for the Ceramic Turbine Engine Demonstration Project,
which is working to transition ceramic turbine technology from laboratory to commercial applications
and validate ceramic design and manufacturing methods. Project objectives are: (1) to enhance the
development of analytical design tools for ceramic components using the ceramic properties database,
(2) to scale-up and improve the manufacturing processes for ceramic components, and (3) to demonstrate
the reliability and durability of ceramic components through thousands of hours of testing in a modified
production gas turbine engine. Design methods and evaluation techniques are being refined to improve -
ceramic/metal and ceramic/ceramic interfaces, to develop tools for predicting particle impact, to develop
instrumentation methods, to proof test methodologies, and to accurately predict ceramic corrosion and
protection. Manufacturing scale-up activities are developing control processes for consistent, high-
quality, high-yield, low-cost ceramic components. Engine testing is validating design and manufacturing
technologies with a proven GTCP 331-200 gas turbine auxiliary power unit. Over 4,500 hours of
endurance testing and over 35,000 hours of field testing of ceramic nozzles is planned.

Allison Engine Company isthe prime contractor for the Hybrid Vehicle Turbine Engine Technology
Support Project. The program focuses on four technology areas: structural ceramic component
reliability and durability; low emission combustion concepts and control; low cost, extruded ceramic
regenerator matrix and seal systems; and hot flow path thermal management and insulation. This project
has been refocused to support the design and development of a ceramic gas turbine power unit for hybrid
vehicles. Larger horsepower engines, such as AGT-5 and test-rig hardware, are being used to develop
component and subsystem reliability and durability at engine equivalent operating conditions. These test
results are readily applicable to the scaled down hybrid vehicle turbine engine designs. Current activities
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include testing ceramic regenerator disks and injection molded insulation, and cyclic durability testing of
an “all ceramic” engine. Supporting work at Argonne National Laboratory (ANL) is focusing on
development of advanced seal materials and fabrication techniques for regenerator cores that are critical
to achieving high thermal efficiencies in advanced gas turbines.

The NASA Supporting Research and Technology Project has conducted ceramic materials
characterization through extensive durability and salt corrosion testing. In addition, NASA is continuing
ceramic component technology development through life prediction modeling and non-destructive
evaluation (NDE) technology development.

In parallel with the primary component technology efforts within the GT-HPU Program, the Office of
Advanced Automotive Technologies (OAAT) Vehicle Systems Technology Program has worked with
Ford, General Motors, AlliedSignal, Allison, and Teledyne-Ryan Aeronautics to develop gas turbines for
integration into test vehicles. The OAAT Automotive Materials Program is conducting critical high-
temperature ceramic materials research and development that is supporting the gas turbine hybrid unit
component technology efforts. In addition, OAAT maintains a close liaison with the Advanced Turbine
Systems Program (Energy Efficiency and Renewable Energy Office of Industrial Technology and DOE
Office of Fossil Energy). The Advanced Turbine Systems Program utilizes OAAT technologies (i.e., life
prediction models, materials, components) and adapts them to larger industrial turbine engines. OAAT
receives test data and additional verification of life prediction models through these large-scale industrial
applications.

Currently, OAAT is preparing a new program to re-focus ongoing efforts more toward solving key
problems in the development of an advanced gas turbine HPU for the 80-mpg goal. The initial focus will
continue to be on ceramic component research and development. This will be followed by turbine engine
point design and development activities in subsequent years if the initial ceramic component research and
development efforts are successful. Industrial partners will include one or more engine manufacturers,
structural ceramic component suppliers, heat exchanger suppliers, and research laboratories.

FISCAL YEAR 1996 ACCOMPLISHMENTS

* The AlliedSignal Team has conducted 500 hours of cycle durability testing on a ceramic nozzle
engine and 140 hours of cycle durability testing on a ceramic blade engine.

»-  The AlliedSignal Team has demonstrated manufacturing at a rate of 50 parts/month and a
manufacturing capacity of 200 parts/month.

o The Allison Engine Team has demonstrated 410 hours of durability testing on an extruded
magnesium aluminum silicate regenerator disk at up to 1,750°F

» The Allison Engine Team has conducted 10,000+ cycles on injection-molded insulation at 1,800°F,
and Corning is extruding a large diameter lithium aluminum silicate regenerator disk.

* ANL has identified and tested advanced regenerator core seal materials that meet or exceed friction
and wear properties of baseline seal materials, and have the potential of being fabricated at low-cost
and high-volume production rates.

+  Ceramic nozzle manufacturing yields have been increased from less than 20% in 1993 to 67% in
- 1996, and manufacturing costs have been reduced from $2,000+ per part to $750 per part.

» Capability to install (and operate under engine conditions) temperature and strain sensors on ceramic
. components was demonstrated.
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*  Methods were developed to predict ceramic component stresses during impacts.

* Durability testing was performed on an all-ceramic gasifier power module at operating temperatures
significantly above metallic engines. Total operating time had reached 142 hours by the end of fiscal
year 1996, out of a total of 300 hours at test completion. :

ADVANCED AUTOMOTIVE PISTON ENGINES

The overall goal of the Advanced Automotive Piston Engine Technologies Program is to work with the
U.S. auto industry to reduce the petroleum consumption of light-duty vehicles through greater fuel
efficiency and use of alternative fuels, and to cost-effectively achieve stringent future vehicle emissions
standards. Prior to fiscal year 1996, the Program emphasis was on spark-ignited engine technology The
focus has now shifted to advanced compression-ignition, direct-injection (CIDI) engine technology.

TECHNOLOGY BACKGROUND

Representative peak efficiencies of contemporary piston engines are: 30% for port-injection, spark-
ignited engines; 33% for direct-injection, spark-ignited; 37% for compression-ignition, indirect injection
(auto); and 42% (auto) and 46% (heavy-duty truck) for CIDI engines. Japanese manufacturers are
focusing on stratified-charge lean-burn gasoline engines, where fuel economy improvements of 5%-10%
over current gasoline engines are believed possible. Japanese manufacturers are also close to developing
durable, low-cost, lean-NOx catalysts. Extensive research activities by industry (especially heavy diesel
engine manufacturers) is focusing on reducing NOx and particulate matter (PM) emissions from CIDI
engines through electronically controlled high-pressure fuel injection systems, exhaust gas recirculation,
four-valve designs, turbo charging and intercooling, lubricating oil consumption control, oxidation
catalysts, lean NOx catalysts, and particulate traps. Current automotive-sized diesel engines are nearly
twice as expensive as gasoline engines per equivalent power output due to expensive, hlgh-pressure fuel
system components.

The principal limitation for advanced spark ignited engines is efficiency. Vehicle NOx emissions are too
high in lean-burn mode because effective lean NOx catalysts are not available. The use of higher

compression ratios for increased fuel economy increases susceptibility to engine knock. In addition, lean
operation increases ignition difficulties and can cause unstable combustion and cycle-to-cycle variability.

There are several technical barriers for CIDI engine technology. NOx emissions exceed acceptable limits
and NOx catalysts that operate in lean environments are not available. Other aftertreatment technologies
are underdeveloped, costly, and do not have proven reliability and durability. In addition, current PM
emissions are too high. Particulate traps are costly and energy intensive and other aftertreatment devices
are not adequately developed. Control of fuel injection rate and timing is inadequate for optimal in-
cylinder NOx and PM emissions control. Current CIDI engines are more costly than conventional, port-
injected spark-ignition (SI) engines and suffer from operational shortcomings including poor
acceleration, exhaust odor, and noisy operation.

The goal of the Advanced Automotive Piston Engine Program is to develop viable, advanced automotive
piston engine technology for application in passenger cars with up to 80 mpg fuel economy and that will
meet all future emission requirements. The objectives are: (1) to develop and validate compliant NOx
and PM emissions control technologies by 1998, (2) to improve CIDI engine efficiency with concurrent
major reductions in emissions for light-duty vehicles by 2002, and (3) to advance the CIDI technology for
customer-driven attributes such as cost and performance so the engines will gain rapid application and
use by 2004.
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PROGRAM ACTIVITIES

The Program was initiated in fiscal year 1993 in response to requirements of section 2022 of the Energy
Policy Act of 1992. Research and development efforts have focused on light-duty piston engines for
conventional and hybrid vehicles. In fiscal year 1996, the principal element of the Advanced Automotive
Piston Engine Research and Development Program was the Engine Support System Technology (ESST)
Program aimed at manufacturing, emission control, engine combustion control, and engine/powertrain
management research and development. The ESST Program is jointly managed by a DOE-industry team
and is implemented through 50% cost shared Cooperative Research and Development Agreements
(CRADAS) with the U.S. Council for Automotive Research (USCAR) Low Emission Partnership (LEP).
The program is accelerating the development and commercialization of lean-burn piston engines for
conventional and hybrid vehicle applications, with special emphasis on the reduction of NOx.

ANL is developing new methods to improve the practicality of laser welding; the primary challenge is to
develop sensors and control systems suitable for use in mass production. ANL is investigating new NOx
reducing catalysts and developing real-time exhaust gas sensors. Idaho National Engineering Laboratory
(INEL) is developing a set of process and weld diagnostic tools to quantify the impact of variations in
material and process on weld quality. The focus is on applying recent advances in the intelligent control
of welding processes to plant floor operations in order to reduce scrap, increase product reliability,
permit easier transition to more lightweight materials, and improve productivity and efficiency. INEL
and Sandia National Laboratories (SNL) are applying non-destructive evaluation techniques to
characterize critical properties of thermal spray coatings on cylinder bores in aluminum engine blocks.
INEL is also working to develop a cost-effective, commercially viable spray forming process for the
rapid production of net-shape molds, dies, and related tooling.

Pacific Northwest National Laboratory (PNNL) is developing advanced time-resolved spectrographic
techniques capable of monitoring fuel-oil interactions and hydrocarbon emissions, nonthermal plasma
destruction methods, and associated materials capable of reducing NOx, as well as oxidizing
hydrocarbons from an exhaust stream. PNNL is developing superplastic forming methods for the
production of insulated multiwall pipe and is developing environmentally friendly manufacturing
processes capable of producing advanced planar, thin film, ceramic automotive sensors. In addition,
PNNL is developing holographic techniques capable of reconstructing three-dimensional spray profiles
within a combustion chamber. Oak Ridge National Laboratory is characterizing the performance of
prototype NOx catalysts and engineering engine systems that optimize catalyst performance.

In support of its parallel hybrid propulsion subsystem technology development effort within the Vehicle
System Technology Program, Ford has teamed with FEV Engine Technology to develop high efficiency
CIDI engines that will be tested in modified Ford Contour vehicles. Chrysler is developing a 3-cylinder
CIDI hybrid engine with Detroit Diesel Corporation that permits parallel operation.

OAAT is currently planning an advanced automotive CIDI engine activity that will not only support
hybrid propulsion technology development and achievement of the PNGV 80-mpg fuel economy
objective, but will also provide an advanced engine option for much improved fuel economy in more
conventional propulsion light-duty vehicles. In fiscal year 1996, this activity concentrated available
resources on the primary technical barrier -- NOx emissions. Enabling research and development is
being conducted at national laboratories. Figure 18 illustrates current Federal automotive CIDI
technology research and development activities at DOE, EPA, the Defense Advanced Research Projects
Agency (DARPA), the U.S. Army Tank-automotive and Armaments Command (TACOM), and the auto
companies.
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FIGURE 18
CIDI Research Activities
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FISCAL YEAR 1996 ACCOMPLISHMENTS

*  ANL successfully demonstrated a device that monitors laser welding on a transmission component
manufacturing workstation at a systems integration facility. The device was implemented into the
beam delivery optics of an industrial partner’s manufacturing plant.

* ANL successfully demonstrated in the laboratory two real-time exhaust gas sensors (surface acoustic
wave and ion mobility).

« INEL developed an advanced, real-time process diagnostic system that provides a rapid, non-
intrusive means of determining the condition of welding equipment, the state of the welding process,
and guidance for correcting identified problems.

* INEL demonstrated the technical feasibility of using spray forming technology for producing
Kirksite (zinc-based), aluminum-based, and tool steel (D2) tooling components.

» SNL designed a CIDI single-cylinder optical access test facility for small-bore, high-speed
automotive engine research. Wayne State University developed a non-optical test facility. Both will
be operational in fiscal year 1997.

* Oak Ridge National Laboratory (ORNL) evaluated six prototype catalysts provided by national
laboratory and industry partners, and microscopically characterized catalyst structures.

« PNNL explored the feasibility of plasma-based systems using catalytic materials to simultaneously
oxidize hydrocarbons and reduce NOx for a lean-burn engine.
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COMBUSTION EFFICIENCY AND EMISSIONS

The Combustion Efficiency and Emissions Program focuses on all aspects of air-fuel mixture preparation
and combustion processes relevant to conventional and advanced engine concepts. The Program
supports research by technical teams of engine combustion experts from the DOE national laboratories,
U.S. universities, and domestic engine companies.

TECHNOLOGY BACKGROUND

The importance of understanding in-cylinder processes to improving engine efficiency and reducing
emissions (at the source) is recognized by the worldwide auto industry. This has led to considerable
international efforts to develop and make available advanced diagnostic tools and improved combustion
models to engine designers. All major European and Japanese automobile manufacturers use laser
diagnostics and computational fluid dynamics (CFD) in their engine development processes. Their use
includes basic research on fundamental processes, production hardware evaluation, and design
improvement. The techniques include: Laser Doppler Velocimetry, Phase Doppler Anemometry, and
Laser-illuminated Imaging. These three diagnostics, and CFD, are the most widely used because they are
commercially available. The use of planar laser-induced fluorescence is growing rapidly, because it is
well-suited to study the in-cylinder fuel-air distribution of stratified-charge SI engines. Use of laser-
induced incandescence and laser Mie scattering is beginning to increase in investigations of diesel
combustion and soot formation.

Principal technical areas being addressed by combustion researchers include NOx and particulate
emissions, modeling, and port fuel injection. Emission control is an ongoing problem in conventional,
lean-burn, and direct-injection engines. Emission control is more difficult for lean-burn and direct-
injection engines in part due to the lack of viable lean NOx catalysts. Modeling codes are not available
that adequately describe and predict the mixture formation and combustion processes. The fuel injection
process in current port fuel injected engines is not sufficiently understood to optimize engine
performance when cold starting and during speed and load transients. In addition, unburned fuel can
survive the combustion process. Determining how this fuel survives and is exhausted would provide
designers information to minimize hydrocarbon emissions and improve efficiency.

The goal of the Combustion Efficiency and Emissions Program is to support the needs of the automobile
industry in developing improved conventional and advanced automobile piston engines with enhanced
efficiency, emissions, and alternative fuel capabilities. Specific objectives are: (1) to better understand
the mechanisms that govern the quality of fuel-air mixing for both port fuel injected and direct injected
SI and compression ignition engines by 1998, (2) to better characterize fuel injector sprays and their
impact on engine performance by 1998, (3) to better understand combustion and subsequent processes
that lead to unburned fuel being exhausted by 1998, and (4) to develop more sophisticated diagnostic
tools that will lead to a better understanding of the processes that occur in-cylinder that govern efficiency
and emissions by 1999.

' PROGRAM ACTIVITIES

Since the early 1980s, DOE has supported engine combustion research at national laboratories and
universities through the former Energy Conversion and Utilization Technologies Program. In fiscal year
1994, selected combustion related projects were transferred to the Office of Transportation Technologies
from the Office of Industrial Technologies. SNL is the technical manager for the Combustion Efficiency
and Emissions Program and has organized other national laboratories, universities, and the auto industry
to address two technical tasks, (1) fuel combustion system optimization and (2) cylinder design for
reduced emissions. CRADAs are used to formalize partnerships between DOE national laboratories and
the domestic automakers. Competitive procurement is the mechanism to fund university research, with
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topics of interest developed in conjunction with the domestic engine companies. Teams of research
engineers and scientists meet regularly each year to discuss recent results and current needs and interests.

Significant efforts are underway to improve the understanding of in-cylinder processes involved as a
means to reduce engine-out emissions and enhance efficiency. The Program effort focuses on
characterizing the fueling process in port fuel-injected engines to optimize injection parameters and
fueling schedules. Optical diagnostic tools for visualizing in-cylinder fluid flows and combustion
chemistry have matured, and are now beginning to be applied in optically accessible engines to
understand critical control processes. Figure 19 illustrates laser-induced fluorescence images of liquid
gasoline films in the combustion chamber of a production, port fuel-injected engine. These results
compare strategies where the intake valves are either open or closed during the fuel-injection process.
This innovative technique reveals
the evolution of liquid film
formation during the cold-start of
an SI engine, and is being used to
investigate new technologies for
the reduction of unburned
hydrocarbon and soot emissions.
In addition, computational fluid
dynamics codes and complex
chemical kinetics models are
being combined and programmed
onto massively-parallel, super
computer systems. This will
allow more accurate predictions
of the important in-cylinder
phenomena that control the fuel
conversion efficiency and

pollutant formation, leading to
better engine design. OPEN-VALVE INJECTION CLOSED-VALVE INJECTION

FIGURE 19
Laser-Induced Fluorescence of Gasoline Films
Combustion Emissions and Efficiency Accomplishments

FISCAL YEAR 1996 ACCOMPLISHMENTS

* SNL completed development and demonstration of a diagnostic technique and model to track the
evolution of unburned crevice hydrocarbons in a single-cylinder research engine.

» SNL completed engine test to evaluate the role of turbulence on the fuel-injection process.

» SNL developed improved computer models of in-cylinder processes that apply to CIDI and SI
engines.

2.3 ELECTRIC VEHICLE BATTERIES

INTRODUCTION

The goal of the Electric Vehicle Battery Program is to support the research and development of advanced
rechargeable battery technologies that will accelerate the commercial introduction of electric vehicles
and support a sustainable market for these vehicles. Market acceptance of electric vehicles will depend
on their ability to provide the range, durability, performance, and other amenities that consumers have
come to expect from conventional vehicles -- at a competitive cost. Currently, the major limiting factors
for electric vehicle technology are high cost, limited operating range, and lengthy. refueling time
(recharging). The battery is the main component affecting these factors.
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The successful commercialization of electric vehicles will directly reduce our Nation’s growing
dependence on petroleum fuels for transportation, since less than 2% of our electricity is generated from
petroleum. It will also reduce emissions and facilitate the transition to renewable energy sources while
enhancing the competitiveness of U.S. automobile and battery manufacturers. Recognizing the enormous
potential market for advanced energy storage devices in vehicles and other consumer/industrial
applications, organizations worldwide are investing heavily in battery research and development.
International competition is intense and growing, and substantial progress is being reported.

The Electric Vehicle Battery Program is working closely with the automobile industry, battery
developers and manufacturers, electric utilities, and national laboratories (see Table 9) to identify and
advance the most promising technology alternatives to a point from which industry can proceed on its
own toward commercialization. The Program is consistent with the requirements of Section 2025:
Electric Motor Vehicles and Associated Equipment R&D of the Energy Policy Act of 1992. The Program
also directly supports the automobile industry in meeting upcoming state and industry agreements or
mandates for zero-emission vehicles (ZEVs). The State of California requires that 10% of automobiles
sold in the state in 2003 be ZEVs (i.e., electric vehicles). The major automakers have also agreed to
introduce a limited number of electric vehicles into the state before 2003 for field testing and
demonstration purposes. ‘ ” ‘

The Electric Vehicle Battery Program consists of three major elements: (a) Cooperative research and
development with the United States Advanced Battery Consortium (USABC), (b) Exploratory
Technology Research, and (c) Electric Vehicle Readiness activities. These program elements are

- discussed in the following sections.

UNITED STATES ADVANCED BATTERY CONSORTIUM
TECHNOLOGY BACKGROUND |

DOE has supported research in electric vehicle batteries for nearly two decades. In 1991, recognizing
that the development of several advanced battery alternatives is beyond the resource capabilities of any
individual organization, DOE began working cooperatively with the domestic automobile, electric utility,
and battery industries through the USABC. This cooperative effort has become the focus of DOE’s
Electric Vehicle Battery Program, which is working toward the following principal technical goals:

+ By 1998, develop mid-term advanced electric vehicle battery technologies with the key
characteristics shown in Table 10.

* By 2000-2001, complete development of technology for long-term advanced electric vehicle batteries
with the key characteristics shown in Table 10.

The mid-term targets are based on the minimum vehicle characteristics required to achieve customer
satisfaction in the marketplace; they represent a compromise between performance, cost, and availability
in the earliest possible timeframe. When attained, the long-term targets will provide an electric vehicle
range and performance comparable to today’s gasoline-powered vehicles. These technical targets reflect
the critical importance of four major battery parameters: energy, power, life, and cost. Energy and
power are reflected in vehicle range and acceleration performance, both of great importance to
customers. Users have certain expectations about a vehicle’s service and economic life. Current lead-
acid batteries are replaced every 2 to 3 years. Advanced batteries are projected to have longer lives. To
date, however, the lack of adequate laboratory and field test experience with advanced batteries gives a
limited basis for establishing life expectations and suitable warrantees. Finally, the cost of advanced
batteries is an important component of the electric vehicle cost equation and of great concern to both
manufacturers and customers. However, production experience is currently very limited. Pilot
production and field testing are required to validate these technologies for life and cost, in addition to
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TABLE 9
Electric Vehicle Battery Research and Development
Fiscal Year 1996 Program Participants

U.S. Advanced Battery Consortium

Ovonic Battery Company Contract 50%*
SAFT America Contract 50*
Yardney Technical Products Contract 50%*
W.R. Grace Contract 50%*
M Contract S50*
Duracell/Varta Contract 50*
Argonne National Laboratory CRADA** 0

Idaho National Engineering Laboratory
Sandia National Laboratories

Exploratory Technology Research

Covalent Associates -~ Contract 0
PolyPlus Company Contract 0
SRI International Contract 0
Case Western Reserve University Grant 0
Northwestern University Grant 0
SUNY Binghamton Grant 0
Southern University Grant 0
University of Michigan Grant 0
University of South Carolina Grant 0

Lawrence Berkeley National Laboratory
Los Alamos National Laboratory .
Lawrence Livermore National Laboratory Field Work 0

Oak Ridge National Laboratory Proposal

Brookhaven National Laboratory

Electric Vehicle Readiness

National Renewable Energy Laboratory Field Work Proposal 0

*  Represents the combined cost share of the contractor participant and the USABC partners.

** CRADA = Cooperative Research and Development Agreement




I REEE———

2.0 Advanced Automotive Technologies R&D

TABLE 10
Advanced Battery Technology for Electric Vehicles: Key Targets*
Mid-Term (1998) and Long-Term (2000-2001)

Power-to-Weight Ratio Wikg 150-200 300
Energy-to-Weight Ratio Whikg 80-100 150
Cycle Life Cycles 600 1000
Calendar Life Years 5 10
Production Cost $/kWh <250 <150

*  Partial list of key targets

ongoing research and development aimed at cost-reduction. The long-term battery technologies (such as
lithium/polymer) are in even earlier stages of development. Serious technical challenges have to be
addressed over the next few years to validate these technologies for electric vehicle applications and
bring them to the pilot production stage.

PROGRAM ACTIVITIES

Since 1991, the Phase I effort of the USABC Program has focused on identifying and developing the
most promising mid-term technologies and demonstrating the promising long-term technologies.
Research and development participants include battery developers (e.g., SAFT America, Yardney,
Ovonic, 3M, Duracell/Varta) and their suppliers, as well as several national laboratories through
Cooperative Research and Development Agreements (CRADAs). The Phase I effort was essentially
completed in fiscal year 1996 and has made substantial progress toward developing nickel-metal hydride
and lithium-ion technologies for the mid-term, and lithium/polymer for the long-term. The consortium
approach of jointly conducting high-risk, high-cost battery research and development has allowed the
leveraging of both technical and financial resources, and enabled more to be accomplished in less time
than any one organization could have achieved working alone. The successes achieved with advanced
battery technologies are reflected in the next generation of electric vehicles announced by U.S. and
Japanese manufacturers.

USABC PHASE Il PROGRAM

Despite the progress achieved so far, the advanced batteries do not yet meet the anticipated customer
requirements for energy, power, life, and cost. The DOE-USABC Program intends to build upon the
successes achieved and lessons learned during the Phase I effort to accelerate the development of
advanced battery technologies to the stage where the private sector can proceed on its own with
commercialization activities. Several specific steps will be required over the next few years. The
specific battery technologies and their manufacturing processes need to be developed further to bring a
reliable cost-effective product to market. The advanced batteries need to be produced in quantity on a
pilot scale to validate production processes in terms of product quality and process economics. The
performance, reliability, safety, and life of these batteries must be evaluated as integrated components in
electric vehicles under representative driving conditions.

In August 1996, Chrysler, Ford, General Motors, the Electric Power Research Institute (EPRI),
participating utilities, and the DOE signed a second cooperative agreement for the Phase II effort to
extend the USABC Program until 2000. The primary objectives of the Phase II effort are to:
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* Conduct more extensive safety, life (durability), and verification tests on mid-term batteries.
»  Support cost reduction research for mid-term technologies.

» Take the most promising long-term technologies (lithium/polymer) through pilot feasibility, i.e.,
advance them to a similar state-of-development as mid-term batteries at the end of Phase I.

The USABC will continue to review emerging technologies and new proposals from battery developers -
as potentially viable candidates for inclusion in its research and development portfolio. Examples of
such emerging technologies and new proposals include the lithium-ion technology under development by
Duracell/Varta and the ambient temperature, lithium/polymer technology developed by Ultra Life
Batteries, Inc., which could meet the mid-term criteria.

FISCAL YEAR 1996 ACCOMPLISHMENTS

» Established nickel-metal hydride battery technology as the prime mid-term candidate for electric
vehicles based on performance and life testing. Development work is continuing on cost reduction
and improving battery life.

* SAFT America and Ovonic Battery Company delivered nickel-metal hydride battery packs to power
prototype electric vehicles.

» Based on technical progress achieved in a development program, General Motors and Ovonic Battery
Company announced a joint venture to pursue early, low volume, pilot production of nickel-metal
hydride batteries for electric vehicles.

+  Based on performance and life testing results, lithium/polymer battery technology was established as
the most promising long-term battery technology and significant progress was achieved in its
development.

EXPLORATORY TECHNOLOGY RESEARCH
TECHNOLOGY BACKGROUND

Advanced rechargeable battery systems offer the potential for high performance and low life-cycle costs,
and remain the key to achieving fully competitive electric vehicles. To successfully establish and
advance the technology base for electric vehicle batteries, there is a continuing need to:

* Identify and investigate new electrochemical couples that can lead to dramatically improved
advanced batteries for electric vehicles, even beyond what is now under development by the USABC.
A good example is the lithium/sulfur battery with its environmentally benign components and high
theoretical specific energy (~2600 Wh/kg versus 220 Wh/kg for nickel-metal hydride).

» Improve the performance of battery components and materials to enhance the commercialization
prospects of the battery technologies (nickel-metal hydride and lithium-based systems) currently
being developed by the USABC.

* Develop new and improved methods (including advanced experimental and modeling tools) to
characterize and monitor the performance of battery components, and establish engineering

principles that can be used to predict the performance of batteries during operation.

To address these needs, DOE supports an Exploratory Technology Research Program that is managed by
Lawrence Berkeley National Laboratory (LBNL) with the active involvement of other national
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laboratories, universities, and industrial organizations. The Program provides a bridge between the
fundamental electrochemical research supported by the DOE’s Office of Basic Energy Sciences and the
electrochemical device development carried out by the USABC. The Exploratory Technology Research
Program is currently focused on three areas: new battery systems, improved materials and components
for USABC technologies, and cross-cutting diagnostic studies. These three elements of the Program are
discussed in the following section.

PROGRAM ACTIVITIES

New Battery Systems

The lithium/sulfur battery technology under development at LBNL is showing promising results with
potential suitability for electric vehicle application. Researchers at Oak Ridge National Laboratory
(ORNL) are exploring the use of a thin-film technology to produce all-solid-state lithium/lithium v
manganese oxide cells. This technology offers the possibility of developing thin compact batteries that
do not require a liquid electrolyte phase. Several battery technologies using sodium electrodes were also
investigated in fiscal year 1996. SRI International evaluated the performance of a new polysulfide
electrode in a battery. The Georgia Institute of Technology explored the feasibility of a molten-salt
electrolyte that operates in a battery at room temperature. This project was conducted in collaboration
with EPRI.

Improved Materials and Components for USABC Technologies

A collaborative effort between LBNL, Lawrence Livermore National Laboratory, and Superior Graphite
Company has led to the identification of a carbon material that shows promise for lithium-ion batteries.
Research at Northwestern University, Case Western Reserve University, and the University of Dayton is
focusing on synthesizing better polymer electrolytes (in the form of thin plastic-like films) for
lithium/polymer batteries. Other projects are exploring innovative electrode materials. The State
University of New York at Binghamton is developing a synthesis process that can be carried out at low
temperature to produce a low-cost lithium manganese oxide for the positive electrode. To obtain stable
performance in lithium batteries, Covalent Associates has developed a processing approach that yields
lithium manganese oxide incorporating an additive (chromium). To improve the life of the lithium
negative electrode, LBNL is exploring the use of a thin film (Li,N) located between the reactive lithium
and the polymer electrolyte.

The Exploratory Technology Research Program is supporting materials research to improve the
performance and life of nickel-metal hydride batteries. The LBNL has demonstrated that the addition of
cobalt to the nickel electrode improves its performance. The University of Michigan recently initiated
research to improve the performance of the nickel electrode by examining a different structure based on
nickel fibers. To improve the performance of the metal hydride electrode, researchers at the University
of South Carolina coated the electrode with copper and observed an improvement over electrodes without
copper coating.

The Exploratory Technology Research Program is also supporting the development of electrochemical
capacitors for use in hybrid electric vehicles. The University of Wisconsin is investigating the use of
nickel oxide/nickel electrodes in capacitors. Tests were performed with various electrolytes. The results
indicate that a capacitor using an aqueous alkaline solution of lithium hydroxide has double the
performance of a capacitor that uses-potassium hydroxide electrolyte. SAFT America is taking another
approach and evaluating carbon electrode materials combined with a nonaqueous electrolyte. Capacitors
will be delivered by the research contractors to Idaho National Engineering Laboratory (INEL) for
testing.
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Diagnostic Studies

Successful development of improved battery materials and components requires a clear understanding of
their properties and behavior in a battery operating environment. The Exploratory Technology Research
Program supports a significant effort to develop sophisticated new experimental techniques that can be
applied to examining the properties of new materials and to monitor their behavior in batteries. DOE
user facilities, such as the National Synchrotron Light Source and the Stanford Linear Accelerator
Center, provide powerful tools to probe the structure and composition of battery materials by X-ray
absorption spectroscopy (XAS). Brookhaven National Laboratory has applied this technique to study the
properties of lithium-based battery electrode materials (LiNiO,, Li,Co0O,, LiMn,0,). The
experimental investigations indicate that the structure of these electrode materials undergoes changes
during charge/discharge cycling.

Modeling tools, which involve the use of mathematical concepts and electrochemical engineering
principles, provide valuable predictive capabilities to understand the performance of battery components
and complete systems during operation. The Exploratory Technology Research Program supports the
development of sophisticated mathematical models as well as necessary data to validate the models.
These efforts have yielded valuable insights that directly benefit battery development activities. For
example, the mathematical modeling results at LBNL indicate that, during normal operation, the
temperature of a lithium-ion battery is unlikely to reach the onset temperature for thermal runaway.
However, if a battery is continuously cycled under high-rate charge and discharge, significant heat
accumulation may occur. This information is useful for designing the thermal management system and to
ensure safe operation of the battery. Modeling studies at Northwestern University have provided
information to guide the development of improved polymer electrolytes for lithium/polymer batteries.
Transport properties such as transference numbers and diffusion coefficients are being measured at
LBNL to use in the models.

ELECTRIC VEHICLE READINESS

In fiscal year 1996, DOE continued to advance the readiness of electric vehicles and associated
infrastructure by working closely with the automobile and electric utility companies, standards setting
organizations, battery developers, and other interested parties. These activities are summarized below.

ELECTRIC VEHICLE INFRASTRUCTURE WORKING COUNCIL

The Electric Vehicle Infrastructure Working Council (IWC), sponsored by EPRI, is a collaborative effort
of automobile manufacturers, utilities, government agencies, industry associations, component
manufacturers, and standards organizations. The IWC works to enhance consumer safety, ensure electric
vehicle compatibility, and reduce costs for product manufacturers, utility energy suppliers, and vehicle
buyers. In fiscal year 1996, the National Renewable Energy Laboratory (NREL) played an active role in
several IWC committees, including the Health and Safety Committee; the Building Codes Subcommittee,
which formulates building codes to ensure electric vehicle safety; and the Personnel Protection
Subcommittee, which identifies parameters for personnel safety.

During fiscal year 1996, the IWC Health and Safety Committee accomplished several major tasks. First,
it developed electric vehicle charging code language for the National Electrical Code (NEC). The NEC
provisions are adopted worldwide and provide guidelines for electrical safety on electric vehicle
charging equipment and systems. Second, the Committee developed amendments to the U.S. model
building codes to facilitate electric vehicle charging in garages. The model codes determine building
practices nationwide. Third, the Committee conducted an Underwriters Laboratories, Inc. study on the
performance requirements for personnel protection equipment. The Committee developed parameters for
personnel safety when charging or servicing electric vehicles.
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AD HOC ADVANCED BATTERY READINESS WORKING GROUP

The DOE Ad Hoc Advanced Battery Readiness Working Group is a government-industry cooperative
effort to identify environmental, health, and safety issues associated with the shipment, in-vehicle use,
and recycling/disposal of advanced batteries for electric vehicles. The Working Group is a forum in
which regulatory requirements are identified and action plans recommended. The Working Group
consists primarily of representatives from battery developers, domestic automakers, Federal agencies,
and national laboratories.

The Working Group is composed of three sub-working groups that review regulatory issues of shipping,
in-vehicle safety, and recycling. The Shipping Sub-working Group provides organizational and technical
support to facilitate the collection of information for regulatory applications. The In-vehicle Safety Sub-
working Group reviews and discusses the implications of hazards associated with batteries in electric
vehicle propulsion, and reviews and comments on Federal Motor Vehicle Safety Standard proposed
rules. The Recycling/Disposal Sub-working Group assesses the technical, regulatory, and institutional
issues involved in recycling advanced batteries and the feasibility of recycling as an alternative to
disposal.

The fiscal year 1996 Working Group meeting was held in Washington, DC on March 21-22, 1996. The
General Session focused on infrastructure planning and electric vehicle regulatory developments.
General Session presentations covered international activities, safety issues, California activities,
infrastructure issues, and fast charging.

Representatives of Valence Technology, Inc. and Duracell presented test results of the reactivity of
lithiated carbons with water to the Shipping Sub-working Group. Reaction rates were less than that of
lithium metal, but the rate of hydrogen production exceeded the Department of Transportation’s criteria
for “Dangerous When Wet” materials. The Sub-working Group agreed to develop safety performance
tests for lithium-ion and lithium/polymer batteries.

The In-Vehicle Safety Sub-working Group conducted a review of the Safety Issues Opinion Survey
report. This survey addressed 39 potential safety issues of concern. A total of 38 responses were
received from the automotive industry, battery manufacturers, electric utilities, government agencies, and
government laboratories. The Sub-working Group presented issues identified in the survey to the Society
of Automotive Engineers (SAE) and DOE. It presented perceived needs for standards, guidelines, and
test methods to the SAE Electric Vehicle Battery Safety Issues Task Force. Safety concerns and
recommendations for addressing these concerns were provided to DOE.

The Recycling Sub-working Group received an update from the U.S. Environmental Protection Agency
(EPA) on its solid waste program, and from the California Air Resources Board (CARB) on its activities.
The Sub-working Group reviewed the recycling progress chart and heard presentations on lithium-ion
and zinc-air batteries. The Sub-working Group will continue its outreach activities by maintaining
contacts with related International Energy Agency activities, CARB, EPA, and recycling groups, as
needed.

ENVIRONMENTAL, HEALTH, AND SAFETY ASSESSMENTS

DOE has provided ongoing support for several years to NREL for conducting environmental, health, and
safety (EH&S) assessments of advanced energy storage systems for electric vehicles. In fiscal year 1996,
NREL conducted an assessment of electrochemical capacitors, producing a report entitled Current Status
of Environmental, Health, and Safety Issues of Electrochemical Capacitors for Advanced Vehicle
Applications. This assessment identified important EH&S issues pertaining to electrochemical capacitor
systems, particularly those issues requiring further analysis.
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2.4 FUEL CELL SYSTEMS

INTRODUCTION

Fuel cells have emerged in the last decade as a possible replacement for the internal combustion engine
in vehicles because they are very efficient, have extremely low or zero emissions, and are fuel flexible.
Development advances have indicated potential to meet the necessary automotive requirements. Sections
2025 () and 2026 of the Energy Policy Act of 1992, Public Law 102-486 (EPACT), call for a
comprehensive program of research, development, and demonstration of fuel cells and related systems
for transportation applications.

DOE coordinates with other agencies to ensure that provisions of EPACT are met. The fuel cell program
is conducted in support of the Partnership for a New Generation of Vehicles (PNGV). In cooperation
with the U.S. Council of Automotive Research (USCAR), DOE formed the Fuel Cell Alliance to provide
a mechanism for obtaining industry consensus and recommendations for program direction. The
Alliance facilitates supplier-customer relationships to ensure that federally-sponsored laboratory research
and development is transitioned to industry suppliers, and that industry supplier development (cost-
shared) is made available to the domestic automakers.

A fuel cell is a device that converts the chemical energy of a fuel into electricity without combustion as
an intermediate step. Fuel cells are similar to batteries in that both produce a direct current by means of
an electrochemical process. Unlike batteries, however, fuel cells can operate continuously as long as
they are supplied with fuel. Like batteries, fuel cells are combined into groups, called stacks, to achieve
a useful voltage and power output.

The proton-exchange-membrane (PEM) fuel cell is the focus of current development efforts to replace
the internal combustion engine in transportation applications because it has higher power density and can
start up more quickly than other fuel cell types. The Office of Transportation Technologies (OTT) is
focusing PEM fuel cell technology development efforts on light-duty vehicles because this market
segment offers the greatest potential energy and environmental benefits. Methanol, ethanol, hydrogen,
natural gas, and gasoline are being evaluated for fueling these vehicles. PEM fuel cells have achieved
impressive performance gains in the last decade, to the point where in-vehicle demonstrations are
proceeding in the United States, Europe, and Japan.

The program promotes energy diversity through a fuel-flexible fuel strategy in the near-term, which
includes conventional fuels with existing fuel supply infrastructures, and a transition to renewable energy
sources in the long-term. Alternative fuels (methanol, ethanol, hydrogen, natural gas) derived from a
range of energy sources can be used in a fuel cell vehicle. The potential use of hydrogen or ethanol
produced from renewable energy sources affords an opportunity for a gradual transition to alternative
fuels as the supply and distribution infrastructure is made available. The DOE Fuels Development
Program supports development of the infrastructure needed for production and distribution of hydrogen,
methanol, and ethanol.

Two basic strategies being considered for providing the fuel cell stack with a supply of hydrogen at
required purity levels are on-board fuel processing and on-board storage of hydrogen.

For on-board fuel processing, a petroleum-based or alternative fuel stored on the vehicle undergoes
reforming and processing to produce the required hydrogen. On-board reformation adds complexity to
the system; however, it has the advantage of using a fuel for which the distribution infrastructure is
already developed.

On-board hydrogen storage and off-board reformer development are thrusts of DOE’s Hydrogen
Program. The fuel cell vehicle (FCV) development activities are being coordinated with DOE Hydrogen
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Program activities to expand hydrogen production capability under the Matsunaga Hydrogen Act (Public
Law 101-556). Because the existing hydrogen market is very small today, production and distribution
infrastructures must be developed.

The OTT Fuel Cells in Transportation Program includes technology research and development for fuel
cell systems, fuel processors and storage, and components. These program elements are closely
coordinated to facilitate the integration of advanced materials and components, and fuel processing and
storage technology, into the fuel cell power system. The current participants in the program are listed in
Table 11. Program activities and accomplishments during fiscal year 1996 are described in the following
sections.

v TABLE 11
Fuel Cell Systems Research and Development
Fiscal Year 1996 Program Participants

p— s —

Systems Development

General Motors Corporation Contract - 20
Ford Motor Company ' Contract 20
Pentastar Electronics, Inc. (a Chrysler company) Contract 20

Fuel Processor and Storage Research and Development

Arthur D. Little , Contract 20
Los Alamos National Laboratory Field Work Proposal 0

Argonne National Laboratory Field Work Proposal 0

Component Research and Development

Energy Partners Contract 15
Texas A&M University Contract 15
International Fuel Cells Contract 30
AlliedSignal ‘ Contract 15
Arthur D. Little Contract 15
Vairex Contract 15
Argonne National Laboratory Field Work Proposal 0
Los Alamos National Laboratory Field Work Proposal 0
Lawrence Berkeley Laboratory Field Work Proposal 0
Brookhaven National Laboratory Field Work Proposal _ 0

SYSTEMS TECHNOLOGY DEVELOPMENT
TECHNOLOGY BACKGROUND

Past research and development has emphasized increasing the power density of the fuel cell stack and
developing fuel flexible-fuel processors, with much less emphasis on integrating these systems.
Recognizing the interdependency of the system components, increased attention is being given to
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technologies to optimize the complete power system. System-level contracts are currently ongoing with
General Motors, Ford, and Chrysler/Pentastar. These three projects are focused on the development of
automotive-scale PEM fuel cell systems (30-50 kW). They represent the first effort by each of the three
domestic automakers and fuel cell developers to integrate all of the individual fuel cell components into
complete automotive-scale laboratory prototype systems. These contracts are addressing the difficult
technical issues of vehicle integration, fuel cell packaging, and fueling issues. Under each system
development effort, substantial gains have been made in increasing performance and in decreasing size
and weight of PEM fuel cells.

PROGRAM ACTIVITIES

General Motors completed the second year of a 30-month contract to develop a 50-kW methanol-fueled
PEM fuel cell system. The research and development team includes the General Motors Research and
Development Center as the prime contractor and several participating General Motors divisions of Delphi
Automotive Systems, namely Delphi Energy and Engine Management Systems, Delphi Harrison, Delphi
Packard, and Delco Electronics. Key subcontractors include DuPont, Dow Chemical, Ballard Power
Systems, and Los Alamos National Laboratory (LANL).

During fiscal year 1996, General Motors made significant progress in fuel processing technology with
the development of a 30-kW catalytic combustor that offers significant advantages over flame combustor
technology. This lower-cost, low-temperature combustor simplifies the fuel system and reduces software
control requirements. The combustor was integrated into a complete 30-kW methanol fuel processor and
is under test to demonstrate a power density greater than 500 W/L. Under subcontract to General
Motors, Ballard Power Systems assembled two 30-kW PEM fuel cell stacks. Testing at the Delphi
Engineering Center demonstrated a stack power density of 300 W/L.

In fiscal year 1996, Ford Motor Company completed Phase I of a 30-month contract to develop a
hydrogen-powered PEM fuel cell power system for light-duty vehicles (see Figure 20). Energy Partners
(West Palm Beach, FL); International Fuel Cells (South Windsor, CT); Mechanical Technology, Inc.
(Latham, NY); H Power Corp. (Belleville, NJ); and Tecogen Division of Thermo Power Corporation
(Waltham, MA) developed and tested PEM fuel cells of up to 11 kW output under subcontract to Ford
(see Figure 21). Ford’s Phase I stack performance targets of 10 kW gross power, 0.28 kW/kg specific
power, and 0.25 mg Pt/cm? catalyst loading were met. Based on the results of testing, Ford selected
International Fuel Cells and Mechanical Technology, Inc. to proceed into Phase II for an integrated fuel
cell power system with a 50 kW PEM stack.

Also under the Ford program in fiscal year 1996, a team of Lawrence Livermore National Laboratory;
EDO Fiber Science (Salt Lake City, UT); and Aero Tec Laboratories, Inc. (Ramsey, NJ) successfully
demonstrated an advanced bladder-lined composite hydrogen storage tank suitable for automotive
applications. The tank can store hydrogen at 5,000 psi, advancing the state-of-the-art for lightweight
compressed gas storage. In Phase II, the safety aspects of on-vehicle hydrogen storage in enclosed
garages will be evaluated.

Chrysler/Pentastar completed the second year of a 30-month contract to develop a PEM fuel cell
propulsion system using a design-to-cost approach. The Pentastar (Huntsville, AL) team includes
Chrysler Liberty (Madison Heights, MI) and an AlliedSignal team led by AlliedSignal Aerospace
Systems and Equipment (Torrance, CA) that also includes AlliedSignal Automotive (Southfield, MI) and
AlliedSignal Research and Technology (Morristown, NJ). During fiscal year 1996, a Prototype II
baseline PEM fuel cell stack design with a specific power and power density of 0.62 kW/kg and

0.62 kW/L, respectively, was developed by AlliedSignal. AlliedSignal also completed initial
development of lightweight carbon-coated metal and conductive plastic bipolar plates. Based on
AlliedSignal’s design-to-cost analysis for one million vehicles per year, this reduced the projected cost
for these PEM fuel cells by an order of magnitude to $73/kW and $50/kW, respectively (see Figure 22).
Pentastar also completed the final draft of a conceptual design report for a Chrysler LH sedan with a
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FIGURE 20
Ford’s Conceptual Design for a Ground Up
Zero-Emission Fuel Cell Vehicle
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50-kW (gross) PEM fuel cell stack as the primary power source and a battery-powered load-leveling unit
for acceleration and regenerative braking.

FISCAL YEAR 1996 ACCOMPLISHMENTS

¢ General Motors developed and demonstrated a uniform, continuous process for applying
“electrocatalysts to membranes, using a 0.0035-inch thick Nafion™ composite membrane with
improved performance and handling characteristics developed by DuPont for General Motors.

*  General Motors demonstrated stable performance of metallic bipolar plates with advanced corrosion-
resistant coatings that are expected to substantially increase the specific power and power density of
its PEM fuel cell.

* General Motors identified a water/gas shift catalyst with more than twice the activity of the best
previously known shift catalysts, offering the potential for a lighter-weight and more compact fuel
processing system.

*  General Motors/Delphi tested two state-of-the-art 30-kW Ballard fuel cell stacks and designed and
assembled a 50-kW catalytic combustor for its fuel processor system.

e  General Motors built and evaluated a complete, integrated 10-kW prototype fuel cell system
(including a methanol fuel processor, shift reactor, preferential oxidizer unit, stack, air compressor,
and system controls). ; *

» Ford tested fuel cell stacks from four suppliers in Phase I (performance targets: 10 kW, 0.25 mg

Pt/cm?, and 0.275 kW/kg) and selected two suppliers for Phase II (performance targets: 50 kW, 0.25
mg Pt/cm?, and 0.367 kW/kg).
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FIGURE 21
Phase | PEM Fuel Cell Stacks Developed for Ford by
Mechanical Technology, Inc., International Fuel Cells, and Energy Partners

Mechanical Technology, Inc.

International Fuel Cells Energy Partners
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FIGURE 22
Design-to-Cost Projections for AlliedSignal PEM Fuel Cell
Fabricated With Carbon-Coated or Conductive Plastic Bipolar Plates
{assumes production of one million units/yr)
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» Lawrence Livermore National Laboratory, EDO Fiber Science, and Aero Tec Laboratories developed
and fabricated prototype bladder-lined, composite tanks for on-board hydrogen storage under the
Ford Program.

» AlliedSignal developed a lightweight, compact Prototype II baseline PEM fuel cell stack design of
0.62 kW/L and 0.62 kW/kg at 0.7 mA/cm? and 0.5 V/cell.

» AlliedSignal developed innovative lightweight carbon-coated and titanium-nitrided bipolar plates,
and identified new canister/packaging and molded support plate materials, which are projected to
increase the power density and specific power of its PEM fuel cell stack to 0.91 kW/L and
0.78 kW/kg, respectively. :

» Pentastar completed fabrication of the load leveler controller and chopper regulator that will be used
for system-level testing of a 30-kW AlliedSignal PEM fuel cell stack in fiscal year 1997.

FUEL PROCESSORS AND STORAGE

TECHNOLOGY BACKGROUND

Fuel cells operate best on pure hydrogen. Using hydrogen stored on-board a fuel cell vehicle simplifies
the propulsion system design and increases system efficiency by not requiring fuel to be processed on-

" board the vehicle. Because hydrogen is normally a gas, a relatively large volume is required to contain -
enough energy to provide the same driving range as today’s automobiles. The two methods for storage of |
hydrogen on-board a vehicle that are receiving the most attention are compressed gas in storage tanks at -

~ high pressure and liquid hydrogen in insulated storage tanks at low.temperature and pressure. Other
storage methods based on metal hydrides, solid adsorbents, and glass microspheres have potential
advantages but are not as well developed. Studies have shown that hydrogen storage systems can be
engineered to be as safe as the fuel systems in current automobiles. Current compressed gas hydrogen
storage systems are too bulky for automotive applications, limiting vehicle range. Higher pressure
storage systems use expensive carbon fibers and composite tank liners. Less expensive materials and
fabrication processes as well as more compact storage systems are required. ‘
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On-board fuel processors need to be fuel flexible to use the existing conventional fuels infrastructure in
the near-term while preparing for the transition to alternative and renewable energy sources in the long-
term. In order for fuel cells to utilize fuels other than hydrogen, the fuel must be processed or reformed
to provide a hydrogen-rich gas mixture. Catalysts are used to facilitate the chemical reactions. The two
primary types of reformers being developed for transportation are steam reformers and partial-oxidation
(POX) reformers. Steam reformers have higher efficiency, but POX reformers are simpler. Impurities in
the reformate stream (primarily carbon monoxide) must be removed for the fuel cell to run effectively.
This can be achieved with water-gas shift reactors, preferential oxidation reactors, or hydrogen
separation membranes.

PROGRAM ACTIVITIES FIGURE 23
Arthur D. Little 50-kW Fuel Processor

Arthur D. Little, Inc. (ADL) of Cambridge, MA worked
on developing a fuel flexible POX fuel processor to
reform gasoline into hydrogen of sufficient purity for a
PEM fuel cell. The 12-month Phase III effort in fiscal
year 1996 builds upon the successful demonstration of
a compact, highly integrated 50-kW fuel processor
optimized for ethanol fuel in Phase II (see Figure 23).
The reformer technology can process a range of fuels
including gasoline, ethanol, methanol, and natural gas.

Argonne National Laboratory (ANL) has developed a
catalytic POX reformer for methanol that is very simple
in design, construction, and operation (see Figure 24).
The reformer operates at a very low temperature
(200°C) and involves no heat exchangers or fuel '
vaporizers, resulting in a start-up time under two minutes. It is controlled simply by varying the amounts
of fuel and air fed to the reformer, much like the fuel and air feed control in today’s fuel-injected cars.
This technology was transferred to industry during fiscal year 1996, although some additional
improvements are being sought in the laboratory. Some very promising results have been achieved in
converting hydrocarbon fuels (gasoline, diesel) to hydrogen in the ANL laboratory reformer, but at
higher temperatures and with catalysts that are different from the ones used for methanol.

LANL worked on the development of a preferential oxidizer system to reduce the carbon monoxide level
to below 10 ppm in the hydrogen-rich fuel stream leaving the fuel processor. This is essential since
carbon monoxide will poison the fuel cell catalyst and degrade the performance of the fuel cell stack over
time. The preferential oxidizer selectively converts the carbon monoxide to carbon dioxide without
oxidizing the hydrogen in the fuel stream. During fiscal year 1996, LANL designed and developed a
preferential oxidation system for integration with the ADL fuel flexible fuel processor.

FISCAL YEAR 1996 ACCOMPLISHMENTS

¢ ADL successfully completed testing of a 50-kW POX fuel processor with ethanol (85% efficiency
and 1% CO output), demonstrating fuel flexibility.

» ADL developed and initiated testing of a fuel flexible 40-kW POX fuel processor for gasoline (0.7
kW/L, 0.6 kW/kg).

« ANL developed a low-temperature, catalytic POX fuel processor for methanol (50% H, and 0.8% CO
without shift reactor, 0.4% CO with small shift reactor) that will reduce the start-up time of an
integrated fuel cell power system to less than 2 minutes. ANL completed the transfer of catalytic
methanol POX technology to General Motors.
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FIGURE 24 : * ANL identified catalysts to selectively oxidize the carbon and
The Argonne National Laboratory release the hydrogen in hydrocarbon fuels, producing more
10-kW Low-Temperature than 40% hydrogen at a temperature less than 500°C.
Partial-Oxidation Reformer
Under Laboratory Development * ANL developed a dynamic (transient) model for methanol

steam reformers. The model indicates that direct heat transfer
systems can deliver fast start-ups and superior response
compared to indirect heat transfer systems.

¢ LANL designed and developed a preferential oxidation system
for integration with the ADL fuel flexible fuel processor.

COMPONENTS
TECHNOLOGY BACKGROUND

This program element supports the development of technologies for
subsystems, components, and materials necessary to reduce costs,
improve performance, and increase the reliability of PEM fuel cell
power systems. The primary technical barriers are related to size
and weight reduction, manufacturing cost reduction, start-up and
transient response improvement, durability/reliability in automotive
applications, and fuel processing and storage. Research and
development to address these barriers is conducted by industry
teams under cost-shared contracts and by national laboratory and
university technical teams. Current and future areas of work that
will be supported under this program element will address the
development of lower-cost bipolar plates, better performing and
lower-cost membrane-electrode assemblies, improved CO-tolerant
fuel-cell catalysts, direct methanol fuel cells, and higher-efficiency compressor/expanders. Advances in
technology will also be sought with respect to improved, integrated fuel-flexible fuel processors and
carbon monoxide gas clean-up systems; improved shift reactor catalysts; and innovative concepts for fuel
processors.

PROGRAM ACTIVITIES

A competitive solicitation resulted in six cost-shared contracts being awarded in fiscal year 1996. These
contracts are described in this section. Three contracts were awarded to domestic fuel cell developers to
incorporate innovative designs and materials into small fuel cell stack prototypes and to advance the
state-of-the-art in PEM fuel cell technology. The three fuel cell contracts were awarded to Energy
Partners, Texas A&M University, and International Fuel Cells (IFC).

Energy Partners initiated an 18-month contract to advance PEM fuel cell technology in the areas of
reactant flow field geometry, membrane electrode assemblies, and fuel cell and stack design. The goals
for this program are to achieve a power density of 0.8 kW/L, a specific power of 0.8 kW/kg, and an
estimated large-scale manufacturing cost of $30/kW. Other members of the Energy Partners team are
Florida Atlantic University, Southwest Research Institute, PSI Technologies, and Texas A&M
University.

Texas A&M University began a 12-month contract to develop an advanced, near-ambient pressure PEM
fuel cell for transportation applications. Features of the fuel cell include ultra-low platinum loading
electrodes, advanced membranes, internally-humidified membrane electrode assemblies, and light, low-
cost bipolar plates.
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A 12-month Phase I contract was awarded to IFC, to develop membrane and catalyst technologies for
improving the performance and viability of direct methanol fuel cell technology for light-duty
transportation applications. Other members of the IFC research and development team include the
University of Connecticut, University of lowa, and University of Southern Mississippi. Technical targets
for the IFC direct methanol fuel cell are 310 W/L, 445 W/kg, and a manufacturing cost under $110/kW.
The technical tasks are directed at developing membrane technologies that will reduce methanol
crossover, anode catalysts with reduced polarization for oxidizing methanol, and cathode catalysts with
improved oxygen reduction activity and lower methanol adsorption. Phase I of the project will culminate
in the demonstration of selected advanced membrane technologies in single cells and the design of a

5 kW stack.

Three 15-month, Phase I contracts were awarded to develop three unique and innovative integrated
compressor/expander technologies for supplying pressurized air to the fuel cells with the objective of
improving the efficiency of the PEM stack system. An expander is required with all three compressor
concepts to recover energy in the pressurized exhaust gas stream and thereby improve the overall
efficiency of the system. In each contract, the developer is to design, fabricate, test, and deliver a
prototype compressor/expander for use in a 50-kW PEM fuel cell system. The size and weight targets
established by DOE for the compressor/expander are 4 liters and 3 kg, respectively.

AlliedSignal was selected to develop an advanced turbocompressor, ADL to develop an advanced scroll
compressor, and Vairex Corporation to develop an advanced multiple-piston device patented under the
name Variable Displacement Compressor Expander™.

The main advantages of the AlliedSignal turbocompressor are in the areas of size, weight, and efficiency.
Its biggest challenge is simultaneously maintaining fairly constant pressure ratio and high efficiency
during turndown when the air flow rate is reduced well below its maximum design flow. The ADL and
Vairex compressors are expected to meet the desired turndown characteristics, but will be challenged by
the size and weight targets. Design reviews were held during fiscal year 1996 on all three compressor
designs, and fabrication of hardware was initiated. The three systems are scheduled for delivery to DOE
in fiscal year 1997.

In addition to the contracts with industrial fuel cell component suppliers, programs are in place with
several of the national laboratories to address specific component and system related fuel cell technology
barriers. An ANL program focuses on modeling of fuel cell systems for vehicular applications. These
activities are in direct support of the major DOE programs at vehicle and fuel cell manufacturers (and
their suppliers), but address balance-of-plant components and system start-up, operational, and load-
following issues. In addition to the development of quick starting, low temperature, and highly
responsive fuel processors for converting methanol and other liquid fuels into hydrogen for use in PEM
fuel cells (see section on Fuel Processor and Storage Research and Development), ANL is developing
comprehensive systems models to analyze operating efficiencies of fuel cell propulsion systems as a
function of design and operating parameters (cell voltages, operating pressures, fuel utilization, and
component efficiencies) as well as operation at off-design power levels. Such analyses are useful in
identifying the key sensitivities, as well as quantifying the advantages and disadvantages of proposed
system modifications or of fuel cell or component improvements.

A program at LANL is seeking to improve the performance of PEM fuel cells operating on the hydrogen-
rich reformate from a fuel processor. The goals of the program are: (1) to enhance the tolerance of the
PEM fuel cell to impurities in the reformate, such as carbon monoxide, which poison the fuel cell
catalyst; (2) to develop low-cost lightweight bipolar plates; and (3) to develop novel schemes for
humidifying the air and fuel streams to the PEM fuel cell, which is essential to keep the PEM membrane
moist. During fiscal year 1996, stable performance of a PEM fuel cell was demonstrated for over 300
hours on a hydrogen-rich gas steam containing 100 ppm of carbon monoxide, an order of magnitude
higher than the generally accepted limit of 10 ppm. In the area of bipolar plate development, a




. ‘ T 2.0 Advanced Automotive Technologies R&D

microfiber/Kynar comp051te was identified as a promising material for the fabrication of thin, durable
low-cost, compression molded bipolar plates. : :

A second program at LANL is directed at the development of a PEM fuel cell that will operate directly
on methanol (see Figure 25). This has the potential of

significantly ‘improvin’g the specific power and the FIGURE 25
power density of an integrated PEM fuel cell power Laboratory-Scale Development of a Direct Methanol
system by eliminating the fuel processor and Fuel Cell at Los Alamos National Laboratory

associated ancillary equipment. During fiscal year
1996, methanol crossover from the fuel electrode to
the air electrode in the direct methanol fuel cell
(recognized as the key barrier to implementing the
technology) was reduced by a factor of four. More
than 500 hours of continuous operation of a direct
methanol fuel cell was achieved with short-term
demonstration of greater than 80% with a viable
alternative proton conducting membrane.

CO,
Sensor

Programs underway at Lawrence Berkeley National
Laboratory (LBNL) and Brookhaven National
Laboratory (BNL) are investigating technical barriers
within the membrane/electrode assembly that limit the
performance of the PEM fuel cell. During fiscal year o o Direct Methanol
1996, LBNL developed a new technique for electrode Fuel Cell
evaluation, discovered a platinum-rhenium alloy with

the lowest potential for CO oxidation ever reported,

and developed a new theory of oxygen reduction on small platinum catalyst particles. BNL utilized x-ray
absorption to increase understanding of PEM fuel cell catalyst activity and kinetics.

FISCAL YEAR 1996 ACCOMPLISHMENTS

» JFC has selected a set of baseline components, fabricated membrane electrode assemblies, and
characterized them as a standard for comparison with direct methanol fuel cell alternatives; IFC has
started producing and characterizing alternative membranes, as well as synthesizing new catalysts.

* ANL systems analysis demonstrated the sensitivity of overall system efficiency to the operating fuel
cell voltage and the efficiency of compressor/expanders and determined the feasible combinations of
fuel cell and battery size in light-duty hybrid vehicles.

¢ ANL completed characterization of novel cathode materials for ceramic fuel cells.

» The ANL battery test facility was modified to provide independent fuel cell testing capability;
specifications for fuel cell specific test hardware were developed.

e LANL successfully demonstrated stable performance of a PEM fuel cell operating for more than 300
hours with 100 ppm carbon monoxide in the hydrogen-rich fuel.

» LANL achieved continuous operation of a direct methanol fuel cell for 500 hours at 80°C.

¢ LBNL and BNL utilized innovative analytical techniques to evaluate PEM electrodes and increase
understanding of catalyst activity and kinetics.
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2.5 AUTOMOTIVE MATERIALS

INTRODUCTION

Timely availability of new materials and their manufacturing processes is critical for the development
and engineering of advanced light-duty vehicles. A primary need is for lighter weight materials with
sufficient strength and stiffness to replace conventional materials (i.c., mild steel) for body, chassis, and
powertrain applications. An equally important need is for materials with optimum performance at
operating conditions to enable advanced propulsion systems. The Office of Advanced Automotive
Technologies (OAAT) is addressing these needs by sponsoring development of materials and materials-
processing technologies, validating these technologies through representative component prototyping,
and developing adequate design data to ensure their beneficial application. The OAAT Advanced
Automotive Materials Program is working with the automotive industry, through the U.S. Automotive
Materials Partnership (USAMP), to facilitate the development, by 2004, of test-bed vehicles that are 40%
lighter than current conventional vehicles with comparable capabilities. The focus of this program
directly supports the Partnership for a New Generation of Vehicles (PNGV).

The OAAT Automotive Materials Technology Program focuses on two areas: (a) Lightweight Vehicle
Materials and (b) performance-enhancing Propulsion System Materials. The Advanced Automotive
Materials Program participants are listed in Table 12.

LIGHTWEIGHT BODY, CHASSIS, AND ENGINE MATERIALS

TECHNOLOGY BACKGROUND

Cost-effective processing and forming of lightweight material components will, in the near-term,
incrementally improve the fuel economy of current production vehicles, and in the long-term, enable
aggressive weight reductions needed by electric and hybrid electric vehicles. Research and development
activities for structural materials are required in three areas: (a) vehicle structure (chassis, body panels,
suspension systems, interior), (b) powertrain (engine blocks, motors, transmission housing, drivetrain),
and (c) supporting systems (glass, alternative fuel systems, tires). For all materials research, it is
important to address cost-effectiveness as well as recyclability, manufacturability, safety, and
performance. Candidate lightweight materials include high-strength steels; aluminum alloys; magnesium
alloys; titanium alloys; metal-matrix composites; polymers (reinforced, unreinforced, and self-
reinforcing); ceramics; and various forms of carbon materials.

PROGRAM ACTIVITIES

Methods of processing and manufacturing using advanced low-density metals and alloys were developed to
reduce component forming times, parts count, and production costs. Industry efforts were initiated to
investigate the optimization of conventional forming processes as well as the development of new extrusion
and warm forming processes for aluminum structural body components. In order to remove some of the
economic barriers to increased use of lightweight metals in high-volume automotive production, efforts
were initiated to develop low-cost continuous casting technologies for production of high-quality aluminum
sheet and to develop a non-heat treatable aluminum alloy sheet product.

Development programs were initiated for cost-effective, high-volume, net-shape processing for aluminum
and metal matrix composites. These include: (1) optimizing the design knowledge and ultimate product
capabilities for lightweight (aluminum and magnesium), high-strength cast components; (2) investigating
new low-cost powder metallurgy technologies for particle reinforced aluminum for producing wear resistant
components with improved fatigue properties; and (3) developing methods to increase die life for die cast
aluminum components. Figure 26 shows a cast aluminum control arm.
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TABLE 12
Advanced Automotive Materials
Fiscal Year 1996 Program Participants

Lightweight Vehicle Materials

US Automotive Materials Partnership (USAMP) Cooperative Agreement 50
Oak Ridge National Laboratory _ CRADA* 50
US Council for Automotive Research (USCAR)

Pacific Northwest National Laboratory CRADA 50
USCAR '

Sandia National Laboratories CRADA 50
USCAR -
Idaho National Engineering Laboratory " CRADA 50
USCAR

Ames Laboratory CRADA 50
USCAR

Los Alamos National Laboratory CRADA 50
USCAR

Lawrence Livermore National Laboratory CRADA 50
USCAR

Lawrence Berkeley National Laboratory Field Work Proposal

Oak Ridge National Laboratory Field Work Proposal

Argonne National Laboratory Field Work Proposal

Propulsion System Materials

AlliedSignal Engine Contract 30
AlliedSignal Ceramic Components
Kyocera Industrial Ceramics

Allison Engine Contract 20
Kyocera Industrial Ceramics

AlliedSignal Engines Contract 27
University of Dayton Research Institute ~ Contract 7
University of Michigan Contract 10
Oak Ridge National Laboratory Field Work Proposal

NASA-Lewis Field Work Proposal 0

*  CRADA = Cooperative Research and Development Agreement

The development of reliable joining processes for dissimilar materials (aluminum, steel, polymer matrix
composites) including laser welding, adhesive bonding, and mechanical fastening continued to be a focus
of development efforts. Non-destructive evaluation (NDE) techniques were developed to assess the
quality of cast components, fiber reinforced composites, joints, and installed parts.

Progress toward the development of polymer-matrix composites continued with the development of
enabling technologies such as standard test methods for industry-wide implementation. Tensile test
methods for adhesively bonded automotive composites subjected to ambient conditions were established.
Test method development was begun for assessing the long-term environmental durability of adhesives
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FIGURE 26 subjected to multiple environmental stressors
Cast Aluminum Control Arm and load histories. Modeling of water slurry
preforming was initiated, enabling the
prediction and tailoring of final preform
density and compaction. Figure 27 shows a
computational fluid dynamics model of this
process. The model was developed by Idaho
National Engineering Laboratory (INEL).

FISCAL YEAR 1996
ACCOMPLISHMENTS

e Achieved breakthrough in dimensionally-
accurate screen fabrication for slurry -
processing of fiber mattes for fiber
reinforced composites.

o Specified fiber matte preform process and
selected supplier to design and
manufacture preforming system,

e Assembled and upgraded commercial shearography system for full-field NDE of adhesive bonding.

o Established core project team and performance
requirements for powder metallurgy technology for
particle reinforced aluminum; selected suppliers for
powder consolidation technologies and raw
materials; and selected suppliers for optimized tools
and machining procedures.

FIGURE 27
INEL Computational Fiuid Dynamics Model of
“Slurry Process” for Fiberglass Preforming

e Developed industry-standard tests for durability of
polymer composites for structural applications;
completed tensile damage assessment; built -40°C
impact testing rig.

¢ Developed method for conducting Mode I fracture
tests for adhesive bonding for automotive
applications; initiated Mode II fracture test method
development; and initiated long-term creep tests.

e Delivered completed test data to AlliedSignal
Ceramic Components for fracture modeling of
adhesive joints, and completed model development.

e Determined key compositional and microstructural
factors governing non-heat treated aluminum sheet
development and established test matrix for alloys
and thermomechanical treatments.

o Developed standard product and process
specifications for cast light metals; identified
critical process and design parameters influencing
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microstructure and materials properties for components cast in metal molds; and established specific
light-metal structural casting design guide.

e Developed requirements definition for tools for rapid tooling for functional prototyping of metal
mold processes; developed standards for samples to be produced using rapid prototyping; and
established a system for sample testing.

¢ Developed technical comparison of aluminum sheet made by block continuous casting and
conventional direct casting procedures. :

e Initiated development of advanced forming technologies for aluminum automotive components and
applications. ‘

PROPULSION SYSTEM MATERIALS
TECHNOLOGY BACKGROUND

Materials for advanced powertrain systems contribute to the enhancement of vehicle propulsion system
performance as well as the reduction of the overall vehicle weight. Advancements in propulsion system
materials are needed in all powertrain components, including advanced heat engines (gas turbine;
compression-ignition, direct-injection; and Stirling) as well as the supporting electronics and accessories.
Structural ceramics are a key enabling technology for the success of gas turbine engines, which offer the
promise of 40% fuel efficiency in steady-state operation. Ceramics facilitate high gas temperatures and
hot-wall combustion, which are keys to achieving high efficiency and low emissions in gas turbines.
After a successful 10-year effort that developed processing techniques that greatly improved the
properties and reliability of ceramic materials, the program shifted its focus to reducing the cost of
ceramic components, a key barrier to their commercial introduction into conventional heat engines.
Research and development activities are ongoing in the technical areas of advanced ceramic
manufacturing and cost-effective ceramics. These activities focus on: synthesis and processing; coating
and joining; alternative forming and densification processes; NDE; mechanical property testing; and
component verification and life prediction.

PROGRAM ACTIVITIES

Work continued on the ceramic component manufacturing scale-up by AlliedSignal Ceramic Components
and Kyocera Industrial Ceramics. The fiscal year 1996 program goals for overall process yields of 50% at
both suppliers were exceeded. Researchers at Oak Ridge National Laboratory (ORNL) worked in
collaboration with ceramic suppliers to facilitate the scale-up and commercialization of the gelcasting
process for low-cost fabrication of complex ceramic gas turbine components (see Figure 28). Gelcasting is
a new forming process being commercialized by AlliedSignal Ceramic Components. AlliedSignal and
ORNL won an IR-100 award for this process.

AlliedSignal Ceramic Components continued to obtain design data for its in situ toughened silicon nitride
ceramic (AS800), including critical mechanical properties such as fracture toughness, slow crack growth
rates, creep rates, Weibull modulus, and thermal conductivity. The material is intended for heat engine
applications with a maximum use temperature of 1,400°C (2,550°F). The University of Michigan continued
work to optimize silicon nitride ceramic properties for use at high temperatures through modifications of
the grain boundary phase and microstructure.

Researchers from AlliedSignal Engines continued to develop the methodologies required to adequately
predict the useful life of in situ toughened silicon nitride components in advanced heat engines. Additional
research was begun to develop baseline information on the tensile stress-rupture and time-dependent creep
behavior, and tensile and cyclic fatigue behavior of structural ceramics at room and elevated temperatures.
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FIGURE 28
ORNL Researchers Demonstrate the Gelcasting Process for
Molding a Gas Turbine Rotor

Efforts continued at ORNL to develop protective coatings to increase the durability of silicon nitride
materials in hostile combustion environments (e.g., hot corrosion and active oxidation in salt
environments).

FISCAL YEAR 1996 ACCOMPLISHMENTS

¢ Demonstrated that gelcasting has better uniformity (for increased Weibull modulus) and higher
process yields than slip casting (4X better uniformity and 2X better process yield).

¢ Improved the mechanical properties of in-situ toughened silicon nitride to a level acceptable to
engine manufacturers.

o Life prediction methodology for in-situ toughened silicon nitride was developed to the point that
accurate results can be achieved for most fracture modes involving fast fracture.

¢ Demonstrated that initial chemical vapor deposition mullite coatings exhibited hot corrosion
resistance in laboratory tests and in burner rig tests at AlliedSignal Engines.

e Developed test methodology for measuring tensile creep on small specimens cut from buttonhead
tensile specimens.

o Developed an ultrasonic NDE technique that appears promising for detecting and quantifying the
cumulative number of defects in the 20-200nm range in simple-shaped silicon nitride specimens.

¢ Constructed a system for measuring high-frequency, cyclic fatigue of structural ceramics at
frequencies of concern for gas turbines (up to 4 kHz).

e Published a compendium of data providing high-temperature flexural, tensile, and fatigue strength
behavior of silicon carbide and silicon nitride ceramics.

S
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o Completed finite element analysis of a silicon nitride turbine rotor-to-metal shaft joint.

e Completed and reported simulations of four-point bend creep behavior of silicon nitride based on a
viscoplastic creep model.

¢ Investigated Raman spectroscopy as a method for measuring residual surface stress in structural
ceramics.

2.6 ALTERNATIVE FUELS

INTRODUCTION

The objective of the Alternative Fuels Program is to contribute to the reduction of the Nation’s oil
consumption, as well as environmental emissions, through increased use of high-performance, safe, and
economical transportation vehicles that use alternative fuels. These fuels are derived either from
renewable resources or from fossil fuels such as natural gas. Increased use of alternative fuels will
require the establishment of viable vehicle production industries and extensive private sector investment
in supporting infrastructure. Commercial markets will be viable when consumers have confidence in the
performance, reliability, cost-effectiveness, and other characteristics of these vehicles. The Program
works in partnership with engine manufacturers, automobile producers, research institutions, and fuel
providers. The fuel spectrum includes natural gas, ethanol, methanol, propane, hydrogen, and dimethyl
ether. Table 13 is a list of the Office of Advanced Automotive Technologies (OAAT) Alternative Fuels
Program Participants for fiscal year 1996.

LIGHT-DUTY VEHICLE ALTERNATIVE FUELS
TECHNOLOGY BACKGROUND

The Department of Energy (DOE) has been developing alternative fuel technology in partnership with
industry for over 20 years. The alternative fuels and vehicles are at many different stages of
development. Many alternative fuel vehicles (AFVs) have been commercialized, but they are not yet
fully competitive with gasoline vehicles.

Each alternative fuel presents its own technical challenges to be addressed through research and
development. For each fuel, the major goal is to develop AFVs having approximately the same ccst,
range, performance, and acceptance as gasoline vehicles. Considerably more work will be required in
future years to reach this goal.

The most immediate barriers for compressed natural gas (CNG) vehicles are high cost and limited range.
One technical objective is to develop materials and manufacturing techniques that will reduce the cost of
CNG on-board storage cylinders. The current incremental cost of CNG vehicles ranges from $4,000 to
$5,000, with the cylinders accounting for a large percentage of the cost increment. Another objective is
to develop and test integrated CNG fuel systems that will meet range, durability, and reliability
requirements. Current dedicated CNG vehicles have a driving range between 75 and 150 miles.

Ethanol and methanol present challenges that include the need to improve cold-start performance and to
improve vehicle efficiencies for neat (100%) alcohol. Current vehicles exhibit reduced starting ability
during the winter in cold climates on alcohol blends and for neat alcohol in all climates. The objective is
to develop proven -30°C cold-start capability for alcohol vehicles. Current alcohol automotive engines
have a potential for increased efficiency levels. The objective is to improve neat alcohol vehicle
efficiencies by as much as 15%.
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TABLE 13
Alternative Fuels
Fiscal Year 1996 Program Participants

Compressed Natural Gas

Johns Hopkins University Contract , 40
Ethanol

Southwest Research Institute Contract 20
Colorado School of Mines Contract 0

A.D. Little, Inc. Contract 25 (In-kind)
University of Tennessee Contract 0
Nexum Research Corporation Contract 0
National Renewable Energy Laboratory (NREL) Field Work Proposal 20

Liquefied Petroleum Gas

Impco Technologies, Inc. Contract 50
Thiokol Corporation Contract 20 (In-kind)
Hydrogen

University of Miami Contract 0

General Alternative Fuels Technology

University or College Contract 0

Southwest Research Institute Contract 0

The current goal for liquefied petroleum gas (LPG, or propane) vehicles includes increasing fuel system
integrity. LPG fuel systems for storage, delivery, and injection exhibit less durability than gasoline fuel
systems because of their relatively early stage of development. The objective is to bring the fuel system
components to competitive levels for durability and reliability, with increased efficiency.

PROGRAM ACTIVITIES
Compressed Natural Gas
Advanced Natural Gas Vehicle

The Johns Hopkins University is conducting a project to develop, test, and evaluate a natural gas
compact sedan addressing the combined issues of operating range (over 300 miles), exhaust emissions,
performance, useable trunk space, and safety in a collision. A 300-plus mile range compact vehicle has
been demonstrated in the project, and future work is anticipated for an Integrated Storage System (ISS)
as a joint effort between Lincoln Composites and the Applied Physics Laboratory at Johns Hopkins
University. The ISS design will be generic with respect to light- to medium-duty vehicles and will be
integrated into a Chrysler Corp. Breeze mid-size sedan next year. Figures 29 and 30 show the design of
the ISS and the changes to be made to the vehicle.
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FIGURE 29 Ethanol
integrated Storage System CAD Assembly View

Development of a Dedicated
Ethanol Ultra-Low-Emission
Housing shell (upper) Vehicle

Southwest Research Institute (SwWRI) is
conducting a project to develop a
commercially competitive vehicle
e oty "¢ system, powered by ethanol, which will
meet the California ultra-low-emission
vehicle (ULEV) standards and
equivalent corporate average fuel
economy (CAFE) energy-efficiency
-standards for light-duty passenger car
application. The design and components
on an original equipment manufacturer’s
(OEM) flexible fuel vehicle are being
: modified to take full advantage of
ethanol!’s fuel properties. The vehicle modifications include changes to the engine, fuel injection, fuel
transfer and storage, engine controller, exhaust, and catalyst system. After integration of the new
components and systems, the vehicle was thoroughly tested and evaluated for emissions, performance,
durability, and safety. SWRI completed engine calibration and installed the dedicated E85 engine in the
vehicle. SwRI has demonstrated excellent emission potential of the engine on its engine test cell and will
verify the test cell emission results with complete vehicle Federal Test Procedure (FTP) testing. SwRI
showed emissions performance to be nearly an order of magnitude below the ULEV standard by using
Variable Conductance Insulation Catalyst technology developed by the National Renewable Energy
Laboratory (NREL). The Ford ULEV ethanol vehicle platform is shown in Figure 31.

Pressure ceit (3)

Energy absorption
foam

Housing shell (lowsr)

FIGURE 30
Advanced Natural Gas Vehicle Design
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FIGURE 31
Ford ULEV Ethanol Vehicle Platform

Generation of Ethyl Ether in an Ethanol Vehicle System for Cold-Start Assistance

The Colorado School of Mines is conducting a project to develop a simplified ethanol dehydration
process to generate ethyl ether in an on-board vehicle system to provide cold-start capability when near
neat ethanol fuel is used. Ethyl ether has historically been used as a primer for starting gasoline engines.

To avoid a two-fuel distribution system, new technology is needed to process ethanol onboard the vehicle
to generate ethyl ether. The process will use heat and power available on the vehicle after it is warmed
up and generate sufficient ether to provide cold-starts as needed. Catalytic conversion of alcohols for
automotive applications has been an area of specialty for the Colorado School of Mines Department of
Chemistry. Several catalyst systems have been screened for this project. Effects of side reactions and
contaminants on the catalytic reactions have also been reviewed. Ethyl ether conversion has been shown
to be a function of catalyst acid strength. A superior acid catalyst was demonstrated with high
conversion efficiency and selectivity. It will also perform well under a wide temperature range.

Partial-Oxidation for Improved Cold-Start in Alcohol Fueled Engines

Arthur D. Little, Inc. (ADL) is conducting a project to develop neat alcohol, partial oxidation (POX),
reforming technology -- with the specific purpose of developing a compact, on-vehicle, ethanol POX
reactor as a fuel system component to increase an alcohol engine’s low-temperature starting ability while
reducing emissions. ADL demonstrated the feasibility of the POX technology to cold-start a neat ethanol
fueled vehicle, and then designed, fabricated, and demonstrated an integrated POX system for automotive
application. The project is split into two phases: verification and demonstration. ADL has demonstrated
rapid engine start (less than 5 seconds) with simulated POX products. Based on these preliminary
experiments, a simple and compact prototype POX reactor has been designed and fabricated as shown in
Figure 32.

U
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FIGURE 32 Investigation and Demonstration of a
ADL Compact Prototype Rich Combustor Cold-Start Device for
Partial-Oxidation Reactor Alcohol Fueled Engines

The University of Tennessee is conducting a
project to design and develop a rich combustor
system for neat alcohol engines and to
demonstrate the system on a vehicle. The
purpose of the rich combustor is to increase
the cold-start ability of a spark-ignited engine
on alcohol fuels while reducing cold-start
emissions. The University of Tennessee used
a basic design for the rich combustor apparatus
and performed initial proof-of-concept testing.
The project includes the following five tasks:
(1) modeling, (2) prototype design and
fabrication, (3) prototype testing and
evaluation, (4) vehicle interface and testing,
and (5) emission testing. The first three tasks
mvolved both methanol and ethanol; tasks 4
and 5 will be done for ethanol only. The
University of Tennessee has installed the
prototype combustor on the engine and has completed a series of ambient temperature tests to establish
various test parameters. Low-temperature testing has also been completed.

Fabrication and Testing of an Enhanced Ignition System to Reduce Cold-Start Emissions
in an Ethanol (E85) Light-Duty Truck Engine

Nexum Research Corporation, Thermotech Engineering Division is conducting a project to develop and
test an enhanced ignition system that will reduce start-up emissions of high ethanol content (E85) fueled
vehicles. The specific goal of the project is for an E85 vehicle with an enhanced ignition system to meet
or approach ULEV emissions levels without using a large amount of ignition energy. Also, the enhanced
ignition system will demonstrate if the cost is competitive with an electrically heated catalyst system.
Initial steady-state testing was performed to determine the relationship between engine-out emissions and
calibration parameters such as air/fuel ratio, spark timing, and ignition system discharge. Thermotech
has completed build-up of the 4-cylinder test engine. Cold-start steady-state testing of the enhanced
ignition system has been completed with E85. For comparison, additional testing of the ignition system
was completed with neat ethanol and gasoline.

Integration of Ethanol Vehicle Technologies

NREL is conducting a project to apply engine modeling and simulation as a tool for evaluating
performance of several cold-start technologies for alcohol fuels. The engine and combustion processes
can be represented with available engine simulation software packages. For validation purposes, the
simulation models will be compared with data developed in laboratory projects. The investment in
engine modeling will reduce the need for numerous and costly hardware modifications to experimental
vehicles, while providing a powerful and effective design tool.

Liquefied Petroleum Gas
Development of a Dedicated LPG Ultra-Low-Emission Vehicle

Impco Technologies, Inc. is conducting a project to develop a commercially competitive vehicle system
powered by LPG that will meet the ULEV standards and equivalent CAFE energy-efficiency standard for
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a light-duty passenger car application. Impco has completed and installed the LPG fuel delivery system
on the vehicle. This system includes the multi-point fuel-injection rail, the dual air/mass sensors, and a
newly designed regulator. Impco is also developing its own electronic control module (ECM) to replace
that of the OEM and has redesigned the inlet manifold to enhance even fuel distribution. Impco is
currently driving the vehicle to test and verify the engine calibrations made in the test cell. An improved
calibration system for the prototype injectors resulted in much better fuel control performance. The
installation of close coupled catalyst has proved to be very effective in reducing cold-start emissions.
Impco has performed FTP emissions tests on the vehicle, and ULEV levels have been met. The Chrysler
platform for the ULEV LPG vehicle is shown in Figure 33.

FIGURE 33
Chrysler ULEV LPG Vehicle Platform

Low-Cost Conformable Storage to Maximize Vehicle Range

Thiokol Corporation is conducting a project to develop propane tank technology that will increase LPG
vehicle range while reducing initial cost. The tank technology will be a low-cost, injection-molded,
conformable (non-cylindrical) storage system. For this project, Thiokol investigated the use of low-cost,
injection-molded thermo-plastic materials for gaseous fuel storage. The project includes system design,
fabrication of subscale tanks, experimental testing, and demonstration. Thiokol has finalized the
prototype tank design with Hettinga, an expert in injection molding of thermoplastics. The molds have
been completed and initial prototype tanks were produced. Thiokol performed initial burst tests to
evaluate the tank design. The initial tanks met 50% of the design test strength. Thiokol is investigating
material and processing changes that will improve these results. Thiokol is also working with Chrysler
Canada to supply the aluminum version of the conformable LPG tank for Chrysler’s 1996 van project.
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Hydrogen

Elimination of Abnormal Combustion in a Hydrogen-Fueled Engine Technology
Demonstration

The University of Miami conducted a project to determine whether a dedicated hydrogen-fueled engine
can operate efficiently under a heavy load for normal driving conditions and still emit low oxides of
nitrogen (NOX). An engine was constructed to suit the combustion properties of hydrogen. The design
required the machining of a three-valve, two-spark plug aluminum billet cylinder head that incorporated
machined cooling passages to eliminate film boiling. The engine was tested successfully under both light
and heavy loads.

General Alternative Fuels Technologies
Fundamental and Applied Alternative Transportation Fuel Research

NREL issued a Letter of Interest Solicitation to universities and colleges for Fundamental and Applied.
Alternative Transportation Fuel Research. At least one award is anticipated for research related to
alternative fuel utilization in light-duty vehicles. The work will either provide fundamental scientific -
data or develop applied technology.

Maintenance and Operation of the DOE Alternative Fuels Center

SwRI is conducting a project to maintain and operate the DOE Alternative Fuels Center as a national
resource that provides test fuels for research. ‘Operation of the DOE facility includes maintaining
equipment, controls, structures, storage vessels, and instruments.

Oxygen-Enrichment Studies of Alternative Fuel Vehicles

Argonne National Laboratory conducted a project to examine the potential merits of enriching
combustion air with oxygen to reduce carbon monoxide (CO), hydrocarbons (HC), air toxics, and
aldehyde emissions, particularly during the first 30-60 seconds of the cold-start in a methanol flexible
fuel vehicle. The test results indicate that CO, HC, and air toxic emissions were considerably reduced,
especially during the cold-phase of the FTP cycle at 23% and 25% oxygen-enrichment levels with
indolene as a fuel. '

FISCAL YEAR 1996 ACCOMPLISHMENTS

* A CNG vehicle was demonstrated with a 300-mile range and with power and emissions performance
comparable to conventional vehicles.

e A dedicated ethanol vehicle was developed and demonstrated to achieve emissions performance
nearly an order of magnitude below the ULEYV standard, using technology developed at NREL.

* A novel catalyst was developed to convert ethanol to ether onboard a vehicle to achieve low-
temperature vehicle-start capability.

1

» A partial oxidator reactor was demonstrated to provide vehicle start with neat ethanol at low
temperature.

» A prototype rich combustor was demonstrated as a technique to achieve low-temperature vehicle
starts with neat methanol fuels.
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* An enhanced ignition system designed to reduced cold-start emissions from alcohol vehicles was
developed and demonstrated.

e A dedicated LPG vehicle was developed, with substantial cost sharing from industry, achieving
ULEYV emission performance.

e A prototype injection molded LPG tank was developed and tested to provide conformable storage on
a vehicle.

e A new engine design was demonstrated to improve and control combustion stability of hydrogen.

¢ Oxygen enrichment was demonstrated as a technique to reduce hydrocarbon and carbon monoxide
emissions in a methanol vehicle.




3.0 INTERNATIONAL UPDATE

The issues that challenge the U.S. to aggressively pursue advances in automotive technologies also
confront all other major developed countries. The automotive industries in many of these countries now
have research and development programs on advanced heat engines, hybrid and electric vehicles, fuel
cells, and alternative fuel vehicles. In many of these programs, the activities parallel those of the U.S. In
some areas, however, the focus is somewhat different due to the differences in geography, demographics,
environmental conditions, and access to fuel resources, as well as historical, cultural, and political
factors. This section provides an overview of foreign automotive research and development activities.

Just as the U.S. has established joint programs between government and industry, the countries of the
European Union support the European Council for Automotive Research and Development (EUCAR), an
industry-led cooperative research and development effort. Japan’s Ministry of International Trade and
Industry (MITI) also supports the automotive industry in an effort to further automotive technology in
that country.

Improving fuel economy and reducing emissions are the major challenges facing the automotive industry
around the world. For example, the German government has proposed a requirement for a 25% decrease
in carbon dioxide emissions from all energy consuming sectors by 2005, compared with the figures in
1990. The German Automobile Association has agreed on.a goal of a 25% decrease in specific fuel
consumption for new vehicles, during the same time frame. A more recent proposal in Europe calls for a
fuel consumption reduction of 15% between 1995 and 2005, comparable to the German proposal.
Discussions in Europe on a “3 1tr/100 km vehicle,” a target that is comparable to the 80-mpg fuel
economy goal of the U.S. Partnership for a New Generation of Vehicles initiative, is finding considerable
interest in the press and with the public.

Many countries have proposed increasingly more stringent emission regulations for the future, which are
similar to those in the U.S. However, these emissions regulations cannot be directly compared to those in
the U.S. because of differences in driving cycles and test procedures. Exhaust emission regulations in
Europe, for instance, take into account that proven technologies for oxides of nitrogen aftertreatment for
lean-burn combustion systems do not currently exist. Therefore, the 1996 emission limits for oxides of
nitrogen are less stringent for diesel cars than for gasoline cars.

The average percentage of diesel cars in new car sales in Europe has been steadily increasing since 1989,
and a further increase is expected from 22.7% in 1994 to 30% in 2004. In Japan, diesel engines are a
popular option for sport utility vehicles. The popularity of diesel powered light-duty vehicles in Europe
and Japan is primarily due to a significant difference in fuel prices between gasoline and diesel fuels. If
one considers both the higher cost of gasoline compared to diesel fuel, and the improved fuel economy of
a diesel passenger car, the consumer can realize a significant operational cost savings with diesel-fueled
light-duty vehicles.

HYBRID ELECTRIC VEHICLES AND COMPONENTS

Toyota introduced the “Prius” hybrid electric vehicle in 1995. This parallel concept hybrid vehicle is a
five-passenger sedan that employs a direct-injection 1.5 liter engine, a continuously variable
transmission, lead-acid batteries, an induction motor/generator, and regenerative breaking. The prototype
vehicle utilized ultracapacitor energy storage. The fuel economy for this 3,200 b vehicle has been
reported to be in the 54 to 68 mpg range.

Mitsubishi is currently field-testing prototype hybrid electric vehicles with two fuel types: gasoline and
compressed natural gas (CNG). The gasoline-fueled vehicle has 28 prototype lead-acid batteries; the
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CNG-fueled vehicle has 30 prototype lithium-ion advanced batteries. The auxiliary power unit/generator
is based on a Mitsubishi 1.5L passenger car engine that has been optimized for efficiency and low
emissions. Emissions tests have been performed for both vehicle types. The CNG-fueled version has
demonstrated exhaust emission levels below the California Air Resources Board proposed equivalent-
zero-emission vehicle (EZEV) standards. The gasoline-fueled version has demonstrated emissions close
to the proposed EZEV standards.

Component technology is being conducted in Europe and Japan on high-power batteries, ultracapacitors,
flywheels, power electronics, and electric machines. Japan appears to lead the market in power N
electronics, but both Europe and Japan are following the U.S. lead in high-power battery technology.

ADVANCED HEAT ENGINES

A four-year European Advanced Gas Turbine for Automobiles Program (AGATA) was initiated in
January 1993 to develop three critical components for a 60 kW turbogenerator for a hybrid electric
vehicle. The three ceramic components are a catalytic combustor, a radial turbine wheel, and a static -~
heat exchanger. During the third year of the program, the design of the three critical components has
been finalized, and experimental verification of the components has begun. An active catalytic material
has been chosen and a full-scale catalytic combustor using a ceramic honeycomb substrate is being
manufactured. Ceramic dummy turbine wheels have been manufactured from silicon nitride based
materials that show very good mechanical properties. A complete quarter-scale ceramic matrix heat
exchanger that is very resistant to transient thermal stress is also being manufactured.

In Japan, MITI has undertaken a ceramic gas turbine program as a national project. A 100 kW
automotive ceramic gas turbine project was started in fiscal year 1990. Research and development is
being conducted in the areas of advanced catalytic combustors for low oxides of nitrogen emissions, heat
resistant lubricants, and ceramic materials for engine components. The goal is to achieve 40% thermal
efficiency at a 1,350°C (2,462°F) turbine inlet temperature. Ceramic components have passed reliability
and durability tests at 1,200°C (2,192°F) turbine inlet temperatures, and preliminary runs have been made
at 1,300°C (2,372°F). Thermal efficiencies of 31.3% have been demonstrated at 1,170°C (2,138°F)
turbine inlet temperature. Further development will be required before the target goal of 40% thermal
efficiency at 1,300°C (2,372°F) turbine inlet temperature is met in a proven durable and reliable engine.

Direct-injection spark-ignition engines have been investigated for many years but have only recently
shown promise as a next generation gasoline engine technology. Charge cooling with direct injection has
been shown to improve volumetric efficiency and to reduce the mixture temperature at the time of
ignition, allowing for operation with a higher compression ratio that improves the thermodynamic cycle
efficiency. This technology promises 2%-3% improvement in volumetric efficiency at wide open
throttle, 5%-10% increased power output, and 4%-5% improvement in part load fuel consumption when
compared to a conventional gasoline engine calibrated for stoichiometric operation. A further gain of
6%-7% in fuel consumption is possible with lean combustion. All of the major automobile companies
currently have development programs on direct-injection spark-ignition engines. Toyota Motor
Corporation has reported that a newly developed four-stroke direct-injection engine will be installed in a
compact or subcompact production car in the near future. However, it appears that much more research
and development on emission control will be required before this type of engine will find widespread
commercialization in automobiles.

Ongoing research and development programs are being conducted on a variety of variable valve timing
and valve lift control strategies for improving engine performance, fuel economy, and emissions control.
Examples of variable valve timing and lift control strategies that are being employed in production
engines include Mazda’s Miller cycle engine and Honda’s lean-burn combustion system known as
VTEC-E (variable valve timing and lift electronic control). In the Miller cycle engine, intake valve
closing is delayed to reduce the effective compression ratio while keeping the expansion ratio high for
improved fuel economy and engine performance. The variable valve timing and valve lift control in the
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VTEC-E engine accomplishes variable swirl control in the engine cylinder and allows for lean-burn
combustion and improved fuel economy when compared to conventional engines. :

Significant research and development is being done on direct injection diesel engines for light-duty
vehicle applications, especially in Europe where the popularity of diesel powered passenger cars is
increasing. Direct-injection diesel engines have about a 15% advantage in thermal efficiency when
compared to the commonly used indirect-injection diesels. The long-term future of direct-injection diesel
engines and lean-burn direct-injection gasoline engines appears to be dependent on the emergence of an
efficient, reliable, and durable lean/NOx catalyst system for the control of oxides of nitrogen (NOx) to
levels commensurate with future emission regulations. Passenger cars with direct-injection diesel
engines have already been introduced into European markets.

ELECTRIC VEHICLES AND BATTERIES

The incentive to pursue electric vehicles in each country depends on the severity of the prevalent
environmental conditions and the sources of electricity. Countries that are actively encouraging the use
of electric vehicles include France, where electricity is generated largely by nuclear power plants, and in
Sweden, where there is ample hydroelectric capacity, since the power required for battery recharging
does not contribute to air pollution. Japan and many other countries also have strong interest in electric
vehicles, due to traffic congestion and pollution in populated areas, typically shorter driving distances,
the predominance of smaller vehicles, and the relatively high cost of gasoline (relative to the U.S.).

Many of the major automobile companies of Europe have development programs on electric vehicles. In
countries such as France and Italy, where small vehicles and short ranges are commonplace in large
cities, electric vehicles have been tested extensively. The Italian Agency for New Technology, Energy
and the Environment has been conducting research and development activities in the transportation sector
in order to improve energy savings and reduce env1ronmental impacts.

Honda and Toyota have developed electric vehicles with nickel/metal hydride batteries and are planning
market testing in the U.S. and fleet testing in Japan. Two Korean automakers have developed prototype
electric vehicles as a part of their research and development programs. The number of electric vehicles
in Japan rose from 1,541 in March 1993 to 1,946 in March 1994. However, various technical
developments and improvements in drive units, batteries, and charging system performance wxll be
necessary before electric vehicles will see widespread use in Japan.

Pilot manufacturing of a high-energy sodium/metal-chloride ZEBRA (Zero Emission Battery Research
Activity) battery, developed by AEG and the Anglo American Corporation, was started last year in Ulm,
Germany. The ZEBRA battery is reported to have a storage capacity four times higher than lead-acid
batteries of the same mass. Last year, a ZEBRA equipped Mercedes Benz electric vehicle completed a
three-year 100,000 km endurance trial that included 1,100 charging and discharging cycles.

Other European battery development work is being conducted by Varta (nickel-metal hydride and
lithium-ion), SAFT (nickel-cadmium, nickel-metal hydride, and lithium-ion), and DAUG (nickel-
cadmium and nickel-metal hydride). The German Postal Service is engaged in a pilot project utilizing
zinc-air batteries provided by Electric Fuel Co. of Jerusalem. This type of battery is - mechanically
rechargeable, in that an entire battery is removed from the vehicle and replaced with a battery that has
been electrochemically reprocessed.

FUEL CELL SYSTEMS

Toyota has built a fuel cell powered, mini sport utility electric vehicle. The fuel cell is a compact unit
operating on hydrogen, which is stored at moderate pressure and temperature in a powdered titanium
alloy. The vehicle can be refueled in about 20 minutes, and Toyota claims an energy conversion
efficiency of approximately 60%.

Advanced Automotive Technologies - FY 1996 75




fl United States Department of Energy

Matsushita Electric Works of Japan is currently using fuel cells manufactured by Ballard Power Systems
of Vancouver, British Columbia in the development of portable power systems. Ballard fuel cells are
also being used in the development of vehicles and stationary power plants by companies such as
Daimler-Benz, General Motors, Hitachi, Honda, Volkswagen, and Volvo.

In April 1996, Daimler-Benz debuted a fuel cell powered six-passenger van known as NECAR II. The
fuel is gaseous hydrogen and is stored at high pressure in roof-mounted tanks made from carbon-fiber
reinforced plastic. The vehicle can reach speeds up to 100 km per hour and can travel up to 250 km
without refueling.

AUTOMOTIVE MATERIALS

Advanced materials development is occurring in the automotive industry throughout the world in the
development of new automotive products. Since 1979, the International Energy Agency has been
implementing research projects to evaluate ceramic materials. Countries participating in the program
include Belgium, Germany, Great Britain, Japan, Switzerland, Sweden, and the U.S. Both Japan and
Europe have programs aimed at advanced materials development similar to that in the U.S., including
work in lightweight materials (aluminum, magnesium, and plastics), as well as high-temperature
ceramics. As a part of this effort, the National Research Council Chemistry Committee in Italy is
sponsoring a feasibility study on Special Materials for Advanced Technologies. Both the European and
Japanese automotive gas turbine projects contain significant advanced materials development
components.

ALTERNATIVE FUELS

The type of alternative fuel favored in each country depends on the situation in that particular country.
Dimethyl ether (DME) is of great interest in Europe because of the high use of diesel engines in light-
duty vehicles. Sweden has a high interest in ethanol because of the lack of a resource base for other
fuels. Countries such as Italy and New Zealand have a high interest in natural gas because of the
availability of domestic natural gas resources. The interest in natural gas is high in many countries, but
the cost of vehicle conversions and refueling infrastructure appears to be a significant deterrent.

The Canadian Government has long been a proponent of propane as a fuel for vehicles in its country, and
considerable technology transfer has occurred between Canada and the U.S. The U.S. Department of
Energy (DOE), Natural Resources Canada, and Chrysler Canada jointly sponsored the 1996 Propane
Vehicle Challenge in Windsor, Canada to demonstrate that the performance of propane vehicles
compared favorably to gasoline counterparts. During the competition, university teams achieved
improved emissions and fuel economy and superior acceleration over the stock gasoline-powered vehicle.

BMW is now selling two CNG/gasoline bi-fuel passenger cars in Germany. These cars have “seamless
switching” from natural gas to gasoline while the car is in operation. Although fuel consumption is
similar to that of an equivalent gasoline powered car, significantly less carbon dioxide and hydrocarbons
are emitted when operating on natural gas. Liquefied natural gas is seen as the next step after CNG,
before the advent of hydrogen powered cars. BMW also has almost 20 years of experience with research
and development of hydrogen powered cars, and road prototypes using modified gasoline engines, which
have demonstrated the efficacy of hydrogen as a fuel and the low emissions potential of hydrogen
powered cars.

The rotary Wankel type engine is being investigated by Mazda and others as a hydrogen fueled engine.
The rotary engine tends to minimize most of the combustion difficulties associated with hydrogen fuel
such as pre-ignition due to hot exhaust valves, hot spark plug electrodes, and combustion chamber
deposits. In addition, very low levels of NOx emissions can be achieved with a hydrogen fueled rotary
engine.
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DRIVETRAIN COMPONENTS

As with domestic automobile manufacturers, foreign manufacturers are improving fuel economy through
a combination of engine and powertrain efficiency gains along with weight reduction, aerodynamic
improvements, and a reduction in tire rolling resistance. Audi AG will soon introduce the world’s first
5-speed automatic transaxle next year in a front-wheel drive vehicle. Renault is now offering a
clutch-free manual transmission in a compact car in which the driver simply moves the lever, with no
need to depress a clutch pedal.

Subaru, Nissan, and Honda are currently offering passenger cars and commercial vehicles in Japan
employing continuously variable transmissions. Honda and Mitsubishi have developed direct yaw
control systems that split and vary the driving torque unequally between the left and right wheels when
cornering. The purpose of these systems is to improve vehicle stability during cornering. These systems
are to be introduced into production in the near future in Japanese sport utility and high-performance
vehicles. :
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4.0 CONCLUSION

Considerable progress was made in fiscal year 1996 toward meeting the long-term goals of the Office of
Advanced Automotive Technologies (OAAT). This report provides an overview of the technical and
programmatic objectives, challenges, and accomplishments in each of the areas of OAAT responsibility,
as summarized below.

NATIONAL NEEDS

The importance of the stated mission stems from the major challenges facing the U.S. in meeting the
ever-increasing demand for transportation goods and services while striving to minimize adverse energy,
environmental, and economic impacts. Over 97% of the fuel consumed by the U.S. transportation sector
involves petroleum-based fuels, and this use accounts for two-thirds of the Nation’s total oil
consumption. Vehicle fuel efficiencies have shown steady improvement since the 1970s, but increases in
population and per capita miles driven have more than offset these gains, contributing to an overall
increase in consumption of petroleum for transportation. The growing level of imported petroleum also
represents a massive transfer of wealth from the U.S. to oil-exporting countries. Other major issues are
the increasing global market competition in the automobile industry and the substantial contribution of
the transportation sector to air pollution in the U.S.

There is a clear need to reduce the Nation’s dependence on imported petroleum, while reducing air
pollution, and ensuring U.S. competitiveness. The greatest opportunity for meeting these challenges is
by increasing efficiency of automotive vehicles and increasing the utilization of domestic, renewable
energy sources. OAAT strives to realize this opportunity by supporting programs for the development of
hybrid electric vehicles, advanced heat engines, high-power energy storage systems, high-energy storage
batteries, electric vehicle technologies, fuel cells and fuel processing systems, lightweight automotive
materials, propulsion system materials, and alternative fuel vehicles.

FISCAL YEAR 1996 ACCOMPLISHMENTS
VEHICLE SYSTEMS

The hybrid electric vehicle development effort entered its fourth full year, with primary focus on work
performed through cost-shared contracts with Chrysler, Ford, and General Motors, including more than
30 subcontracts with component and subsystem suppliers, small businesses, national laboratories, and
universities. Fabrication and testing was performed for prototype advanced components, including gas
turbine hybrid power units, a Stirling hybrid power unit, flywheel energy storage systems, high-power
batteries, ultracapacitors, and power electronic devices. Modeling and simulation analyses were
performed to ensure that integrated vehicle performance capabilities meet all requirements.

ADVANCED HEAT ENGINES

Advanced heat engine activities focused on the gas turbine hybrid power unit; advanced automotive
piston engine; and combustion efficiency and emissions research and development. Durability testing
was conducted on ceramic components for the gas turbine hybrid power unit and advances were made in
manufacturing processes to increase production rates and reduce manufacturing costs of ceramic
components. Emphasis has shifted from spark-ignition piston engine technology to compression-ignition,
direct-injection technology. Advances were made in the development of improved manufacturing
processes and engine diagnostic techniques. Work was also performed on improving catalysts for
emissions control of oxides of nitrogen. Greater understanding of engine combustion processes was
gained through testing and computer modeling.
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ELECTRIC VEHICLE BATTERIES

The focus of the DOE Electric Vehicle Battery Research and Development Program is the cooperative
effort with the domestic automobile, electric utility, and battery industries through the United States
Advanced Battery Consortium (USABC). The first phase of the USABC Program has been completed
and the choice of battery technologies has been narrowed down to the most promising mid-term and
long-term battery types. A cooperative agreement was signed for a second phase to extend the program
to 2000. Exploratory research was also performed through contracts with battery manufacturers and
grants to universities to pursue new battery technologies and to develop improved materials and
components in support of the USABC Program.

FUEL CELL SYSTEMS

In addition to continued development of fuel cell stacks, significant progress has been made on
developing on-board hydrogen storage systems and on-board fuel processing systems to generate
hydrogen from conventional and alternative liquid fuels. Testing was performed on fuel cell components
and prototype fuel cell systems in conjunction with fuel cell developers and domestic automobile
manufacturers. Progress in each of the major systems contracts included: the selection of two
subcontracts under the Ford program to develop automotive scale, direct hydrogen fuel cell systems; the
development of a low-cost, full-scale, catalytic combustor under the General Motors program and the
development of low-cost, lightweight bipolar plates by AlliedSignal/Chrysler. Progress was also made in
development of high-pressure gaseous on-board hydrogen storage systems and on-board fuel processing
systems capable of reforming a variety of fuels into hydrogen.

AUTOMOTIVE MATERIALS

The two areas of focus in the advanced automotive materials area were (1) lightweight materials for
body, chassis, and engine components to reduce overall vehicle weight, and (2) propulsion system
materials to improve engine performance capabilities. Improvements were made in casting of light
metals, forming of aluminum sheet, adhesive bonding, powder metallurgy, and development of polymer-
matrix composites. Advances in propulsion system materials included demonstration of gelcasting
techniques, improvements in silicon nitride mechanical properties, and development of testing methods
and measurement techniques.

ALTERNATIVE FUELS

Progress ranged from component research and development, to address major problem areas in the
utilization of specific alternative fuels, to the development and demonstration of alternative fuel vehicles.
Strides were made to overcome the difficulties in starting alcohol-fueled engines in cold weather, as well
as problems associated with combustion of hydrogen fuel. Several alternative fuel vehicles were built
and demonstrated, including a compressed natural gas vehicle, an ethanol ultra-low-emission vehicle, and
a propane-fueled ultra-low-emission vehicle.

FUTURE PLANS

In order to meet its long-range goals, OAAT has developed a comprehensive implementation strategy to
ensure that the Nation’s resources are applied in the most effective manner. Key elements of this
strategy are formulated in the 5-Year R & D Plan for the Office of Advanced Automotive Technologies -
Energy Efficient Technologies for the 21st Century Vehicles. This plan calls for government/industry
coordination, and involves the automotive industry, national laboratories, universities, other government
agencies, trade organizations, and consulting and research firms, as well as partnerships and coalitions
among these organizations. The work is implemented through a range of mechanisms, including cost-
shared contracts, cooperative agreements, grants, memoranda of understanding, interagency agreements,
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and direct field authorization and work assignments. The plan describes the important relationship of
OAAT programs to the PNGV, and a primary aspect of future implementation is participation in the
PNGV. The effectiveness of these endeavors is ensured through realistic project definition, cooperative
and complementary tasks, and extensive coordination with other organizations doing similar work.

The OAAT strategy is directed toward development and validation of energy-efficient, petroleum-based
propulsion technologies, electric and hybrid-electric vehicle technologies, and alternative fuel
technologies that comply with projected emission control statutes. The U.S. is not alone in striving to
meet the ambitious goals of reducing dependence of the transportation sector on petroleum, and reducing
vehicle emissions. Many foreign countries are forging ahead with programs to develop these
technologies. The global nature of this effort speaks not only for the urgency of these needs, but also for
the opportunities for our Nation’s automotive industry to be in the forefront of this highly competitive
industry.
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5.0 RECOMMENDATIONS

Based on the Department’s assessment of progreés toward the overall Automotive Technology
Development Program goals, recommendations have been included in the annual budget request and can
be found in the Fiscal Year 1998 Congressional Budget Request Volume 4.
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APPENDIX A

LEGISLATIVE REQUIREMENTS AND COMPLIANCE

This Appendix presents information on compliance with the requirements of Title III of the Automotive
Propulsion Research and Development Act of 1978 (Public Law 95-238) as described in the Preface.
These requirements apply to the Advanced Heat Engines activities conducted by the Office of Advanced
Automotive Technologies (OAAT).

ADVANCED HEAT ENGINES PROGRAM FUNDING OBLIGATIONS

In compliance with subsection 310(a)(3) of Title III of Public Law 95-238, the funding obligations for the
Advanced Heat Engines Program were as shown below:

2 contracts for a total of $5.869 million

6 university grants totaling $0.730 million

1 interagency agreement (NASA) for $0.50 million

3 laboratory task assignments totaling $0.735 million
12 CRADAS totaling $3.380 million.

Funding for the Advanced Heat Engines Program in fiscal year 1996 totaled $11.2 million.
Approximately $5.8 million is funded from the Vehicle Systems Program, and the remaining $5.35
million is funded from the Advanced Heat Engines Program.

CERTIFICATION OF NEW RESEARCH AND DEVELOPMENT CONTRACTS, GRANTS, AND
COOPERATIVE AGREEMENTS

Section 304(f)(1) of Title III of Public Law 95-238 requires that all new research and development for
advanced automotive propulsion system alternatives to existing internal combustion engines funded
under the authority of the Act supplement, but neither supplant nor duplicate, the automotive research
and development efforts of private industry. To assure compliance with this requirement, section
304(f)(2) requires the Secretary to issue regulations specifying the procedures, standards, and criteria to
be used in the administration of the Office of Advanced Automotive Technologies Advanced Heat
Engines Program to ensure that each new research and development contract, grant, or cooperative
agreement for a Department of Energy project or for a project of another Federal agency (such as NASA)
funded under the Act meets the statutory requirement. These regulations are set forth in 10 Code of
Federal Regulations (CFR) Part 473. Section 304(f)(4) requires that the annual report include a detailed
discussion of how the research and development contracts, grants, and cooperative agreements funded
pursuant to the Act satisfy the requirement expressed in section 304(f). A discussion of the Department
of Energy’s efforts in compliance with section 304 follows.

To be considered for a contract or to receive financial assistance under the Act, the regulations require
the applicant to submit, in addition to the routine information required in a procurement or financial
assistance initiative, specific information justifying certification by the manager of the proposed project
under 10 CFR 473.24.

Upon receipt of an application, whether unsolicited or in response to a solicitation, the manager causes a
notice to be published in the Commerce Business Daily describing the nature of the proposal and inviting
any interested person who believes that the proposal does not meet the criteria of 10 CFR 473.30,
implementing section 304(f)(1), to submit a written objection. Following the close of the objection
period, the manager makes an initial determination of compliance with the Act and submits appropriate
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proposals to the interagency review panel. The panel consists of representatives from the Department of
Energy, NASA, the Environmental Protection Agency, and the National Highway Traffic Safety
Administration who are knowledgeable in the areas of industry and Government research and =
development on automotive propulsion. Following the appropriate review and consideration of each
proposal, the panel makes a recommendation to the manager, who then makes the final determination of .
compliance and, if the determination is affirmative, certifies the proposal pursuant to 10 CFR 473.24.

These procedures were followed for each advanced automotive propulsion system procurement. These
procurements were entered into, made, or formally approved and initiated after February 25, 1978, the
date of the Act’s enactment. No written objections to any of the proposals summarized in the Commerce
Business Daily were received, and certification was recommended in each case by the interagency review
panel. ’

As aresult of adherence to the procedures described above, the requirements of section 304(f)(1) of the
Act have been satisfied.




APPENDIX B

PUBLICATIONS LIST

This Appendix contains a list of publications based on the work performed in fiscal year 1996 under the
programs sponsored by the Office of Advanced Automotive Technologies. Also included is work
performed in the prior fiscal year, but published in fiscal year 1996. It includes reports, presentations,
and articles that describe the activities as well as the technical background of this program. Additional
publications lists can be found in the Office of Transportation Technologies’ Annual Reports to Congress
for previous fiscal years.

21 VEHICLE SYSTEMS
HYBRID VEHICLES

Andrew, Michael G. and Ronald C. Miles, Johnson Controls Battery Group, Inc., Ronald I. Sims, Ford
Motor Company, “Thin Metal Film Battery Technology,” Volume II - U.S. Department of
Energy, Annual Automotive Technology Development Customers’ Coordination Meeting,
Dearborn, MI, October 28 - November 1, 1996.

Baer, Jose, Jerry McAlwee, and David Swan, AeroVironment, Inc., “A SmartGuard Battery Management
System for Series Hybrid Vehicles,” Volume II - U.S. Department of Energy, Annual Automotive
Technology Development Customers’ Coordination Meeting, Dearborn, MI, October 28 -
November 1, 1996.

Brown, Tim, Joachim Nell, and Charlotte A. Paul, ITT Automotive North America, “Advanced Braking
Technology for Hybrid Electric Vehicles,” Volume II - U.S. Department of Energy, Annual
Automotive Technology Development Customers’ Coordination Meeting, Dearborn, MI, October
28 - November 1, 1996.

Casale, Thomas J. and James G. Kalivas, OPTIMA Advanced Technologies, Inc., “High-Power Lead-
Acid Battery for Series Hybrid Vehicles,” Volume II - U.S. Department of Energy, Annual
Automotive Technology Development Customers’ Coordination Meeting, Dearborn, MI, October
28 - November 1, 1996.

Cuddy, M.R. and K.B. Wipke, National Renewable Energy Laboratory, “ADVISOR, Advanced Vehicle
Simulator, New Opportunities for Screening Advanced Components,” Volume II - U.S.
Department of Energy, Annual Automotive Technology Development Customers’ Coordination
Meeting, Dearborn, MI, October 28 - November 1, 1996.

Cuddy, M.R. and K.B. Wipke, “Analysis of the Fuel Economy Benefits of Drivetrain Hybridization,”
SAE Paper 970289, 1997 SAE International Congress and Exposition, Detroit, MI, February 24-
27,1997.

Dunn, Michael T., Ford Motor Company, “Hardware-in-the-Loop (HITL) Laboratory,” Volume II - U.S.
Department of Energy, Annual Automotive Technology Development Customers’ Coordination
Meeting, Dearborn, MI, October 28 - November 1, 1996.

Ford Motor Company, “FORD/DOE/UQM Flywheel Program,” Volume II - U.S. Department of Energy,
Annual Automotive Technology Development Customers’ Coordination Meeting, Dearborn, MI,
October 28 - November 1, 1996.
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Ford Motor Company, “Gas Turbine Turbogenerators for Hybrid Electric Vehicles (HEVs),” Volume II -
U.S. Department of Energy, Annual Automotive Technology Development Customers’
Coordination Meeting, Dearborn, Ml, October 28 - November 1, 1996.

Gerstner, Mary, AlliedSignal, “AlliedSignal Turbogenerator for Hybrid Electric Vehicles,” Volume 11 -
U.S. Department of Energy, Annual Automotive Technology Development Customers’
Coordination Meeting, Dearborn, MI, October 28 - November 1, 1996.

Johannson, Lennart, Stirling Thermal Motors, Inc., “A Stirling Power Unit for Series Hybrid Vehicles,”
Volume II - U.S. Department of Energy, Annual Automotive Technology Development
Customers’ Coordination Meeting, Dearborn, MI, October 28 - November 1, 1996.

Kost, Robert A., “Hybrid Propulsion Systems Development,” Volume I - U.S. Department of Energy,
Annual Automotive Technology Development Customers’ Coordination Meeting, Dearborn, M,
October 28 - November 1, 1996,

Mendler, C., “The Technological Opportunities of Hybrid Electric Vehicles,” SAE Paper 961717, 1996
SAE Future Transportation Technology Conference, Vancouver, Canada, August 1996.

Oswald, Lawrence J. and Gerald D. Skellenger, “General Motors Hybrid Propulsion Systems
Development Program,” Volume I - U.S. Department of Energy, Annual Automotive Technology
Development Customers’ Coordination Meeting, Dearborn, M, October 28 - November 1, 1996.

Rajashekara, Kaushik, Delco Propulsion Systems, “Advanced Hybrid Electric Vehicle Technology,”
Volume II - U.S. Department of Energy, Annual Automotive Technology Development
Customers’ Coordination Meeting, Dearborn, MI, October 28 - November 1, 1996.

Sharma, Naresh, AeroVironment, Inc.; Kaushik Ragashekara, Michael Lowry, and John Morgante, Delco
Propulsion Systems; Balarama Murty, General Motors; “An Electric Drive System for Series
Hybrid Vehicles,” Volume II - U.S. Department of Energy, Annual Automotive Technology
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ADL
AFV

AGT
ANL

" CAFE

" CARB
CFD
CFR
CIDI
CNG
co
CRADA
CVT
DARPA
DME
DOC
DOE
ECM
EDU
EH&S
EIA
EMI
EPA
EPS
EPACT
EPRI
ESS
ESST
EUCAR

AGATA

ATTAP
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APPENDIX C

LIST OF ABBREVIATIONS AND ACRONYMS

Arthur D. Little, Inc.

" alternative fuel vehicle

Advanced Gas Turbme for Automobiles

, Advanced Gas Turbine

v Argonne Natxonal Laboratory _
~ Advanced Turbme Technology Apphcatlons Pro;eet
| ABrookhaven Natlonal Laboratory

Corporate Average Fuel Economy _

 California Air Resources Board

computational fluid dynamics

Code of Federal Regulations
compressioh-ignition, direct-injection
compressed natural gas

carbon monoxide

Cooperative Research and Development Agreement
continuously variable transmission
Defense Advanced Research Projects Agency
dimethy! ether

Department of Commerce

U.S. Department of Energy
Electronic Control Module

Electric Drive Unit

Environmental, Health, and Safety
Energy Information Administration
electromagnetic interference
Environmental Protection Agency
Electric Power Steering

Energy Policy Act of 1992

Electric Power Research Institute
Energy Storage System

Engine Support System Technology

European Council for Automotive Research and Development




United States Department of Energy |

EZEV
FCV
FTP
FUDS
GT-HPU
HC
HEV
HPU
HWFET
ICE

IFC
IGBT
IGT
INEL
ISS
IWC

OEM

PEB

Equivalent Zero-Emission Vehicle
fuel cell vehicle

Federal Test Procedure

- Federal Urban Driving Schedule

gas turbine hybrid power unit
hydrocarbons

hybrid electric vehicle

Hybrid Power Unit

Highway Fuel Economy Test

internal combustion engine

International Fuel Cells

insulated gate bipolar transistor

Institute of das Technology

Idaho National Engineering Laboratory
Integrated Storage System

Infrastructure Working Council

Los Alamos National Laboratory
Lawrence Berkeley National Laboratory
Low Emission Partnership
Low-Emission Vehicle

Lawrence Livermore National Laboratory
liquefied petroleum gas

Low Storage Requirement

Ministry of International Trade and Industry
Midwest Research Institute

National Aeronautics and Space Administration
non-destructive evaluation

National Electrical Code

oxides of nitrogen

National Renewable Energy Laboratory
Office of Advanced Automotive Technologies
original equipment manufacturer

Office of Naval Research

Oak Ridge National Laboratory

Office of Transportation Technologies

Power Electronics Bay




Appendix C: List of Abbreviations and Acronyms

Power Electronic Building Block
proton-exchange-membrane

particulate matter

Partnership for a New Generation of Vehicles
Pacific Northwest National Laboratory
partial oxidation

Post Transmission Hybrid

Society of Automotive Engineers

spark ignition

Sandia National Laboratories
state-of-charge

Southwest Research Institute
Tank-automotive and Armaments Command
Ultra-Low-Emission Vehicle

U.S. Advanced Battery Consortium

U.S. Council for Automotive Research
U.S. Automotive Materials Partnership
X-ray absorption spectroscopy

Zero Emission Battery Research Activity

Zero-Emission Vehicle
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