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PREFACE '

This report, prepared by Arthur D. Little, Inc., for the U.S. Department of
Transportation, presents a study of technological improvements in automobile
fuel consumption. The report consists of three volumes.

Vol_ume I, the Executive Summary, presents a summary of the technical
improvements considered and a review of the important conclusions and recom-
mendations. Volume I, the main body of the report, provides a comprehensive
discussion of each improvement option, the Government constraints, the synthe-
sized vehicles and the possible fuel economy gains. Thg appendixes, Volume lII,
present the original data collected from industry sources, fuel economy and
emissions test prbcedures, and the final letter report from ADL subcontractor,
Scientific Energy Systems Corporation.

The status of the technology reported is that available in the time period of
July 1973 to January 1974.

Arthur D. Little, Inc., wishes to acknowledge the guidance and assistance
provided by Mr. H. Gould, Dr. K. Hergenrother, and Dr. A. Malliaris of the
Department of Transportation — Transportation Systems Center; and by Mr. R.
Husted of the Department of Transportation, Office of the Assistant Secretary for
Systems Development and Technology; and by Dr. K. Hellman and Mr. T. Austin
of EPA, Ann Arbor.
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1.0 INTRODUCTION

The almost complete dependency of transportation on petroleum products has been clearly
brought into focus by the recent energy crisis caused by the embargo on oil shipments from the
Mid-East. The transportation and energy problem has been identified and forecast for some time by
government officials, the oil industries, and the automobile manufacturers. Specifically, the Presi-
dent’s Office of Science and Technology (no longer existing) addressed this problem. In fact, the
Office had been actively examining energy policy matters for about five years. Its members
contributed greatly to the President’s Energy Message delivered before Congress in June 1971,
which focussed wide attention on the overall energy situation.

Further effort was brought to bear on this problem in 1972 with the establishment of a
Transportation Energy Panel (TEP). The TEP was an interagency “ad hoc” panel sponsored by the
Office of the Secretary, Department of Transportation (DOT). Its participants included the
Department of Defense, the Environmental Protection Agency (EPA), the Office of Science and
Technology, and the National Aeronautics and Space Administration (NASA). The TEP con-
centrated its efforts on an assessment of relevant technology which could enhance the use of
national energy resources in the transportation sector. The TEP excluded from consideration such
areas as improving energy extraction, conversion, transmission and usage by other economic sectors,
since these areas were being studied by other panels which had participated in the 1972 energy
study.

One result of the TEP’s effort was provision of funds for studies such as this one — a Study of
Technological Improvements in Automobile Fuel Consumption. The TEP considered the following
factors as affecting the requirements for more efficient and more diversified utilization of trans-
portation energy:! 2

1. Transportation consumes about 25% of our domestic energy and is expected to continue
at the same rate in the foreseeable future.

2. Transportation is a major user of petroleum, with 55% of the petroleum consumed in the
United States used for transportation. This percentage was projected to increase to 60%
in the mid-1980’s.

3. Transportation is intensively dependent upon petroleum. More than 98% of the trans-
portation energy consumed comes from a petroleum-based energy source.

4. The automobile consumes about 58% of all transportation fuel consumed.

1. Research and Development Opportunities for Improved Transportation Energy Usage, Report No. DOT-TSC-
OST-73-14, Sept. 1972.

2. Hirst, E., Energy Consumption for Transportation in the United States, ORNL-NSF-EP-15, March 1972.




Of the total automobile population in the United States, approximately 90% are family-
size cars, that is, six passenger models, averaging approximately 12 to 14 mpg. Thesc
figures were revealed by DOT? on the basis of total fuel consumption and total vehicle
miles in the United States.

Based on past projections that did not include the recent oil embargo, which undoubtedly
will result in major changes in government energy policics, current projections, made as
recently as July 1973,% indicate that oil imports could reach approximately 507 by the
mid-1970’s and increase further to 60% or more by 1980.

Finally, although resources other than domestic or imported oil such as shale oil, coal and
nuclear energy might be plentiful, an adequate yearly supply to meet transporation needs
might be difficult or costly to obtain to offset the petroleum requirement. Figure 1-1
presents the projected world oil production, United States oil production versus the total
United States oil demand, and the total United States demand for transportation
purposes. These projections are based on trends prior to the oil embargo and without any
adjustments for greater efficiency of utilization of transportation and fuel.
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FIGURE 1-1

PROJECTED WORLD OIL MARKET AND OIL PRODUCTION

3. Summary Technical Report of the Transportation Energy R&D Goal Panel, DOT TSC-OST-73-14, September

1972.

4. Energy and the Automobile, SAE Paper SP-383, July 1973.
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In addition to the concern generated from the above factors and projections, we feel that the
following factors should also have been considered if, in fact, they were not.

1. The federal requirements for emission controls, as applied to present engines, have in part
contributed to a marked decrease in the efficiency of the automobile to the point that
increases in automobile fuel consumption are estimated to range from 20 to 25%.
Coupled with this is a potential 15 to 20% loss in acceleration performance.

2. The automobile manufacturers have also had to comply with federal safety requirements.
One result has been an increase in weight which, in turn, has necessitated larger engines
causing higher fuel consumption.

The TEP concluded that if the dependency of United States transportation upon oil from
foreign sources had to be reduced, there was a large number of possible actions which could be
taken — some technological, some institutional, and some involving policy. This conclusion led to
the funding, among others, of this project which is concerned primarily with the study of possible
technological improvements for highway vehicles which could effect a substantial reduction in fuel
consumption. These technological improvements and changes, it was surmised, had the inherent
potential of significantly reducing projected energy demand, particularly for petroleum, within the
next 15 years.

The Transportation Systems Center of the U.S. Department of Transportation and the U.S.
Environmental Protection Agency initiated a program to evaluate the technological feasibility of
reducing fuel consumption of the automobile by 30% (43% mpg improvement in fuel economy) or
more, based on the reference model of 1973. This goal was predicated on the basis that there would
be no significant degradation of performance and that improvements would represent only minimal
incremental costs to the consumer. Furthermore, the technological improvements had to be
basically available off-the-shelf — at least be in a mature state of development — and capable of
being demonstrated in a small number of vehicles by 1976 and mass-producible for automobiles at
the rate of 1 million annually by 1980.

Careful consideration of the trend toward smaller cars, which greatly reduces fuel con-
sumption, had been made. However, on the basis that there would continue to be a sustained need
for the standard and compact size car by the U.S. public, the study was directed to investigate
improvements that could be applied to cars of this size.

Some of the factors leading to the decision to concentrate on standard and compact size cars
stemmed from the fact that, at the time, the results of the recent oil embargo had not yet been
experienced and there was just no way of measuring the acceptability to the public of the small car
concept. Recent increases in fuel costs and the possibility of gasoline rationing have shown
dramatically that the buying public will undoubtedly accept and purchase the small car in greater
and greater numbers.



The purpose of this study was not to determine how the automobile industry should shift to
producing small cars, nor even to determine what would influence the user to buy a small car, but
rather to identify and evaluate those improvements which could improve the efficiency of the
standard and compact size cars. However, we did recognize in undertaking this study that many of
the improvements could be applied to the small car as well with proportional gains to be expected.

2.0 PURPOSE

The primary objective of the work described in this report — a Study of Technological
Improvements in Automobile Fuel Consumption — was twofold: (1) to provide some insight into
the factors which affect fuel consumption in the passenger automobile, and (2) to identify and
evaluate the individual technological improvements which are available in the near term for possible
incorporation into a vehicle design which will reduce the fuel consumption (gallons per mile) level
of the 1973 passenger automobile by 30%, or improve its fuel economy measured in miles per
gallon (mpg) by 43%.

The secondary objective was to provide a source of data for both the Department of
Transportation (DOT) and the Environmental Protection Agency (EPA) for use in advising govern-
mental officials on regulatory and policy matters related to minimizing passenger automobile fuel
consumption.



3.0 SCOPE AND CONDITIONS OF THE STUDY
3.1 SCOPE

The scope of this six-month (July 73-Jan 74), study involved a number of related tasks which
may be briefly described as follows:

Task 1 — Consisted of selecting reference vehicles for evaluating the improvements which,
when combined, were to yield a 30% improvement in fuel usage (43% improvement in fuel
economy in mpg). These vehicles were to be 1973 standard size (3,800 to 4,200 1b) and
compact size (2,750 to 3,200 Ib) cars. The reference vehicles selected were chosen because
they were considered representative of buyer preference of engine size and type, body style,
and optional equipment, such as power steering and air conditioning (see Table 3-1).

Task 2 — Consisted of an examination of the manner in which fuel consumption tests were
specified and run so that data and information could be obtained, compared, and evaluated on
a common basis for each improvement. This led to the development of a rationale and a simple
model for measuring fuel consumption in which the effect of different driving loads, cycles,
and conditions was considered.

Task 3 — Consisted of compiling well documented experimental data that could be used to
substantiate how the power is used in operating an automobile and also data that could be
used to identify and evaluate possible improvements. Since the time scale and funding did not
permit accumulating these data by actual testing, we had to develop an approach by which we
could obtain these data from automobile manufacturers, component manufacturers, support
industries and independent experts, in addition to the developers, and the usual literature and
published information.

Because the six-month timeframe for this study did not permit in-depth verification of
information provided, wherever possible we made field trips to assess the state of development
of the various improvements and to witness their performance tests.

Task 4 — Consisted of analyzing where power is used in operating an automobile as a means of
determining what areas should receive the greatest priority in identifying and evaluating
possible improvements and subsequent fuel savings.

Task 5 — Consisted of utilizing the information and test results obtained for computer
modelling and simulation of fuel economy and performance levels for both size vehicles —
standard and compact — to assess the relative degree of improvement possible for each device,
and to provide indications of how the improvements might be combined into a synthesized
vehicle design.

Task 6 — Consisted of further assessment of the improvements against other acceptance
criteria outlined under Section 3.2 — General Conditions (below), if, at this point, they yielded
a significant fuel consumption improvement of 3 to 5% or more.

5
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Task 7 — Consisted of combining the most promising improvements, based on automotive
engineering judgment, into a complete synthesized design vehicle, and of simulating the fuel
economy improvement and performance of the vehicle by means of computer modelling. Certain of
the improvements were obviously not additive, and careful consideration was given to the combina-
tion of improvements in an individual vehicle, and their benefits to the vehicle were crosschecked
by consulting with automotive experts.

Task 8 — Consisted of a ranking of these designs — having ascertained what the relative
improvements would be for each synthesized design — based on compliance with the general
acceptance criteria. A general evolutionary timeframe was then established for each design, and
preliminary program plan guidelines were developed for the most promising of the vehicle
designs. These were to be used by the DOT and EPA in preparing plans for possible validation
tests of the synthesized vehicles.

3.2 GENERAL CONDITIONS OF THE STUDY

Certain study constraints were established as an aid in developing acceptance criteria for the
individual improvements and the synthesized designs. They included:

1.  Each technical improvement must be in a mature state of development or have reached an
off-the-shelf hardware stage, and must contribute significantly to a 30% reduction in fuel
consumption (gal/mile) or 43% improvement in mpg when combined into the optimized
vehicle design.

2. The synthesized, optimized vehicle must be capable of demonstration by 1976 and be
mass-producible by 1980.

3. The performance and transient response of the optimized vehicle design must not be
significantly different from the reference vehicle for each of the two sizes — standard and
compact.

4. Improvements which resulted in deviations from the federal standard for safety, emis-
sions, and noise should not be incorporated in the vehicle design. It must be pointed out
that, to the best of our knowledge, the effects of emission controls have been properly
considered. We feel that the improvement concepts included in this study should meet
the 1975 federal emission regulation, will probably meet the interim 1976 federal
emissions regulations, but will not meet the original 1976 regulations. The emission
standards used for this study are the interim 1976 standards which are:

HC 0.41 g/mile
CcO 3.4 g/mile
NO, 2.0 g/mile

Actually we feel that building and testing proposed vehicle models is the only way to
validate the overall emission/fuel consumption projections.



Factors affecting user acceptability must be carefully considered and differences in them
carefully evaluated when compared with the reference vehicle. These factors include:

a. Cost, including initial cost and operating, repair, and maintenance costs to provide a
discounted life cycle cost;

b. Operating conditions such as comfort, handling, and driveability;
c¢. Appearance;
d. Passenger and luggage capacity; and

e. Reliability, durability, and ease of maintenance and repair.



4.0 DESCRIPTION OF INDIVIDUAL IMPROVEMENTS
AND SYNTHESIZED VEHICLE DESIGNS

4.1 INDIVIDUAL IMPROVEMENTS

The general discussion in this chapter is based on a series of nine tables taken from the main
report — Summary Analysis of the Individual Improvements against the Qualitative and Quantita-
tive Constraints for Both Compact and Standard Size Vehicles — and these are included at the end
of this report. These tables have been designed to permit the reader to compare the innovative
devices for the compact and standard size cars against the conditions and constraints of this study.
The highlights of the comparison are described below, along with an identification of each of the
innovations which were used in each synthesized designed vehicle. The various innovations may be
grouped into three major categories as follows:

1) Improved light-weight body and chassis and use of radial tires;
2) Improved engine and transmission matching; and
3) Improved engine systems.

The manner in which these three categories were combined is best shown in Figure 4-1, which
also shows the estimated gains for each of the complete systems.

4.1.1 improved Light-weight Body and Chassis and Use of Radial Tires

Improved fuel economy of approximately 9-13% (8-12% reduction in fuel usage) can be
expected from reducing the weight and frontal area by 10%, aerodynamic drag coefficient by 20%,
and equipping the vehicle with radial tires. This approach may be applied to any size vehicle with
low technical risk, providing the innovations are incorporated in major model changes by
1977-1979. A high level of customer acceptance and cost effectiveness without loss in emission
control may be expected as well.

4.1.2 Improved Engine and Transmission Matching

There are two possible approaches — both of which represent substantial cost-effective
solutions — which can be used on all size cars and types of engines in this category. The first
approach consists of a four-speed automatic transmission with a torque converter equipped with a
lock-up device after initial start. This combination makes possible a fuel economy gain of about
13% (11% reduction in fuel usage). Moreover, the estimated initial cost would be approximately
$75.00 to the customer, the technical risk low, and implementation could be expected in the
1977-1979 period. Meeting the constraints of this study, including emissions standards, should not
present major problems under this approach.

The second approach, based on the use of a continuously variable transmission, presently
represents a high technical risk, and is unproven behond the concept stage. Furthermore, the
changes required in the design and construction of such an engine to provide durability under
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prolonged optimal loading for best specific fuel consumption operating conditions would require a
lengthy engine development period, not to mention a weight penalty as well. Control of NO, could
also present a problem, and the potential noise level produced by the transmission/engine combina-
tion looms as another problem. Furthermore, shift logic and a sensor control system would have to
be developed. Nonetheless, a fuel economy gain (18% fuel usage reduction) of approximately 23%,
providing the technical problems can be solved, appears possible without a substantial loss of
approximately 6-12% in transmission efficiency over the engine rpm range from idle (800 rpm) to
wide-open throttle (4000-5000 rpm).

We do not foresee this alternative being implementable in production quantities until the early
1980’s. However, we have included this concept in the synthesized vehicle because we feel that its
potential fuel economy improvement and the concentrated effort being focussed on this type of
transmission by the industry indicate that its potential for success on the long term is high. We also
feel that the effort to develop the continuously variable transmission could continue in parallel with
the development work being expended on the four-speed automatic transmission with torque
converter lock-up. If both prove successful — and should the continuously variable transmission
offer substantial savings — then it could be offered as an option to the four-speed automatic
transmission.

4.1.3 Improved Engine Systems

The potential gains for fuel economy through improved engine systems are predicated on four
basic approaches. Two of these are near-term solutions, based on using present spark-ignition engine
technology. The third and fourth are based on old concepts requiring extensive engine development
and, therefore, are considered long-term solutions. We have summarized the highlights of each of
these approaches below.

4.1.3.1 Lean-Burn Engine Concept — Whereas current and past practice in the automotive
industry has involved the use of rich air/fuel mixtures to provide good driveability and freedom
from manufacturing and maintenance problems, best fuel economy is obtained when the mixture
ratio is about 10% lean. As a result, there is a potential 5-20% fuel economy improvement available
from lean operation, providing the compression ratio is increased, the ignition system optimized,
and a thermal reactor is used.

This improvement is based on the principle that partly loaded (part throttle) internal com-
bustion engines are volumetrically inefficient, and one way of counteracting this effect is to make
the air/fuel mixture lean. This tends to force the engine to become more loaded because of less
intake air throttling, while at the same time it burns less fuel for each pound of air handled while
delivering the required output horsepower.

Our study indicated that the gain in fuel economy attributable to a lean-burn engine would be
marginal, amounting to approximately 7.5% (6% fuel usage reduction), and should therefore only
be considered a stop-gap measure, until a more efficient engine system can be developed. The
technical risks are medium and the chances of success are high, considering that a number of well
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qualified companies are working on this approach. Each of the approaches being taken by these
companies is readily adaptable to the present spark-ignition engine and is not unduly complicated.

At least one developer is considering an electronic fuel injection system which is complicated
and costly. However, others are considering modified carburetor systems which have operated
satisfactorily. We feel that the concept would be quite cost-effective and durable throughout its life
span, with a minimum of maintenance because at present no catalytic converter is considered
necessary.

On the negative side, lean air/fuel mixtures cause a problem in driveability or engine response
to throttle without hesitation, and, unless this is satisfactorily resolved, the concept could be
rejected by the consumer this concept may incorporate the raising of the compression ratio to
improve thermal efficiency. This might necessitate the use of high octane fuel. Furthermore, the
fuel that is used should be high octane to achieve maximum results by raising the compression ratio
of the engine. Since it has not been demonstrated that the interim 1976 standards of 0.41 g/mile of
HC can be met, with commensurate improvement in fuel economy, the developers might choose to
add a catalvtic converter which would augment the vehicle’s initial and operating costs.

We expect that the acceptability of the lean-burn concept will be known within the next year
" as its many developers are reported to be bringing various types of this product into the
marketplace. We are predicting that the interim 1975 and 1976 emission standards can be met. but
not the original 1976 and 1977 standards.

4.1.3.2 Stoichiometric Air/Fuel Ratio Engines Using Closed-Loop, Self-Tuning Systems and
Catalytic Converters — Recently there has been a great deal of effort and interest shown toward the
development of systems which result in engines which self-tune for optimal fuel economy,
operation, and pollution control. Information provided by the developers indicates fuel economy
improvements from 10 to 20% have been obtained during feasibility studies.

The principle behind this approach is that the engine fuel economy, torque output, and
exhaust emissions are directly related to the following factors:

Air/fuel ratio closely controlled at stoichiometric,
Reduced amount of exhaust gas recirculation,
Spark timing optimized,

Spark energy increased,

Uniformity of mixture.

We indicated in Section 4.1.3.1 that the air/fuel ratio is also extremely important relative to
fuel economy, torque output, and exhaust emissions. In the lean burn concept the approach was to
operate in the area of leaner than stoichometric, e.g., a 19:1 air/fuel ratio or more, where the three
pollutants — HC, CO, and NO, — could be controlled with exhaust gas recirculation, thermal
reactors, and a variety of devices to improve the characteristics of the combustion mixture
distribution and ignition.
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Closely controlling the approach to operating the engine at slightly richer than stoichiometric
is quite different in that recently it has been determined that there is a very narrow pollutant
composition window at which the oxidation reactions, which are necessary for the destruction of
carbon monoxide and hydrocarbons, and the reduction reactions, which are necessary for the
reduction of nitrogen oxide, are essentially balanced. If the compositions of exhaust gases going to a
dual-purpose catalyst or so-called three-way catalyst is held with sufficient precision (within about 1
percent) in the vicinity of the optimum zone, catalytic treatment will result in very high simulta-
neous destruction of all three of the pollutants.

The other important aspect is that the nearly stoichiometric air/fuel ratio necessary for the
optimal operation of the catalyst is also the air/fuel ratio which yields the highest torque and close
to the lowest specific fuel consumption for a typical eight-cylinder engine of the 400 cubic inch
(6.5 liter) class with E.G.R. only. Furthermore, we feel that this approach will permit the return to
more optimal spark ignition timing (advance) and less exhaust gas recirculation, used for prevention
of NO,, because the quantities for each of these pollutants are also simultaneously at low level
similar to the condition for lean burn.

The principal problem with this approach is the control of the exhaust gas composition within
the narrow range through a variety of driving modes and engine and environmental conditions. The
key to this close control is a closed-loop feedback mechanism which provides automatic self-tuning.
This system depends on a reliable, sensitive, rapid and automatic continuous sensing of the
compositon of the exhaust gas leaving the converter. The signal sensed is used to continuously
adjust the air/fuel quantities to maintain this optimum composition of exhaust gas entering the
converter at all times.

This concept has been included for use in the synthesized design vehicle because it is an
extension of the engine systems that will be used for the 1975 model cars which were developed to
meet the emission standards. We do not consider this to be a particularly cost-effective approach,
however, and question the durability of the system because of yet to be proven results of catalytic
converters in a vehicle operated and maintained by the public over a wide range of conditions.

In fact, we see this concept as a relatively short-term solution that will be supplanted by
advanced engine concepts as they become available, particularly so if the NO, level is 2.0 gm/mile.
We consider the self-tuning aspects of this system to be quite advantageous, providing a reliable and
durable O, sensor can be developed and interfaced with a suitable control system for the electronic
fuel injection system. The catalytic converter will require replacement during the life of the car —
and perhaps sooner — if leaded fuel is inadvertently used in the automobile, or if the condition of
the engine is not maintained at proper levels.

4.1.3.3 Stratified Charge Engine — The other approach to the spark-ignited engine is to use a
heterogeneous air/fuel mixture, that is, one that is rich at the point of ignition, but becomes
progressively leaner through the combustion process — in other words a stratified charge.



The use of air/fuel-charge stratification as a means of improving economy in spark ignition
engines has been the subject of experimental endeavor for more than 50 years starting with the
early effort of Sir Harry Ricardo. The principal aim of all stratified-charge development has been to
operate unthrottled over the complete operating range and vary the load by modulating the fuel
supply alone, thus allowing the air/fuel ratio to vary over a wide range. This unthrottled operation
eliminates the large pumping loop which gives rise to poor specific fuel consumption at light load in
conventional throttled spark ignition engines. To achieve the unthrottled operation it has been
necessary to ensure that there is a relatively rich ignitable mixture in the vicinity of the spark plug
under all conditions, even though at light load the overall mixture is much leaner.

The principal problem with the stratified charge engine to date has been the flexibility of
operation over a wide range of road load conditions. The engines may be made to run very well at
steady-state conditions, but are less flexible when a change of load is called for. Therefore, the
smoothness of operation and flexibility may not be achievable on all types of stratified charge
engines. Offsetting this disadvantage are several advantages, one of which is the ability to use a
much broader range of fuels than a gasoline engine. Usable fuels range from gasoline to diesel fuel.
Furthermore, the compression ratio of these engines may be increased, depending on the fuel they
are programmed to use, thereby providing increased thermal efficiency by virtue of the higher
compression ratio.

The stratified charge engine is a 50-year old concept that has yet to be proven for production
use in automobiles. Our evaluation does not show this concept to be particularly cost-effective, even
though the fuel economy gains are approximately 17.5% (15% fuel usage reduction). The reason is
that a complex fuel injection system is required in addition to an emission control system, possibly
consisting of catalytic converters. Furthermore, because of the relative complexity of the system,
the maintenance and repair costs may be high. We consider this concept to have high technical risk
with the major problem to be overcome involving the ability of the engine to be flexible and to
operate readily at all speeds and loads.

We have only considered the open chamber-type engine, e.g., those being developed by the
Texaco Inc. and the Ford Company, since this is the only concept which affords fuel economy gains.
The Honda-CVCC approach has not shown any fuel economy gains over the present 1973 engine,
nor has it been fully demonstrated that it can be properly applied to the larger size V-8 engines with
reliability and driveability. The success of the subcompact 1973 CVCC Honda introduced in Japan
will probably set the pace for full-scale introduction of this concept in the United States. We do not
believe this concept will be available before the 1980-1982 period on domestic vehicles.

4.1.3.4 Light-Weight Diesel Engine — Ricardo Consulting Engineers, Ltd., Sussex, England
(combustion engine development engineers with extensive experience in automotive diesel engine
development) was engaged to make an assessment of the prospects for diesel engines specifically
designed for American automobiles corresponding to the compact and standard vehicle sizes
investigated herein.

The small, high-speed diesel engine is used in Europe in services where the fuel bill is high and,
therefore, any improvement in fuel economy over the alternative gasoline engine shows a significant
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advantage to the operator. Diesel engines are particularly advantageous in small city and urban
delivery vehicles and taxis where operation involves a large proportion of light load and idling
modes. It is well known that London taxis fitted with diesel engines use little more than half the
fuel consumed by the vehicles with gasoline engines.

In these applications all small diesel engines use indirect or divided chamber combustion
systems. This type of chamber more closely approaches the characteristics of the gasoline engine
which it replaces in terms of both operating speed range or flexibility and in specific output. The
type of direct-injection combustion chamber more normally used in large truck engines, does not
lend itself to automobile use, because it has a number of undesirable characteristics such as noise,
smoke, and high gaseous emissions apart from its lack of flexibility. Neither is its main attribute of
better fuel economy realized in this type of service. The indirect system is known for its low noise
and gaseous emissions.

The diesel engine is basically a stratified-charge engine with ignitable mixture occurring at
many points in the combustion chamber. Consequently, it is not necessary to throttle the engine at
part load to ensure satisfactory ignition and combustion down to very low overall air/fuel ratios.
The high compression and therefore expansion ratio adds to the good thermal efficiency. It is at the
lighter loads, therefore, where the greatest economies are made. A further area where improvement
is achieved in vehicle fuel consumption is under transient conditions where, again, the diesel engine
does not require temporary enrichment to avoid marginal ignitability.

Of the four engine improvements considered, we believe that the light-weight diesel offers the
_greatest potential in fuel economy improvement, amounting to approximately 20% to_25%.(16.to.
_20% fuel usage reduction). We believe that the prechamber-type combustion chamber is most likely

to succeed. This concept has apparently overcome the problems of noise and odor. We rate this
concept as having a medium technical risk since it is well proven in heavier weight versions.
However, an effort must be made to design and develop an engine especially for use in a U.S.
automobile rather than to adapt a heavy-duty engine for a light-duty passenger car. This would
require a complete engine design and development program, with the chief goal being weight and
size reduction commensurate with providing the durability of the present spark ignition engine —
that is, 100,000 miles without major overhaul.

This whole concept has to be examined in more depth to prove feasibility in order to allow the
widespread changeover to the diesel engine by the 1982/84 period. We see no difficulty in meeting
the interim 1976 emission standards.

4.1.3.5 Other Improvements — During the course of this study we also examined other
individual improvements, such as —

1. standard engine with catalytic converter and optimized fuel and ignition systems;

2. turbocharged spark ignition engines; and
3. improved accessory drives
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Based on our findings, we did not consider these improvements as viable candidates for inclusion
into the synthesized vehicle designs. The details and reasons for this conclusion are included in
Volume I (Section 4) of the main report.

4.2 SYNTHESIZED VEHICLE DESIGNS

In this section methods used to synthesize various alternative vehicle designs incorporating the
individual improvements previously discussed are described for both the standard and compact-size
vehicles that will meet the program goals. We evaluated more than one alternative design for each
size automobile so that comparisons could be made between individual designs, and so that
conclusions as to which have the best chances of success — in terms of fuel savings, cost savings, and
compliance with the constraints — could be made. Having evaluated the various vehicle designs, we
then ranked them and established a possible evolutionary timetable for introducing the synthesized
vehicles.

4.2.1 Vehicle Designs

Table 4-1 lists the various synthesized alternative vehicle designs by type of engine, type of
transmission, and size of vehicle. There are four basic engine types generically known as (1) lean
burn (LB), (2) closed loop exhaust emission control system, with electronic fuel injection operating
at stoichiometric air/fuel ratio (CLEECS), (3) stratified charge (SC), and (4) light-weight diesel
(LWD). For each engine we considered two possible transmission improvements, generically identi-
fied as (1) four-speed automatic with torque convertor lock-up device, and (2) the continuously
variable transmission (CVT). We considered each of the engine and transmission combinations for
both the standard size and compact size vehicle, resulting in 16 design concepts — 8 for the standard
size and 8 for the compact size.

4.2.2 General Description of Vehicles

The standard-size vehicle weighs between 3800 and 4200 pounds, has a two-door, hardtop
body, and is capable of accelerating at a rate equal to the reference vehicle equipped with a 350 to
400 cubic inch, 145- to 200-hp engine operating at 3800 to 4000 rpm. The reference vehicle also
includes air conditioning, power brakes, power steering, and automatic transmission.

The compact size car weighs between 2750 and 3200 pounds and is equipped with a
six-cylinder, 225 to 250 cubic inch engine rated between 88 to 105 horsepower when operating at
3200 to 4000 rpm. The reference compact car is not equipped with air conditioning or power
brakes, but is equipped with power steering and automatic transmission. In all cases the standard
and compact synthesized vehicle designs performed — that is accelerated — within 10% of the
acceleration norm of the reference vehicle.
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4.2.3 Innovative Improvements Common to All Vehicle Designs

There were certain innovative improvements which could be applied to all vehicles, either
separately or in combination. For this study each of the 16 designs included incorporation of the
following improvements: ’

10% reduction in vehicle weight,

10% reduction in frontal area,

20% reduction in aerodynamic drag coefficient and
substitution of radial tires for conventional belted bias tires.

Awt\):—-

The individual contribution to fuel economy improvement for each of these approaches is
discussed in detail in Section 4 of the main report.

4.2.4 Engine and Transmission Improvement

We next examined each engine improvement type on an individual basis without consideration
of optimizing that engine’s performance by proper matching to an improved transmission; con-
versely each transmission improvement was examined only in terms of how it would improve the
performance of a standard spark ignition engine, but not in terms of how it would affect an
improved engine, such as a stratified charge or a diesel. We then combined each of the improved
engine types with either the fourspeed automatic torque converter with lockup or a continuous
variable transmission and predicted the anticipated improvement that this combination would effect
for each of the engine designs.

To the best of our knowledge combining the various improved engines with the two different
types of transmission improvements has not been demonstrated in actual experimental tests.
Therefore, our projections are based purely on simulation and are subject to validation when the
various improvements become available. Furthermore, since they are simulations, we can only offer
opinions as to whether these combinations would comply with the constraints of the study.

4.3 SIMULATION OF VARIOUS SYNTHESIZED VEHICLES

Our approach in determining the improvement in fuel economy or percentage reduction in fuel
usage was based, where possible, on actual experimental data (i.e., data furnished by the innovators)
to simulate the vehicle operation on a computer. However, when simulating fuel economy for a
synthesized vehicle design, combinations of different devices were tried simultaneously so that the
proper interaction of these innovations, as a total system, could be measured. This was particularly
important when matching the transmission to an engine for various road load conditions.

Furthermore, we gave attention to adjusting engine size, so that the acceleration of the
synthesized vehicle fell within 10% of the comparable reference vehicle’s acceleration. If this were
not done, then comparisons in fuel economy gains — or fuel usage reduction — would be erroneous.
Having determined the miles per gallon for each of the different driving conditions — viz., the



Federal Driving Cycle and steady-state conditions — 30, 40, 50, 60, and 70 miles per hour — we
took the same approach to determine the total yearly tank mileage or fuel used in 10,000 miles. We
then determined the total usage for three years, or 50,000 miles, which we felt represented the
period of time the first owner would keep the car before trade-in and, secondly, for 100,000 miles
of use, or 10 years, which represented the normal life of an automobile.

4.4 SUMMARY OF RESULTS AND COSTS
4.4.1 Fuel Economy Gains and Costs

Tables 4-2 and 4-3 consist of three lines of demarcation, as shown by the three horizontal
sections. Section 1 relates to initial increment costs for each design over the sticker price for the
reference vehicle. These costs are our best estimates, and are based on our discussions with both
developers and representatives of the automotive industry.

Section 2 lines show the fuel economy improvement and gallons saved over a 3-year (50,000
mile) period and 10-year (100,000 mile) period. The driving cycle and tank mileage calculations
used for Section 2 were developed for this study and are described in Section 4 of the main report.
The method and data provided will allow the reader to modify these values to suit his own driving
cycle if he so desires.

Section 3 is a measure of cost effectiveness, that is, a yardstick used to measure the overall
monetary benefit of an improved vehicle design, i.e., benefits (savings) over the life cycle of the
vehicle (3 and 10 years). To be considered cost-effective, these benefits should exceed the overall
cost (section 1) of fuel for the same period.

As stated before, the automobile manufacturers are well aware of the advantages and disad-
vantages of each of these systems and are, in fact, developing or re-examining previous develop-
ments to determine if, in their opinion, one or more has become a cost-effective solution in light of
the increased cost for fuel.

Tables 4-2 and 4-3 display the fuel economy gains or commensurate fuel usage reduction over
the reference vehicle for each of the synthesized designs and the gallons of gasoline saved for the 3-
and 10-year periods. The table shows that many of the synthesized vehicle designs exceeded the
goals of this study. The fuel usage reduction ranged from 20% for the lean-burn, four-speed
automatic with torque converter lock-up standard size vehicle to 46% for the diesel- and con-
tinuously variable transmission-equipped standard size car. The fuel usage reduction ranged from a
minimum of 25% for the lean-burn, four-speed automatic with torque lockup compact size car to
47% for the light-weight diesel and continuously variable transmission-equipped compact car.

Tables 4-2 and 4-3 also show the gallons saved for 3 and 10 years for each of the designs. It is
significant to note that the amount of gas saved, depending upon the design concept, ranged from
130 gallons to 250 gallons in 10,000 miles for the compact size car and 138 gallons to 316 gallons
in 10,000 miles for the standard sized car. The tables also show the total estimated incremental cost

19



1502 |3Ny B 1B PIAES SIB||OP — 150D 1, |e101 = sButaes jaN ‘¢

— v o oo %G L 1d32u02 uoissiwsuesl aubua pasodoid pue ajd1yaa aduaI3)ai Yl UAIMIBQ 2DUBIBYIP = v "G

*$3jeJ 1UNoJsIp — e e %01 anoqe £-1 uo paseq uo||eb/1502 |any PUB JUBWISAAUI UIIMIAG JUI0d L3ASNEAIG SIBDIPUI 3UI| %OB|q (BIU0ZIIOY AARRH 'G

% JudJayIp 1e B1I311 4D 150D pue sbulaes pasn wcfﬁ& 'sjeb g0zG = Saliw 000001 - SiesA pL
a1miny jo anjea Juasaid 3y) S3iy51jes = e == %9 pasn autjoseb 'sjeb pp9z = se|iw OO'0G = Steah sasy) ‘g

Yarym aa1ud aunjosed ayy auiyap saul| asay ) %0 :alof 3|914an aduaI34a) 3z1s pIepuels ayl Joy Bdw gg 6l = abeajiw jue) -z
3191y aduaiayal a21s 1oedwo) L

:suondwnssy

uonanpay s j3nd = YN 4,

e 8g’ [4 65" ey vo' L L9 6% z9 9g’ 89’ w 1y 8z 8¢ 150) v Jel0] uo paseg
uaaa)ealg 03 uojjes) sad 1507 jany4

olez 0z8 6E61 LL9 98LL 899 LipL £z agyL €09 8Z01 6zy zeol zoL {5-741 655 1e6/52°1$ ® sBuiaeg 19N

090¢ 0€S1 09z zOEL 9£LZ 89g1 [:Yr A 8ELL 90vZ £0zZ1L 8881 96 280z Yol 829l v18 1#6/GZ"1$ @ paneg siejloQ

8691 pLg 6LbL Ly 8€T1 vmml L 4s6 .I.w.mu.l. a6 €% .Io.mw|| .R. ) 91Z1 €6y LE6 96€ 186/00°1$ @ Buiaes 1aN

oz VI .l_xwon _I T ssiz __ wor | zzel __I.q_d._ __ 9z61 _ £96 oist _l... .nmwuﬂ— 9991 €68 el 1s9 2B/00 1S @ Panes siejoq
1.@_ sz | _l wl_ LS80 _ 069 _ ozt _ Eml._. 89 “_.llmvilh zzL zLz+ _“ 15 ___ oog g8z 119 mmu 126/G¢"08 @ Bumes 1an [ &

9e81 _| ny J_ vas1 —._ Mﬁ-l__ o9l .l T e _ oszL _.I.mmulu_l_ 96 _ _ {e6/G£°0§ @ pases sieljog
_w “ 86° _IIR ...I_L Yol m ”—.n_l_ " €5t- Lo+ eam _ _l 182 1 126/05°0§ @ Butnes 1aN

vzzl “ zL9 lluv.m—l izs | Fem— | s 16 l.«&.l ..lD.vl = lmﬂllldmnl 1e6/0G°0$ © Panes s:eljog

oge “ oz L91 60z  tL- 29z LEL- 9z Z: §51 ] 1e6/01°08 @ Buineg 1N
=<oss~ | oev ze8 olp 98 ey gzL 999 ££E 028 09z 1°6/0t'08 @ Panes s:ejjoQ

sz veel | vBOZ  2Zvol 8812 ¥601 zz8l 116 9z61 £96 oLsL 172 9991 £es 20EL 1S9 (YNdJ% X # 30U NueL) paneg suolieD

Ly Ly oy ov v 44 -1 GE LE e 6z 62 4> ze sz 6z {% "Nd) uononpay abesn 1and % ) z

09 09 08 0s zs (4] Ty [44 Sy St SE -1 Iy v 1> 1€ % Juawanoidw| Awouod3 jany

0sL oL 699 [:14:] 056 00L 598 619 056 009 098 Gi§ 0sv ove S9¢ §52 $ 150) ¢ m0)

ot og- ot 08 ot o8- ot 08 09+ o8- 09+ 08 ot 08- oy o8- $ 150D wawadeidey v [e30L )

- - - - 00E 06 00t 06 00E 06 00€ 06 ool (114 001 o¢ $ 150D Wuie B Jleday y |eI0L

06L 06L S0L S0L 069 069 509 509 065 065 50§ 50§ 0sg 06€ S0€ S0€ $ 150D y JEIUBWAIDU) BRI,

SIA QL JeumQ S| SIA QL WuUmMQ ISt s1A QL J8UMQ I8 siA QL JauUmQ IsL sIAQL BumQ 1| SJIA QL JeumgQ is) siAQL 1eumQ S| ssA QL JBumQ Is) 150D jo uogluyaq uoildeg

‘L'AD dn-}207 + oiny + dS-p ‘L'A'D dn-307 + any + ds-p ‘L'A'D dn-3207 + oIny + ds-¢ ‘I'AD dn-}207 + oIy +ds-4
1eseiq ofusy) pejjnens wajsAg josuog uoissiug Isneyx3 doo pasofd uing ues|

$1509 13N4d 30 IDONVH V LSNIVOVY AIUNSVIIN SLdIDNOI NOISSINSNVYHL INIONI SNOIHVA
40 SND1S3A A3Z1SIHLNAS HOd VYLVvQ LSOD LNIWLSIANI 40 AHYINNNS
ITOIH3A 3Z1S LOVdINOD

Z—v3navi

20



81n1ny o anjea Juasald ay} Salysiies

YaIym aoiad aunjosed ay) aulyap Sau)| 53y | —— 0 :3JON Bdw p5'yL = abeaiiu yuel °

3|D1Yan adualayal azis psepurlg

1500 |aNy B 1B PaAes $1e||Oop - 1500 7 |e30] = sbuiaes JaN /L

—meme—ee gy 1daou02 uoissiwsuesy auibua pasodosd pue 213143 a3UalaaL BYI UIBIMIB( 9OUAIANIP =T ‘9

sael unoasip anoqe g-| uo paseq uo|jeb;1500 |anj pue Juaw)sanul uaamlaq Jutod LBASBaIQ] SBIBDIPUI 3UI) HOB|] [BIUOZIIOY AABRRH G

% 1U3134}IP 1€ BLIA11ID 1502 pue mmc_>mm T T %o pasn auljoseh 'sjeb 08ge = S3Ii 000'001 = 51294 0L "y
: o - ——eeee—= gg pasn auijoseb ‘s|ef OppE = sa|Iw 0OQ'0S = SJeah ass| ‘£

4

l

:suondwnssy

uononpay asn jand = YNd,

1507 v |10 UO paseg

6z Gg° {58 4} 14 9 24 1ZA W 8g" 523 €9’ ve e Le 8g's Uanaxealg 01 uofles) Jad 150 (ang
9v0E 8011 €L10€g 0LL cvee 918 0451 0gS 618¢ LLL 8zElL 658 9€61 £v8 0SEL 009 1e6/GZ°L$ @ sBuines 1aN
956€ 8L61 P60€ LyS1 ¢See 991 0852 06ZL [44:14 [4:14% 8€ce 6LLL 90vT £0CL ozLL 098 1e6/GZ° [ @ panes siejlog
psee [474 9991 89v [44:1} 18t vSoL _.l .wMN |m €0€1 8 088 gee 9spL €09 9001 8cy 1e6/00°1$ @ sButnes 1o
v9LE z8st oLvE gezL z89C __  L¥EL I.hm.oml.ml.mmm. m.llm.mm L_.6a1L_ . _o06L__ . _g68 _ 9261 €96 aLel 889 1e6/00° 1§ ® Panes siejioq
zevld oic Iw _ m__ ooot H[Tsm | mes |iTTRC --m e | st v | o _I_“ vL6 %3 299 95z 1e6/52°08 © SSumeg 1oy [ ©
NRN“ ogtt | ossyll eze “__IE.R_ soor | svst]i v} zs —I 918 _zvEL | o _ j vl . PLL ., TEOL_ _8lS _ 1e6/5£°08 @ panes sizfjog
It = Rt e ST e o n e oW IT. ne o we RTINS s=o== lj— —| |— )
zL9 " 6L “— 8cy — 1S1L- LEC 061- 0z sve- €EL 495 w _ 1314 m— [44} _ m 81€ . ¥8 126/0G°0$ @ sbuines 1aN
zest]y 6L szt il 610 el | oc9 ocoL | sis 89tL 86t m_ Loosi] zev _ i .wmw__ vbe i#6/05°08 @ panes sJelioq
' Tosi+ | sz 8o vee  vBl- e 66 Le el 20z m_ ooe _m. Ta ||m_ 081 _nullml_ulu 196/0b°0$ @ Sbutnes 12N
066 2314 L0l 9ES 928 1484 9E6 89 alL 86¢g "H.Ilbmwl-lﬂ S8 "-_l.llbam-hll.u-.m SLZ [25/0%°08 @ panes sserjoQ
9Lve 8€ecL 289¢ Lvel v90e [434] ) 8EET 6911 0641 568 9Z61L £96 9.EL 889 (,HNJ% X # 8IIA NueL) pases suo|e
214 9t 9g 9g 6€ 6€ o€ o€ ve ve 9C 9¢ 8¢ 8¢ 114 0c {%HNd) uolonpay asn |and % z
09 09 142 144 1S LS 9€ 9g 6¢ 6€ 62 6c vE vE ve 174 % uawanoidw) Awouoag jany
016 0.8 ol8 0LL ottLL 098 oloL 09L Geot §89 oL6 09s oLy 09 oLE 092 ¢ 150D vy [el0]
09- oot- 09- 00lL- 09- 001- 09- 00l- 914 001- o+ oot- 09 0oL- 09- oot- § 1500 luswadejday , BI0L
= = - - 00€ 06 0oe 06 gog 06 0oe 06 0oL 0g 0oL oe ¢ 150D e g sedsy ;€10 ‘
0L6 0L6 018 0.8 08 0.8 0L 0LL S69 G69 0.5 045 ocy #1334 oee oge $ 150Dy [BluaWaIU) (elu]
s1A QL sRUMQ ISL siA gL JaumQ S| SsIA gL J8umQ Is| siA QL JsumgQ 35| SIAQL 18UMQ 15| sIA QL s8umQ Isi siA gL JaumQ Is| siA gL 1BumQ Is| g uonaag
1I'AD dn-3207 + ony-ds-p 1°AD dn-)§307 4 oyny-ds-p “1'AD dn-3207 + oyny-ds- ‘L'AD dn-%207 + oIny-ds-p
|1asatq * abaey) payjnens wWaysAg |os3uo) uoissiwg 3sneyx3y doo pasol) uing uea

$1S02 13N4 40 IONVH V LSNIVOV AIHNSYIIN SLdIOINOD NOISSINSNVH.L INIDNI SNOIHVA
40 SNDIS3A A3ZISTIHLNAS HO4 VYLva 1SOJ LNIWLSIANI 40 AHVINNNS
J70IH3A 3ZI1S GYVANVLS

€-v3navl

21



over the reference vehicle cost for each of the concepts. This incremental cost figure was Lfsed.to
measure the cost cffectiveness of each design by comparing it to the gallons saved and multiplying
by the fuel cost per gallon for the time period being examined.

Discount factors 0, 6, 10, and 18 percent were applied and the breakeven cost per gallon was
indicated by the various percentage lines shown on each of the charts. At the bottom of th.e chart
the breakeven fuel cost per gallons, based on the total incremental cost, is shown at a zero discount
rate. Generally the fuel cost per gallon breakeven point for the synthesized vehicles was lower th.an
the fuel cost breakeven point for the individual improvements, particularly the individual engine
types. The reason for this is that the synthesized vehicles have incorporated the relatively low

incremental cost of the light-weight body and chassis improvements, as well as the transmission
improvement, which has offset the relatively high cost of the engine types employed. Therefore, in
performing the total evaluation of a synthesized vehicle, care must be taken to account for this
factor properly.

4.4.2 Summary of Highlights Concerning Fuel Economy Gains
and Costs for Synthesized Vehicle Designs

The following is a list of highlights that may be obtained by reviewing Table 4-2 and Table 4-3.

®  The lean-burn concept results in the lowest total incremental cost to the first owner
and for the life cycle of the vehicle for both the compact and standard size car.
Secondly, it is the most cost-effective solution either with a four-speed automatic
transmission with lockup or a continuously variable transmission. This concept
becomes cost-effective when the fuel cost reaches approximately $0.24 to $0.41 per
gallon for both size automobiles.

®  The closed-loop exhaust emission control system, either with four-speed automatic
transmission and lock-up or continuously variable transmission, has a very high total
incremental cost for either the 3- or 10-year period. It has a fuel cost per gallon
breakeven point almost double that of the lean-burn concept ranging from $0.68 (3
years) to $0.59 (10 years) a gallon for the compact sized car and $0.63 (3 years) to
$0.44 (10 years) a gallon for the standard size car.

®  The stratified charge engine concept, either with the four-speed transmission or the
continuously variable transmission, has the highest total incremental cost over the
reference vehicles of all four concepts and, therefore, requires a fuel cost per gallon
to break even of $0.63 (3 years) to $0.43 (10 years) for the compact car and $0.74
(3 years) to $0.41 (10 years) for the standard size car.

®  While the light-weight diesel has a relatively high incremental total cost, it begins to

approach the cost effectiveness of the lean-burn concept for the 10-year,
100,000-mile life cycle time period. The breakeven fuel cost under these conditions
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is $0.33 per gallon for the four-speed transmission design and $0.29 per gallon for
the continuously variable transmission design. For the 3-year period, the cost
effectiveness is not so attractive, resulting in a fuel cost per gallon ranging from
$0.62 per gallon to $0.55 per gallon, depending upon the transmission type.

® Thus. one can conclude that the lean-burn concept would be the most cost-effective
system to develop for the 1977 to 1980 period, and for the 1980 to 1985 period the
light-weight diesel would be the most cost-effective design. Finally the closed-loop
exhaust emission control system and the stratified charge systems would be the least
attractive to develop.

45 SYSTEM COMPARISON BETWEEN SYNTHESIZED VEHICLE DESIGNS

Table 44 summarizes the potential improvements of both the compact and standard size
vehicles, as described in Section 4.2.1 and Table 4-1. This table was compiled primarily to highlight
the salient features of each synthesized design so that they could be compared one against the
other. The table provides the reader with the major advantages and disadvantages of each system.
The highlights of this table follow:

1. The lean-burn engine concept with four-speed, automatic, torque converter, lockup
transmission and improved light-weight vehicle with radial tires provides a near-term,
potentially low-risk solution for reducing fuel consumption by 20-25%, depending
on the size of automobile. Many capable companies are working on this concept
which can be readily adapted to present-type engines if the solutions prove feasible.
As stated before, we believe this concept — with a modified carburetor and thermal
reactor — probably has the greatest chance for success in the most cost-effective
manner. However, the area of concern with this concept is driveability, because of
the cylinder-to-cylinder and cycle-to-cycle variation in the combustion process.
Furthermore, while we feel the interim 1975 and 1976 emission standards will
probably be met, validation tests will be required. We foresee this concept being
implemented for either size vehicle in the 1977-1981 period.

to

The companion to concept No. 1 is the same light-weight vehicle with lean-burn
engine, but equipped with a continuously variable transmission. As can be seen, the
fuel usage reduction percentage is increased to 28-32%. However, the risk is higher
for this concept because of the unproven aspect of the continuously variable
transmission. In addition, the engine itself may have to go through a development
phase, so that its potential lack of durability, because of the continuously high loads
imposed by the proper matching of the transmission to the engine, can be overcome.
Furthermore, the loaded engine may present problems with NO, which would have
to be validated by test.

Both of the lean-burn designs discussed above, in our opinion, will not require
catalytic converters when fully developed, but will require a higher octane fuel than

is presently being contemplated for the future. We recognize that this concept, as
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yet, has not reached a point where both emission standards and commensurate fuel
economy have been fully demonstrated, and if the developers choose to introduce a
catalytic converter into the system for added flexibility to recalibrate the vehicle for
emissions, there will be an increase in initial and operating cost and only non-leaded,
high octane fuel will be usable.

We see the next design concept - the light-weight vehicle with radial tires equipped
with an engine having closed-loop stoichiometric fuel control and catalytic converter
emission control and a four-speed automatic transmission with torque converter
lockup — developing from standard engines that will be offered on the 1975
production vehicles. These vehicles will be equipped with optimized spark-timing,
improved carburetion, and catalytic converters. Time will tell if the catalytic
converter concept will prove successful and result in a durable, reliable means of
controlling emissions when operated and maintained by the public over a wide range
of conditions, e.g., inoperative partially open automatic chokes, dirty air filters,
misfiring plugs, overly rich carburetor can poison the catalyst.

We believe that the closed-loop stoichiometric fuel control system in itself is
desirable, since it will keep the engine in tune which will result in a more efficient
operation and consequently save fuel. However, this system will require the develop-
ment of a durable and reliable O, sensor for the feedback signal. We consider this
concept to have medium technical risk available in the 1981-1984 time frame. A
major problem with the catalytic converter system is that the catalyst will probably
have to be replaced at 50,000 miles which will cost the owner approximately
$100-$125. This will make the total system less cost-effective. Furthermore, if
electronic fuel injection system is used, the initial cost and maintenance cost will
increase. In our opinion, the result is of questionable cost-effectiveness. The cata-
lytic converters use noble metals, such as platinum or palladium, which must be
imported — another undesirable feature.

Another design concept consists of the same system described in item 3 with the
substitution of a continuously variable transmission. We have included this concept
to permit the evaluation of the closed-loop system operating under ideal trans-
mission-matching conditions. Fuel reduction percentage is 34-37%. However, off-
setting this fuel saving is the high risk of two unproven systems being combined.
Therefore, we do not see this system becoming available to the public before the
1981-1984 time period. Development of the system would entail solving all the
problems associated with providing a durable engine under long-term, high-loading
conditions.

A light-weight vehicle with a stratified-charge engine and equipped with a four-speed
automatic and torque converter lockup is another design concept. We believe this
concept has an inherent high risk factor, although the percentage of fuel usage
reduction is potentially 30-35%. The concept is not so cost-effective as that of other
engines. In addition, the engine would have to be developed as a reliable power plant
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with a degree of driving flexibility not yet achieved in practice. Furthermore, the
system would require a fuel injection system and a spark ignition system which
would probably have high maintenance and repair costs. However, development of
this concept is being widely pursued, and we believe that answers should be available
in the near term concerning whether further progress will continue. The engine does
have the capability of operating over a wide range of octane numbers and with
different types of fuel which is a distinct advantage. It is not clear whether a
catalytic converter will be necessary to control the exhaust emissions from this
engine and, if so, whether the use of exhaust gas recirculation will be necessary, and
how this will affect the fuel economy.

Another design concept consists of the same engine and vehicle concept described in
item 5, except equipped with a continuously variable transmission. We consider that
this concept has the highest technical risk and will not be available to the public
before the 1982-1984 period. However, our estimates indicate that fuel usage
reduction percentage could approximate 39-42%.

Of all the concepts examined in this study, we consider the light-weight vehicle with
radial tires, a diesel engine, a fourspeed automatic transmission, and torque con-
verter lockup, to have the greatest potential for fuel savings and with a medium
technical risk. This system represents a good cost-effective solution, being based on a
concept which has been well proven in the past in many light-weight duty vehicles.
The problem connected with it is designing an engine that will meet the weight
constraints, while providing performance currently available in the standard and
compact size reference vehicles. We believe that the maintenance and problems of
engine design, noise, and cold start are solvable within the time frame. We also
believe that this engine would be reliable and have low maintenance cost. We do not
see a problem in changeover to the large scale distribution of diesel fuel; however,
this aspect must be studied.

Another design concept is the same system as described in item 7, except that it is
equipped with a continuously variable transmission. We consider the combination of
the light-weight diesel with a continuously variable transmission to be a high risk,
simply because of the combination of the unproven aspects of both designs.
However, as in the other concepts discussed, effort in developing this transmission
should prove advantageous for the diesel =ngine also.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 FUEL ECONOMY IMPROVEMENTS
5.1.1 Conclusions

5.1.1.1 Conclusions Relating to Program Goals — The goal of a 43% improvement in fuel
economy (mpg), or 30% reduction in fuel usage (gpm), for the compact(c) and standard(s) size
vehicle appears attainable by the early 1980’s within the constraints of this program.

®  Since the initial conception of the need for this study and during the period that the
work was actually conducted, there has been a tremendous shift in the buying
preference of the public across the Nation. The trend has changed from the
standard-size (4200 Ib), relatively high-acceleration performance, large-engine cars to
compact and smaller sizes with smaller displacement engines. This change in car mix
will, in itself, reduce the Nation’s fuel consumption. However, since there will
always be a need for the larger vehicles — either passenger vehicles or light-duty
trucks — the study results are still useful in understanding what can be done to
improve fuel economy through technological hardware innovation. Furthermore, the
technological improvements which we examined in this study could be applied to
smaller cars with approximately the same relative gains.

®  Our theoretical analysis revealed that, while fuel economy has always been con-
sidered important, until the combined impact of regulatory safety/emission controls
on fuel economy and the increased price of fuel, there has been no real incentive to
depart from current standard automobile designs. In fact, most approaches to
improving fuel economy which did not reduce car size or performance (acceleration)
have been partially or fully developed, only to be dropped because of the added
initial cost to the first owner with no potential for payback at fuel costs of
$0.25-80.30/gal.

®  Because of pressures in the marketplace — in addition to increasing the production
capacity for small cars — automobile companies and associated industries are
expending major efforts to improve fuel economy in the near term and in the future.

® Implementing innovations which reduce fuel usage might be accelerated (a) by
demonstrating some approaches which prove the validity of the concepts, and (b) by
obtaining more basic knowledge of their actual cost-effectiveness and potential
acceptance by the public.

5.1.1.2 Technological Improvements Resulting in Fuel Economy Gains — All individual

innovations yielding substantial gains in fuel economy without changing either size car performance,
or driver habits, may be grouped into one of three major technological areas:
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1. Changes in vehicle structure which reduce weight, aerodynamic drag, and rolling
resistance;

2. Improved matching of the engine coupling to the road load by use of modified
transmission now in use, or continuously variable transmissions presently being
developed; or

3. Near-term (mid-1970’s) improvement in present engine operating efficiency or
substitution of conventional gasoline engines by the diesel or stratified charge-type
engines for the long-term 1980’s.

5.1.1.2.1 Improved Light-Weight Body and Chassis with Radial Tires — In all the
approaches studied with the objective of realizing this goal, we assumed the development of body
and chassis construction of 10% less weight, 10% less frontal area, 20% less aerodynamic drag
coefficient, and the substitution of radial tires for belted bias tires. The combined contribution of
these improvements accounts for approximately 9 (standard) to 13 (compact) % mpg gain [8
(standard) to 12 (compact) % gpm reduction]. These improvements have been recognized by the
automobile manufacturers and will be incorporated in new cars at the time of major body change —
somewhere in the 1976-1978 period.

5.1.1.2.2 Improved Matching of Engine to Road Load — In all approaches studied, we
recognized the importance of improving the matching of power plant to the drive train. In this
regard, we considered two general types of improved transmissions:

®  Automatic Four-Speed Transmission with Torque Converter Lock-Up — This
change would consist of adding a gear to make a four-speed transmission
(overdrive) and a lock-up device for the torque converter to reduce hydraulic
losses, resulting in about a 10 (standard) to 15 (compact) % mpg gain [9
(standard) to 13 (compact) % gpm reduction]. These improvements are now
being considered by the manufacturers and could be made available by the
1976-1978 period.

®  Continuously Variable Transmission (CVT) — While either the traction-type or
hydromechanical-type CVT will contribute approximately 20 (standard) to 25
(compact) % mpg gain [16 (standard) to 20 (compact) % gpm reduction], each
involves both a high technical risk and a long development time before it could
be fully implemented sometime in the early 1980’. The CVT approach has
received a great deal of attention and effort over the years, but until now the
fow cost of fuel has not warranted the full development of this type of
transmission. Furthermore shift logic and sensor control systems require devel-
opmént.
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5.1.1.2.3 Improved Engine Efficiency and Fuel Usage — Improving engine fuel usage may
be accomplished by two general approaches which can be included within the constraints of this
study:

® Improve the fuel usage of the present spark ignition engine by either operating
it at the stoichiometric air/fuel ratio by a closed-loop control, or under lean
air/fuel ratio conditions. Either of these methods yields about a 5-10% mpg
gain for the near term and represents an interim solution to offset losses in fuel
economy until other concepts are developed and become available.

® Extend the concept of the conventional piston engine for light-duty passenger
car use by developing the stratified-charge engine and particularly a light-weight
diesel engine. We believe that the stratified charge engine is less viable than the
diesel because of a lack of proven road flexibility, increased complexity, and
lower potential for fuel economy gain; i.e., 17 (standard) to 18 (compact) %
mpg gain for the stratified charge versus 20 (standard) to 25 (compact) % mpg
gain for the diesel.

5.1.1.3 Most Cost-Effective Approach — Maximum gains can be made if the individual
innovations are combined using a total systems approach which we have attempted in this study.

The most cost-effective approach — with medium technical risk — to achieving the study goals
involves use of a light-weight diesel engine, combined with a four-speed automatic transmission, a
torque converter equipped with lock-up mounted in a light-weight improved body, and a chassis
equipped with radial tires. Theoretical analysis indicates fuel economy gains of 44 (standard) to 50
(compact) % mpg or fuel usage reduction of 36 (standard) to 40 (compact) % gpm.

5.1.2 Recommendation

We recommend that industry and developers be encouraged (1) to investigate further the three
improvement areas listed in Section 5.1.1.2 and (2) to proceed with development of promising
innovations. Specifically, we recommend that —

®  The present EPA/AAPS program for assessing the light-weight, high-speed diesel be
continued to the development stage of the most promising diesel concept.

® The U.S. Army Tank Automotive Command Program concentrate on the develop-
ment of stratified charge engines for light-duty military vehicle service and evaluate
them completely for their applicability to non-military passenger car requirements.

® A joint effort which is currently being considered by the AAPS/EPA between the

Government and industry be undertaken to evaluate separately the continuously
variable transmission — both the traction and hydromechanical types.
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® The evaluation of the lean-bum engine concept be continued and approaches which
may have been stopped for various reasons be re-examined in light of fuel economy
goals. Table 4-16 of the main report identifies specific developers and shows exam-
ples of their different approaches.

® Finally, a survey of materials application useful for improving weight reduction be
undertaken. This survey would require a detailed analysis of plastics, glass, alumi-
num, and others, and the implications of their utilization on a cost-effective basis,
considering fuel economy gains, initial cost, and natural resource depletion, plus
problems related to scrap recovery.

5.1.3 Factors to Consider in Introducing Technological Improvements
5.1.3.1 Technological Risks — These risks range from —

® Low — for weight, drag, rolling resistance, and improved present type of automatic
transmission, to

® Medium — for developing lean-burn and diesel engines, to

e High — for closed-loop exhaust emission-controlled catalytic converter engines,
stratified charge engines, and continuously variable transmissions because of
required durability and higher maintenance costs.

5.1.3.2 Lead Time — Lead time for introducing improvements does not follow the degree of risk
necessarily, e.g.:

® Near Term — Lightened body, chassis, tires, and present automatic transmission;
next major body style change (1977-1979); lean-burn and closed-loop approach
(1977-1980);

® Long Term — Stratified charge, diesel, and continuously variable transmission
(1981-1984).

5.1.3.3 Cost Effectiveness — Cost effectiveness is a yardstick used to measure the overall
monetary benefit of an improvement, i.e., benefits (savings) over the life cycle of the car (100,000
miles over 10 years). To be considered cost-effective, these benefits should exceed the overall cost.
At fuel costs of $0.75/gal:

e Individual improvements that are cost-effective include the body chassis, trans-
missions, tires, and the lean-bum and diesel engines.

®  An individual improvement that just meets the cost-effective test is the stratified-
charge engine.
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® An individual improvement that fails the cost-effective test is the closed-loop
exhaust, emission-controlled engine.

5.1.3.4 Customer Acceptance — Customer acceptance would depend on the degree of develop-
ment and cost of fuel at the time of introduction, since there could be some sacrifice in driveability,
durability, and repair/maintenance costs. We rank the improvements as follows:

® High Acceptance — Less weight, drag, improvement of present-type automatic
transmission and radial tires; diesel engine, if odor problem is solved.

®  Medium Acceptance — Continuously variable transmission, because of noise and
engine reaction; lean burn, because of poor driveability and possible need for high
octane or leaded fuels.

® Low Acceptance — Closed-loop exhaust emission control, because of durability and
replacement costs of catalytic converter and high initial cost with low fuel economy
gains; stratified charge, because of high initial cost, possible poor driveability
response and high maintenance cost, particularly if catalytic converters are required.

5.1.3.5 State of Development and Time Phasing — The improvements investigated are either
under development or appear ready for production using both lighter materials and the production
technology/skills associated with present-day piston engines, automatic transmissions, fuel/ignition
systems, and sheet metal manufacturing. Therefore, we do not see that the candidate improvements
will have the degree of impact on manufacturing facilities or labor skills that the introduction of
alternate power sources, which depart from present piston engine technology — such as Wankel
engines, steam engines, gas turbines, or Stirling cycle engines — would have, even if these alternative
power sources could approach the goals of this study. We did not include the alternative power
sources in this study.

A time-phased assessment of the improvements discussed is presented in Figure 5-1. This figure
shows a range of feasible percentages of improvement in fuel economy (mpg) from 1974 to 1984
and the range of time required to reach full-scale production of units to be incorporated into
complete vehicle systems. Another way of displaying this information is shown in Table 4-4 which
shows that — based on $0.75/gal — the owner’s annual total savings would range from $27 to $146,
saving from 130 to 316 gallons of fuel per year. The estimated maximum increase in initial cost for
a complete improved vehicle system would vary from $430 to $970 for the standard-size car and
from $305 to $790 for the compact-size car (see Tables 4-2 and 4-3).

5.2 EMISSION CONSTRAINTS

5.2.1 Conclusion

The fuel economy of the standard spark-ignited engine vehicle has been materially reduced (1)
by the use of emission control measures, such as retarded ignition timing, decreased compression
ratio, and the exhaust gas recirculation air pump, and (2) by the increase in engine size to offset
subsequent loss in performance.
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Model Year of implementation
POTENTIAL PERCENT IMPROVEMENT IN FUEL ECONOMY

RESULTING FROM TECHNOLOGICAL IMPROVEMENTS

VERSUS TIME OF IMPLEMENTATION

# These may be interim solutions which might be replaced by long-term improvements.
FIGURE 5-1



We believe that NO,, is the hardest of the exhaust pollutants to control in the spark-ignition
engine, while maintaining engine efficiency as based on control equipment used in vehicles
produced to date. This type of equipment includes non-proportional exhaust gas recirculation
(EGR) valves which are counteractive to improved fuel economy, lowest system cost, and dura-
bility. However, there are developments under way which indicate that, if EGR valves which
recirculate exhaust gases proportional to engine load are used, then fuel economy losses may be
minimized or improved.®

5.2.2 Recommendation

We recommend that the study being conducted by the National Academy of Science on
automotive exhaust pollutants and emission standards be carefully considered in any future effort
to modify or maintain present required standards, and also that these standards be fixed on a
long-range basis. This will enable engine developers to work out the compromises which offer the
best cost benefits considering ambient air, energy conservation, and vehicle cost per mile for the
consumer.

5.3 VEHICLE FUEL ECONOMY MEASUREMENT
5.3.1 Conclusions

There is no uniform method for determining fuel consumption on a yearly basis within the
industry or Government which allows a car owner to assess the amount of fuel consumed by his
vehicle in meeting his particular needs; that is, a method comparable to describing performance as
accelerating from 0 to 60 mph in so many seconds. The need to develop such a uniform, easily
understood rationale for determining fuel economy will become increasingly important as fuel costs
increase. Many misconceptions arise about gains or losses in fuel economy, because of this lack of a
standard measurement method. This makes comparative evaluations very difficult, particularly so if
in performing fuel economy evaluations and comparisons, equal performance (ability to accelerate)
is not maintained before and after the incorporation of changes which affect fuel economy on
vehicles of the same size and weight.

The federal driving cycle, developed for determining amounts of pollutants emitted during
vehicle test, was not primarily intended to provide actual fuel economy information. However, it
does provide a reasonable measure of urban fuel economy, but it is not a reasonable measure
of highway economy because it does not include sustained speeds and accelerations encountered on
U.S. rural or interstate highways.

We are expecting an increased effort within both industry and the Government to establish
standards, uniform tests, and driving cycles for determining realistic tank mileage (mpg) results —
perhaps even yearly fuel consumption techniques as well. An SAE committee is presently consider-
ing the development of a uniform fuel economy measurement procedure.

5. Gumbleton, J.J,, Bolton, R.A.,and Lang, H.W., “Optimizing Engine Parameters with Exhaust Gas Recircutation, SAE
Paper 740104, Feb. 25-March 1, 1974.
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Finally, because of the lack of standards and uniform tests, it is very difficult to obtain useful
experimental data from innovators on emission levels and, at the same time, performance and fuel
usage data.

5.3.2 Recommendation

We recommend that every effort be made to expedite the establishment of standards, tests,
and driving cycles which will permit manufacturers of improved vehicles to measure fuel economy
and yearly fuel usage under uniform and comparable conditions.

5.4 SIMULATION OF VEHICLE FUEL ECONOMY AND PERFORMANCE
5.4.1 Conclusion

The simulation modelling technique developed for this program — similar to others used by
industry and Government — is very useful in determining the effect of a change relative to a
reference base vehicle or engine. The results from such simulation modelling appear to provide
credible results. However, the simulation technique is only a tool and does not replace the need for
experimental testing and engineering evaluation programs for comparison purposes.

Similar to the lack of a uniform set of standards and test procedures for measuring vehicle fuel
consumption, no uniform method of engine testing for fuel consumption data, including the effects
of emission control devices, accessories, exhaust systems, and the like, is being used consistently.
This lack prevented us from fully evaluating the proposed improvements on a comparable basis.

Simulation techniques, while providing valuable indications of whether an innovation would
effect an improvement in fuel economy or performance, are desirable and probably necessary;
actual validation tests have to be made somewhere downstream. ’

5.4.2 Recommendations

We recommend that the work being done to establish vehicle fuel economy measurement
standards, tests, and driving cycles be extended to include a similar set of standardized criteria to
serve as guidelines in performing powerplant tests, so as to provide data for simulating vehicle fuel
economy and emission levels under different operating conditions.

We recommend that a technique be developed — similar to the technique that is used to
predict the interaction between fuel economy and performance — for predicting the interactions
between emission control and fuel economy. This technique should provide the predictive tool for
examining potential improvements in vehicle designs under development and be supplemented by
actual testing.
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Summary Analysis of the
Individual TImprovements against the
Qualitative and Quantitative
Constraints for Both Compact and
Standard Size Vehicles

Tables 5-1 through 5-9
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