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SUMMARY

During this century, automobile manufactur-
ing has evolved from a small group of struggling
entrepreneurs into a massive industry and Gov-
ernment complex. The evolution of the industry
has been largely determined by the capability of
automobile manufacturers to mass produce ve-
hicles to satisfy public demand at an affordable
price. While there has been intense competition
among manufacturers, the technology that has
developed is remarkably uniform in terms of ve-
hicle size, performance: and component charac-
teristics. Until recently, the factors that influ-
enced general vehicle characteristics and the
success of particular models were styling, per-
formance, comfort, convenience, reliability,
and cost. As this formula was mastered by auto-
mobile manufacturers, the climate of the indus-
try became that of an established and mature
technology.

Within the past decade, however, the estab-
lished pattern may been upset. Through a com-
bination of public concern, Government action,
and the force of circumstances, automobile tech-
nology has had to take new directions. The in-
dustry has had to be more mindful of environ-
mental impacts, fuel economy, and safety. This
has introduced new design requirements, new
production techniques, new manufacturer re-
sponsibilities, and new costs. The characteristics
of the automobile have begun to undergo a
transformation in terms of both the technology
employed and the rate at which changes are in-
troduced. Some of these changes will be seen in
the near term, by 1985. Others will take much
longer to emerge and may not be on the market
until sometime around 2000.

The technological aspects of the automobile
transportation system that are likely to change
in the near term are:

Ž Downsizing programs now underway will

reduce the average size and weight of the
vehicle fleet. Wasted space resulting from
styling and image features will be greatly
reduced.

• Substitution of lightweight materials such
as aluminum, plastics, and high-strength
low-alloy steels will reduce vehicle weight
further.

• Changes in vehicle layout, such as front-
wheel drive, will allow further size and
weight reduction.

• Additional increases in fuel economy will
be achieved by improvements in transmis-
sions and drive trains and by reduced power
requirements for accessories.

● Several new engines or refinements of ex-
isting engines have been introduced recent-
ly or probably will be on the market in the
near future:

—diesels (several offered now),

—stratified charge (offered now by Hon-
da),

—Ford PROCO type (single-chamber)
stratified charge,

—valve selectors (ready now, but not on
the market), and

—turbocharging (offered now by GM and
Ford).

● Electronic fuel control and ignition systems
will come into widespread use and will help
to maintain efficient engine performance
and to reduce the need for tuneups.

• The introduction of these technological im-
provements should permit the 1985 auto-
mobile fuel-economy goals to be met, and
possibly exceeded.

2 9 7



298 ● Changes in the Future Use and Characteristics of the Automobile Transportation System

Emission goals, as currently legislated, can
be met using existing technology and antici-
pated refinements without serious penalty
in fuel economy.

Vehicle safety will be enhanced by the addi-
tion of passive restraints in the early 1980’s.

On the other hand, small cars increase the
potential for serious injury, unless crash-
worthiness is improved. Small cars can be
designed to match the crashworthiness of
present full-size cars at a nominal weight
and cost penalty.

Basic design and manufacturing processes
will not change substantially, except where
the use of new materials requires new proc-
esses .

Advanced vehicle and propulsion technol-
ogies such as Stirling and turbine engines,
electric vehicles, and alternative fuels will
not significantly penetrate the marketplace
by 1985.

Other characteristics, such as comfort,

programs on automobiles and fuels now being
conducted by Government and industry. The
outcomes of these programs are expected to
have an important influence on the direction
that automotive technology will take in the
period 1985-2000. These research and develop-
ment activities include:

the gas turbine development program;

development of the Stirling engine, and its
derivatives;

R&D on electric and hybrid vehicles and
identification of prospective markets and
roles;

long-range development of highly efficient
engines, such as the adiabatic turbocom-
pound diesel;

R&D on materials—including ceramic
components for engines, base metal cata-
lysts, and energy-absorbing composites;

development of a homogeneous, all-plastic

●

●

●

●

●

●

tire;

definition of the health effects of auto-
mobile emissions—both those now regu-
lated and those expected from new engines
and fuels; and

exploration of the processes and facilities
needed to provide new fuels—alcohol,

handling, and convenience options will be
much like today. Durability, damageabil-
ity, and maintenance and service require-
ments will be essentially the same. The
variety of products now offered by manu-
facturers will remain, but the sales mix will
shift toward smaller vehicles.

There are several research and development
broad-cut
hydrogen.

petroleum fuels, synfuels, and

INTRODUCTION

The future of the automobile transportation •
system will be determined in part by the new
technologies introduced in the next 25 years. In
order to assess new technologies and their ef- ●

fects and impacts on the future characteristics of
the automobile transportation system, it is nec-
essary to make estimates of a number of factors: ●

What are the technical or social drawbacks
of these technologies?

When will they be commercialized and at
what rate will they penetrate various mar-
kets?

How much will they cost the consumer?

How much will the development process
cost?

How do they compare with alternative
technologies?

Which new technologies are likely to be de- .
veloped within the next 25 years?

What  potential benefits do they offer in .
terms of improved mobility, reduction of
emissions, energy conservation, or im-

●

●

proved safety? In addressing these questions, this chapter
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first describes the present technology of auto-
mobiles and the automobile industry, and
changes through 1985 that are already in pros-
pect because of Government regulations, indus-
try commitments, and firm economic and mar-
keting considerations. The following topics are
covered:

● vehicle characteristics,

● manufacturing and materials,

● fuel economy,

● emission control,

• safety technology,

● Otto cycle engines,

Ž diesels,

• drivetrains and accessories, and

● electronics.

The final part of the chapter discusses
research on future systems or improvements
beyond 1985, including major technological
problems and opportunities. Included are dis-
cussions of advanced-propulsion systems, ad-
vanced-vehicle designs, safety improvements,
electric and hybrid vehicles, and alternate fuels.

HISTORICAL AND CURRENT TRENDS

The U.S. auto industry has accumulated a
monumental store of technological expertise,
experience, and research facilities in almost all
aspects of its business. In addition to the multi-
tude of products and developments brought to
public attention, the auto industry engages in
extensive research and development activities.
Although some of these R&D activities are pub-
licized, many are not, either for competitive rea-
sons or because the results were negative (as is
the case for much of the research in all indus-
tries), or because the research lacks direct or
current applicability.

Some of the more important elements of the
overall technological base and the factors which
influence technology are discussed in this sec-
tion, both to describe the probable vehicle and
system characteristics through 1985 and to serve
as a basis for forecasts to 2000 and beyond.

Several determining characteristics of the
U.S. automobile industry and transportation
system have been:

a high degree of standardization of vehicles
and components,

high production rates and relatively low
unit prices,

uniformity of service and repair facilities,
and fuel supply systems,

aggressive industry advertising aimed at

selling more
sumer tastes,

R&D efforts

cars and at influencing con-

focused on targets of high
marketability or, in recent years, high pub-
lic or governmental concern,

a high degree of sales competition among
domestic firms and with imports,

a business system which is characterized by
a conservative, predictable, low-risk ap-
proach in order to maintain competitive
strength, and

a market which has traditionally been re-
sistant to abrupt or unusual product
changes.

As a consequence of such influences, U.S.
passenger car models have evolved into remark-
ably similar groups of vehicles in terms of size,
performance, and component characteristics.
Competition has centered on performance, com-
fort, and convenience—leading to gradual, in-
cremental increases in size and weight. Different
buyer needs and levels of affluence have been
accommodated by each manufacturer by sup-
plying a similar range of vehicles, with prices
that were highly competitive within size and
performance categories.

Many variations of the basic four- to six-pas-
senger car have evolved — two-passenger sports
cars, economy cars, limousines, and recre-
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ational vehicles—but the basic concept and me-
chanical components remain much the same.
The primary industry goal continues to be to
supply a range of products (at a profit) that will
meet the mobility needs of most U.S. family
units. In recent years, this range has broadened
considerably.

The size and performance characteristics of
specific models or classes of vehicles have
shown a trend of reasonably steady increases
over the past 30 years. Recently, however, emis-
sion regulations required tuning engines to
lower performance ratings, and in 1977, overall
vehicle downsizing began to reduce weight for
added fuel economy. The most popular U.S.
sizes were in the range of 115- to 118-inch
wheelbase and 3,000- to 4,500-pound curb
weight. The sales-weighted average passenger
car weight remained remarkably constant at
about 3,350-pound curb weight from the late-
1940’s to 1974. The sales-weighted average price
also remained essentially constant in constant
dollars over these years. 1

Figure 54 shows selected past and recent U.S.
and foreign models to illustrate the wide variety
of packaging efficiency, and the potential for
length reduction without significant change to
the length and height of the passenger compart-
ment. Table 129 shows that over the past 25
years, the basic passenger compartment for
standard-size vehicles of U.S. manufacture
changed little in its critical dimensions, despite
the wide range and steady increase in overall
size and weight.

During this same period, an increasing num-
ber of comfort and convenience options were in-
troduced and enthusiastically accepted. (See fig-
ure 55. ) A leveling off of purchases of some of
these options and sharp declines in some, par-
ticularly the V-8 engine, is forecast in the next
few years. Most of these devices add appreci-
ably to fuel consumption and to manufacturers’
profits, as their percentage markup is typically
on the order of half again that of the basic vehi-
cle.

In the mid- and late-1950’s, imports, typically
with 80- to 110-inch wheelbase and 1,500- to

‘SRI International, Potential  Changes in the Future Use and
Characteristics of the Automobile, contractor report prepared for
OTA, January 1978; and supplemental submissions (hereinafter
cited as SRI Supplement).

Figure 54.—Illustrative Automobile Sizes
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2,800-pound curb weight, began to capture an
increasing share of the market. The U.S. manu-
facturers’ response was to introduce a family of
compact and intermediate-sized cars, which re-
duced the import penetration from 10 percent to
5 percent in 3 years. However, the smaller U.S.
cars began to grow steadily in size and weight
and by 1975, the import share of the market
rose to over 18 percent—a share that they still
hold. z Imports are attractive for the feature con-
tent, efficiency of space utilization and, in many
cases, performance, handling, and subjective
views of quality and image.

During the early 1970’s, the U.S. auto manu-
facturers moved more strongly into overseas
manufacture and assembly for the U.S. market.
Efforts to bring captive imports into the United
States were marginally successful, and some
died out after a few years of promising perform-
ance. (See table 130. ) Under existing fuel-
economy regulations, captive imports cannot be
averaged into the U.S. manufacturers’ fuel-
economy figures after 1980. Thus, the extent of
overseas manufacture and assembly of cars and
parts for U.S. sale will be reduced significantly
after that date.

The foreign-based import sales in the United
States come mostly from a few large compa-
nies—typically the top five firms hold more
than 65 percent of the U.S. market.3 Most of
these firms are large, broadly based, and tech-
nologically innovative. There are also several
smaller firms that export to the United States.
They and the larger firms often try new technol-
ogies or novel vehicle layouts at a relatively
early stage of development as a market entry
tool .4

All of these major trends in the United States
auto industry occurred with little direct regu-
latory pressure. However, when the influences
of fuel-economy, emissions, noise, safety, and

I Motor Vehicle Manufacturers Association, ML~ tor  Vehicle Facts
atzd Flgurcs  78

‘In 1976, the top five import firms were Toyata,  Datsun, Volks-
wagen, Honda, and Fiat. They accounted for 969,587 of a total of
1,491,910 import sales, R,A. Wright, “Imported Cars Draw U.S.
Attention, ” Az/tomoti~~(~ NeuIs 1977 Mark~f Data Book- issue, Apr.
27, 1977, p. 70.

‘Examples ot this are the Honda stratified-charge engine
(CVCC),  the Mazda rotary engine, the VW diesel engine, and the
many import f]rms otferlng  the increasingly popular front-w heei-
drive layout.

Figure 55.—Factory Installation of Selected Equipment
from 1956 to 1976
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damageability regulations are added, it is ob-
vious that the industry and its products have
entered a period of unprecedented change.

Materials, Design,
and Manufacturing Processes

Capabilities in the field of automotive mate-
rials, design, and manufacturing processes have
reached a very high level in the automobile in-
dustry. Requirements, schedules, and future
goals are relatively clear. Production volumes
are adequate to make exploration of relatively
minor improvements worthwhile. The design
goal is the optimum combination of perform-
ance, cost, risk, and flexibility of application.

A typical car includes about 50 percent car-
bon steel, 15 percent cast iron, 8 percent other
iron and steel, 6 percent rubber, 2.5 percent
plastics, 2.5 percent glass, and 2.6 percent
aluminum. (See table 131. ) The primary manu-
facturing processes of concern are sheet-metal
stamping and welding, followed by ferrous cast-

— — — — — — —

— — — — — — 3
— — — — — — 41

ing. These are well-established processes with
little chance for innovations other than re-
sponses to the changing economics of energy
and process emission control.

Alloy steels are used in gears, bearings, forg-
ings, and other highly stressed parts. Typically,
these parts are forged and machined, and are
continually the subject of improved manufac-
turing processes. “Chipless machining” concepts

Table 131 .—Automobile Material Used
in a 1974 Plymouth Valiant

Ibs/car % Wgt.

Plain carbon steel . . . . . . . . 1,630 52.4
Cast iron. . . . . . . . . . . . . . . . 436 14.2
Other iron & steel . . . . . . . . 254 8.2
Aluminum. . . . . . . . . . . . . . . 70 2.6
Rubber . . . . . . . . . . . . . . . . . 183 5.9
Plastics. . . . . . . . . . . . . . . . . 77 2.5
Glass. . . . . . . . . . . . . . . . . . . 2.5
Copper/zinc/lead. . . . . . . . . 89 2.9
Soft trim . . . . . . . . . . . . . . . . 76 2.4
Sound deadeners . . . . . . . . 52 1.7
Misc. (fluids, paint, solder). 165 5.3

Total . . . . . . . . . . . . . . . 3,111 100
SOURCE SRI, p V 37
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such as spline rolling and powder metal fabrica-
tion are preferred and are being expanded as fast
as their process economics become favorable.

Most aluminum parts are cast or made of
stamped sheet. Aluminum usage has risen to
about 100 pounds per car in 1977, and is ex-
pected to go to 150 pounds by 1980. Extensive
R&D on stamping and spot welding of alumi-
num may enable carmakers to replace more and
more steel parts with aluminum. The need for
weight reduction and the availability of cylinder
wall-coating processes (e. g., the Nikasil or the
Kawasaki exploding wire scheme) could con-
ceivably reawaken interest in the Chevrolet
Vega die-cast aluminum-engine concept. If such
a cylinder block went into production, it would
replace heavier cast iron with another 5 0
pounds or so of aluminum per car. Also, manu-
facture of aluminum wheels of competitive price
and performance out of strip with a welded-in
center section has recently been accomplished,
These parts are expected to replace a fair per-
centage of steel wheels.

Ch, 10— Technology ● 303

Years ago, plastic parts were generally injec-
tion molded or extruded, In recent years, the use
of sheet-molding compounds has taken over the
bulk of plastic applications by weight. The use
of plastics rose to about 160 pounds per car in
1977, and is expected to go up to 240 pounds per
car by 1980, replacing heavier materials. Re-
search into the use of plastics and integrated
foam structures for structural and body parts
may provide further possibilities in this area,

Because iron and steel are plentiful, and be-
cause many parts of cars can ‘be made of alter-
nate materials, automotive materials are not
viewed as a problem, either from a standpoint
of availability or ability to meet performance
needs well beyond 1985.

The basic design and structure of the automo-
bile has remained essentially unchanged for
many years. Two basic configurations have
evolved—the unit body and frame and the “con-
ventional” separate body and frame. In the lat-
ter, the vehicle consists of a steel chassis or
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frame to which the suspension system, wheels,
engine, and drivetrain are attached. The vehicle
body (consisting of floor, firewall, roof, door,
fender, hood and trunk panels, along with inner
panels, support members, seats, etc., welded
and bolted into place) is then fastened to the
frame.

In the unit body and frame concept, the sus-
pension, drivetrain, and engine are attached to
reinforced areas of the body, rather than to a
separate frame. A variation of this theme is the
stub frame concept in which the engine and
front suspension are mounted to a short or stub
frame attached to the unit body in the vicinity of
the firewall. A unit body and frame is generally
lighter and more compact, but it is much more
difficult to isolate the occupants from engine
and road noise. U.S.-manufactured pickup
trucks are all of the full-frame type. Two of the
three U.S.-built vans have unibody construc-
tion.

All of these vehicle structures offer com-
parable qualities of durability, cost, ease of
manufacture, marketability, etc. The level of ef-
ficiency achieved through these assembly proc-
esses allows the automobile industry to produce
an average of 25,000 to 30,000 passenger cars
per day.

Propulsion Systems

The first patented internal combustion engine
(ICE) was a two-cycle, developed by a Belgian
named Etienne Lenoir in Paris around 1860. The
four-cycle engine was developed 20 years later
by a German, Nicholas Otto. Ironically, coal
gas, which was over half hydrogen, was the pri-
mary fuel for these early engines. Petroleum
products came into play as the industry devel-
oped. s

In the early years, the ICE faced stiff competi-
tion from electric motors and steam engines.
However, because of the ICE’s higher thermal
efficiency and the ability to run long periods of
time at high speeds, it became the primary
powerplant in motor vehicles.

The ICE began as a one- or two-cylinder

machine. It was heavy, noisy, dirty, and only
semidependable. As the industry expanded and
progressed, so did the engines, into 4-, 6-, 8-,
12-, and even 16-cylinder engines. In the 1950’s,
the smooth, dependable overhead-valve V-8
engine was introduced on a wide scale and rose
in popularity quickly. In recent years, it has
been used in more than 70 percent of passenger
cars manufactured in the United States. (See
figure 55. ) However, the need to reduce fuel
consumption is expected to reverse this trend as
more smaller and lighter cars are introduced.

In the post-World War II period, engine effi-
ciency was increased through higher compres-
sion ratios and reduced friction. Increased effi-
ciency was accompanied by an increase in the
octane rating of motor fuel. As octane numbers
approached 100, refining costs increased much
more rapidly, and high-performance engines
were approaching the point where only mar-
ginal gains in efficiency could be achieved from
higher compression ratios. Also, anticipated in-
creases in international shipments of refined
petroleum products acted to keep U.S. octane
levels more in line with the lower levels else-
where in the world. As a result, octane numbers
peaked around 1970. (See figure 56, )

In response to early emission control require-
ments (1968), engines were detuned (e. g., re-
tarded spark, changed valve timing, and fuel
mixture changes). In 1971, engines were modi-
fied to accept lead-free gasoline. The modifica-
tions included reducing compression ratios and
making related changes to valves and seats.
With the advent of catalytic converters in 1975,
engines were retuned to attain optimum per-
formance and minimum fuel consumption. Now
most engines are designed to run on regular-
grade (91 octane) unleaded fuel.

Drivetrain

With few exceptions, U.S. passenger cars for
the last 50 years have used a front engine with
attached transmission and rear-wheel drive. Au-
tomatic transmissions first appeared in the late
1930’s; they now comprise about 90 percent of
the market.

Early mechanical schemes, including auto-
matic clutches and preselected gear changes,



f l o u r i s h e d  b r i e f l y ,  a s  d i d  f l u i d  c o u p l i n g s  ( n o
torque  mul t ip l i ca t ion) .  However ,  these  los t  out
to  the  hydrokine t i cs  torque  conver ter  combined

w i t h  t w o -  o r  t h r e e - s p e e d  p l a n e t a r y  g e a r  s e t s

w h i c h  a r e  e n g a g e d  b y  d i s c  o r  b a n d  c l u t c h e s .
These units are the only automatics available to-
day in the U.S. passenger cars. Some four-speed
automatics and some automatics with torque
converter lockup were available in the 1940’s
and 1950’s, but disappeared because of cost and
lack of interest in fuel economy.

A manual transmission with a single-disc,
dry-plate clutch is the only alternative to the
automatic now available. These transmissions
are usually associated with sports, performance,
or economy cars. For U.S.-made cars, the ma-
jority of manual transmissions have been three-
speed. Four-speed units are usually associated
with the large high-performance engine or with
fuel-efficient imports. In the last few years,
four-speed and even five-speed units have be-
come available for economy cars. Essentially,
all manual and automatic transmissions are
direct drive in the final gear, although a limited
number of U.S. cars have been available with an
overdrive attached to the manual transmission.
Although overdrive had a gear ratio as low as
0.7 and provided some improvement in fuel
economy, it was never particularly popular.

U.S. cars have almost universally used a unit
rear-axle housing with a hypoid geared differen-
tial. In order to achieve improved fuel economy,
this final drive gear ratio has dropped in recent
years from the range of 3.5 to 4.o to about 2.o
for large cars.

Regulation

Traditionally, the passenger car industry has
been regulated only in the tax, antitrust, and
similar business-oriented areas. In the 1960’s, it
became apparent that automobiles and their use
were responsible for a number of serious social
problems, and a series of emission control and
safety regulations were initiated. In 1973, the oil
embargo prompted Government regulation of
fuel economy.

1
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Figure 56.—Historical Source of Octane
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Attempts to improve consumer protection by
controlling automobile design features have
been initiated, and appear to be at least some-
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what effective. Mandatory provision of product
information may also influence vehicle designs.

The major remaining area in which regulation
is likely is the limitation of places or conditions
of auto use. (See chapter 6.) Auto use restric-
tions are of concern technologically because
they could increase the demand for small, low-
performance, nonpolluting commuter cars.
However, specialty cars probably will not be-
come a significant part of U.S. auto production
through the year 2000 unless specific policies en-
couraging such vehicles are adopted.

Other potential regulatory topics such as
recycling and materials use do not yet appear on
the horizon, although at some point they may
be of importance from the perspective of overall
national goals.

Emissions

The history of U.S. auto emissions control is
presented in table 132. The regulatory effort
progressed from a relatively modest start in
California to a major broadly based Federal ef-
fort characterized by frequent changes to the
regulated emission levels. A strong regulatory
agency evolved and industry responses soon
became a major part of their R&D activities.

Early efforts in controlling vehicle emissions
resulted in penalties in fuel economy. The oil
embargo made clear the requirement for a bal-

anced approach to reduced emissions and im-
proved fuel economy. Fortunately, some of the
technological responses, such as the stratified-
charge engine or the catalytic converter, allow
substantial reductions in emissions and opera-
tion at minimum fuel consumption. Health ef-
fects, atmospheric phenomena, and other as-
pects of air quality are not completely under-
stood, but air pollution is widely perceived by
the public as a health problem and a blight to
cities. Thus, vehicular emission control will un-
doubtedly be continued and possibly even tight-
ened.

Currently, three products contained in the ex-
haust of automobiles are controlled on the basis
of grams per mile emitted. They are hydrocar-
bons (HC), carbon monoxide (CO), and oxides
of nitrogen (NOX). The manufacturers must cer-
tify that their engines will meet the grams per
mile emission requirements for 50,000 miles of
vehicle travel before their vehicles can be sold to
the public.

The Federal requirements for 1979 model year
passenger cars are 1.5 grams per mile HC, 15
grams per mile CO, and 2.o grams per mile
NO,. In 1981 and beyond, the Federal re-
quirements will be 0.4 HC, 3.4 CO, and 1.0
N OX. California has a different, more stringent
schedule and lower allowable levels for these
emissions. (See table 132. )

Table 132.—Summary of California and Federal Passenger Vehicle Exhaust Emission Standards,
1970 to 1982 and Later

Hydrocarbons (gm/mi) Carbon monoxide (gm/mi) Oxides of nitrogen (gm/mi)

Model year California Federal California Federal California Federal

1 970a. . . . . . . . . . . . 2.2 2.2 23 23 no std. no std.
1971a. . . . . . . . . . . . 2.2 2.2 23 23 4.0 no std.
1972b. . . . . . . . . . . . 3.2 3.4 39 39 3.2 no std.
1973b. . . . . . . . . . . . 3.2 3.4 39 39 3.0 3.0
1974b. . . . . . . . . . . . 3.2 3.4 39 39 2.0 3.0
1975 . . . . . . . . . . . . .9 1.5 9 15 2.0 3.1
1976 . . . . . . . . . . . . .9 1.5 9 15 2.0 3.1
1977 . . . . . . . . . . . . .41 1.5 9 15 1.5 2.0
1978 . . . . . . . . . . . . .41 1.5 9 15 1.5 2.0
1979 . . . . . . . . . . . . .41 1.5 9 15 1.5 2.0
1980 . . . . . . . . . . . . .41 .4 9 7 1 .Oc

2.0
1981 . . . . . . . . . . . . .41 .4 3.4 3.4 1 .Oc

1.0
1982 and later . . . . .41 .4 7 3.4 .4 1.0

aTests conducted  using 7 mode” test cycle a 137 second drlvln9  cYcle
bTe~ts conducted  ~slng  cr~.72 test  cycle,  a ~on~tant  volume  sample  lfl~l”dlog  Cold start FOr 1975 and later the test cycle IS a crs 75, which (ncludes  cold and hot

starts
C For r-al, fornla  or ly, a 100,000 m, Ie  Certl  fl~at Ion IS opt Ional  w I t h the NOX standard at 1 5 g ml ml

SOURCE SRI p V 23
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Several components and systems for meeting
these emission standards are currently being
used or are in the development or planning
stages. These include designs for improved com-
bustion (e.g., electronic control of ignition tim-
ing and fuel metering, stratified-charge con-
cepts), improved after-treatment systems (e. g.,
three-way catalyst), diesel engines, turbines,
and Stirling engines.

The detailed list of technological options is
long, and there is a high probability of meeting
regulatory goals. The present exploratory phase
of industry development will gradually shift
toward full exploitation of the optimum com-
binations that evolve. The manufacturers will
probably choose different combinations of op-
tions, although electronic control of the air-fuel
ratio and ignition timing will probably be vir-
tually universal by 1981.

The announcement of a 0.4-gram-per-mile
N OY standard for California passenger cars in
1982 and beyond introduces a more difficult
technical problem than does the Federal stand-
ard of 1.0 gram per mile. To date, no concepts
have been demonstrated that can meet this level
with typical large U.S. spark-ignition engines
(SIE). Volvo, Saab, and GM have demonstrated
that they can meet this 0.4 NOX requirement
with a three-way catalyst system on four-cyl-
inder engines. However, the ability to meet the
requirement for 50,000 miles without mainte-
nance and under high-production conditions has
not been demonstrated.

Fuel Economy

Passenger car fuel consumption in the aggre-
gate is measured on the basis of gasoline tax
receipts and total vehicle miles traveled (VMT).
These measures reflect a long-term decline in
fuel economy per auto from about 15.3 mpg in
1940 to 13.1 mpg in 1973. ’ The national speed
limit of 55 mph, the catalytic converter, and in-
dustry efforts to improve fuel economy resulted
in improvement to 13.5 mpg by 1975. Total fuel
consumption is a function of VMT, the way
these miles are driven (speed, acceleration, etc. ),
and the inherent efficiency (expressed as miles
per gallon) of the average vehicle. Only the lat-
ter parameter is considered in this section.

The Energy Policy and Conservation Act of
1975 mandated new car fuel economies of 20
mpg by 1980 and 27.5 mpg by 1985 on a manu-
facturer’s fleet average basis. ’ It seems that these
goals can be met, but the industry is concerned
about consumer acceptance of the vehicle modi-
fications that are necessary. Prospective meth-
ods for meeting the goals include weight reduc-
tion; improved engine efficiency; reduced losses
in tires, drive line, transmission, and acces-
sories; and improvements in aerodynamics and
overall vehicle optimization. The challenge lies
in finding the combinations that meet the public
needs of adequate performance, capacity, emis-
sions, safety, cost, durability, and general ap-
peal.

Safety

Regulation of motor vehicle safety above and
beyond evolutionary improvements in the de-
sign, construction, performance, and handling
of motor vehicles, is achieved primarily through
the application of the Federal Motor Vehicle
Safety Standards, issued and enforced by the
National Highway Traffic Safety Administra-
tion (NHTSA). Approximately 50 safety stand-
ards are in effect, most of which apply to pas-
senger cars. (See table 133. ) The technology re-
quired to meet many of the Federal Motor Vehi-
cle Safety Standards is not particularly c o m -
plex; once it is developed and incorporated into
a vehicle, the unit cost in most cases is not great.
The regulated vehicle safety features are con-
sidered to be partially responsible for the reduc-
tion in the rate8 of highway deaths since 1966.

Another responsibility of NHTSA is the in-
vestigation of vehicle defects, often leading to
recall campaigns by the auto manufacturers. In
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Table 133.—Chronology of Federal Motor Vehicle Safety Standards and Regulations
—

Date Issued Standard

February 27,1976 . . . . . . .

SOURCE U S Department of Transportation, National Iilghway Traffic Safety Adm[rlstratlon. Traffic Safety ’76
— —

the period 1966 to 1975, 52 million vehicles were Accident avoidance includes features such as
recalled, or 43 percent of total production. better acceleration, improved brakes, improved

It is generally agreed that the majority of lighting and visibility, and improved handling.
Such features are marketable commodities, butcrashes are the result of driver error or mis-

perception. Thus far, there are few suggestions some are costly. Also, there is not clear evidence

for improving the capability and reliability of
that all of these features contribute significantly
to reductions in the number of crashes.the typical driver. Regulatory efforts have

focused on improved occupant protection and, In contrast, occupant protection is effective,
to a lesser extent, accident avoidance. and the results can be evaluated. Passive
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res t ra in t  sys tems  are  requi red  for  in t roduct ion
in the 1982-84 model years. This technology is
developed and no technical difficulties are fore-
seen. However, the data on the effectiveness of
these systems are still being debated and addi-
tional field experience is desirable. Also, public
acceptance of passive restraints is presently
unknown.

Most safety goals conflict with fuel-economy
goals since additional safety equipment or struc-
ture means more weight and lower fuel econ-
omy. Also, small fuel-efficient cars have the
potential for relatively higher fatality rates
because occupant protection is partly a function
of crush distance and relative vehicle weights.

Although the “no-damage” bumper was in-
troduced under Federal Motor Vehicle Safety
Standard 215, there is a slim justification for
considering this to be a safety feature. It is now
part 581 of the 1972 Motor Vehicle Information
and Cost Savings Act. It is expected that this re-
quirement will stay in effect and, through design
improvements, the cost and weight penalties
will be minimal.

Potential Regulatory Areas

Passenger car noise will probably become the
subject of Federal regulation in the future.
However, at present, trucks are by far the
loudest sources of highway noise and are more
appropriate targets for regulation.

So far the only significant passenger car noise
standards are those in California. The Califor-
nia limits are 76 dBA below 35 mph and 82 dBA
above 35 mph. Current gasoline-powered auto-
mobiles already meet the California standards.
Diesel engines are noisier than spark ignition
engines at low speeds, but at medium and high
speeds, tire and wind noise dominate for both
types of vehicles. Reduction of tire noise is the
object of much research.

In the case of radiation of electromagnetic
energy by the automobile’s ignition system, it is
reported that the industry is establishing stand-
ards of its own. 9 However, some Federal agency
may well add this to its regulatory spectrum.

Regulations designed to control corrosion
damage may evolve in the near future, particu-

‘SI<I, p L’-38

larly in view of the obvious and unnecessary
financial impacts of corrosion. Canada is work-
ing very hard on establishing a uniform code
that would limit corrosion damage.

As one avenue of engine design turns more
and more to very lean mixtures and high com-
pression heterogeneous fuel/air charges (Ford
PROCO, Texaco TCCS), ignition systems with
even higher energy content per discharge are re-
quired. Some contemplated systems could pro-
duce a lethal shock for the unwary mechanic.
Products such as these are unlikely to be offered
in the general marketplace.

Recent information indicates that various
fluorocarbon gases react with the ozone in the
Earth’s atmosphere, with the potential for in-
creasing the amount of sunlight (at certain
wavelengths) that reaches the Earth’s surface.
To minimize this effect, such compounds are be-
ing eliminated as propellants for spray cans.
Similar compounds (e.g., Freon R’ 12) are the
preferred working fluid in most small refrigera-
tive air-conditioners, including those used in
motor vehicles. All such vehicle systems are of
the nonhermetically sealed type, and thus have
a potential for leakage, either when in use or
when scrapped. As a result, such systems may
be inappropriate. An alternative approach is to
use a refrigerative cycle where the air to be
cooled is the workin g fluid (e. g., ROVAC or
turbo expander). These systems, at least in their
present forms, are bulkier, more complex and
more costly. As experience is gained, this situa-
tion may be greatly improved.

Under the 1972 Motor Vehicle Information
and Cost Savings Act, NHTSA must determine
crash susceptibility, crashworthiness, associated
insurance costs, and ease of diagnosis and repair
of mechanical and electrical problems. This in-
formation must then be made known to the pub-
lic for each make and model of car. Although
Sweden has had most elements of such a pro-
gram in effect for years, this program has yet to
be implemented in the United States. If it
should, the effects on the competitive posture of
at least some of the various domestic and import
automobiles would likely be noteworthy. Small
cars might suffer a setback in public acceptance
for safety reasons, and favorable ratings would
be crucial to the survival of smaller manufac-
turers.
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AUTOMOTIVE TECHNOLOGY TO 1985

As discussed in the previous section, many of
the regulatory patterns and resulting technologi-
cal responses that will appear between now and
1985 have already been established—at least in
broad terms. The auto industry has publicized a
number of alternative plans for meeting regu-
lated economy goals, and it is generally con-
ceded that the goals can be met from the stand-
point of technology.

However, the changes involved are costly in
terms of R&D, tooling, and facilities, and are re-
quired on a schedule that is much faster than
normal industry response times. Also some of
the changes could easily affect customer accept-
ance of major segments of the new car offerings.
The industry feels that if sales were to drop
significantly, cash flow would be affected and
the ability to finance these massive changes
would be a problem. Accordingly, this i s
viewed by the industry as a period of high risk
in which only the technologies with a high prob-
ability of success can be relied upon.

Downsizing and Materials Substitution

The most important changes which are slated
to occur between now and 1985 center around
the requirement to meet a corporate average
fuel-economy level of 27.5 mpg and, simultan-
eously, the statutory emission standards of 0.41
HC, 3.4 CO, and 1.0 N OX. The industry re-
sponse has been to embark on a major program
of downsizing all cars in the product line, reduc-
ing weight by changes in materials, design, and
vehicle layout, and instituting fuel-saving fea-
tures in almost every component of the vehicle.
Simultaneous developments in engine modifica-
tions and new engines and fuels are being pur-
sued; Government incentives and assistance are
being provided in this latter area. Individual
major aspects of this overall program are dis-
cussed below.

Major gains in weight reduction are being
achieved by both downsizing and materials sub-
stitution. Materials substitution includes the use
of lightweight designs and materials, and is a
somewhat slower process than simple size
changes.

Weight reduction by downsizing generally
takes the form of closer packaging of the main
vehicle components reducing interior waste
space and, in some cases, reducing width from
three- to two-abreast seating. Some of the most
important gains are achieved by shortening the
trunk overhang and reducing styling-induced
waste space from the firewall forward. Such
major body changes are equivalent to, but more
extensive than, the major styling changes that
the industry previousl y undertook for competi-
tive reasons. In the smallest car categories, it is
generally agreed that the most practical way to
achieve maximum efficiency of packaging
power train components is to use a front engine,
front-wheel-drive layout. Many small European
cars and several U.S. cars have adopted this
concept. Costs are slightly higher than for a
conventional rear-wheel-drive layout, but this
may now be offset by the importance of saving
weight and optimizing interior volume. As more
experience is gained, front-wheel drive will
probably be tried on new, lightweight larger
cars.

Weight reduction by materials substitution is
inextricably intertwined with considerations of
cost, performance, appearance, durability, ma-
terials compatibility, and similar parameters.
Some substitution concepts allow the redesign
of not only the principal part but also associated
parts. This effect is referred to as “cascading,”
that is, the iterative effect of weight reduction.

Other forms of weight reduction include
elimination of the spare tire as a result of im-
proved tire durability and puncture resistance,
use of a smaller tire for the spare, reduction of
engine block casting-wall thickness, and lighter
wheels and batteries. Most of these are “one-
shot” opportunities, but not all have been ex-
ploited.

Associated with downsizing is the planned
reduction in engine size, usually described a s
cubic inch displacement (CID), and reduction in
the size of all related transmission and drive-
train components. The size of these components
can be reduced to the minimum level that will
produce acceptable performance (typically zero
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to 60 mph acceleration times of about 16 to 18
seconds).

Engine downsizing results in improved fuel
economy because of reduced weight and be-
cause the engine is run with the throttle open
farther more of the time. This reduces throttling
loss, which is a factor affecting overall engine
efficiency. However, too small an engine for a
given car can actually result in reduced fuel
economy because much of the time, the engine
would operate in an overloaded, inefficient
power range.

Department of Transportation (DOT) studies
indicate that a 10-percent reduction in weight
with a reduction of engine size for constant ac-
celeration performance can produce a 6.8-per-
cent improvement in fuel economy. This, in
conjunction with other efficiency improvements
in vehicle systems, constitutes the general
strategy for meeting the fuel-economy goals set
at 27.5 mpg for 1985.

Presently, it appears that there are no major
technical problems with downsizing. However,
there are technical limitations on materials
substitution; progress in this area is being ac-
complished as the industry develops designs and
processes that are compatible with other manu-
facturing processes. The weight reduction pro-
gram requires considerably greater expenditures
than the industry’s customary annual invest-
ments for redesign and retooling. Cost consid-
erations are particularly important in the area of
materials substitution. Some substitution of
lightweight materials (plastic, aluminum, and
high-strength steels) has occurred, but only
when the cost was lower and all other capabil-
ities of the substitute material were equivalent
to or higher than the original material. How-
ever, it is expected that greater emphasis will be
placed on weight saving, despite a slight in-
crease in cost.

One potential drawback to the downsizing
plan is safety. It has been reported that the rate
of fatality or serious injury in a multiple-car col-
lision is twice as high in a small car as in a large
car. In a crash, the rate and duration of decel-
eration of the vehicle is part of the mechanism
that produces injury. This is a function of the

distance through which the deceleration occurs,
referred to as the stopping distance or crush
distance. Smaller cars have much less crush
distance available. Theoretically, 4 feet is suffi-
cient to decelerate a properly restrained, for-
ward-facing human from 60 mph, so that the
person incurs little or no injury. Most small
cars today have that distance in front of the
windshield. lz However, the occupant compart-
ment typically extends beyond the windshield.
Since the engine is incompressible, the available
crush distance is reduced further. Even in the
largest cars, the crush distance is only margin-
ally adequate.

For small cars, additional mechanisms are re-
quired to help decelerate the occupants in high-
speed barrier crashes. The only current con-
tenders are energy-absorbing restraint systems,
such as air bags, or special belt systems that
allow the occupants to decelerate while moving
closer to the dash and firewall (thus utilizing all
of the available interior space as well as the
vehicle crush distance). At this time, this is
somewhat academic, since current barrier crash
requirements, set at 30 mph, are easily met by
large and small cars.

Another obvious drawback to downsizing is
the reduction in capacity of vehicles, and the
reduction in comfort associated with space. The
current six-passenger full-size sedan will most
likely be replaced by a car offering the same
level of comfort for only four passengers.

The reduction in engine sizes to achieve
higher fuel economy and the increased engine ef-
ficiency, achieved through operating with the
throttle closer to wide open, may reduce engine
life expectancy. In addition, increased emissions
of nitrogen oxides can occur.

The major domestic manufacturers are deeply
involved in extensive downsizing programs.
These programs are projected to reduce average
inertia weight by about 800 to 1,000 pounds
during the 1978-81 model years. A second
round of downsizing is also planned to permit
achievement of the 1985 fuel-economy stand-
ards.

The corresponding improvements in new car

1‘W’.  Haddon,  J r . , “Reducing the Damage of Motor-Vehicle
Use, ” Tcc}zFr~>lt?gv  RLz~IeuI,  Iu]j-August  ]975,  p, 59,

“Data  from the Insurance Institute tor Highway Satety.
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fleet fuel economy expected from the initial
downsizing programs are about 3 to 4 mpg.
Table 134 summarizes the potential new car
fleet average inertia weight achievable through
body redesign by 1981.

The specific plans for downsizing and for
alternatives for different conditions of timing
and emission penalties were submitted by the
U.S. manufacturers in response to a Federal in-
quiry. GM, for example, reduced the length—
both wheel-base and bumper-to-bumper—of its
1977 model year full-size cars to obtain weight
savings of 650 to 950 pounds.

The manufacturers’ plans have been adjusted
many times, and may well be changed again.
However, it seems likely that the response will
be along the lines illustrated by the General
Motors Alternative III approach, which consists
of:

●

●

●

weight reduction by redesign and materials
substitution;

use of some diesels; and

engine, transmission, and miscellaneous
improvements.

The general categories of changes, the pro-
jected timing, model-by-model differences, and
engine selections are given in figure 57 and
tables 135 and 136, using the GM documenta-
tion as an example. Changes will differ among
companies, and additional changes beyond
those listed may be made as 1985 approaches.
Some of these differences include:

Timing and sequence of weight reduction
redesigns by car model will differ.

Schedules for improvements in engines,
transmissions, and miscellaneous com-
ponents will differ.

Ford appears to be pursuing stratified-
charge technology rather than diesel as a
means of achieving a modest step-improve-
ment in specific fuel consumption (SFC)13

and emissions.

Weight reductions resulting from materials
substitution are already being introduced

‘ ‘U.S. Department of Transportation, National Highway Trai-
tic Satety  Administration, Office  ot Automotive Fuel Economy,
~t?t~~ titId ,4 H17/ysls  for  1981-1984 Passerlger  Automobile Fue/
Ero)~(lmy .St~;)/Jar&  Document 2, Vol. 1, Feb. 28, 1977,

●

●

●

on a scheduled basis, and could be called
upon to provide improvements beyond
those presently planned.

A surge of interest in safety considerations
could require weight additions that are not
included in the current planning.

Further emissions control requirements
could cancel some of the anticipated gains
in engine efficiency.

Scheduling of such extensive and costly
product changes 8 years ahead of the final
goal must be considered tentative and will
be subject to many unforeseen economic,
social, and regulatory pressures.

Materials substitution is a continuing process
in the auto industry; however, special emphasis
on materials substitution is expected in the
1982-85 period. On a part by part basis, alumi-
num can, in some instances, save up to 50 per-
cent of the weight of the original part. Plastics
can sometimes offer even greater savings. The
attractiveness of materials substitution lies in
the cascading effect which it produces. Reducing
the weight of a car’s body by 50 pounds through
the use of substitute plastics or aluminum can
lead to as much as 75 pounds of other savings.
This is because the chassis can then be made
lighter and a smaller engine can be chosen
(which in turn reduces the structural needs).
Table 137 illustrates some of the recent trends in
the use of materials in automobiles. Table 138
shows a hypothetical case of materials substitu-
tion illustrating the cascading effect.

Downsizing and materials substitution have
important cost implications for the auto in-
dustry. In the past, many components of the
suspension and running gear systems, acces-
sories, and even some of the body panels re-
mained the same during a major model change.
However, with downsizing almost all of these
components will change completely. Also, the
complete product line will have to change in less
than 8 years. This represents a difficult task
from the standpoint of required capital, design
and production, and engineering effort. The his-
torical expenditures for new plants and equip-
ment are shown in figure 58.

Capital requirements for vehicle downsizing
depend partly on the capacity and flexibility of
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Table 134.—Vehicle Weight, 1976 and 1981
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Table 136.—General Motors Corporation Alternative Ill,
Model Year 1985 Engine Production Summary

Engine (CID) Number of cylinders Transmission Percent sales
85.0 4 A 1.83
85.0 4 M 2.08

Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.91

98.0 4 A 2.40
98.0 4 M 2.00

Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.40

151.0 6 A 24.35
151.0 6 M 2.27

Subtotal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26.62
231.0 6 A 29.55
231.0 6 M 0.21

Subtotal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29.76
301.0 8 A 9.30
305.0 8 A 3.34

350.0 (diesel) 8 A 22.67
Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35.31

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100.00

Table 137.—Materials Used in a Chevrolet Impala (pounds)

Percent
Material 1974 1977 change
Steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,708 2,221 – 18
Iron castings . . . . . . ... , . . . . . . . . . . . . . . 690 620 – 10
Plastics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 200 + 43
Glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 115 + 7
Aluminum. . . . . . . . . . . . . . . . . . . . . . . . . . . 59 69 + 17
Nontire rubber. . . . . . . . . . . . . . . . . . . . . . . 37 35 – 5
Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 25 – 7
Zinc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 20 –17
Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548 405 –26

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4,338 3,710 –14
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Table 138.—Hypothetical Vehicle Upper and Lower Body Weight Reductions (pounds)

Original Total weight
Area and component weight Materials substituted savings

Upper body
Windshield, cowl, dash . . . . . . . . . . . . . . .
Center pillar. . . . . . . . . . . . . . . . . . . . . . . . .
Qtr. panel, wheel hsg. . . . . . . . . . . . . . . . . .
Deck panel shelf . . . . . . . . . . . . . . . . . . . . .
Roof, rear window. . . . . . . . . . . . . . . . . . . .
Front-end sheet metal . . . . . . . . . . . . . . . .

90
25

124
54
66

237 }

14
5

19
7
9

43

High-strength steel
(reduced thickness)

105
55 }

Hood assembly . . . . . . . . . . . . . . . . . . . . . .
Deck-lid assembly. . . . . . . . . . . . . . . . . . . .

Aluminum
(increased thickness)

46
33

170

110
279}

Door assembly. . . . . . . . . . . . . . . . . . . . . . . Aluminum on panels
Ultra-high strength steel on door guard
Beams
Thinner glass
Aluminum & high-strength steel in

selected components

27

Glass & tracking . . . . . . . . . . . . . . . . . . . . .
Interior & exterior trim & seats. . . . . . . . . .

17
42

Lower body
Underbody (rails, floor pan) . . . . . . . . . . . .
Sills. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

272
49 }

High-strength steel
Iterative reductions

62
12

Total bodyweight savings . . . . . . . . . 333

Body Chassis
Chassisgroup
Power plant . . . . . . . . . . . . . . . . . . . . . . . . . 793
Final drive . . . . . . . . . . . . . . . . . . . . . . . . . . 188
Forestructure. . . . . . . . . . . . . . . . . . . . . . . . 181
Suspension . . . . . . . . . . . . . . . . . . . . . . . . . 248
Steering system . . . . . . . . . . . . . . . . . . . . . 76
Brakes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Wheels&tires. . . . . . . . . . . . . . . . . . . . . . . 244 1
Exhaust system. . . . . . . . . . . . . . . . . . . . . . 46
Fuel system . . . . . . . . . . . . . . . . . . . . . . . . . 33
Bumpers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Total chasis weight savings. . . . . . . .
Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . 4,280

109
39
47
60
21
56
52

13
5
5
7
2
6
6

122
44
59
76
23
62
68

High-st rength steel  7
9

10

Aluminum&high-
strength steel 22

16
6

14
5

2
1

7144 5
48 447 52 547

880
(21%)

SOURCE SRL p V-18

the existing plants. Capital requirements for
conversion of all the necessary production facil-
ities for a 400,000-unit-per-year capacity assem-
bly plant have been estimated to be in the area
of $150 million to $250 million. This includes
provision for unassociated 1o-to20-percent in-
crease in small-engine production capacity.
Capital requirements for downsizing a major
part of a manufacturer’s annual production

(e.g., 1 million cars) have been estimated to be
in the range of $4OO million to $7oO million.
This is a one-time expense, and compares with
total industry projected capital expenditures of
$21.3 billion in the 1976-80 time frame (roughly
$5 billion per year).” This adds up to about $50
billion by 1985.

“Ibid,
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Figure 58.—U.S. Auto Industry New Plant and Equipment Expenditures
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Otto Cycle Engines

This category of engines includes the conven-
tional spark ignition engine, which uses a ho-
mogeneous mixture of gasoline and air that is
premixed upstream of the intake valve. It also
includes prechamber and single-chamber strati-
fied-charge concepts, and various forms of
rotary engines.

The vast majority of automotive experience
and R&D effort is associated with Otto cycle
engines. There appears to be opportunity for
improving such engines in terms of emissions,
size, weight, and specific fuel consumption. In
addition to direct engine improvements, there is
considerable potential for cleanup of exhaust
emissions downstream of the basic engine. Also,
various methods for reducing effective engine
size, such as turbocharging or the Eaton valve
selector, can  he lp  improve  veh ic le  fue l
economy.

Most of the changes that have been made to
meet emissions and fuel-economy regulations
affect internal or external aspects of conven-
tional engines. Examples of “internal” changes
include:

● control of ignition timing and duration,

higher energy spark,

quick warmup features,

modifications to manifold flow passages,

valve timing and overlap,

increased swirl in the combustion chamber
for better combustion,

improved mixture preparation, and

optimum mixture ratios through more ac-
curate control systems (e. g., electronic).

The “external” approaches have included:

. exhaust gas recirculation (EGR),

. air injection into exhaust ports (air pump
system),

. catalytic converters, and

• feedback control of mixture ratio (control
system with external sensors).

Continuations, refinements, and extensions
of these concepts are proceeding in a variety of
development programs. These developments
will probably contribute significantly to meet-
ing the emission requirements and mandated
fuel-economy goals.
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Catalytic Control of Exhaust Emissions

The typical emissions control system on most
domestic new cars is shown in figure 59. Its
main components are the oxidation catalyst and
supportive engine controls. The oxidation cat-
alyst was first installed on most domestic new
cars in model year 1975. Through exhaust gas
recirculation (EGR), NOX emissions are general-
ly controlled by diluting the incoming charge
with relatively inert exhaust gases. This added
exhaust gas reduced peak combustion tempera-
ture (a controlling factor in the reaction of nitro-
gen and oxygen to form NOX).

The two-way oxidation catalyst commonly
uses platinum and palladium to oxidize hydro-
carbons and carbon monoxide. It can meet the
emission standards of 0.41 gram per mile for HC
and 3.4 grams per mile for CO in almost all
cases. Oxidation catalysts generally operate at
lower temperatures and allow engine tuning for
better fuel economy than is achieved by thermal
reactors (used by at least one foreign manufac-
turer) that require excess oxygen.

The three-way catalyst is expected by most
industry sources to be the system chosen for
achieving 1981 Federal emission standards while

Figure 59.—Typical Emission Control System

Carburetors contain
quick pull choke and
mechanical venting

Quick I HC-CO oxidizing
heat manifold

\ I
converter

Exhaust gas /

Warmup control valve

.’i’
High energy “
ignition

Case Studies of Foreign Government Policies and
Experience, Draft, March 1977,

obtaining close to maximum fuel economy. This
system is now used in some California cars.

The three-way catalyst employs platinum,
rhodium, and palladium as the active noble
metal ingredients for conversion of CO, HC,
and NOX. Very precise air/fuel ratio control is
required, and this can be provided by car-
buretors or fuel injection in conjunction with an
oxygen sensor feedback control system. Op-
timim emission control and close to optimum
fuel economy are achieved simultaneously by
running at stoichiometric (chemically correct)
air/fuel ratio.

There are no significant technical restraints
accompanying the use of the oxidation catalyst
in meeting current emissions requirements other
than degradation of this system over time.
There is some concern that the system will not
perform well near the end of the 50,00&mile
lifecycle and that consumers may not replace
the catalysts when necessary.

Early indications that the oxidation catalyst
was a fire hazard have subsided. Also, a sus-
pected increase of emissions of sulfur oxides
through the use of the catalytic converter has
proven unfounded.

Primary obstacles to marketing the three-way
catalyst are:

●

●

●

Rapid depletion of the available supply of
rhodium may result from using a high plati-
num/rhodium ratio in the construction of
the three-way catalyst and from high plati-
num loading per cubic inch of engine dis-
placement. The naturally occurring plati-
num/rhodium mine mix of 19: I is being ex-
perimented with, although a platinum/rho-
dium ratio of 5:1 gives better control. The
development of base metal catalysts would
be desirable in order to relieve the demand
for noble metals.

The oxygen sensor, critical for operation of
the system, currently lasts about’ 15,000
miles, and replacement is necessary.

The cost of the complete three-way emis-
sion control system is somewhat higher
than that of the two-way catalyst. EPA’s
summary of retail sticker price increases,
derived from manufacturers’ estimates,
shows a range of $113 to $176 over 1977
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model year base prices for the three-way
system.

Catalyst reactor systems have been applied in
new cars since 1975. Use of even more effective
catalyst-based emission control systems may
become universal in 1981.

Volvo has installed the Engelhard three-way
catalyst and electronic feedback control on
some of its 1977 cars. Ford and General Motors
have introduced this system on a limited
number of their 1978 new cars in California in
order to comply with the tighter California
emission standards and to gain operating ex-
perience prior to full-scale use. Further research
by U.S. automakers involves refinement of the
equipment for greater durability and improved
efficiency.

The prospects for development of an effective
and durable base-metal catalyst are uncertain
and no realistic time frame can be suggested.
However, this advance is important from a
standpoint of protecting against disruption or
diminution of foreign sources of noble metals.

Some small additional investment in R&D on
advanced catalyst systems will probably con-
tinue, and work on base-metal catalysts will
continue. Much of this will be funded by the
suppliers to the auto industry as well as the auto
manufacturers.

Stratified-Charge Engines

In a general sense, the term stratified charge is
applied to any engine in which combustion oc-
curs with large variations in mixture ratio in the
overall combustion chamber. Charge stratifica-
tion is a fundamental aspect of any engine
where fuel is injected directly into the combus-
tion chamber and ignition occurs before the fuel
air mixture becomes homogeneous (as a result
of diffusion, turbulence, swirl, etc.). All diesels,
direct-injection gasoline engines (such as
PROCO, TCCS and the like), and most external
combustion engines can be included in this
category.

Another general form of charge stratification
has received much attention in recent years. It
uses two separate chambers with a rich fuel/air
ratio in one (usually a small prechamber con-
taining the spark plug) and a very lean mixture
in the other (or main) combustion chamber. In

most such engines, a relatively homogeneous
gasoline-air mixture is fed into both chambers;
the flame from the fuel-rich prechamber ensures
ignition and relatively complete combustion of
all of the lean mixture in the main chamber.
This concept originated early in the century and
was the subject of research by British, French,
Russian, American, and other developers. The
Honda CVCC (Compound Vortex Controlled
Combustion) and current U.S. efforts are rel-
ative latecomers on the scene.

The two-chamber stratified-charge engines at-
tempt to reduce emissions by two mechanisms.
First, the two chambers operate at mixture
ratios such that NOX formation is reduced. Sec-
ond, the flame ignition of the main charge is
supposed to be vigorous enough so that the
amount of unburned hydrocarbons is reduced at
all load conditions. These effects do occur, but
the Honda CVCC currently requires an exhaust
manifold reactor to meet HC regulations and
will require EGR to meet future NOX standards.
Fuel economy should be little different from any
other engine running at the best overall econ-
omy mixture ratio (slightly below stoichi-
ometric). Disadvantages of this system include
the higher cost of the more complex cylinder
head, prechamber, and third-valve system, and
the extra maintenance associated with these
components.

The single-chamber, direct-injection strati-
fied-charge engines include the Ford PROCO
(Programmed Combustion),  Texaco TCCS
(Texaco Controlled Combustion System), GM
DISC (Direct Injection Stratified Charge),
MAN-FM (Maschienenfabrik Augsburg—Nurn-
berg A. G.-Frau Meurer), and others. Several of
these can use a variety of fuels ranging from
diesel to high-octane gasoline. The MAN-FM is
generally viewed as being a spark-ignited diesel,
while the others are viewed as direct-injection
gasoline engines.

The direct-injection gasoline engines have
either very low or no octane requirement, and
generally operate at moderate compression
ratios. At 11:1 compression ratio, the PROCO
can operate on 80-octane gasoline, while the
TCCS has no octane or cetane limit.

The PROCO engine proponents feel that its
performance will equal or excel that of a typical
passenger car diesel in all important parameters,
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including emissions, fuel economy, noise, cost,
starting, weight, size, and durability.

In the PROCO engine, intake manifold and
ports handle only air and, if EGR is used for
N OX control, exhaust gas. Therefore, the intake
manifold system need not contend with the
fuel atomization, vaporization, and distribution
problems common in other Otto engines. Fuel is
injected into the swirling air in the main com-
bustion chamber under moderate pressure dur-
ing the compression process, and injection ter-
minates before ignition occurs. The proper tim-
ing of fuel injection and ignition events is impor-
tant to satisfactory operation of the engine. The
PROCO engine utilizes either one or two spark
plugs per cylinder. An oxidation catalyst is re-
quired if HC emissions are to be less than 1 to 2
grams per mile, especially in larger cars.

The current PROCO engines operate at 11. O-
to 11.5 -to-l compression ratio, and EGR of up
to 25 percent will be required to meet future
N OX limits. The engine was originally devel-
oped to run unthrottled with output controlled
by the amount of fuel injected, as in a diesel.
However, to meet the HC requirements, a mod-
est amount of throttling is required at part load
and idle.

Physically, the TCCS and DISC engines are
very similar to the PROCO, differing mainly in
details of fuel injection timing and pattern, and
in combustion chamber geometry and air flow
patterns. The various types of direct-injection
stratified-charge engines offer considerable
potential for simultaneously achieving low
emissions, good fuel economy, and tolerance
for a wide range of fuels. Particulate and odor
problems, however, may be similar to those of
current diesels.

Honda has been successful in marketing their
stratified-charge engine (the CVCC). No other
manufacturers have chosen to produce the dual-
chamber stratified-charge engine, although
Honda has sold the rights to at least one U.S.
manufacturer.

Domestic car companies are investing primar-
ily in the single-chamber direct-injection ver-
sion. However, investment levels are unknown
and production and marketing of these engines
is not expected until the mid-1980’s,

Valve Selector

Eaton Corporation recently developed a sys-
tem for keeping selected valves closed in an in-
ternal combustion engine, while the rest of the
engine continues to operate normally. The
result is a reduction from six-cylinder operation
to five, four, or three cylinders, depending on
the power requirements. A solenoid-controlled
device is added to the rocker arms of the selected
valves and, upon activation, these valves stay
closed. Keeping the intake and exhaust valves
closed on one cylinder means that the air in the
cylinder is repeatedly compressed and expanded
with much less loss in energy. An improvement
in fuel economy of about 10 percent is typical,
although this varies for different engine/vehicle
combinations.

The second part of the system is an electronic
control that selects the number of cylinders to be
deactivated depending on speed and load. Tran-
sition from operation of all cylinders to half the
number can be quite smooth, and engine
roughness or wear is not a problem.

This system has been tested on a variety of
four-, six-, and eight-cylinder engines. It is cur-
rently scheduled to be introduced in 1980 on a
Ford V-8 engine.

Turbocharging

Turbocharging is a concept in which the
energy in the exhaust of an internal combustion
engine is used to compress the incoming air or
fuel/air mixture. Turbochargers for passenger
car use are typically small high-speed devices
(up to 140,000 RPM) with a centrifugal com-
pressor and radial inflow turbine mounted on a
common shaft. With the engine throttle wide
open, most turbos will supply a continually in-
creasing amount of air until the engine fails. To
avoid this, an automatic waste gate control is
usually provided to bypass some of the exhaust
around the turbine.

In theory, turbochargers should provide an
improvement in fuel economy (and sometimes
in emission control) through a variety of mecha-
nisms. The fundamental engine cycle efficiency
is improved, and mixing and vaporization of the
incoming fuel/air charge is usually improved.
Hydrocarbons and carbon monoxide in the ex-
haust are usually more fully consumed. Finally,
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a smaller engine may be used, so that fuel
economy is better (more time is spent closer to
wide-open throttle, thus reducing throttling
losses); maximum performance is retained be-
cause the turbo becomes more effective at the
higher RPM. In practice to date, however, only
the last factor has proved significant.

A number of problems accompany the use of
turbocharging and the several previous attempts
by U.S. manufacturers usually lasted for only a
few years. Cost is considerably higher than for
conventional engines (about $550 for the 1978
Buick). Mechanical complexity and related
maintenance, service, and repair problems are
much greater. Also, because the indicated mean
effected pressure is increased and the incoming
charge is heated by being compressed, it was
necessary to add a safety system to the 1978 tur-
bocharged Buick. This system detects detona-
tion and automatically retards the ignition tim-
ing. (One result is that trailer towing is specif-
ically not recommended. )

There are several alternative solutions to the
detonation problem, some of which have been
developed for trucks and racing cars. These
solutions include aftercooling and antidetonant
injection, as well as a more responsive waste
gate control. There are over 20 factory-type
passenger car turbo projects in progress world-
wide, although most are aimed at the perform-
ance image rather than at fuel economy.

Turbocharging and the Eaton valve selector
are almost parallel concepts for achieving
“small” engine fuel ecomomy while retaining
full power for the occasional times when it is
needed. In terms of simplicity and cost the valve
selector should be superior, but consumer pref-
erence for the turbo/racing image may prove to
be important. If consumer acceptance is favor-
able, turbocharging can be added to almost any
Otto cycle or diesel engine, although increased
structural strength of the engine may be re-
quired in some cases.

Rotary Engines

Over the last 40 to 50 years, a wide variety of
rotary engines have been conceived or devel-
oped to various stages. The Wankel is the most
prominent of these, although it is not generally
realized that the engine that was finally pro-
duced is only 1 of over 130 significantly dif-

ferent configurations explored by the inventor.
The currently produced Wankel consists of an
approximately triangular rotor, turning inside
an epitrochoidal housing. The housing is cooled
by water (or air) and the rotor is cooled by the
engine oil. The fuel/air mixture enters and exits
through ports (in the periphery of the housing
and/or the end plates) as they are uncovered by
the rotor.

The practical geometry of the system prevents
high compression ratios (a two-stage version
was required to reach diesel compression ra-
tios), and the combustion chamber is character-
ized by high surface-to-volume ratios. The tips
and sides of the rotor must seal against the hous-
ing and end plates, and these strip-seals proved
to be a difficult design and development prob-
lem. The seals must slip over the port openings
as in a two-cycle engine, and the intake and ex-
haust port areas are at considerably different
temperatures, thus leading to thermal distor-
tions. All of these features led to serious reliabil-
ity and life problems with the early Mazda
Wankels; however, the engine has gradually
evolved into a reasonably acceptable form.

The basic Wankel configuration provides
high specific output (in terms of both weight and
volume) and can be “stacked” in any number of
modules on the crankshaft. It is extremely
smooth but somewhat 1ower in torque than a
comparable reciprocating engine at low RPM.
Wear of the seals is a serious problem unless
exotic and costly combinations of materials are
used. Early engines required the use of oil mixed
in the fuel (or injected separately) to minimize
the seal wear.

Because of the low compression ratio and
built-in EGR (blowby), NO. emissions from a
Wankel are usually low. However, the large
surface-to-volume ratios and corners in the
combustion chamber shape result in higher hy-
drocarbon emissions than from a reciprocating
engine.

Wankels have been produced commercially
by NSU and Mazda for passenger cars, and by
other companies as motorcycle, snowmobile,
outboard, diesel, and various other engines.
GM purchased the rights to produce Wankels
for $5o million but, shortly before reaching pro-
duction, returned the project to R&D status.
GM later terminated work on the Wankel



322 ● Changes in the Future Use and Characteristics of the Automobile Transportation System

engine. The combination of cost, durability,
emissions, and fuel consumption of the Wankel
does not appear to be sufficiently competitive
with that of a comparably performing recipro-
cating engine. However, a variety of companies
are continuing experimentation on Wankels.

Diesel Engines

The diesel is a form of stratified-charge inter-
nal combustion engine that uses the heat of com-
pression for the ignition of distillate fuel. Fuel
and air are not premixed outside the cylinder as
in carbureted gasoline engines; instead, air is
drawn into the cylinder through an unthrottled
intake manifold and compressed. Fuel is sepa-
rately injected near the top of the piston’s com-
pression stroke and burns with the air already in
the cylinder. Ignition from spark plugs is not re-
quired but is being considered for advanced en-
gines as a means of obtaining more accurate
timing of the ignition point.

Diesel engine combustion systems are nor-
mally divided into two categories—direct injec-
tion, and precombustion or indirect injection.
The direct-injection engine has a single combus-
tion chamber, usually formed in the piston
crown. Fuel is injected directly into the space
above the piston. The injection process is con-
sidered a critical component of the direct-injec-
tion system since it must optimize fuel atom-
ization and penetration into the air in the com-
bustion chamber. Air utilization and engine per-
formance are improved by creating air swirl in
the combustion chamber. This is accomplished
by using directional intake ports and by proper
shaping of the piston crown. Combustion be-
gins before the piston reaches the top of the
compression stroke (top dead center) and causes
relatively high gas temperature and pressure
rises.

The design of the indirect-injection diesel in-
cludes a prechamber, which connects to the
main chamber by means of an orifice. All of the
fuel is injected into the prechamber. Two types
of prechamber designs—quiescent and swirl—
are in automotive use. The quiescent indirect-
injection engines are designed for prechamber-
to-total-combustion-chamber volume ratios of 1
to 4. (Combustion chamber volume is measured
with the piston at the top dead center. )

The swirl chamber employs a larger volume
ratio (up to one-half) and the prechamber is
characterized by a spherical or near-spherical
design. The throat is arranged to permit a fast
air swirl or vortex to be formed in the precham-
ber, thus promoting rapid burning of the entire
charge. Heat release rates are lower with this
design and rates of pressure rise are reduced,
lowering noise and structural requirements.

Traditionally, passenger car diesel engines
have demonstrated advantages in fuel economy.
However, these same vehicles have suffered
from excessive weight, poor cold-starting abil-
ity, high cost, odor, smoke, need for frequent
oil changes, poor acceleration, high noise, and
high emissions of particulate and nitrogen ox-
ides. Research during the past few years has
concentrated on trying to find ways of elimi-
nating these disadvantages.

Fuel Economy

Direct-injection diesels generally give about 5
to 10 percent better fuel economy than the indi-
rect-injection types. However, at the present
state of combustion technology, indirect-injec-
tion diesels are required for passenger car en-
gines in order to reduce loads on the rods and
crank, allow high RPM, and improve starting.

The fuel-economy advantage of a diesel over
a comparable gasoline engine varies according
to the operating mode. In steady, high-speed
operation on the open road, the diesel has only a
small advantage. In city traffic the efficiency of
the diesel may be as much as 40 percent greater
than the gasoline engine. NHTSA estimates that
for average driving conditions, the diesel offers
a 25-percent fuel-econom y advantage on a
miles-per-gallon basis.15 A part of this advan-
tage stems from the fact that diesel fuel contains
about 10 percent more energy per gallon than
gasoline. Thus, on a “per-barrel-of-crude-oil”
basis, the diesel engine is about 15 percent more
efficient than a gasoline engine. Features—such
as valve selectors, electronic fuel metering, and
turbocharging—could be added to improve the
specific fuel consumption of gasoline engines,
but some of these features (e.g. turbocharging)
could also be added to diesels and allow them to

ISspecific  fuel  consumption  is a measure of the efficiency  Of an
engine, expressed in pounds of fuel consumed per horsepower-
hour (lb/hp-hr).
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retain their relative advantage. On the whole,
the diesel—due to its higher
tie—would remain more fuel
comparable gasoline engine.

Durability

compression ra-
efficient than a

Heavy truck engines achieve excellent dura-
bility (e.g., 500,000 miles before overhaul) by a
combination of conservative design, best possi-
ble materials and components, heavy construc-
tion, careful maintenance, and very consistent
and favorable operating conditions. Also, they
operate at relatively low compression ratios
compared to the lightweight, high-speed passen-
ger car diesel engines (i. e., 13.5 to 18 versus 21
to 23.5). Average U.S. large gasoline engines
last well over 100,000 miles, but small engines
and imports tend to require overhaul appre-
ciably earlier and to be much more variable in
this regard.

Popular opinion, encouraged in part by opti-
mistic manufacturers, tends to ascribe to a
passenger car diesel all of the virtues that are
found in truck and industrial engines, However,
this is not necessarily true.

The recently introduced passenger car diesels
(GM and VW) are conversions to diesel from a
production gasoline engine. “Simple conver-
sion” of the GM 350 CID gasoline engine to
diesel required replacement of the cast iron
crankshaft with a forged version employing
larger bearings, but durability is still a serious
concern. The only inherent durability factor
favoring a “converted” diesel is that the incom-
ing charge of air that is compressed prior to igni-
tion has no fuel in it and, therefore, does not
wash the thin film of lubricant from the cylinder
walls. Also, corrosiveness of the exhaust and
crankcase gases may well be different, but not
necessarily better.

As a result, the durability of the “converted”
diesels (GM and VW) could be less than their
basic gasoline engine counterparts initially.
However, their durability will probably be
raised to the level required for public accept-
ance. Also, from the public’s point of view,
engine durability is frequently judged on acces-
sories rather than fundamental factors affecting
the combustion process. Improvements in these
accessory features depend upon the manufac-

turer’s cost estimates and assessment of market
potential, rather than technological feasibility.

Weight

“Converted” diesel engines weigh more than
the engine from which they are derived (111
pounds more in the case of the Oldsmobile 35o
CID design). Future plans for weight saving in
conventional engines by using thinner walled
castings wiIl not be possible for the diesel ver-
sion. Thus, future savings of 5 to 15 percent in
the total engine weight must be given up for
diesels. In addition, there are vehicle weight in-
creases associated with the diesel; these include
dual batteries, and increased cooling capability.

Emissions

Passenger cars powered by modern diesel
engines meet all HC and CO emissions stand-
ards without after-treatment. NOX emissions,
however, can present problems, depending on
the stringency of the standards. Two nonregu-
lated pollutants—particulates and aldehydes—
also are found in diesel exhaust in much greater
concentrations than in spark-ignition engine ex-
haust.

Formation of nitric oxide is dependent on the
duration and temperature of the combustion
process. Reducing peak cycle temperatures dur-
ing the diesel’s combustion phase will reduce the
NOX levels. Current design concepts that reduce
N OX formation include reduced compression
ratio, fuel injection modifications, water injec-
tion, and exhaust gas recirculation. The use of
EGR has some disadvantages. The recirculation
of exhaust gases through the cylinders also recir-
culates particulate matter and thereby increases
engine wear. The EGR also tends to cause an in-
crease in hydrocarbons.

It appears that diesel engines perform better
than gasoline-powered engines in terms of
degradation of emissions of the presently regu-
lated pollutants. In tests of up to 80,000 miles,
the rate of increase of emissions from diesel
engines has been shown to be 2 to 3 times lower
than those of a comparable gasoline-powered
engine.]’ However, diesels may encounter prob-
lems with pollutants that are now unregulated.

l,p~iv~t~ ~O~munication by contractor with Dr. Hergenrath,

Transportation Systems Center, Cambridge, Mass.
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EPA is conducting research on the potential car-
cinogenic properties of the particulate and
aldehydes in diesel exhaust. Preliminary tests in-
dicate that the particulate are mutagenic. Fur-
ther tests to determine if, and to what degree,
diesel exhaust is carcinogenic are in progress. ”

In summary, it may be difficult for diesel
engines, especially large-displacement engines,
to meet the 1981 Federal NOX standard of 1.0
gram per mile or the California standard of 0.4
gram per mile. A further difficulty is meeting
the particulate emissions standard recently pro-
posed by EPA. However, small diesels have
demonstrated the ability to meet both these re-
quirements. The interest in diesels by foreign
and domestic manufacturers indicates some
confidence that future diesels will have satisfac-
tory emission characteristics and offer fuel sav-
ings over the gasoline engine.

Cold Starting

Most high-speed diesels currently used in
automobiles require starting aids to preheat the
air in the precombustion chamber. Current
diesel designs combat cold weather starting dif-
ficulties by several means: designing passenger
car diesels for a higher compression ratio than
large truck engines; using glow plugs to preheat
the air; using block heaters; and adjusting prop-
erties of the diesel fuel.

The minimum compression ratio of diesel
engines depends in part on the cetane number of
the fuel used. Swirl prechamber design is usual-
ly used for high-compression, high-speed, auto-
mobile engines.

From a fuel-economy standpoint, the opti-
mum compression ratio for diesel engines is
around 12 to 14 to 1; piston ring friction be-
comes more important than increased cycle effi-
ciency above this range. Passenger car engines
suffer from this loss in efficiency, plus decreased
durability and greater noise, in order to meet
cold-starting and high RPM requirements.

Noise

Diesel-powered vehicles produce noticeably
higher noise levels during idle than carbureted
vehicles. At road speed, tire noise is predomi-

I -Teleph  LJne ‘C)nversdtl(ln  with  Richarcl  Brlcelanci,  U. S. Env lr~~n-
menta] Prt>tectlon  Agency, Apr. 11, 1978.

nant. In general, the noise transmitted by the
diesel engine to the passenger compartment can
be attenuated through the use of proper acous-
tical materials.

Time Frame

Presently announced plans for diesel engine
penetration of the U.S. market include the fol-
lowing:

GM introduced a 350-CID diesel for the
Oldsmobile, for the Cadillac Seville, and
for some light trucks in 1978; GM may sup-
ply diesels for a greater portion of its fleet
later.

VW diesel Rabbits and Dashers have been
available in the United States since model
year 1977. The Mercedes 240D, Mercedes
300D, and Peugeot 504 diesel are also
available.

In addition to the above companies,
various other European and Japanese firms
now produce or are planning production of
diesel passenger cars; any or all of these
could be brought to the U.S. market. These
companies include Opel (GM), Ford of
England, British-Leyland Motor Company,
Chrysler-France, Nissan, Fiat, Citroen, and
Volvo (using a VW engine).

1978 production rates for both GM and
VW were planned to be 100,000-plus. GM’s
actual production was approximately
65,000; the planned level of production for
1979 is 190,000 units.

VW will probably allocate its diesel cars
worldwide. Both VW and GM will use consid-
erable caution in testing consumer acceptance
and checking for unforeseen field problems.
However, both companies can expand produc-
tion quite rapidly, since the engines in question
are basically gasoline engines currently being
made on existing, high-capacity production
lines. Peugeot and other small producers are
largely locked into existing specialized diesel
production lines of low or modest capacity. The
need to build new plants will seriously constrain
entry into the field and/or expansion by many
of the potential diesel-engine passenger car sup-
pliers.

The technology of passenger car diesels will
have a significant effect on their acceptance, as
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well as on their achieved fuel economy. Other
problems with diesels so far have included parts
availability, repair infrastructure, and unfamil-
iarity on the part of do-it-yourself mechanics.

Investment and Costs

Depending on the extent of retooling neces-
sary, the capital cost necessary to convert a
spark-ignition engine assembly plant to the pro-
duction of diesels could range from $30 million
to $150 million for a 400,000-unit capacity line.
Assuming annual new car sales to be 11.8 mil-
lion in 1985 with 10-percent diesel penetration,
total capital expenditures could range from $90
million to $440 million.

The added cost (price premium) of diesel cars
and multipurpose vehicles in 1977 ranged from
about $195 to $2,200. The GM premium was
$740 or $850, depending on the engine it re-
placed. A major portion of the additional cost
of the diesel is for the fuel injection system. The
low VW price differential of $195 is somewhat
misleading, since their gasoline engine has fuel
injection, whereas the GM gasoline counterpart
does not.

In addition to the direct-injection and in-
direct-injection engines whose differences have
been discussed, several other types of diesels are
in use or under development. The most common
of these is the two-stroke diesel engine. This ver-
sion is lighter than a comparable four-stroke
engine, but is generally slightly lower in fuel
economy and emits more pollutants. It is quite
competitive in heavy trucks and bus operations,
but probably would not be competitive in a
passenger car application.

A form of diesel that was recently developed
for a British tank engine employs what are
essentially two Wankel engines in series. The
first partially compresses the incoming charge of
air, and the second completes the compression
and handles the combustion. Other promising
variations in diesel technology, particularly the
adiabatic diesel (and additions to it such as tur-
bocompounding and bottoming cycle) are dis-
cussed later in this chapter.

Drivetrain

A major factor in achieving better fuel
economy is the ability to operate an engine at

the combinations of throttle position and RPM
where the lowest possible values of specific fuel
consumption can be achieved. This is approx-
imated by changing transmission gear ratios
under varying conditions of vehicle acceleration
and speed. In the case of an automatic transmis-
sion, the torque converter smooths the transi-
tion between gear ratios and supplies increased
torque to the wheels at low engine speeds, but
with some loss of power.

Typical power losses in the automatic trans-
mission, drive line, differential, and rear axle
for a full-size car vary with speed, approximate-
ly as shown in table 139. Only 3 to 4 percent of
these losses are in the axle, differential, and
drive line. Improvements in this area are gener-
ally limited to greater precision in manufactur-
ing processes and improvements in lubrication.

Table 139.—Drivetrain Losses

Drivetrain loss

Total wheel
Speed (mph) horsepower Hp 0/0

20. . . . . . . . . . 5.0 1.24 25
40. . . . . . . . . . 14.4 3.17 22
60. . . . . . . . . . 31.7 5.09 16
80. . . . . . . . . . 60.0 7.99 13

SOURCE Environmental Protect Ion Agency Factors A ffecf[ng Fue/ Economy,
May 1976

Transmissions, like engines, have a variety of
basic types. These may be categorized as hydro-
kinetics (torque converter), standard gear change
(“stick shift”), hydrostatic (e.g., Orshansky or
Sunstrand Responder), traction (e.g., GM Tor-
ic, Tracer, or Forster), variable sheave (e. g.,
“Vee” belt), clutched gear sets, and oscillatory.
Each of these transmission types has a variety of
possible configurations—for example, the hy-
drokinetics transmission is currently available
with three, four, or five elements, torque multi-
plications from 2:1 to 6:1, all fixed or some
movable vanes, and lockup features. Many of
these transmissions are used in combination
with each other and with associated clutches,
dual path schemes, and retarders. For example,
the conventional passenger car “automatic” uses
a torque converter plus clutched gear sets. Con-
trol systems include mechanical, hydraulic, and
electronic types. Improved automatics with a
lockup clutch, tighter tolerance torque con-



326 ● Changes in the Future Use and Characteristics of the Automobile Transportation System

verter, and a wide ratio, four-speed gear set are
considered by the auto industry to be the most
likely candidates for providing the desired near-
term improvements in efficiency. Because of
their better internal efficiency, the lockup fea-
ture and gear ratios that optimize the en-
gine/vehicle match, fuel-economy improve-
ments up to 18-plus percent over a present day
3-speed automatic have been obtained in experi-
mental vehicles. (table 140).

Table 140.—Hydrokinetic Transmission
Improvements

Percent
Transmission type improvement

3-speed automatic with low slip torque
converter . . . . . . . . . . . . . . . . . . . . . . . . . 2-3

3-speed wide ratio automatic. . . . . . . . . . . 3-6
3-speed automatic with TCLU’ . . . . . . . . . 3-6
3-speed wide ratio automatic with TCLU . 8-13
4-speed automatic with TCLU ... , , . . . . . 8-13
4-speed wide ratio automatic with TCLU . 8-18

A typical, present-day passenger car auto-
matic contains a three-element, fixed-vane
torque converter of about 2 to 1 multiplication
and a three-speed planetary gearbox with hy-
draulic control. Efficiency of the torque con-
verter ranges from zero at stall to 91 percent;
most driving occurs in the 80 to 90 percent
region. Typical efficiencies of the various trans-
mission types (table 141) show there is interest
in the efficiency of the newer traction, sheave,
and oscillatory types —as well as in their con-
tinuously variable feature.

Other less obvious (but still worthwhile) im-
provements which will be made in conventional
automatic transmissions include reduced clear-
ance in the torque converter, lower viscosity oil,
reduced band and clutch drag, and reduced oil
pump power.

Ford is planning to introduce a four-speed
automatic transmission in the early 1980’s. The
capital costs involved in converting to a four-
speed transmission will be an added financial
burden to the auto manufacturers, but will not
be as serious as engine changes.

Capital requirements for producing three-
and four-speed automatic transmissions with
torque converter lockup (TCLU) features in a
500,000-unit facility are estimated by industry
to be:

● three-speed automatic with TCLU—$5 mil-
lion to $10 million, and

● four-speed automatic with TCLU—$150
million to $200 million. 18

Both of these values are believed to be based
on making the changes with minimal disturb-
ance of existing production (which typically
operates on a three-shift basis). The conversion
to the three-speed TCLU would consist of minor
changes to the existing plant; however, the
change to four-speed TCLU would probably re-
quire installation of an almost parallel facility
beside the existing plant. (A totally new plant
would cost on the order of $35o million. ) Total
capacity (and/or productivity) of such a facility
would probably be increased significantly.

Table 141 .—Current and Potential Transmission Efficiencies

Transmission element Efficiency’



Accessories and Accessory Drives

Power-driven systems (fan, water pump,
alternator, oil pump) and options such as air-
conditioning have traditionally consumed a sig-
nificant amount of engine power, as shown in
figure 60. Large percentage reductions in the
power required can be achieved for the fan and
air-conditioner through the use of effective de-
mand drive units. Most power-steering sys-
tems have recently been converted to a type that
requires very little power, except when turning.

Demand drive systems are already on the
market, but have received only limited accept-
ance because of the prior unimportance of fuel
economy. Systems likely to see widespread
future use include:

●

●

●

electric motor drive for cooling fans;

air-conditioner drive and control system
that fully disconnects except when cooling
is required (already widely used); and

speed-limiting drive for water pump, alter-
nator, and oil pump.

Full utilization of these systems should pro-
vide an overall fuel-economy improvement of
about 4 percent.

Electronics

Electronic controls for fuel metering and igni-
tion, as well as for a number of other vehicle
systems, have become a subject of importance
to the automotive and electronics industries.
Emission control, fuel economy, safety, com-
fort, convenience, and maintainability will all
benefit from the rapidly evolving technology.
The list of present and potentially different
types of electronics systems for passenger cars
numbers over 50. The electronics industry esti-
mates that at least 6 million units of electronic
engine control systems will be used on 1981

‘Vt)emand  drive units are components that allow their respective
accessories to “free-wheel” or to draw essentially no power when
they are not needed. For example, a thermostatically controlled
fan could probably be cut out of the system except during long
periods ot idling or pulllng  heavy loads In hot weather. This
feature IS already In use by some foreign manufacturers. All U, S.-
manutactured  cars  with a ir-condltlorrlng  have used a viscous drive
fan which limits the maximum power absorbed as engine speed in-
creases.
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Figure 60.—Accessory Horsepower
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Alternator

model cars. These include the ignition, fuel
metering, EGR, and valve selector functions
handled by a central microprocessor, Addi-
tional capabilities will be built into the micro-
processors and, by 1985, as many as a dozen
different systems may be controlled by the cen-
tral unit. As confidence and interaction between
the two industries grows, the number of elec-
tronics applications will probably increase.
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However, there is continued competition be-
tween electronic and the more conventional me-
chanical/hydraulic controls. Considerable im-
provement in these latter systems could result
from the stimulus of such competition, possibly
reducing the magnitude of the trend to elec-
tronics,

Multiplexing or other sophisticated wiring
concepts may be considered as a subset of auto-
motive electronics. Such schemes promise some
reduction in vehicle assembly cost and in the use
of copper, with the benefit of improved recycla-
bility. It is probable that such systems will not
be introduced on a production basis until well
after a central microprocessor comes into gen-
eral use,

Aerodynamic Drag and Friction

The importance of the effects of rolling fric-
tion and aerodynamic drag on required engine
power are shown in figure 61. Rolling friction is
almost entirely a result of energy loss due to
deformation of the tires as they contact the
roadway. Rolling friction increases almost lin-
early with speed. Radial tires can have up to 20
percent less rolling resistance than bias-belted
tires and 40 percent less resistance than plain
bias tires, producing a fuel-economy improve-
ment of up to 3 percent. Higher inflation pres-
sures also reduce rolling resistance, but require
suspension changes and affect tire-roadway
adhesion.

Aerodynamic drag increases with speed much
more rapidly than does rolling resistance (i. e.,
as the square of velocity). At 55 mph, it absorbs
about 40 percent of engine power. Drag is also a
direct function of vehicle size and shape (more
specifically of frontal area and the drag coeffi-
cient). Minimum frontal area is essentially fixed
by the requirements of passenger compartment
size plus the safety-related lateral crush dis-
tance -. Automobile height is remarkably stand-
ard; heights are within 2 inches for a Ford LTD
and an Austin Mini or Honda Civic. Typical
frontal areas for current U.S. passenger cars are
shown in table 142.

Drag coefficients for present day production
cars range from about 0.50 to 0.325, averaging
about 0.45. An experimental low-drag model

Figure 61 .—Effect of Speed on Power
Requirements (Standard-size car)
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Jet Propulsion Laboratories, Shou/d We Have A
New Engtne~, An Automobile Power Systems
Evaluation, August 1975

has reached about 0.16.20 A 25-percent reduc-
tion in drag may be expected to improve fuel
economy over the composite driving cycle by
about 5 percent .21 Theoretically, fuel savings
associated with drag reduction are on the order
of 10 to 15 percent over the driving cycle, with
greater savings at steady high speeds. Some
reduction in drag can be achieved through
changes in body styling, but perhaps at the ex-
pense of reduced volume-efficiency compared to
present “boxy” body designs. Further reduction
of drag could be accomplished by elimination or
redesign of features such as outside mirrors, rain
gutters, roll-down windows, and wheel covers.

z~rhe  Pinlnfarina  test model shown in the photograph, and the
Mercedes C 111/3  have demonstrated a drag coefficient of .16.

21 Jet propulsion  Laboratov,  California Institute of Technology,

A Study  o) Autornotiz~e  Aerodynamic Drag, prepared for U.S.
Department of Transportation, Office of the Secretaryr Report
No, DOT-TSC-OST-75-28 (Pasadena, Calif.:  Jet Propulsion Lab),
September 1%’5.
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Aerodynamic body model by Pinninfarina
Photo Credf I A u tomo tJve PJe as

Table 142. —Frontal Area for Typical Passenger Cars

Curb weight Frontal area
(pounds) (square feet)

Subcompact . . . . . 2,500 17.5
Compact . . . . . . . . 3,200 19.0
Standard . . . . . . . . 4,400 21.5
Luxury . . . . . . . . . . 5,300 22.5

Safety Technology

There are many technological approaches to
vehicles and roadways that can be applied to
both crash severity reduction and crash avoid-
ance. The technologies discussed in this section
(near-term) are those which are likely to be im-
plemented by 1985.

Vehicles

The U.S. Department of Transportation re-
cently issued a safety plan in which proposed
revisions of existing standards and new areas of
rulemaking were identified. Table 143 shows
those standards applicable to the 1985 t ime
period.

All of these proposed requirements have been
under consideration for years and should not re-
quire any major new technological achieve-
ments. The most significant feature is the exten-
sion of passenger car standards to light trucks
and multipurpose vehicles. Other important
revisions are in upgrading the quality of seat
belts  (FMVSS 208), upgrading side door
strength (FMVSS 214), improving rear vision
(FMVSS 111), and improving direct fields of
view (new standard). However, the major piece
of safety equipment to be added in the near-term
is the passive restraint system (FMVSS 208), re-
quired in the 1982 model year for large cars and
for all cars by the 1984 model year.

The ongoing evaluation of the safety stand-
ards should provide important information on
the regulatory process and on technologies for
the future .22 This evaluation focuses on whether
vehicles are performing in accordance with the
standards and whether the standards, as writ-
ten, are actually addressing the probIem for
which they were intended.

‘2 Discussion with U.S.  Department of Transportatl~Jn,  Oftice ot
Pro~ram Evaluation, April 1978.

41.(17 I () - 7 i - .2’?
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Table 143.—Federal Motor Vehicle Safety Standards, Near-Term Improvements
Under Consideration for Passenger Vehicles

Inclusion of Upgrading of
Current standards Iight trucks’ standard

FMVSS No. 201 —Occupant Protection in Interior
impact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FMVSS No. 2034—impact Protection for the
Driver from the Steering Control Systems . . . . .

FMVSS No. 204—Steering Control Rearward
Displacement. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FMVSS No. 208—Occupant Crash Protection. . . .
FMVSS No. 213—Child Restraint Systems . . . . . .
FMVSS No. 214—Side Door Strength. . . . . . . . . . .
FMVSS No. 101 —Control Location, Identification,

and Illumination. . . . . . . . . . . . . . . . . . . . . . . . . . .
FMVSS No. 105—Hydraulic Service Brake,

Emergency Brake, and Parking Brake Systems.
FMVSS No. 108—Lamps, Reflective Devices, and

Associated Equipment . . . . . . . . . . . . . . . . . . . . .
FMVSS No. 109—New Pneumatic Tires. . . . . . . . .
FMVSS No. 11 1—Rearview Mirrors. . . . . . . . . . . . .
FMVSS No. 114—Theft Protection . . . . . . . . . . . . .
FMVSS No. 115—Vehicle Identification. . . . . . . . .

New proposed standards’
Exterior protrusions, (minimize)
Truck Rear Underride Guard (heavy trucks)
Low Tire Pressure Warning
Direct Fields of View
Handling and Stability performance
requirements

Brake System Inspectability
Speedometers/Odometers (limit speed indication)

xx

xx

xx
xx

xx

xx

XXc

X XC

(d)

x
xx

x

x
X b

x
x

x

x
x
x
x
x

Register 43. pp 11 lCO1 1107  -

Restraint Systems

The air cushion restraint system (ACRS), or
air bag, was first conceived of in the 1950’s and
the basic principles are unchanged today. A sen-
sor mechanism, activated by a crash (usually a
barrier-equivalent crash of 12 mph or greater)
activates an inflator (either compressed gas or a
chemical gas generator). This fills a nylon bag in
the area in front of the driver and front-seat
passengers. The driver bag is housed in the
steering wheel hub. The passenger bag is in the
area typically used for a glove compartment
(figure 62).

Technically, the system is extremely reliable.
Operationally, it provides good protection in

front-end collisions, which account for more
than 50 percent of vehicle occupant fatalities.
The probability of inadvertent inflation of the
ACRS is virtually nil; experiments have demon-
strated that if it does occur, no real problems,
such as loss of control of the vehicle, are likely
to occur.23 It is possible to utilize air bag tech-
nology for protection of other than front-seat
vehicle occupants, although that is clearly the
most effective use of the system.

Safety belts come in a variety of configura-
tions—lap belts, three-point lap/torso belts,
torso belt with knee bolster, and the four-point

“Committee on Commerce, Science, and Transportation, Auto-
mobile Crash Protection, Report No. 95-481, Oct. 7, 1977.
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Figure 62.—Schematic of Air-Cushioned Restraint System

Driver
cushion
and
inflator
assembly

I
I

I

for passengers

SOURCE Allstate Insurance Company, Autornotwe Air Bags C?uesf/ons and Answers, June 1977

lap/shoulder harness. Several effectiveness en-
hancement features are also possible. These in-
clude pretensioning devices, energy-absorbing
systems, inflatable belts, and force-limiting
belts. Also there has been a recent surge of in-
terest in passive belts, which automatically go
into place after the occupant is seated.

Three-point safety belts provide a leveI of
protection almost
ACRS. In general,
rent air bag alone
or side collisions.

equivalent to that of the
they are better than the cur-
in multiple impact, rollover,
The ACRS with the lap belt

offers better high-speed protection. (See table
144. ) However, there is still. a possibility that
many individuals will disconnect the passive
belts unless they are made to be very com-
fortable.

The air bag system is considerably more ex-
pensive than the simple seat belt system. Esti-
mates of the cost difference range from $112 to
$235. The passive belt system is estimated to
cost $25 more than the conventional three-point
system. 24

Highways

Improvements in highway features that could
reduce the incidence or severity of traffic
crashes are shown in table 145, Most of the
devices or design techniques have been devel-
oped, but have not been universally applied.
Skid resistance requires more research since it
involves trade-offs with tire noise, tire wear,
pavement cost, and durability.

241bid.
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Table 144.—Occupant Crash Protection System Effectiveness Estimates’

Passive belt
Lap and Air cushion and knee

Lapbelt shoulder belt Air cushion and Iapbelt bolster Knee bolster

A IS injury level:
1 . . . . . . . . . . . . . . . . . . . . . . . 0.15 0.30 0 0.15 0.20 0.05
2 . . . . . . . . . . . . . . . . . . . . . . . .22 .57 .22 .33 .40 .10
3 .30 .59 .30 .45 .45 .15
4-6 : : : : : : : : : : : : : : : : : : : : : .40 .60 .40 .65 .50 .15

aEffe~t  ,vene~~ ~h~~n  ,s the fraction of the vehicle occupants not lnj ured at the specl  fled  Injury level who would be Injured  without the use of the restral  nt sYstem
SOURCE Committee on Commerce, Science, and Transportation, Aufornoblle  Crash Protectlorr,  Report No 95.481. Oct 7, 1977

Table 145.—Technical Features for Highway Safety

1. Impact absorbing roadside safety devices.
2. Skid resistance.
3. Breakaway sign and lighting supports.
4. Guardrail.
5. Bridge rails and parapets.
6. Bridge widening.
7. Shoulders.
8. Wrong-way entry avoidance techniques.
9. Roadway lighting.

10. Traffic channelizaiton.
11. Roadway alinement and gradient.
12. Clear roadside recovery area.
13, Median barriers.
14. intersection sight distance.
15. Railroad highway grade-crossing protection.
16. Pavement marking and delineators.

SOURCE Abbreviated from the countermeasures examined In the Nat(ona/
Highway  Safety  Needs F?eport,  U.S Department of Transportation,
Aprtl 1976

Recycling

The recovery of motor vehicle scrap metal is a
relatively well-established industry. Wrecking
yards and scrap processors recycle about 80 per-
cent of junked motor vehicles. The wrecker
removes salvageable parts for resale and the
scrap processor extracts the ferrous material in
as pure a form as possible—usually well below
that of industrial ferrous scrap. Shredding is the
favored process and produces the highest purity
product. It is also a high-volume, capital-inten-
sive process with only about 100 shredder units
in operation in this country.

As the content of plastics and nonferrous
metals in cars increases, separation problems
will become more difficult and the scrap will

become slightly less valuable. Materials selec-
tion and design features could help to alleviate
this problem but presently, there is little incen-
tive to do so.

Tires are a major recycling problem, particu-
larly the steel-belted variety. The following ap-
proaches are in various stages of development,
but none appears yet to be a clearly economical
solution:

● burning to produce thermal energy;

• cryogenic, shredding, or other processes to
recover the rubber for subsequent use (e. g.,
as an asphalt extender);

● conversion to carbon black, and

● processing to produce a form of synthetic
liquid fuel.
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AUTOMOBILE TECHNOLOGY BEYOND 1985

In the period from 1985 to 2000, it is expected
that technological development will proceed
along three lines. First will be efforts to develop
and commercialize advanced engines capable of
operating at much higher efficiency than the 25
percent typical of the best engines of today.25 A
four-passenger vehicle equipped with such a
propulsion system could have a operational fuel
economy of 60 mpg or more.26 A second line of
development will be improvement of other
automobile components to provide even greater
fuel economy. It is anticipated that efforts will
concentrate on continuously variable transmis-
sions, low-friction tires, and improved aerody-
namics. The need for, and emphasis on, more
efficient vehicles will be partly determined by
success in a third area of development—alter-
nate energy sources. It is expected that the tech-
nology to produce fuels from sources other than
petroleum and to use electrical energy could
reach a high state of refinement. If so, the pres-
sure for greater automotive fuel economy would
be correspondingly less. This section of the re-
port examines some of these potential advances
in auto and fuel technology and assesses the out-
look and the problems associated with their de-
velopment and use.

Propulsion Systems

New engines or power sources that are under
development for automotive applications in-
clude: Brayton (or gas turbine); Stirling; diesel:
Otto- diesel hybrid; adiabatic diesel; stratified
charge; various rotaries (including Wankel);
Rankine; battery; fuel cell; and other energy
storage devices, such as flywheel and thermal
sink.

It is also possible to add “upstream” systems
such as superchargers, turbochargers, Comprex
“superchargers, ” and regenerators (heat ex-

changers ). Also a great variety of fuels from dif -
ferent sources could be used. They include gaso-
line, diesel, liquefied petroleum gas, liquefied
natural gas, petroleum natural gas, hydrogen,
alcohol, ammonia, ether, and hydrazine. Final-
ly, compounding, or  combin ing  two o r  m o r e
different engine types, adds new possibilities.

The list of concepts which have been Formu-
lated is extremely ions, but it is unlikely that
more than a few will make their way into pas-
senger-car use by 2000. A qualitative evaluation
of the relative merits of the basic types of en-
gines in terms of their key characteristics i s

given in figure 63.

Research and development programs for ad-
vanced heat engines are being conducted by
both Government and industry. The Depart-
ment of Energy, acting under the Energy Reor-
ganization Act of 1974 and the Federal Non-
Nuclear Energy Research and Development Act
of 1974, has been pursuing the development of
the gas turbine and Stirling engines for passen-
ger-car application. More recent legislation, the
Automotive Propulsion Research and Develop-
ment Act of 1978, directs DOE to support re-
search and development t that would lead to in-
troduction of alternate automobile propulsion
systems with in the next decade. The Act also
calls for dissemination of technical information
on advanced engines. The intent of the Act is to
supplement the research and development ef-
forts of private industry and to encourage and
facilitate competition in developing alternate
engines. Although little has yet been accom-
plished under the Act, it does provide the basis
for unifying and focusing the Government ef-
forts in assisting R&D on alternate automotive
propulsion systems.

Stirling Engines

The Stirling engine converts heat energy from
the burning air/fuel mixture to mechanical
energy through the alternative compression and
expansion of a confined working fluid. The
working fluid (normally a small quantity of
high-pressure hydrogen or helium) is cooled
during the compression stage and heated during
the expansion stage. Residual heat energy is
recycled through a heat exchanger that stores a
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Figure 63.—Characteristics of Automotive Propulsion Systems’

Fuel
con-

sumption Size and
Powerplant economy Emissions cost weight

●

State of
develop- Fuel

ment versatility

‘ Passenger car application.
b D!fferent fuel cells use different fuels, but a fuel cell will onlv use the fuel for which it was designed.
c Depends on extent of emissions from electric-generating plant and the Importance of point ve&.us dispersed emmons
d Ca”n  use any fuel used to generate electricity. -

e Typically, an internal combustion engine plus battery or flywheel.
f Can use any fuel used to generate electricity, and those usable in the secondary

SOURCE” SRI, p. V-44, and OTA.

large portion of the heat of the working fluid ●

after expansion and returns it to the working
fluid after compression.

A sequence of four events occurs during a full .
work cycle of the engine:

The working fluid is transferred from the
hot space through the heater, regenerator,
and cooler to the cold space. This occurs
with a relatively small change in total
working space volume. ●

power plant.

A compression process occurs when the
working fluid is located primarily within
the cold space and the adjacent cooler.

The working fluid is transferred from the
cold space through the cooler, regenerator,
and heater to the hot space, with a relative-
ly small change in total working space
volume.

The working fluid expands when it is



located primarily within the hot space and
the adjacent heater.

The expansion and compression spaces are
phased so that the working fluid is located in the
hot space of the engine as total working space
volume increases. As total working volume de-
creases, the working fluid is found mainly in the
cold space of the engine. The four processes are
repeated for each revolution of the crankshaft.
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The motions of the mechanism and the gas
can best be understood by examining the

● 3 3 5

flow
two-

piston analogous mechanism and its volume
crank angle diagram shown in figure 64. This
configuration is not currently used as a Stirling
engine, but is useful in illustrating the principle.
A schematic drawing of the double-acting,
swash plate, piston-type Stirling (which is an
operating engine) is shown in figure 65.

Figure 64.—Principle of the Stirling Engine

Q ~ Regenerator Q

Expansion
space v,

Fixed
crank cente

Compression
space VC
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SOURCE SRI

Figure 65.—Stirling Engine With Swash Plate

Coolant to

fluid

SOURCE” SydecEEA, p II-21
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The other common type of Stirling has a
rhombic-drive, inline piston displacer configu-
ration. However, Wankel expanders, valved
versions, and similar variants are under study.

The Stirling engine shows significant poten-
tial when compared to the conventional internal
combustion engine. It has lower noise levels
because of the continuous burning process and
reduced emissions. The Stirling can burn a vari-
ety of fuels. Its operation is smooth and without
vibration. Finally, the engine has cycle effi-
ciencies approaching 40 percent.

The problems in the development of the Stir-
ling are all technical or cost-related, They may
never be overcome on a cost-competitive basis.
These problems include:

high temperatures with attendant problems
of materials, sealing, thermal cycling, etc.;

high-pressure areas and the basic techno-
logical difficulties concerning the sealing so
that gas does not leak out of the engine or
into other parts of the system (efficiency
improves with system pressure and units
have been run at well over 3,OOO psi);

cost, complexity, and availability con-
straints centering on the use of sophisti-
cated electronic controls, ceramic compo-
nents for the heat exchanger, and extensive
stainless steel tubing required to withstand
the very high pressures and temperatures
inside the engine;

uncertainty regarding the feasibility of pro-
ducing many of the engine components
which are new and have never before been
mass-produced (the production processes
of engine manufacturers and component
vendors would have to be refined before
cost-effective mass production could take
place);

need for large, high-capacity radiators and
the severe loss in efficiency when the heat is
rejected to high ambient temperatures (e. g.,
100 0 F or greater);

complexity and low efficiency of the gas
volume control system and slow response
to changes in speed and load demand;

uncertainty regarding engine durability and

the feasibility of producing engines in dif-
ferent sizes; and

. fuel economy actually attained to date for
the complete powerplant (with accessories)
is about that of a conventional Otto-cycle
engine.

Until recently, most experience with the Stir-
ling engine has been in the research laboratory.
The only commercial application of the Stirling
cycle to date has been in a cryogenic machine
for producing liquid air. However, some devel-
opment work has been done on potential appli-
cation of the Stirling in heavy-duty trucks, and
there has been minor production for military
hardware. Work on the feasibility of a four-
cylinder 170 horsepower (hp) Stirling for auto-
mobiles was conducted by Ford and the Depart-
ment of Energy (DOE) under a licensing agree-
ment with N.V. Phillips Gloeilampenfabriken of
the Netherlands. Laboratory testing of the
engine was completed in 1976. The second
phase sought to improve engine durability and
performance in road tests, to determine poten-
tial feasibility, to assess the potential for engine
size modification, and to initiate R&D work
with other firms. Table 146 shows some features
of the Stirling engine compared with the base-
line standard engine.

Ford recently completed a feasibility study,
funded by DOE, involving the conceptual de-
sign and evaluation of an 80 to 100 hp Stirling
engine for use in a passenger car of the 2,500- to
3,000-pound weight class. Subsequently, Ford
announced its withdrawal from the DOE Stir-
ling engine program.

DOE is also funding Mechanical Technology,
Inc., United Stirling of Sweden, and AM Gener-
al Corporation in a joint effort to develop three
generations of engines in the 55 to 130 hp range.
The first portion of this work was to demon-
strate a Stirling engine in an Opel Rekord. In-
stallation was completed, and road testing was
begun in the summer of 1978. Preliminary test
results are encouraging. The Stirling Opel
equaled a diesel-powered Opel in fuel economy
and easily met the future statutory emissions
standards.

Even if all performances projections are real-
ized and durability is demonstrated, the market
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Table 146.—Stirling and Baseline Engine Dataa

351-2V V-8
“4-21 5“ Stirlingb Baseline Clean Air Act’

Emissions (g/mi)
Hydrocarbons . . . . . . . . . . . . . . . . 0.04 0.49 0.41
Carbon monoxide . . . . . . . . . . . . . 1.98 6.05 3.40
Oxides of nitrogen . . . . . . . . . . . . 0.39 1.35 0.4

Fuel economy (mpg)
City. . . . . . . . . . . . . . . . . . . . . . . . . 13.5 11.0
Highway. . . . . . . . . . . . . . . . . . . . . 18.7 16.0
Metro-highway . . . . . . . . . . . . . . . 15.5 13.0

Performance (sec.)
0-60 mph. . . . . . . . . . . . . . . . . . . . . 12.6 15.8
25-60 mph..... . . . . . . . . . . . . . . . 10.2 11.2
50-80 mph...... . . . . . . . . . . . . . . 12.8 18.5

for the Stirling engine will probably be limited
by cost, availability of materials, and technical
considerations. The long leadtimes required to
modify existing engine plants and to introduce
new processes for the production of new engine
parts make the commercialization of the Stirling
engine unlikely until 1990 to 2000. The lag is
likely to persist despite the fact the Government
support doubled in 1978.

Brayton Cycle Engines

A gas turbine (or Brayton cycle engine) is
usually a continuous combustion powerplant in
which the burning takes place in the working
fluid. The main elements of the most common
and simplest configuration are a compressor, a
burner, and an expander (or turbine), with the
entire gas stream proceeding through each. The
compressor and turbine are usually on a com-
mon main shaft.

The combustion energy drives the turbine
which, in turn, drives the compressor. This per-
mits the extraction of power in the form of jet
thrust, or shaft power, taken from the main
shaft or from a separate power turbine in the ex-
haust gas stream. Many other types of compres-
sors and expanders (rotary, reciprocating, lobe,
screw, and vane) have been developed. How-
ever, only the axial, centrifugal, mixed-flow, or
radial-inflow elements have found wide accept-
ance.

Present design practice for ground vehicle gas
turbines favors the single-stage compressor and
turbine on a common shaft, with a power tur-
bine in the exhaust stream on a second shaft,
and a regenerator (moving element heat ex-
changer) or recuperator (fixed element heat ex-
changer) to bring some of the exhaust waste
heat back with the inlet air. Movable turbine
nozzle vanes or a power transfer system are also
included to improve part-load fuel economy.
Recently, there has also been increased interest
in small single-shaft designs operating at high
speeds, high-pressure ratios, and without regen-
eration.

Turbine efficiency is a function of inlet air
temperature, compression ratio, and turbine in-
let temperature. Efficiency is also limited by the
strength of the turbine blades at the high-oper-
ating temperatures typical of Brayton cycle
engines. Blade cooling can allow slightly higher
gas temperatures, but it is complex and costly,
especially in the relatively small engines suitable
for passenger cars. A very high overall air/fuel
ratio (up to 40 to 1 ) is used to reduce the tem-
perature of the burner and turbine wheel.

Maximum efficiency of the best recuperative
versions of large-size turbines (400 hp) is nearly
40 percent. It is presently believed that all-cer-
amic engines with high-performance regenera-
tors (or recuperators) may be able to achieve 38-
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percent efficiency in the 100 hp size range.27 It is
more difficult to achieve high efficiency in a
small gas turbine than in a large one; surface
friction in a narrower flow path affects a greater
portion of the total air flow and clearances be-
tween the moving parts and the housing account
for a higher percentage of losses.

The power output of a single-shaft turbine de-
creases to nearly zero as engine speed drops by
50 percent. Thus, this turbine must operate over
a much narrower speed range than most other
engine types to maintain high efficiency. This
requires the use of a wide-range continuously
variable transmission (CVT) in order to match
the narrow speed range of the engine to the vari-
able speeds needed for operation of an automo-
bile. Such transmissions are under develop-
ment. The two-shaft configuration, or “free tur-
bine” allows use of the standard automatic
transmission employed in existing automobile
designs, since the second turbine is able to oper-
ate at speeds considerably different from those
of the main shaft.

The technical and performance potential of
the gas turbine is attractive for the following
reasons:

●

●

●

●

There is the potential for high thermal effi-
ciency, and thus good fuel economy (al-
though this has not been realized to date).

Gas turbines can be designed for a very
wide range of gaseous or liquid fuels (multi-
fuel capability).

The turbine exhaust has substantially lower
HC and CO emissions due to the more
complete combustion associated with long-
er burning duration at higher temperatures.
Also there is considerable research activity
directed at achieving a “low NOX” burner
which should meet 0.4 gram per mile
N OX—the original statutory standard and
the 1982 California requirement.

The turbine has low weight and smooth
operation, as well as a long life and reduced
maintenance costs.

In order to realize the potential for high ther-
mal efficiency, the turbine inlet temperatures
need to approach 2,5000 F. Thus, the hot parts

of the burner, ducting, nozzle ring, and turbine
wheels require highly temperature-resistant ma-
terials. These can be sheet, forged, or cast “su-
per alloy s,” or ceramics. Ceramics would offer
the best temperature resistance, long life, and
lower production costs if the technology could
be perfected.

One of the main limitations to ceramic
materials is random undetectable defects in the
crystal structure. As a result, conservative
design practice requires use of stress levels of
about one-quarter of those possible with a “per-
fect” material. A breakthrough in understand-
ing the fundamental properties of ceramics with
regard to their uniformity and freedom from
random defects would enhance the gas turbine’s
competitive position.

Another problem with the ground vehicle tur-
bine is the inability to achieve good fuel econ-
omy under partial load conditions and in accel-
eration and deceleration modes. Efforts to in-
crease the fuel economy of the turbine are being
made through redesign of the combustion cham-
ber, compressor, and turbine. Most of the tur-
bine engines presently being road tested use two
shafts (the “free turbine”), fixed geometry com-
bustors, and continuous fuel injection systems.
In order to reduce fuel consumption when oper-
ating at less than full torque requirements, ex-
periments are being conducted with intermittent
fuel injection that varies with vehicle speed and
with variable air-orifice geometry in the com-
bustion chamber.

Gas turbines are not yet on the market, al-
though both GM and Ford were close to offering
large turbines in trucks and buses several years
ago. The present GM turbine development pro-
gram for both cars and trucks is quite active.
However, Ford has essentially halted its truck
turbine program. A consortium of AiResearch/
Mack/KHD has also begun development of a
large-truck turbine and could be the first with
commercial sales.

The use of turbines in passenger cars is uncer-
tain in the near future, but breakthroughs in cer-
amics could enhance their potential. The DOE/
Chrysler target date for a competitive auto-
mobile turbine is 1983. GM has an ongoing de-
velopment program, but its time frame is un-
known. It is possible that GM is further along in
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development than Chrysler/DOE; GM is not
relying on ceramic materials at this time.

United Turbine A. B., a subdivision of Volvo,
has developed a three-shaft turbine (the KIT)
which it claims is competitive in fuel economy
with its current ICE-powered automobile .28
Volkswagen, Nissan, and Toyota are also active
in turbine development.

Once turbine engines are fully developed,
their costs could be attractive for the consumer,
largely due to long life and reduced mainte-
nance. Initial costs and fuel economy need to be
brought to a competitive level, however, and
high-temperature materials at low cost are re-
quired.

Diesels

The use of diesels through 1985 was discussed
at length earlier in this chapter. As interest in
passenger car diesels grows, many other con-
cepts for improving the engine will be explored
in greater depth. Most improvements will prob-
ably occur after 1985. Some of these develop-
ments are:

●

●

●

●

●

●

●

●

variable compression ratio to improve
starting and optimize operation over a wide
range of conditions;

positive timing of ignition (e.g., via spark
plug);

throttling to reduce smoke;

modulated or pilot fuel injection to mini-
mize need for indirect injection and/or
massive construction;

use of valve selector to cut out unneeded
cylinders;

various forms of capturing the waste ener-
gy in the exhaust of a conventional diesel
(e.g., Rankine bottoming cycle—a small
closed-cycle steam turbine coupled to the
crankshaft—or Comprex “supercharging”);

innovative, very low-fuel-consumption
concepts, s u c h  a s the  Cummins/
TARADCOM adiabatic turbocompound
diesel; and

friction-reducing features such as an “air
bearing” between piston and cylinder wall.

1’S, O. Kronogard, “Advances in Automotive Gas Turbines, ”
Mechanical Eng~r~eerl)~g,  October 1977, pp. 38-43.

In view of the abundance of technological op-
tions, the relative emphasis on diesel versus
gasoline engines may well hinge on the manu-
facturers’ broad strategy considerations about
the merits of developing two kinds of engines
when either one would do the job. At the same
time, diesel and gasoline engine technologies are
tending to grow closer together (the Texaco
TCCS concept and a “spark-timed” diesel con-
cept are almost identical) and could conceivably
merge. This potential merging has major com-
petitive implications for the diesel engine in-
dustry and for the automobile manufacturers.

The adiabatic turbocompound diesel may
provide thermal efficiency comparable to or
higher than the Stirling in about the same time
frame. The Cummins/TARADCOM program is
exploring various changes to the diesel; by 1979,
a test engine incorporating these changes should
produce a thermal efficiency of 56 percent .29
Thermal efficiency of up to 48 percent has
already been achieved but the developmental
engines, and even production versions, may be
quite difficult to adapt to passenger car applica-
tions.

The major gain in efficiency is obtained by
completely removing any form of cooling of the
pistons and combustion chamber and by in-
sulating the engine against radiant heat loss.
Thus, the interior cylinder wall temperature of
the engine is extremely hot in operation (above
2 ,000

0 F, compared to about 5000 F for a con-
ventional diesel), and essentially all the waste
heat goes out the exhaust. This high-energy ex-
haust stream is first used to drive a turbocharger
and then to drive a power recovery turbine that
is coupled to the crankshaft. The Wright Cy-
clone R3350 aircraft engine of the 1950’s (using
aviation gasoline) used this same turbocom-
pound principle and achieved thermal efficien-
cies of over 40 percent in commercial service. It
is conceivable that further compounding (e. g.,
addition of a Rankine unit) could raise the over-
all efficiency to greater than 60 percent.

The extreme temperatures of the power sec-
tion require the use of ceramic pistons and un-
usual combinations of piston rings, cylinder
wall, and lubricants. However, these problems
are being worked out. The basic engine, plus
compounding, could have 25 percent less vol-

“SRI, p. V-52
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ume than a naturally aspirated engine but the
amount of hot ducts and thermal insulation
would add appreciably to the effective engine
volume. The cost of early engines would be
several times that of existing engines and even in
high production, costs would probably never
drop below double. Also, it would take many
years to arrive at a passenger car production
version.

Fuel Cells

Fuel cells generate electricity from chemical
energy through an electrochemical process.
They have four primary ingredients: an elec-
trolyte (conducive to ions such as hydrogen or
oxygen); two electrodes per cell; a case for the
cell or combinations of cells; and tanks for con-
tainment of fuel and oxident (if needed). Many
fuel cells, especially those operating at or near
room temperature require a catalytic agent,
often platinum, in very small amounts on the
electrode.

Many combinations of different types of the
ingredients can be made into fuel cells. Some of
the fuels used are hydrogen, methanol, hydra-
zine, ammonia, metallic fuels (e.g., zinc/air),
and biological fuel. Some operate at a range of
temperatures from room temperature up to
1,0000 Centigrade and higher.

Fuel cells have received most recent and wide-
spread visibility by virtue of their use in
satellites to produce electrical power. The proc-
ess is inherently much quieter, cleaner, and
more efficient than conventional power-gener-
ating equipment. The higher efficiency capabili-
ty is a result of the fact that the fuel cell does not
involve conversion of heat to mechanical
energy, thus avoiding thermodynamic lower
limits on efficiency.

Practical, cost-effective fuel cells are not yet
available, and it is difficult to predict when such
systems might be developed. Current costs of
fuel cells are much higher than other practical
energy conversion systems. Yet, the potential of
fuel cells, both for stationary electric generation
and to power vehicles, should not be underesti-
mated or overlooked. 30

WC Sand5tede,  ed., from Electrocahdysis  to Fuel Cc//s (Seattle:

University of Washington Press for Battelle  Seattle Research
Center, 1972).

Drivetrain and Tires

Ongoing improvements n transmission and
drivetrain-related equipment are expected to be
in production by the mid-1980’s. A practical
CVT will require a much longer time frame and,
in light of other improved transmissions, may
be limited in application.

In addition to the reduced rolling resistance
associated with belted radial tires and the
weight savings possible from using a “compact”
spare (or eliminating the spare through a run-
flat system), another tire innovation holds con-
siderable promise. This is a cast, all-plastic tire
with no cord or bead of any sort. One concept
uses a fully closed torroidal form (liker-
tube) mounted on a two-piece wheel. Another
uses an integral plastic tire and wheel. Still
another uses a conventional tire
with a steel bead. Compared with
these concepts have the promise
simultaneously:

●

●

●

●

●

equal durability with equal
traction,

50-percent weight reduction,

cross-section
current tires,
of achieving

wet and dry

reduced hysteresis (rolling friction),

complete recyclability, and

lower first cost 31

However, the technical problems of noise,
durability, heat buildup, etc., for these concepts
are much the same as those of conventional
tires.

The captive nature of the tire industry, the
major shift that would be required in facilities
and materials sources, the great reduction in re-
quired labor, and related institutional problems
may slow the development of the all-plastic tire.

Vehicle Design and Manufacture

Post-1985 vehicle design and manufacturing
changes could be motivated by several factors.
These include the need to reduce the weight of
vehicles further for improved fuel economy, the
need to enhance the safety characteristics of
vehicles, particularly in light of the reduction in

“SRI Supplement.
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size and weight of cars, and the need for more
durable, longer lasting vehicle structures that
are more corrosion-resistant. The limiting fac-
tors may be the engineering and design tech-
niques and the availability of high-strength,
lightweight durable materials to accomplish all
of these objectives simultaneously.

Research in this area thus far has shown some
promising results. For instance, smaller, lighter
vehicles need not have a safety disadvantage.
The creative use of lightweight materials (such
as high-strength low-alloy steels, aluminum,
composite structural plastics, and plastics,
foams, and integrated foam-filled structures)
has been demonstrated in the design of light-
weight, sturdy vehicles.

The primary difficulty in new materials appli-
cations is in developing manufacturing proc-
esses that are competitive with steel forging,
iron casting, and stamping in terms of manpow-
er and time. Significant progress is being made
with aluminum stamping, bonding plastics to
metals, and molding large shapes of plastic.
Such advances will encourage the use of these
materials.

Durability, Corrosion, and Recycling

Durability and corrosion resistance depend
on the materials used, the quality of vehicular
components, and the ease of repairing or replac-
ing those parts that are expected to wear. The
plastic and aluminum parts will not rust, al-
though the plastic may deteriorate over time,
and aluminum will oxidize somewhat. Corro-
sion of steel parts can be controlled to a greater
degree than at present by modifying design to
limit the areas where salt and mud collect, by
improving metal coatings (paints), by use of
galvanized (zinc-coated ) metals, and by improv-
ing sealing materials (undercoating). Progress is
being made in these areas.

It is relatively easy to design stronger, and
hence more durable, automobile parts. How-
ever, this generally entails added cost and in-
creased weight. An overall saving in materials
and in production energy might result. How-
ever, the cost-effectiveness of this approach re-
quires careful study. Increased durability could
lead to a fleet of older vehicles, made to earlier
design standards, and possibly in poorer repair.

Recycling is now a well-established industry;
its continuation and expansion depend more on
will and economics than on technology. The in-
creased use of plastics will require more atten-
tion to the recycling of these parts. Separation
of plastics from metals will become increasingly
difficult. Sorting of plastics for recycling is an
almost insurmountable problem; a cost-effec-
tive solution will be difficult to find. Plastics
that cannot be reclaimed pose a solid waste
problem, since they do not decompose natural-
ly.

Safety

There are a number of safety technology con-
cepts in the automobile transportation system
relating to vehicles, highways, and driver per-
formance. Many of these concepts can be ap-
plied to crash avoidance or crash severity reduc-
tion, or to both in some cases. The following is a
listing of some of these concepts:

improved vehicle structural engineering /
design/materials;

advanced restraint systems;

interior design concepts for safety;

antilock and radar brakes;

fuel systems and fuel tanks with reduced
flammability;

vehicle control augmentation;

vehicle exteriors that minimize injury to
pedestrian and pedacycle riders; and

modal mix considerations (truck underride
guard, for example).

Vehicle crashworthiness has two underlying
objectives —maintaining occupant compartment
integrity in the crash, and controlling the ac-
celerations of the vehicle and the occupants
throughout the event. By controlling the ac-
celeration and spreading it out over time, the
peak accelerations and overall level of accelera-
tions on the vehicle occupants are reduced, De-
signs that can achieve higher levels of crash-
worthiness require application of known basic
design principles. Computer-aided finite ele-
ment analysis in vehicle design offers the capa-
bility for detailed examination of vehicle struc-
tural response characteristics. Also, routine ap-
plication of engineering principles applied to
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crashworthiness criteria could produce vehicles
of extremely high structural integrity.

Advanced restraint systems and interior de-
sign considerations for safety are an integral
part of the occupant protection concept .32 Con-
siderable progress has been made in these areas
and more improvements are expected.

Exterior designs that can lessen injuries in col-
lisions with pedestrians, cyclists, and motor-
cyclists have not been fully explored yet. One
approach to this concept has been a soft front-
end design which tends to soften the initial blow
and guide a struck pedestrian onto the hood of
the vehicle. The efficacy and applicability of
these ideas need further study. Certain features,
such as breakaway or hinged outside mirrors
and hinged hood ornaments, are already com-
monplace on vehicles.

Brakes

Several concepts regarding improved brakes
are under consideration for 1985 and beyond.
These include antiskid brakes and radar brakes.

Antiskid brakes have been developed for
passenger cars. However, marketing of the early
systems (which were developed without regula-
tory pressure or other incentives) was not very
successful. Operating experience with such units
has been quite satisfactory, despite early prob-
lems with the more complex units used on
trucks. Technologically, such systems are quite
feasible, but users have not viewed the benefits
as being worth the added cost. A number of new
antiskid braking concepts are under develop-
ment. They could result in up to 10 percent less
stopping distance in many cases, and several
times that in a few severe conditions. More im-
portantly, they essentially eliminate loss of
directional control in emergency stops.

Since diesel engines have no engine vacuum,
the Oldsmobile diesel uses a hydraulic booster
to power the brakes. The hydraulic boost con-
sists of using the power-steering pump for this
second function. When antiskid systems are
used, it probably will be preferable to use this

form of power assist (rather than vacuum) for
spark-ignition engines as well as diesel because
of the much smaller actuators required.

Radar-assisted brakes are also under develop-
ment. Their purpose is to perceive an inevitable
collision event and respond faster than the
human operator in applying the brakes. The
system is not necessarily designed to avoid colli-
sions, but to reduce the impact speed and thus
the severity of a crash. Minicars, Inc., has
developed such a system in conjunction with its
work on the Research Safety Vehicle Program.
They calculated a 60- to 90-percent reduction in
collision energy at 50 mph compared with
operator-actuated brakes, using a perceived
hazard distance of 80 feet.33 However, there is
some concern that the widespread use of radar
equipment may present a microwave radiation
hazard.

Fuel Systems

Over 17,000 fires occur annually in the
United States as a result of motor vehicle
crashes .34 In 1975, there were 55,000 vehicles in-
volved in fatal crashes; more than 1,200 fires oc-
curred .35 The current FMVSS 301 standard on
fuel system integrity considerably reduces the
allowable fuel loss in 30 mph front, rear, and
side collisions. The RSV program specifications,
however, call for no fuel loss under much more
severe test conditions. The technology for
secure fuel systems is available. Bladder tanks,
compartmentalized tanks, resealing tanks, foam
filler blocks, and the like have been used exten-
sively in aircraft and racing cars to reduce fire
hazards. All of this technology is easily trans-
ferable to passenger cars at some modest in-
crease in cost.

Another approach to minimizing problems
with fires is to identify and eliminate the igni-
tion source(s). An inertial switch is available
which shuts off the electrical system in a crash.
The electrical system has long been suspected to
be a primary source of ignition in collision, fires.

‘zJohn D. States, “Static Passive Occupant Restraint Systems,
Without Airbags and Without Belts, Is It Possible?, ” Fifth  Interna-
tional Congress on Automotive Safety-Proceedings, Cambridge,
Mass., July 11-13, 1977, pp. 419-426.

33 Rudolf Limpert, “Minicars  RSV Brake System, ” Fifth Interna-
tional Congress on Automotive Safety-Proceedings, Cambridge,
Mass,, July 11-13, 1977, pp. 773-802.

JfJohn Hubbard, Virginia Kelley,  Russell Shew, “Fuel-Fed Vehi-

cle Fires, ” Trial, January 1978.
MU, S, Department of Transportation, Fatal Accident %mrting

System, 197s Report,
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Program and Concept Cars

Concept cars have been used as a means of
corporate advertising, exploring public interests
and tastes, and checking feasibility of new engi-
neering and production concepts. More recent-
ly, concept cars have been used to investigate
and stimulate innovative technical approaches
that address national needs. The major auto
companies routinely build such vehicles; the
prototypes from small auto companies and in-
ventors attempting to break into the automotive
world can be viewed in this same category.

This class of vehicles includes the Chrysler
gas turbine cars, the GM XP898 “all plastic” car,
the Bricklin and DeLorean cars, the wide variety
of cars used to explain new engines and/or
fuels, electrics and hybrids and, finally, the
series of safety cars. The safety car program
started with the Liberty Mutual/New York State
car of the 1960’s. It progressed through the
NHTSA Experimental Safety Vehicle (ESV) Pro-
gram of the early 1970’s to the present RSV
(Research Safety Vehicle) Program, which at-
tempts to integrate emission control and fuel-
economy goals with the primary safety con-
cepts.

As a parallel aspect of the ESV program, the
major auto companies built their own versions
of ESVs. These cars provided major improve-
ments in meeting safety criteria, but retained
much of the conventional full-size passenger car
design, materials, styling, and production fea-
tures. The ESVs, designed and built by nonauto-
motive developers, were not based on existing
vehicles and had little in common with the con-
ventional auto designs.

The current RSV program includes a very un-
conventional car from Minicars, Inc., as well as
the Calspan/Chrysler vehicle, which is based on
a modified Lightweight production sedan. At the
same time, VW has developed a safety car ver-
sion of their Rabbit model that achieves excel-
lent fuel economy, emissions levels, and per-
formance. The major U.S. auto manufacturers
have not publicized any in-house integrated
safety car efforts comparable to their earlier
ESVs.

The information gained from the present RSV
and parallel activities will probably provide
both a basis for some of the future safety regula-

tion and a fund of data and experience that will
be extremely useful to the major auto produc-
ers. As an example, the VW safety car, which is
a modified version of the Rabbit, weighs about
200 pounds more and is powered by a four-cyl-
inder, turbocharged diesel. It obtains 60 m p g
(composite), accelerates from O to 60 mph in less
than 14 seconds, meets 1983 emissions stand-
ards, and provides 40 mph barrier (and 30 mph
pole) crash survivability without serious injury.
It is claimed that this car could be in production
in 3 years.

Electric and Hybrid Vehicles

In the present environment of low-cost and
plentiful gasoline, electric vehicles must be
viewed as an alternative that is competitive in
only very limited applications or under condi-
tions of Government subsidy. In view of the in-
evitable depletion of petroleum resources and
the continued problem of air pollution with
petroleum fuels, Federal encouragement and
subsidy of EVS is proceeding. The program has
the dual objectives of conserving petroleum and
assuring that the necessary technology and ex-
perience are in place before the need becomes
urgent, since EVS can derive their energy from
coal-fired or nuclear-generating systems.

Many individual inventors, large corpora-
tions, and major auto manufacturers have been
pursuing EV development programs, partly in
the hope of providing a viable, currently com-
petitive vehicle, and partly to be ready earlier
than their competitors where EVs eventually
become economically competitive. Present EV
technology generally provides vehicles of such
limited performance that public acceptance has
been extremely low. For example, the only EVs
commercially available are limited to about 35
mph, speed drops drastically on minor grades,
and performance is much poorer near the end of
the battery charge. Also, there is insufficient
energy storage to include provisions for heater,
defroster, air-conditioner, and similar features.

A typical electric-vehicle power train consists
of storage batteries, provision for recharging
from household or similar 110/220 volt sources,
a controller to adjust speed and acceleration,
and an electric motor that drives the road
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wheels. The EV may also include regenerative
braking, as well as a load-leveling device such as
a flywheel to increase vehicle range.

The EV concept extends to a number of
vehicles including delivery vans, urban passen-
ger cars, buses, agricultural equipment, indus-
trial lift trucks, and golf carts. Current research
is focused on batteries, controls, and vehicles
for personal transportation and light-duty com-
mercial use.

The extremely limited energy storage capabil-
ity of present day battery systems has led to the
concept of combining a battery or similar ener-
gy storage system with a combustion engine sys-
tem. This combination is known as a hybrid
powerplant. Two hybrid concepts have been
predominant—an internal combustion engine
with a battery system, and an internal combus-
tion engine with a flywheel energy-storage
system.

Since the hybrid vehicle currently offers cer-
tain performance characteristics superior to
EVs, it may provide a more acceptable alter-
native and may encourage the development and
introduction of more advanced electric-vehicle
systems. Flywheel and other energy storage sys-
tems currently under development may provide
both electric and hybrid vehicles the perform-
ance and economy needed to improve their pub-
lic acceptance.

Benefits

The successful development of an electric- or
hybrid-vehicle power system (i.e., battery and
power train technology) can provide a variety
of benefits in the future. To the extent that elec-
tricity is generated from nonpetroleum sources
and to the extent that electric- and/or hybrid-
vehicle use replaces petroleum-vehicle use, the
electric vehicle offers a means for substantial
savings of petroleum.

Another benefit could be the virtual elimina-
tion of air emissions in urban areas. This benefit
needs further examination because the emissions
would be shifted to the utility. The ultimate im-
pact would depend on the plants’ locations as
well as emission characteristics. However, un-
less emphasis is placed on vehicle safety, the in-
creased use of small, lightweight vehicles may
have an adverse effect on traffic safety.

Constraints

Consumer preferences may represent strong
barriers to early sales of urban EVs and hybrids.
The average range of a current EV is only about
50 miles, a major disadvantage for consumers.
Although the hybrid vehicle does not suffer
from the range limitations of the electric vehicle,
it requires a more complex and expensive engine
power train design and needs two energy
sources.

Few EVs are currently equipped with the pow-
erful motors and associated controls needed to
match the acceleration of ICE-powered vehicles.
Electric-vehicle users must adjust to lower
speeds and reduced performance. Hybrids are
not expected to perform much differently than
EVs in this regard.

Many or most of the amenities that are com-
monplace in current ICE-powered vehicles are
not expected on EVs or hybrids. Such equip-
ment includes power steering, power brakes, ex-
tra interior space, and air-conditioning. How-
ever, in a serious energy shortage, this equip-
ment would probably be discarded on ICE-pow-
ered automobiles as well.

Systems for servicing EVs or hybrids do not
exist yet. Parts availability, maintenance know-
how, and repair availability and costs are un-
known.

State of the Art

In 1970, the Edison Electric Institute defined
the minimum desirable characteristics of electric
vehicles for use by utility companies. (See table
147. ) The purpose of the program was to en-
courage the manufacture and test operation of a
significant number of special purpose electric
vehicles.

The U.S. Postal Service is currently conduct-
ing a comprehensive electric-vehicle program.
During the project, a set of technical goals for
electric vehicles was developed. Except for the 4-
year battery life, the technical goals of the
postal electric vehicles (table 148) have been met
by approximately 380 vehicles. A number of
battery and control system failures were experi-
enced by these vehicles. Preliminary results in-
dicate that improved vehicle acceleration is de-
sirable.
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Table 147. —Desirable Minimum Characteristics— Electric Work Vehicle

SOURCE E A Campbell, Ana/ysis  of On-Road E/ectrfc  Vehlc/e  Experience of 62 U S. Utl/l!les,  SAE Paper 760074, 1976

SOURCE. D P Crane and J.R Broman,  “United States Postal Service Electric Vehicle  Program,” Fourtfr /rrternatlona/  E/ectrJc
Vehlc/e  Syrnpo.wum,  Dusseldorf, Germany, 1976

The Electric and Hybrid Vehicle Research,
Development, and Demonstration Act of 1976
(Public Law 94-413) included a provision to
“demonstrate the economic and technological
practicability of electric and hybrid vehicles for
personal and commercial use in urban areas and
for agricultural and personal use in rural
areas . . .“36 The Administrator of ERDA (now
DOE) was required to “promulgate rules estab-
lishing performance standards for electric and
hybrid vehicles to be purchased or leased. . .“37

within 15 months of enactment. The 1976 Act
originally called for the procurement of 2,500
EVs by December 17, 1979. Through an amend-
ment in the law, the number has been reduced to
200 for the first year and 600 and 1,700 in the
following 2 years. In all, an EV fleet of 7,500
vehicles will be on the road for test and demon-
stration in the 1981-84 period. It is important
that this test fleet be viewed as a success or the
future acceptance of EVs will be seriously jeop-
ardized.

The DOE electric vehicle program has con-
centrated on the development of six compo-
nents. They include the battery, charger, motor,

jbElectric  arid l-lybrld  Vehicle Research, Development, and
Demonstration Act of  1976, P,L. 94-413, 94th Congress.

371bid.

controller, transmission, and body/chassis.
Table 149 lists the components and character-
izes a few typical design alternatives. Figure 66
shows two EV unit configurations with different
charger systems. The onboard charger option
would most likely be used for personal two- and
four-passenger vehicles; the batteries of these
vehicles would be charged at individual resi-
dences. Small commercial delivery vans might
find it more convenient to utilize high-voltage
offboard charging systems.

The key to a successful electric vehicle is the
development of an improved battery with great-
er storage capacity, higher power density, and
greater recycling capability at minimal cost in-
creases. A number of electric-vehicle prototypes
are currently being produced in the United
States, Europe, and Japan. These generally in-
corporate state-of-the-art lead-acid battery tech-
nology. Such vehicles are typically limited to an
operating range of about 25 to 30 miles between
recharges; they generally have speed limitations
of less than 50 mph because of low specific
power. Also, the already-poor specific energy
characteristics (28 to 32 watt-hour per kilogram)
of lead-acid batteries degrade further when
power demand is increased to maintain high ac-
celeration and operating speeds.
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Table 149.—Typical Electric Vehicle Component Design Alternatives

Component Type

Battery. . . . . . . . . . . . . . .

Charger . . . . . . . . . . . . . .

Motor . . . . . . . . . . . . . . . .

Controller . . . . . . . . . . . .

Transmission . . . . . . . . .

Body/chassis . . . . . . . . .

Axles . . . . . . . . . . . . . . . .
Springs . . . . . . . . . . . . . .
Brakes . . . . . . . . . . . . . . .

Tires. . . . . . . . . . . . . . . . .
Auxiliary power . . . . . . .

Accessories . . . . . . . . . .

Lead-acid (current)
Lead-acid (Advanced)
Nickel-iron
Iron-air
Zinc-air
Zinc-chlorine
Sodium-sulfur
Lithium-metal sulfide
Onboard
Offboard
Offboard, battery exchange
DC traction (series wound)
DC separately excited (shunt)
AC induction
Others
Silicon controlled rectifier (SCR) chopper
Inverter
Variable resistance (Rheostat)
Typical: 3-speed automatic with torque converter
Continuously variable transmission
Manual
None
Fiber reinforced plastics (fiberglass)
Lightweight metals
Typical
Typical Ieaf layer coil
Typical Self-adjusting hydraulic
Regenerative
Typical
Battery and charger
AC/DC converter
Gasoline heater
Thermal storage heater
Air-conditioner

SOURCE US Enemy  Research and Development Adminlstrat!on  Transr)ortatlon  Enerav  Conservation Dlvlslon,  Errvlrorr.
menta/  De-v’e/opment  P/an, September 1977

Europe and Japan are moving ahead in EV
development. Japan has demonstrated an EV
with a range of nearly 300 miles3g and England
has had a successful delivery fleet in operation
for several years.

There are several types of lead-acid battery
cars on the market. They suffer from the prob-
lems of short range, low speed, low perform-
ance, and flimsy vehicle structure and they have
not sold well. General Motors has announced
the possibility of marketing a delivery-type
vehicle or small urban passenger car in the
1980’s. GM will also provide a number of the
electric vans in the DOE demonstration pro-
gram.

“Briefing by the U.S. Department of Energy, September 1977.

-.

Electric Vehicle Components

The propulsion system of the EV is made up
of the electric drive motor, the controller, and
the drivetrain. The drive motor may be either a
DC or AC induction motor. Both systems may
incorporate regenerative electric braking. The
potential advantages ascribed to the AC induc-
tion motor relative to the DC drive include low-
er maintenance requirements, lower cost, better
control of speed and torque, greater reliability,
and better performance in rugged terrain. For
either system, required battery voltages are in
the range of 80 to 150 volts.

Attempts are being made to reduce overall
vehicle weight and aerodynamic drag to im-
prove performance. These goals can be attained
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by constructing the body and suspension of
special lightweight but high-strength materials
(aluminum, plastics, composites) and by suit-
ably streamlining the configuration.

Hybrid Systems

Hybrids using internal combustion engines
can be of the series or parallel type as well as
other arran~ements. (See figure 67. ) In the series
configurate ion, the ICE is used to maintain the
energy storage system at optimum operating
conditions. The storage system is geared direct-
ly to the drive wheels to provide propulsion. In
the parallel configuration, either the ICE or the
energy storage system can supply power to the
wheels, with each system operating as close to
optimum as possible. In both configurations,

the energy storage device is generally reversible
and capable of accepting energy from regenera-
tive braking systems.

The major subsystems of hybrid vehicles are
shown in table 150. The number of possible per-
mutations is quite large; however, preliminary
investigations have indicated greater potential
for certain configurations.

Reliable data on hybrid vehicles are unavail-
able because few vehicles have been built. How-
ever, extrapolation of certain characteristics
suggests that a relatively small ICE (for highway
cruising) combined with an electric drive (for
urban driving) may prove to be a successful
alternative to the severely limited range of pure-
ly electric vehicles.

Table 150. —Hybrid Vehicle Subsystem Typical Design Alternatives

Vehicle subsystem Alternative hardware

Primary energy
converter

Secondary energy
converter

Motor/generator

ControlIer

Transmission

Chasis
Body

Axles
Springs
Brakes

Tires

Heat engine
Conventional (Otto cycle)
Diesel
Gas turbine
Rankine
Stirling

Battery’
Fuel cells

Heat engine
Flywheel
Battery
Fuel cell
HydrauIic accumulator
Pneumatic pressure vesselb

Elastic storage (e.g., spring)

AC
DC

Inverter
Cycloconverter
Relays, switches
Chopper

Typical: a) 3-speed automatic with torque converter;
b) manual

Continuously variable transmission

Fiber-reinforced plastics (fiberglass)
Lightweight metals
Typical

Typical: Self-adjusting hydraulic
Regenerative
Typical

aBattery f lywheel and other s u c h  conf igurat ions that use a sing [e energy source (e g elect r(clty)  are considered eleclr!c

veh(cles
bean aISo  be used as auxrl (ary  storage for regenerative braking m a 3 part ener9Y  stora9e ~Yslem

S O U R C E  U  S  E n e r g y  R e s e a r c h  a n d  D e v e l o p m e n t  Admln(stratlon T r a n s p o r t a t i o n  E n e r g y  C o n s e r v a t i o n  D(wsion Errv~fon

menfa/ Development P/an Sep tember  1977
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Both the electric-vehicle and hybrid-vehicle
designs are in their infancy. Therefore, a wide
range of developments are being considered and
many of these are being pursued. Research ef-
forts are continuing in the development of bat-
teries with greater energy densities, longer life,
and shorter recharging requirements. Flywheel
development work has established objectives
for energy density for 1980 and 1985. Support-
ing research is also being conducted on electrical
components and materials. The NASA Lewis
Laboratory (under contract to DOE) is trying to
evaluate the more promising vehicle propulsion
system configurations.

Investment and Costs

Current investment by the DOE for the EV
and Hybrid Program is about $30 million for
fiscal year 1978 and $37.5 million is requested
for fiscal year 1979. The extent of private fund-
ing for research in the area is unknown at this
time, although it is thought to be fairly sizable.

Electric-vehicle costs are hard to project be-
cause of the scarcity of data. A number of fac-
tors, including improvement of vehicle design,

Photo  Cred(~  A (Research  Manufac!ur~ng  C o m p a n y

advancement in battery technology, and devel-
opment of production economies of scale, will
influence future costs of electric vehicles. In a
study for DOE, General Research Corporation
developed costs for near-term (1980) two- and
four-passenger electric vehicles powered by
lead-acid batteries. (See table 151, ) A com-
parison of initial price shows a wide disparity
between two- and four-passenger EVs, and con-
ventional (1976) ICES. Four-passenger EVs cost
about 20 percent more than conventional ICE
compacts. The primary reason for the disparity
lies in the cost of the lead-acid battery, which
accounts for up to 22 percent of the total price of
the EV. Four-passenger EVs are almost twice as
expensive as two-passenger EVs. Because of
greater size and weight characteristics, the four-
passenger EV requires a larger (and, therefore,
more expensive) battery power pack than that
needed by the two-passenger EV. Two-passen-
ger EVs cost about 25 percent less than conven-
tional 1976 subcompacts. Again, the difference
is primarily due to the smaller weight of the
two-passenger EV.

Operating costs for electric vehicles will de-
pend largely on improvements in the energy ef-
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Table 151 .— Comparison of Costs for Electric and Conventional Cars
(initial price, 1976 dollars)

Vehicle type Base price Battery cost Total

2-passenger EV. . . . . . . . . . . . . . . $1,901 $ 374 $2,275
4-passenger EV. . . . . . . . . . . . . . . 3,518 1,020 4,538
Conventional compact. . . . . . . . . 3,780 — 3,780
Conventional subcompact . . . . . 3,060 — 3,060

SOURCE General Research Corporation. Po(ent/a/  App/icabi/(ty  O( a Lead.Acd Battery-Powered TwoPassenger E/ecfrm  Car,
June 1976.

ficiency of the battery, battery life, and the
battery-charging system. The rate of growth in
the price of electricity will also be a factor.
Maintenance costs for electric vehicles are ex-
pected to be less than those for conventional
ICES simply because EVs have fewer mechanical
working parts. The overall operating cost
spread between ICES and EVs will also be influ-
enced by the rate of improvement in ICE fuel
economy and the rate of growth in the price of
gas, An important addition to routine operating

costs of a lead-acid battery system will occur
about every 2 years. This is the replacement of
the entire battery pack at a cost of about $500 to
$1,000 .

The costs of owning and operating hybrid ve-
hicles are even less certain than for EVs. The ini-
tial cost is anticipated to be higher than that of
an EV, since two propulsion systems are in-
cluded. Operating costs are dependent on many
of the same factors as the EV and also on the
cost of the secondary fuel source.

ALTERNATE FUELS

The liquid and gaseous fuels that could be
used in conventional and potential future auto-
mobile powerplants can come from a variety of
sources and in numerous forms. Fuels which
have been tried include: gasoline, diesel fuel,
broadcut fuels, lower alcohols (ethanol and
methanol), higher alcohols, ether, ammonia,
liquid natural gas, propane, methane, hydro-
gen, and hydrazine. Any of these fuels can be
used in pure form, and some can be blended or
mixed with other fuels.

The sources of fuels are nearly as varied as the
type of products. Coal, oil shale, tar sands,
biomass (including municipal and agricultural
waste as well as agricultural products), and
water (for hydrogen), are considered likely al-
ternate sources for fuel in the intermediate and
long term. This section deals with the technical
aspects of some of these sources, the end prod-
ucts, and their use in propulsion systems for
automobiles.

Oil Shale

The oil in oil shale is contained in kerogen, a
complex, high molecular weight organic sub-
stance composed of carbon, hydrogen, oxygen,
sulfur, and nitrogen, intimately mixed with in-
organic silt particles. Separation of the oil re-
quires that heat be applied to the shale. This
causes the kerogen molecules to break up, re-
leasing liquid hydrocarbons, some combustible
gases, and water from the inorganic spent shale
residue. The liquid hydrocarbon mixture (crude
shale oil) is then upgraded to syncrude to make
it acceptable as a conventional petroleum refin-
ery feedstock.

The use of substitute automotive fuels derived
from oil shale does not require new engine tech-
nology. Oil shale products could supplement
supplies of petroleum available to the auto sec-
tor. They could also be used as feedstocks for
the petrochemicals industry, thereby allowing



greater use of available
the automotive sector.

Two basic processes
from oil shale are being

petroleum supplies by

for recovering the oil
developed: the above-

-ground process, and in situ processing. Above-
-ground shale processing consists of four basic
steps: mining the shale; crushing it to the size
necessary for the retorting vessel; retorting the
shale through the application of heat; and up-
grading the raw shale oil through the removal of
contaminants (excess nitrogen and oxygen) to
make it acceptable as a refinery feedstock.
There are several above-ground shale oil proc-
essing methods, characterized primarily by dif-
ferent procedures used in heating and retorting
the oil shale.

In situ recovery of oil shale differs from
aboveground recovery in that the oil is recov-
ered from directly within the bed of shale. The
shale is fractured by explosives and then ignited
by a flame from compressed air and a combus-
tible gas pumped into the shale bed. The gases
heat and retort the shale, producing an oily
vapor. The vapor condenses to a liquid at the
base of the in situ retort and is pumped to the
surface for upgrading to the level of refinery
feedstock quality. A “modified” in situ process
is being developed in which a portion of the
shale bed is first mined by conventional meth-
ods and retorted on the surface. The remaining
shale is retorted underground. This process has
been developed and is being tested by Occiden-
tal Petroleum Corporation with marginal suc-
cess.

Oil shale production is constrained primarily
by technology, production cost, and environ-
mental impacts. The existing processes have yet
to be implemented on a commercial scale in the
United States. It is unclear whether full-scale
production will entail changes or modifications
in existing technology.

The existence of high Ievels of nitrogen, ar-
senic, and oxygen and high carbon-to-hydrocar-
bon ratios in oil shale necessitates fairly
substantial upgrading to improve the quality of
oil shale syncrude. This processing is one of the
cost factors that makes oil shale noncompetitive
with crude petroleum at current prices.

A major environmental constraint involving
above-ground oil shale production is the prob-
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lem of spent shale. Only about 12 percent
weight) of oil shale can be converted to
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(by
oil.

(This figure varies depending on the quality of
the deposit. ) The remaining 88 percent is rel-
atively useless. It has been estimated that a 1-
million-barrel-a-day (bbls/day) shale industry
using high-grade (3o gallons per ton) shale will
generate 1.5 million tons of spent shale a day.
This is after mining, crushing, and retorting.
Crushing the rock and retorting causes the total
volume to increase. Thus, all of the spent shale
cannot be put back where it came from. The
problem of disposing of this shale in an environ-
mentally and economically acceptable fashion is
a major constraint to the success of the oil shale
industry. Dust can also be a problem, partic-
ularly if the processing reduces the shale to a
fine powder.

In situ processing has some different environ-
mental impacts from those of surface retorting
of sha!e. Aboveground processing is character-
ized by problems such as significant land dis-
turbance due to mining, large volumes of spent
shale, relatively high water use, and air and
water emissions from retort operations. In situ
processing reduces some of these impacts but in-
creases the potential for ground water contami-
nation, aquifer disruption, and subsidence or
uplifting at the surface. Modified in situ process-
ing has a combination of the surface and under-
ground impacts.

Primary air pollutants associated with oil
shale processing include sulfur dioxide, hydro-
carbons, nitrogen oxides, and particulate.
Other pollutants that can occur include am-
monia, carbon monoxide, hydrogen sulfide
trace elements, and toxic substances. Conven-
tional control systems are available for some of
these pollutants, but their removal efficiency
and dependability in these specific applications
have not been demonstrated. These air pollu-
tants are off-gas emissions and are associated
with both the surface and in situ retorting proc-
esses, The effectiveness of in situ methods in
reducing gaseous pollutant formation, and con-
taining and treating them, will not be known
until the technology has undergone additional
field testing. The upgrading, refinement, and
storage of the product are common steps to both
processes, and similar impacts will occur.

The water use requirements of shale process-



ing may constrain the development and use of
major oil shale deposits in arid regions. The
principal deposits of oil shale are found in Col-
orado, Utah, and Wyoming, where water sup-
plies are limited. Extensive development of these
deposits, using existing mining and surface
retorting methods, could cause unacceptable
burdens on water use in the area and cause
economic hardships for farmers and industries
using the available water in these areas. In situ
processing requires less water for shale process-
ing than current surface retorting and refining.

A major environmental impact which may
occur with in situ processing is geological dis-
turbance. Mining, hydraulic and explosive frac-
turing, and in situ retorting cause physical dis-
ruption and cracking of strata. They may also
result in the severe disruption of adjacent
ground-water-bearing aquifers and cause subsi-

dence or uplifting at the surface. Depending on
the proximity and structure of aquifers, ground
water supplies may be contaminated and aqui-
fer flow and storage characteristics may be
changed. Subsidence at the surface, which may
not occur immediately, can damage buildings
and roadways or affect options for subsequent
land use. Finally, since oil shale is concentrated
principally in Colorado, Utah, and Wyoming,
the effect of “boomtown” development and ac-
companying social problems could be consider-
able.

At the present time, no oil shale plants have
been constructed or operated in the United
States on a large-scale commercial basis. The
technology is at the bench-scale to pilot-plant
stage of evolution. Both Government and pri-
vately sponsored projects involving R&D of oil
shale recovery processes have been underway
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since the 1920’s. Both above-ground (conven-
tional) shale processing and in situ shale proc-
essing are under development.

Several types of surface shale oil retorting
methods are reportedly near the state of com-
mercial application. Union Oil Company has
announced plans to construct a 10,000-bbl-per-
day oil shale plant in Colorado, providing they
receive a proposed $3 per barrel tax credit. The
Paraho Development Corporation is scheduled
to produce a total of 100,000 barrels of shale oil
for test purposes at its plant at Anvil Points,
Colo. ,  under joint Navy/DOE financing.
Paraho has also proposed to build an 11,500-
ton-a-day commercial-scale module. The
TOSCO Corporation, in conjunction with Col-
ony Development Corporation has recently de-
signed a commerical-sized plant to produce
47,OOO bbls per day of shale oil and 4,3oo bbls
per day of liquefied petroleum gas.

Additional research in aboveground oil shale
conversion has been carried out by Union Oil
Company, the Institute of Gas Technology, and
the Superior Oil Company.

Several in situ processes have also been
tested. Occidental Petroleum Corporation has
been conducting a series of field tests since 1972.
It has constructed three commercial-sized, mod-
ified in situ retorts. One of these produced
27,500 barrels of oil in 6 months from shale con-
taining 17 gallons per ton. In addition, work is
also being done at the Lawrence Livermore Lab-
oratory and DOE’s Laramie Energy Technology
Center on variants of in situ oil shale recovery.

Estimates of commercialization of fuels from
oil shale are subject to considerable speculation;
a small amount of production could begin in the
late 1980’s or 1990’s. However, it will be many
years before the maximum economic recovery
rate (commensurate with competing petroleum
prices) will be attained. Current indications are
that oil shale derived fuels will not be widely
used by the auto sector before the year 2000,
primarily because of cost considerations. Over
the next 20 to 25 years, the likelihood of com-
mercially available fuel from shale oil will in-
crease as the price of petroleum increases.

Due to the continued uncertainty on such fac-
tors as oil shale technology, environmental re-
quirements, disposal of spent shale, and prob-

lems of operating on a large scale, investment
costs of oil shale plants are difficult to estimate
with accuracy. The interplay of institutional,
environmental, economic, and technological
factors will have significant impact on capital
and operating costs. Current estimates call for a
$1 billion to $1.2 billion investment for a
50,000-barrel-a-day surface retort facility and at
least $75o million for a similar size modified in
situ operation.

For the same reasons, the projected retail
price of shale oil is uncertain. Occidental Petro-
leum claims that it can produce oil from oil
shale at a total cost of $12 a barrel .39 However,
another source (Continental Oil Company)
claims that the addition of environmental costs
and syncrude upgrading costs raises the per-
barrel cost of oil shale to $16 to $26, a figure
well above the current world crude price of
about $13.50 a barrel.

Tar Sands

Tar sands (or bituminous sands) occur
throughout the world in various types of
deposits of varying viscosity. The bitumen in
the sand ranges from 5 to 13 percent by weight.
The best deposits are in Canada and South
America, totaling 98 percent of the estimated
1,680 billion barrels of world reserves. The
United States has less than 2 percent of world
reserves and considerably less in tar sands than
oil shale reserves. Consequently, tar sands are
not considered a major domestic energy re-
source. Utah contains 93 percent of the esti-
mated 27 billion barrels of oil in tar sand
deposits in the United States.

The recovery process of tar sands is of two
types: mining followed by surface extraction,
and in situ extraction. Surface extraction proc-
esses are many:

● hot water (the only one used commercial-
ly),

• cold water,

● solvent extraction,

● mechanical extraction, and

. spherical agglomeration.
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The types of in situ extraction that can be
used are thermal stimulation and solvent extrac-
tion. The thermal stimulation technique has
several approaches involving steam injection or
flame propagation.

In situ and underground mining processes are
critical to tar sand development since only 10
percent of the U.S. and Canadian tar sand can
actually be surface-mined for extraction. The
product is a heavy synthetic feedstock, high in
sulfur (up to 5 percent) and relatively low in
nitrogen (less than 1 percent), which can be
cracked to synthetic crude oil and then refined.
The mining, extraction, and in situ processes of
tar sand have all of the problems of oil shale
mining and extraction. There are various R&D
projects ongoing in the United States. In
Canada, there is a successful commercial tar
sands plant producing 50,000 barrels per day of
high-quality synthetic crude oil. Several others
are scheduled for operation in the 1980’s.40

Coal Liquids

Liquid hydrocarbons can be produced from
coal by four categories of processes—solvent
hydrogenation, pyrolysis, hydrocarbonization,
and indirect liquefaction. During these proc-
esses, the coal is broken into smaller molecules,
contaminants such as ash and sulfur are re-
moved, and the proportion of hydrogen in the
molecular structure is increased. Synthetic
crude oil, premium fuels, feedstocks, or low-
ash, low-sulfur boiler fuels are produced.

Indirect liquefaction (e.g., Fischer Tropsch
synthesis) involves the gasification of coal in the
presence of oxygen and hydrogen. The gas is
then purified and passed over a catalyst, yield-
ing liquid products ranging from methanol to
heavy hydrocarbons. The process can be di-
rected towards the production of motor fuel and
substitute natural gas. This process is currently
employed in a State-owned plant (SASOL) in
South Africa.

In solvent hydrogenation processes, the coal
is dissolved in process-derived solvent, and
molecular hydrogen is added directly or in-

‘“U. S. Department <>t the Navy,  Energy and Natural Resources,
[<esearch  a n d  D e v e l o p m e n t  CXtlce,  E/~crgy Fact BC)CIL 1977
TT-A-M277-306,  April 1977, pp. VII-1 to VII-2O.

Photo  Cred/f  U S Deparfrnent of Energy

Mining for coal

directly via a hydrogen donor solvent. Solvent
hydrogenation processes can be either catalytic
or noncatalytic. Catalytic processes are further
classified as fixed or ebullating bed reactors to
describe how the coal, solvent, and hydrogen
mixtures contact the catalysts. Pressure in the
solvent hydrogenation reactor ranges from
1,000 to 4,000 psi and temperature ranges from
7500 to 9000 F.

Pyrolysis is similar to coal coking in that the
coal is heated to remove tars, gas, and other
volatiles, leaving a coal char that is largely car-
bon. Coal pyrolysis processes usually operate at
low pressure (2o to 50 psi) and moderately high
temperature (1,600 0 F), and are noncatalytic.

Hydrocarbonization is a refinement of the
coal pyrolysis process and entails noncatalytic
carbonization of the coal and thermal cracking
of the heavy coal liquids in a hydrogen atmos-
phere to produce fuel oil, distillates, and
gaseous fuels. Hydrocarbonization operates at



rnoderate pressure (500 psi) and temperature
(1,000° F). Most of the research in the United
States is on the direct liquefaction process (the
latter three described).

The conversion of coal to a liquid product re-
quires increasing the proportion of hydrogen,
either by adding hydrogen or removing carbon.
(The hydrogen-to-carbon ratio in coal is 0.9 to
1; in oil it is 1.75 to 1.) The hydrogen for the
process can be derived from a catalytic reaction
of steam and a light hydrocarbon (usually meth-
ane or naptha), a partial oxidation of heavier oil
or coal, or an endothermic reaction involving
carbon and steam. For the economics of the con-
version to be favorable, the energy for hydrogen
production must come from the coal itself. A
major influence on the cost is the 1imited ability
to produce a sufficient supply of hydrogen from
the coal-generated energy to maximize the con-
version of coal to hydrocarbons.

The use of substitute automotive fuels derived
from coal would not require new engine tech-
nology. However, new engine technology could
reduce fuel quality requirements, and thus fuel
cost. Coal liquids could supplement supplies of
petroleum available to the automotive sector. In
addition, the use of coal liquids as feedstocks for
the petrochemicals industry could allow greater
use of available petroleum supplies by the auto-
motive sector.

Major constraints to the development and use
of coal liquids center on technology, economics,
and environmental impacts. Since none of the
coal liquefaction processes have been demon-
strated in the United States on a commercial
scale, it is not clear which process will prove to
be the most energy-efficient and cost-effective.
As a result, there is uncertainty about invest-
ment, operating costs, and production levels.

Coal liquefaction processes generally require
high pressures, carefully controlled tempera-
tures, and large reactors for coal conversion.
This, in turn, requires specialized equipment
that can withstand the corrosive and fouling ef-
fects of coal and can adequately control the flow
of materials and heat in the reactors. Research is
continuing into the development of equipment
for commercial-scale application. However, as a
result of these specialized equipment needs, the
processes are highly capital-intensive.
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Before coal liquids can be refined, ash
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par-
ticulate and unreacted solids must be separated
and removed. Several processes for ash and
solids removal have been developed and are be-
ing tested. A major goal is to eliminate excessive
char buildup and clogging of feed 1ines and reac-
tor equipment.

Unless heavily upgraded, crude oil derived
from coal is generally inferior to natural crude
oil because greater quantities of bound nitrogen
are present in the synthetic crude. In addition,
liquids from coal may be less stable than petro-
leum liquids. Although processes have been de-
veloped to upgrade the quality of coal-derived
syncrude, they involve additional costs that
hinder the competitiveness of coal liquids.

The price of available conventional fuel sup-
plies (gas and oil) is also an important factor.
Given current technology, coal liquids cannot
be produced or sold (except at a loss) at current
levels of petroleum import prices. Thus, the im-
port price of crude oil must rise before invest-
ments in coal liquefaction become attractive,
Crude oil prices will rise as existing world sup-
plies of conventional fuels are depleted and/or
as a result of a price hike by the OPEC cartel.
Both of these mechanisms are largely beyond
the control of the United States. Therefore, un-
certainty with respect to the price and rate of
depletion of existing fuels contributes to uncer-
tainty with respect to the economics of invest-
ment in a coal liquefaction industry. Even if the
cost of coal liquefaction becomes competitive
with petroleum production, factors relating to
risk acceptability and capital cost may delay the
commercialization of coal liquids. Not only are
production processes untested at the commer-
cial level (with the notable exception of SASOL
in South Africa), but also the substitution of
coal liquids for conventional fuels is relatively
untested. However, it is believed that any such
changeover will be simple and straightforward.

In addition, few companies have immediate
access to the large amounts of capital required
for plant construction. Therefore, the rate at
which capital can be mobilized (i. e., through the
formation of joint ventures or consortia) will
have an impact on the level and timing of coal
liquids’ commercialization.

Other drawbacks involve environmental con-
siderations. Large-scale deployment of coal liq-
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uefact ion processes could have significant i m -
pacts on the air and water quality of the regions
in which they are developed. Sources of process
emissions are known and conventional tech-
niques are available for emissions control. How-
ever, the exact quantities of air and waste-water
pollution are not well-known, nor have the
overall cost effectiveness and dependability of
conventional control techniques been demon-
strated for large-scale coal liquefaction plants.

Two other environmental characteristics of
liquefaction are of particular concern—the in-
herently hazardous nature of some organic com-
pounds generated in this process, and the en-
vironmental impacts specific to the use of the
product coal liquids. Great care must be taken
to avoid hazardous exposures to process
streams, products, and waste streams. The dan-
gerous organic compounds that exist in air emis-
sions, water effluents, and solid waste can be
eliminated through oxidation and decomposi-
tion.

Many of the organic liquids derived from coal
are both carcinogenic and toxic (as is natural
crude oil) and it is not expected that the prod-
ucts of liquefaction will be rendered inert. One
example relates to the benzene content of coal-
derived liquids. Benzene has been recently rec-
ognized as a carcinogen, and both the Environ-
mental Protection Administration and the Oc-
cupational Safety and Health Administration
are stepping up their regulatory program ac-
cordingly. Regulations applicable to petroleum
refining and gasoline handling are expected.
Gasoline has about 2 percent benzene. Coal-de-
rived gasoline will require greater control than
conventional gasoline, since coal liquids have 5-
to lo-percent benzene content.

Liquefaction produces a low-ash, low-sulfur
fuel, but does little to reduce the nitrogen con-
tent of the fuel. To avoid damaging the catalysts
in the refinery, most of this nitrogen must be
removed before the fuel is refined to gasoline.
Use of coal-derived gasoline can result in higher
emissions of nitrogen oxide than use of petro-
leum-refined gasoline, unless the denitrification
of the coal-based fuel reduces fuel-bound nitro-
gen below the level found in petroleum. In addi-
tion, coal-derived fuels contain proportionately
larger amounts of aromatics and ring-structure
compounds. Research is underway to test the ef-

fects of these differences in fuel chemical com-
position on engine exhaust emissions and com-
bustion characteristics.

Still, the greatest technological barriers to
coal liquids utilization lie in the production
area. The major thrust of present Government
and private research is on the development and
improvement of coal liquefaction production
technology. DOE is currently sponsoring the
development of several conversion processes
that are in the pilot-plant stage. In fiscal year
1977, $73 million had been spent on R&D for
coal liquefaction. Among the chief efforts are
the Solvent Refined Coal Process pilot plant at
Fort Lewis, Wash.; the H-Coal Process pilot
plant at Catlettsburg, Ky.; and Hydrocarbon
Research, Inc.

Other projects include the Donor Solvent Liq-
uefaction Process, being developed by EXXON
Research and Engineering Company. The pro-
duction of clean industrial and transportation
fuels from coal is being investigated by the Lum-
mus Company through the use of a bench-scale
pilot plant.

While significant experimentation has been
conducted to determine the optimum operating
conditions for coal conversion processes, there
has also been extensive research and testing of
the ability of coal handling and feeding systems
to withstand the corrosive and fouling effects of
coal and coal products in the conversion proc-
ess. Separation of ash and unreacted coal from
the viscous coal liquids is a difficult problem
common to all liquefaction processes and has
also been the focus of considerable development
effort. Many techniques are being investigated,
including filtration, centrifugation, fractiona-
tion, and magnetic and solvent separation.

The time frame for commercialization of coal
liquids is long term. As mentioned previously,
the rate and extent of market penetration will
depend on the price and availability of conven-
tional fuels and the cost (relative to existing
fuels) of producing and using coal liquids. In a
study for DOE, Energy and Environmental
Analysis, Inc., estimated that coal liquefaction
plants will first become commercially profitable
between 1988 and 2 0 0 5 .4’ Some indust ry

“Energy and Environmental Analysis, Inc., Integration of Um
certaitlty i}) to ]ndustriui  E~w/uatiom  L~} Fossil  Energy  ~Pchn  LO/ -

o,gies,  February 1977.
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sources predict that synthetic fuels could be
available at approximately double the cost of
producing liquid fuels from crude oil at current
rates. On this basis and assuming assuming a 3-
percent-per-year real increase in the current
price of imported crude, (about $13 a barrel)
coal liquids r-night become profitable around
2000.

Estimates of capital costs for coal liquefaction
plants with 50,000 -bbl-per-day capacity range
from $650 million to $850 million.” These
figures should be regarded with caution.
Changes in institutional, environmental, eco-
nomic, and technological factors could have sig-
nificant effects on investment and funding
levels. Moreover, few firms may be willing to
invest in large-scale liquefaction plants until
pilot plants have been successfully built and
operated. This itself is a lengthy and expensive
process, requiring at least 4 years and (depend-
ing on pilot plant size), $50 million to $200
million. 43

Alcohol Fuel and Alcohol= Gasoline
Blends

Alcohol fuels generally involve the use of
either ethanol or methanol, although higher
alcohols and ether are potential, but less likely,
candidates. Ethanol (grain alcohol) can b e
manufactured by fermentation from biomass
(i. e., municipal and agricultural wastes, plants,
grain, etc. ).

Methanol is currently produced from natural
gas, heavy residuals, or naphtha. Recent re-
search on synthetic fuels has also illustrated the
potential for producing methanol from coal.
Methanol can also be produced from biomass,
but not as readily as ethanol.

Alcohol can be used as an automotive fuel in
two ways. It can be blended with regular gaso-
line in concentrations of up to 20 to 30 percent
by volume with only minor changes in automo-
bile engines and fuel systems. Pure (neat) meth-
anol or ethanol can be used only if the engine
and fuel system are modified.

The high octane rating of alcohol allows for
an increased compression ratio, which in turn
provides better thermal efficiency. Thus, al-
though the Btu content per unit volume of al-
cohol is only about half that of gasoline, it of-
fers potential energy efficiency improvements of
3 to 10 percent relative to gasoline on a weight
basis. ”

Problems associated with the use of neat
methanol include corrosion, cold starting, and
vaporlock. However, such problems are rou-
tinely solved during the development phase of
various gasoline engine changes, and demon-
stration vehicles burning neat methanol have
been successful.

The costs of modifying engine carburetion
and fuel feed systems for the use of alcohol-
gasoline blends are minor. In many cases, all
that is required is carburetor adjustment. In
these terms, the potential for the use of alcohol
blends is greater than that for neat alcohol. Al-
cohol fuels can also be used in gas turbines, in
external combustion engines such as the Stir-
ling, and in boiler heating applications.

The emission characteristics of engines burn-
ing alcohol fuels compare favorably with gaso-
line-powered engines. In general, pure alcohol
fuel shows a reduction in hydrocarbons, carbon
monoxide, and nitrogen oxides, although the
data are not perfectly uniform or consistent.
Emissions tests using pure methanol have shown
reductions in NOX by a factor of two to three
over similar tests with gasoline. Ethanol does
not appear to offer as much of a reduction in
regulated pollutants as methanol. Alcohol-gas-
oline blends seem to alter the emissions in pro-
portion to the amount of alcohol in the blend.

Potential problems could exist with respect to
the level of the presently unregulated unburned
fuel (UBF) emissions of methanol engines. UBF
emissions with methanol are as much as 5 times
those of gasoline. Less than 2 percent of the UBF
emissions are hydrocarbons; the remainder con-
sist mainly of methanol and aldehydes. These
emissions are currently unregulated; their air
pollution significance in terms of reactivity and
toxicity is not well-understood. If further study
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demonstrates undesirable impacts caused by
aldehyde emissions (such as formaldehyde,
which is an irritant) the potential for use of
methanol in automotive engines could be lim-
ited. This potential problem does not appear to
be as serious with ethanol fuel.

Storage and distribution is somewhat more
difficult with alcohol. Part of the problem is
that alcohol has only about half as much energy
per gallon as gasoline; thus storage facilities
must be larger to hold gasoline-equivalent
amounts of energy. Alcohol and water are mis-
cible, To keep the fuel pure, water contamina-
tion in shipping and storing must be prevented.
Current gasoline shipping and storage facilities
permit water contamination, since the two liq-
uids do not mix and the water can be drained off
easily. In the use of alcohol blends, water con-
tamination will cause the two fuels to separate
into their respective phases. Ethanol is slightly
less subject to water absorption and phase sepa-
ration than methanol, and may be more attrac-
tive in that respect. 45

The potential availability of alcohol depends
upon the costs of producing it relative to the
cost of gasoline production from petroleum or
other sources. Although methanol can be pro-
duced now from natural gas or petroleum, its
value as an alternative automotive fuel will
presumably rise only if it is produced from non-
petroleum sources.

The use of ethanol produced from organic
wastes could become significant in a local or
regional area where agricultural wastes are
readily available. The use of methanol could be
effective on a national scale if it is found to be
an energy-efficient, cost-efficient coal conver-
sion product,

Manufacturers can currently produce vehicles
that will operate satisfactorily with either
methanol or ethanol blends. Autos in Brazil
have been operating routinely on 20 percent
(and even up to 30 percent) ethanol blends for
several years. Volkswagenwerk AG and Gener-
al Motors have been engaged in prototype test-

“U S. Department ot Transportation, CXtice of the Secretary,
FtJPk t~)ltf hlutcritils  Rl~s(lurcm  for Auto)?],Thi/tvi  ]}1 fhc 1980 -1990
Det-adt’, Report of a Panel of the Interagency Task Force on Motor
Vehicle Goals Beyond  1980, March 1976.

ing of methanol-fueled vehicles. 46 Volkswagen’s
test fleet of 45 methanol-blend test vehicles ac-
cumulated nearly 1.8 million kilometers. The
only major, practical problem encountered was
some corrosion of materials used for some com-
ponents that came in contact with the methanol
blend. Minor adjustments in carburetion are
necessary to improve vehicle driveability.

Thus, the experience of test programs and the
real experience in Brazil indicate that methanol
or ethanol blends could be widely used with lit-
tle or no problem. However, the production of
alcohol fuels in large quantities will probably
not be commercially feasible until beyond 1985.

Research on the use of neat methanol indi-
cates that driveability is presently unsatisfac-
tory in the cold-start and warmup phase of
engine operation. Volkswagen is studying the
potential for improving driveability by mixing
additives with the alcohol fuel or by using an
auxiliary fuel during the cold-start phase.
General Motors has found the driveability of
neat methanol-fueled vehicles to be enhanced
through the use of electronic fuel injection
systems rather than carburetors. In addition,
GM’s research has shown that achievement of
acceptable driveability requires redesign of the
fuel intake system to provide the approximately
nine-times-greater mixture heating needed for
satisfactory fuel vaporization. Research is con-
tinuing in the study of various combinations of
air-fuel ratios, ignition timing, and engine com-
pression ratios to obtain the most acceptable
compromise among driveability, fuel economy,
and exhaust emissions with methanol. Prelimi-
nary development of corrosion-resistant auto-
motive and fuel tank storage parts necessary for
long-term methanol handling has been com-
pleted. In addition, much experience has been
gained from the use of methanol in racing cars.

The production of methanol from coal essen-
tially requires the gasification of coal in the
presence of hydrogen under high pressure and
very high heat. Estimates of costs for coal

“ND.  Bnnkman, “Vehicle Evaluation of Methano]-Com-
promises Among  Exhaust Emlss]ons,  Fuel Economy and Driva-
bility,” Fourth  ]~ztcrr~atior~ai Symposium OH Automotitle  Propul-
sio~~ Systcrns,  April 1977;  General Motors Corporation, 197.5
Getzcml Motors R~~port OH Programs of PuhlIc lr~ttv-t~st, J. Van de
Weide  e t  a l . , “Alternative Fuels with Regard  to LPG and
Methanol, ” F’~>urth ltItcrNatJorIal  .$ymposi~(rn  [Ill Automoti~~e  Pro-
pulsIoTI SysteJHs,  April 1977.
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FUELS FROM BIOMASS

with assumptions regarding
environmental regulations, coal prices, capital
costs, and the commercial application of alter-
native conversion processes. The fact that there
are no coal gasification plants in commercial-
scale operation in the United States heightens
the risk and cost for potential investors. One
estimate of capital costs for the Synthane coal
gasification process showed capital investment
figures ranging from $420 million to $737.5 mil-
lion for a 250 million standard-cubic-feet-per-
day gas plant 47.

The production of ethanol requires construc-
tion of fermentation and distillation facilities
that are much different than those currently
used. The ability to produce ethanol on a
smaller scale, with a local or regional resource
and market base, may offer a production ad-

Phofo  Credll U S Department of Energy

vantage over methanol from the standpoint of
facility size requirements, startup time, and
capital.

In 1974 through 1977, the Nebraska Agricul-
tural Products Industrial Utilization Committee
conducted a fleet test with 45 vehicles using a
10-percent ethanol blend. The vehicles traveled
over 2 million miles, and no problems were re-
ported with the use of gasohol. The Committee
is now involved in facility site selection for ethyl
alcohol plants in Nebraska.

In an effort to stimulate the development of
alcohol production facilities, the California leg-
islature recently approved a $1.00 per gallon in-
vestment tax credit on ethanol sold as a blend
with gasoline. Gasohol is also available in Iowa
and Illinois in limited quantities. The Colorado
legislature recently approved a gasohol program
for that State, reportedly because they believe
that the use of gasohol in motor vehicles will
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significantly relieve the air pollution problem in
the Denver area.

Current Federal policy consists of subsidizing
R&D for coal gasification and liquefaction. A
more active Federal policy might consist of price
supports and subsidies for the capital and oper-
ating costs of producing methanol from coal,
Biomass conversion to ethanol or methanol has
the inherent advantage of recycling waste prod-
ucts of many types; support in developing these
processes would accelerate development in this
area.

The Mobil Process: Methanol to Gasoline

Mobil Oil Corporation recently reported the
development of a process to convert methanol
to gasoline. The process, using a zeolite cata-
lyst, basically dehydrates the methanol. ‘i-he
end products from pure methanol are gasoline
(about 38 percent), water (56 percent), and a
small amount of liquid petroleum gas and fuel
oil. The gasoline has no sulfur or nitrogen, and
has a fairly high octane rating.

It is reported that, to obtain 1 gallon of
gasoline, 2.4 gallons of methanol are required,
plus $0.10 per gallon refinery costs. Thus the
feasibility of commercializing this process de-
pends heavily on the relative costs of methanol
versus conventional gasoline. The advantages
of this product are that no alterations are re-
quired in engines, shipping, or storage facilities.
The purity of the product and high octane rating
would also be beneficial. ‘a

JH 1~~~~~~  ta t i ~Jn ~1~ wl ]]ianl r. K(>~hl, Mob i Ie Oil Corporation a t
the Symposium (>n Alternative Fuels Ut i] iza tton, University of
Santa C]ara,  Santa  Clara,  Cant., lune 18-23, 1Q78,

Hydrogen

In recent years, there has been considerable
interest in hydrogen as a replacement for petro-
leum-based fuels. Hydrogen has a high energy
content and, if burned with oxygen, is basically
emission free. If burned with air in an internal
combustion engine, Hz has potential of greatly
reduced emissions, a l though some NOX i s
formed and there are problems with pre-ignition
and explosions back through the intake system.
Hydrogen is very compatible with alternative
heat engines such as the gas turbine and the Stir-
ling engine.

Other problems with hydrogen as a fuel for
ground vehicles are centered around storage and
the fueling infrastructure. Hydrogen is of very
low density as a gas (the lowest of all elements)
and would have to be stored and transported
under extreme pressure. As a liquid, hydrogen is
cryogenic, and the thermal insulation and spe-
cial handling required would mean that the
general use of hydrogen would be costly. Sev-
eral developments are in progress for storing
hydrogen as a metal hydride; they show some
promise, but are a long way from practical ap-
plication. Since hydrogen molecules are small,
leakage would always be a problem. Because
hydrogen is colorless and odorless, leaks cannot
be easily detected or traced.

The potential for hydrogen use exists, but
general use is not expected until many problems
are solved. In addition, an adequate supply
would probably not be available until a cheap,
effective method of extracting hydrogen from
water is developed.


