





TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient’'s Cotalog No.
DOT-TSC-0ST-73-14
4. Title and Subtitle 5. Report Date

RESEARCH AND DEVELOPMENT OPPORTUNITIES FOR

IMPROVED TRANSPORTATION ENERGY USAGE September 1372

6. Performing Organization Code

DOT-TSC-TMP
7. Authorls) 8. Performing Organization Repert No.
Transportatiaon Energy Panel
9. Performing Organization Name and Address 10. Work Unit No.
Department of Transportation R-3531
Transportation Systems Center 11. Contract or Grant No.
Kendall Square 0S-314
Cambridge ’ MA 0 2 14 2 13. Type of Report and Period Covered
12, Sponsoring Agency Nome ond Address Summary

Department of Transportation

Office of the Secretary Technical Report

400 7th Street s S. W. 14. Sponsoring Agency Code
Washington, D. C. 20590 DOT-OST-TST-14
15. Supplementary Notes

April 1973

16. Abstract The almost complete dependence of transportation systems upon
petroleum products makes the transportation sector vulnerable to in-
creased prices of petroleum or insecure sources of petroleum. Since
the dependence of transportation upon imported petroleum is projected
to increase substantially over the next two decades, both short-and
long-term remedial actions should be initiated now and in the next
few years because of the long time needed to bring about evolutionary
changes in the Nation's transportation systems. Possible remedial
actions include:

1. Technological improvements for more efficient use of petroleum
by transportation.

2. Technological changes to permit greater use of non-petroleum
energy resources by transportation.

3. Shift of transportation demand to more efficient modes from
less efficient modes.

4. Reduction of demand for transportation services.

Transportation energy demand projections are given and R§D tasks in
each of the first three categories are assessed.

17. Key Word . ibuti
ey Words Transportatlon , Energ}’ . 18, Distribution Statement
Transportation Energy, DOCUMENT IS AVAILABLE TO THE PUBLIC

Energy Utilization, Fuel Economy, THROUGH THE NATIONAL TECHNICAL

. INFORMATION SERVICE, SPRINGFIELD,
Heat Engines VIRGINIA 22151.

19. Security Classif. (of this report) 20, Security Clossif. (of this page) 21. No. of Pages | 22, Price

Unclassified Unclassified 94

Form DOT F 1700.7 (s-69)




PREFACE

This document is the final report of the Transportation Energy Panel (TEP)
prepared for the Office of Science and Technology (0ST). It is submitted
to the 0ST-sponsored Energy R&D Goals Committee for consideration as part

of the 1972 Energy R&D Goals Study. The TEP is an interagency ad hoc Panel,
sponsored by the Office of the Secretary, Department of Transportation (DOT),
with participation from the Department of Defense (DOD), the Environmental
Protection Agency (EPA), the Office of Science and Technology, and the
National Aeronautics and Space Administration (NASA).

The report documents the TEP assessment of relevant technology for im-
proving the usage of national energy resources by the transportation
sector. Technologies for improving energy extraction, conversion, trans-
mission and usage by other economic sectors, are dealt with by other
panels participating in the 1972 Energy R&D Goals Study.

In pursuit of its study, TEP sponsored several workshops, briefings, and
coordination meetings which had personnel from a variety of Federal,
academic, and industrial organizations. A1l are gratefully acknowledged

in Section VII of this report. Emphasis was given both to transportation
demands and to relevant technology assessment. During these meetings,

the participants were invited to make presentations to the Panel, submit
documents, and answer questions, as appropriate. The information received
was assessed and organized by TEP subpanels, and this is included, in part,
in the Technical Appendices to this report. Overall assessment and recom-
mendations by TEP are delineated in this Summary Technical Report.
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I. INTRODUCTION AND BACKGROUND

The work of the Transportation Energy Panel (TEP) started with con-
sideration of the following factors affecting the requirements for more
efficient and more diversified utilization of transportation energy:

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

2. Transportation is a major user of petroleum. Fifty five percent
of the petroleum consumed in the USA is used by transportation.
This fraction is projected to increase to 60% in the mid-eighties.

3. Transportation is intensively dependent on petroleum--more than
98% of the transportation energy consumed is from a petroleum-
based energy source.

4,Assum1ng no major changes in Government energy policy U.S. oil
imports are projected to reach 50% of the total domestic oil
consumption in the mid-1980's. Moreover, future acquisition
of foreign 0il may be subject to instabilities.

5. Finally, it is recognized that resources other than domestic or
imported o011, such as shale o0il, coal, and nuclear energy might
be plentiful but an adequate yearly production to meet trans-
portation needs may be difficult or costly to obtain.

The demand and supply situation is summarized in Figures I-1 and I-2.
Figure I-1 presents the projected cumulative U.S. demand for o0il in the
period 1970 to 2020 as extrapolated from present trends without any ad-
justment for greater efficiency of utilization of transportation and
fuel. A comparison is made with several levels of reserve and resource
estimates, appropriately referenced. The projected production and con-
sumption picture is illustrated in Figure I-2.

In view of the aforementioned projections, the TEP found the following
reasons for Federal concern:

1. The short term effect of transportation emission controls will
increase automotive fuel consumption by 20% to 25%.

2. The automobile industry and manufacturers have had 1ittie in-
centive to use effective fuel economy measures, or to consider
fuel diversification.

3. Policymakers require well-founded information about practical
fuel economy measures, and possible fuel diversification.
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4. Finally, long-range solutions require certain new technologies
and the exploration of technological options in conventional and
unconventional propulsion and vehicle systems.

The Panel directed most of its efforts toward the assessment of technology-
oriented options. It is realized that options other than technological
exist, however. For orientation purposes, consider the matrix in Table
I-1. It is not an all-exclusive matrix of options, but it is useful for
illustrative purposes. The entries in the left column are arranged in
order of increasing generality, the most specific item being the propul-
sion subsystem, and the most general item being the Transportation Modal
System. The three entries on the top row correspond to the means of im-
pacting energy consumption.

Again the entries made in the different squares of this matrix are for
illustration only. There is no assertion that each entry has a bene-
ficial impact on energy consumption. Most entries are self-explanatory
except for the acronym TOPICS, which stands for Traffic Operations for
Improved Capacity and Safety, a program sponsored by the Federal Highway
Administration.

Examining this matrix, TEP realized two things: first, other entries can
be made, and second, the assessment and evaluation of most entries is a
complicated matter. Entries may be interrelated and the final result may
not be favorable to transportation energy consumption, or even to total
energy consumption. TEP has given some attention to the potential value
of entries in squares no. (7) through (12), however, detailed and well-
considered assessments could not be made in view of the time and resources
available to the Panel. Moreover, these subjects are continually receiv-
ing R&D attention by transportation-oriented interests, as opposed to
energy-oriented R&D per se. In summary, TEP has emphasized the assessment
of the technology-oriented subjects appearing in entries no. (2), (3), and
(5), lTeading to more efficient and fuel-diversive transportation, both for
the currently implemented systems as well as technology for systems pro-
jected in the future.

In these areas, the Panel found that technological improvements and changes
have the potential to significantly reduce the projected energy demand of «
the Nation's transportation system on petroleum within the next 15 years,
and to permit the use of non-petroleum-based energy sources by the end of
the century.

For organizational purposes, the Panel divided the assessment of trans-
portation technologies with Tower power consumption from those with higher
power consumption. Lower power vehicles are mainly autos and trucks.

They are generally operated and serviced on an individual basis. The
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vehicles at higher powers are mainly aircraft, vessels and rail. They are
usually operated and serviced in fleets and are more strictly regulated.

Opportunities at Lower Power

The technological opportunities at Tower powers were reviewed and
assessed in three distinct groups as follows:

1. Technology for Fuel Economy
2. Improved Engines and Fuel Diversification
3. Electric Propulsion Technology

Technology in the first group is virtually available now, and only optimi-
zation and demonstrations are needed before implementation. Moreover,
implementation could start a few years from now and it would produce a
relatively minimum deviation from the status quo. In the second group,
the report reviews and assesses the potential of new engines for better
fuel economy and novel fuel compatibility with respect to the present
engine alternatives. Such engines could become available for implementa-
tion anytime between 5 and 15 years from now and, depending on the engine,
could produce moderate deviation from the status quo.

The technology of electric propulsion was reviewed and assessed separately.
Both wayside electric and battery electric propulsion systems were con-
sidered. Wayside electric propulsion for the large scale road network_ in
the country is deemed economically unattractive, whereas it is and wil

be both economical and needed for many heavily-traveled urban routes.
Battery technology is currently inadequate for use in full performance
automobiles. Many years (say 15 to 20 years) of R&D are estimated as
necessary before electric propulsion could reach the stage of Tlarge scale
implementation. A large scale implementation of this technology would
produce a major deviation from the status quo.

The above time scales refer to readiness for implementation. An addi-
tional 10 years is required for full automotive implementation (replace-
ment of existing population). Thus, the benefits of fuel economy tech-
nology could be realized gradually, but not fully, before 1985.
Similarly, for new engines and new fuels, the full realization of bene-
fits could not be reached before 1990 to 2000.

Finally, an all-electric ground transportation could be realized by the
end of the century, provided that R&D is successful.



Opportunities at High Power

The technology opportunities at high power have been reviewed and
assessed in three areas: Air, Marine, and Rail Transport. Near term
impact on fuel consumption of these modes is more difficult than for the
automobiles because of longer Tife and higher support investment of the
vehicle inventories. Major modal alternatives exist in the intermediate
and long term which deserve continued study and economic impact assess-
ment. Some of these have been considered to alert the Energy R&D Goals
Committee about future opportunities now envisioned. It is noted that
the potential expenditures for advanced development in these areas are
substantial. Since the benefit is yet to be determined from a national
transportation viewpoint, TEP 1imits its recommendations to continued
study and exploratory technology development.



IT. EXECUTIVE SUMMARY

Abstract

The almost complete dependence of transportation systems upon petroleum
products makes the transportation sector vulnerable to increased prices
of petroleum or insecure sources of petroleum. Since the dependence of
transportation upon imported petroleum is projected to increase sub-
stantially over the next two decades, both short- and long-term remedial
actions should be initiated now and in the next few years because of the
long time needed to bring about evolutionary changes in the Nation's
transportation systems. Possible remedial actions include:

1. Technological improvements for more efficient use of petroleum by
transportation.

2. Technological changes to permit greater use of non-petroleum energy
resources by transportation.

3. Shift of transportation demand to more efficient modes from less
efficient modes.

4, Reduction of demand for transportation services.
Emphasis has been given to actions (1) and (2) and to a lesser extent,
1

(3). TEP suggests energy-motivated R&D for (1) and (2) and recommends
continued study of R&D options for (3).

The Energy Context

Historically, consumption of energy in the U.S. has doubled every 20 to

25 years. This trend of energy demand is projected to continue at least

until the year 2000. Many groups are working to meet the projected de-

mand. Nuclear energy supplies 0.2% of the demand now. The successful
development of a breeder reactor technology is essential for nuclear

energy to be able to contribute substantially as a source of energy in

the future. The U.S. possesses massive reserves of coal and oil shale,

but domestic production of both petroleum and natural gas has peaked and

is inadequate to meet current demand. In 1971, the U.S. imported about

3.9 million barrels per day (mbpd) of petroleum, about 26% of total
petroleum consumption. Without a change in Government energy policy,
by 1985 imports are projected to increase to about 13 mbpd and ac-
count for about 53% of consumption. The Organization of Petroleum
Exporting Conntries (OPEC) has successfully negotiated to increase
the price of petroleum.

e e e s



Transportation as a Consumer

In order to meet the demand for transportation services, the transporta-
tion sector of the U.S. economy annually accounts for about 25% of the
energy demand (111.7 billion gallons), more than 98% of it from petroleum.
Highway vehicles consume about 82% of the energy used for transportation
purposes; the remainder is consumed by aircraft, trains, pipelines, and
domestic and international shipping. Passenger travel accounts for about
two-thirds of the energy used by transportation with the automobile using
about 85% and the passenger aircraft about 12.5%.

Projections to 1990 of the transportation demand and of demand for energy
for transportation indicate that (1) transportation will keep its 25%
share of total energy consumption (246 billion gallons), (2) the highway
share of transportation energy will drop to about 65% (160 billion gal-
Tons), (3) the aviation share will increase to about 26% (64 billion
gallons), and (4) the total marine (domestic and international) share
will increase slightly but stay in the range of 5% to 6%. Further, simple
projections out to 2020 indicate that highway vehicles will account for
most of the energy used by transportation and the use by aviation will
grow to equal the use by the automobile. These projections assume a con-
tinuation of economic growth of present transportation trends in modal
split and that ways will be found to meet the energy demand. While these
projections are subject to much uncertainty, they strongly indicate that
for the next half century the various highway vehicles will continue to
be the dominant energy consumer of the transportation sector, and that
aviation will become an increasingly significant user.

The modes of transportation and different vehicles within the modes use
quite different amounts of energy to accomplish the transportation pur-
pose. The automobile typically provides 30 passenger miles per gallon
(PM/G) while the airplane provides about 16 PM/G. Small cars provide
about 48 PM/G, transit buses about 59 PM/G, intercity buses about 128
PM/G, and trains approximately 100 PM/G. For freight, trains provide
about 190 ton-miles per gallon (TM/G), aircraft about 4, pipelines about
300, and trucks about 30. Large diesel combination trucks provide about
60 TM/G.

Remedial Actions

The transportation sector can affect the petroleum demand by any of the
methods of (a) reducing demand, (b) substitution of more efficient means
for less, and (c) improving efficiency. These methods may be applicable
to the total transportation system, transportation modes, vehicles, and
propulsion systems. Further, the promotion of electricity or fuels that
are not derived from petroleum also contribute to the objective of reduc-
ing the dependence of transportation upon petroleum. Both technological
and institutional actions may be used to obtain remedies.



Technological R&D

Technological improvements and changes have the potential to significantly

. reduce the projected energy demand, particularly the demand for petroleum,
within the next 15 years and to permit the greater use of non-petroleum
based energy sources by the end of the century. 1In the near term, within
the next few years, it appears possible to demonstrate as much as a 30%
reduction in fuel consumption by standard automobiles with 1976 emission
controls without substantially affecting performance or losing the gains
made in controlling emissions. This reduction in fuel consumption would
be accomplished by using existing technology and optimizing vehicle and
engine designs for That purpose rather than for lowest first cost, as is
now the industry practice.

Low-loss tires, optimized engine-transmission combinations, turbo-charged
engines, and reduced aerodynamic drag are among the changes that are
expected to result in the reduced fuel consumption mentjoned above.

While the industry knows how to achieve substantial fuel savings at in-
creased costs, the information is not in the public domain. Rational
public discussion of the issue would benefit by having such information
available. Demonstrating cars with reduced fuel consumption and evaluat-
ing the performance and cost trade-offs involved is needed. With half
the car population so equipped by 1985, o0il import requirements would be
reduced by about 350 million barrels per year.

Alternate heat_engi may also offer fuel economy advantages over the
gasoline fueled spark ignition engine, provided that their present tech-
nical and economic problems can be brought under control by R&D efforts.
Some of these advanced engines (for example, gas turbines, steam engines,
Stirling engines, closed Brayton cycle engines) burn fuel continuously
rather than intermittently and therefore have a multi-fuel capability.
They could use 1liquid or gaseous fuels, and in some cases, could even use
stored heat. These engines vary widely in their status of development.
The earliest that they could be brought into mass production with accel-
erated development is estimated to be in the 1980's.

Looking further into the future, if ground transportation vehicles make
substantial ggg_g{_glggjri;i:a, then a high performance battery is re-
quired. Such batteries exist only in the laboratory at this time and
will require much time and money for their successful development. The

consensus of expert opinion is that about 10 years or more are probably

rquired to bring a high performance battery to the point where it could
reliably be used in vehicles.




The projected increase in aviation and in fuel usage by aviation, coupled
with the 10-year development cycle and the 20-year life of aircraft,
makes additional attention to fuel consumption by aircraft more desir-
abTe. Technology now being developed holds promise of reducing fuel con-
sumption by about 20 percent in the next generation of aircraft (circa
1985). The trend toward larger aircraft provides an opportunity to use
cryogenic or nuclear tuels 1t they can be justified economically.

The TEP recommends that substantial emphasis be given to making trans-
JQDortation synthetic fuels with properties close to petroleum derivatives
to permit undisturbed, continued use of the presently planned, petroleum-
dependent transportation vehicle inventory.

The TEP has identified several new research and development efforts that
appear to contribute significantly to the objectives of either improving
fuel economy or promoting the use of diverse fuels. They are described
briefly below and are discussed at length in subsequent chapters of this
report. Definitions of R&D levels used are as follows:

Applied Research: Post-basic research, oriented towards solution
of problems relative to specific and known needs of a system or
subsystem.

Exploratory Development: Post research efforts directed to a
preliminary assessment of a system or subsystem under develop-
ment. Breadboard or bench hardware at full scale are tested

and evaluated. From these, prototypes can be built (for engine
development: tests through dynamometer and/or a single vehicle).

Advanced Development: Build, test and evaluate full scale
prototypes. (e.g. 10 vehicles; 100,000 miles)

The new research and development efforts identified are:

10



AUTOMOTIVE

Fuel Economy Demonstration

Demo 30% economy with up to four
vehicle types, using state-of-
the-art techniques.

Heat Engine Development

PTan to compTete advanced develop-
ment on the Stratified Charge,
Lightweight Diesel, Advanced Gas
Turbine, Rankine, and other ex-
ternal combustion engines.

Electric Battery Development

Finish applied research enabling
decision to continue with subsequent
exploratory development of batteries
(approximately $40M).

AIR

Fuel Diversity Technology

Conduct exploratory development
for Tight and low-cost cryogenic
tankage for new fuels and conduct
combustor testing appropriate to
overall future fuel definition.

AIR/MARINE

Interagency Transportation Study
Compare new transportation modal
concepts with currently planned
concepts to determine total
economic impact, both for domestic
and international commerce.
Develop national transportation
reference system model appropriate
for use in assessing the overall
impact of major modifications to
the U.S. transportation system.

11

ESTIMATE TO COMPLETE

$12 million over next few years

$190 million over several years

$10 million over several years

$20 million over several years

$5 million over next few years



ITI. TRANSPORTATION DEMAND PROJECTION

SUMMARY

The demand for transportation grows year by year much as the demand for
other goods and services in our economy. The sources of traffic growth
in our economy are population, income, local patterns, and the quality
of transportation.

The Transportation Energy Panel (TEP) has made an extensive effort to
review available data sources to confirm and add information to the
transp?rtation fuel consumption projections contained in the AUI* Reference
StUdY-_/ The modal administrations within DOT participated, and data
from the recently completed "1972 National Transportation Study"2/

has been integrated with their findings. General confirmation of the
reference projections resulted, with some notable exceptions. Figure III-
1 illustrates both the AUI and TEP fuel consumption projections. Figure
ITTI-2 compares AUI with earlier projections.

Good overall agreement of the AUI and TEP projections oc-

curs because common data was used for the largest consumer,
the automotive component--both automobiles and trucks.
Further, neither of these projections includes any effects

of substantially increased prices either of fuels or of
vehicles. Differences between the projections involve
primarily the following:

1. Air Mode Consumption. The reference projections show air mode
saturation (constant fuel consumption per capita) to_occur
around 1990, whereas in the TEP projections, this will not occur
until beyond 2000 because of assumed slower introduction of
future supersonic air travel. The same saturation fuel con-
sumption level is projected. However, it is noted that both
projections beyond 1990 are probably conservative since trans-
portation has followed GNP rather than population growth and
the air mode has been growing faster than GNP in the past.

2. Bus and Rail Mode Consumption. TEP projects somewhat less
growth in these modes based upon forecasts and economic con-
siderations explained in the National Transportation Study.

1/ See REF. 1.
2/ See REF. 2.

*Associated Universities, Inc.

12
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However, the reference projections--4.6% for bus and 3.7% for
rail--in part represent the objectives of the Department of
Transportation in that considerable current research and
development is being expended to enhance and make more attrac-
tive to the public each of these fuel conservative and efficient
modes of transportation.

3. Ship Mode Consumption. TEP projects growth at least double
that of the reference projections for shipping, most
particularly in international freight and recreational
boating. The President, in his Merchant Marine Act of 1970,
established the national objective to rebuild our maritime
fleet to regain some of its former international strength.
Currently, the U.S. flag carries only six percent of the
total U.S. export and import tonnage, which is up from five
percent in 1969. The Federal objective is to increase the
proportion to 15% or so, and extensive maritime research and
development has begun.

It is further noted that by far the major portion of the fuel
required to power these ships, both U.S. flag and other, is
purchased outside of the United States and is not contained
in the projection.

In addition to transportation demand projections, this section includes
a brief summary of current Federal transportation R&D directed at
developing technology to meet the future transportation capacity needs.

DISCUSSION

Transportation modal activities and cost projections from the National
Transportation Study and fuel consumption data from the modal administra-
tions are summarized in Table III-1 for the years 1970 and 1990, the
time projection period of the Study. Activity is shown in passenger
miles (PM) for passenger service and ton miles (TM) for cargo service.
Average modal efficiency is shown as the activity divided by the fuel
consumed. Total cost is shown from the Transportation Study. Total
cost is taken as the sum of revenues and/or expenditures,
as appropriate. Indirect costs such as environmental im-
pact are not included. The cost data is projected in

terms of constant 1969 dollars, so the average cost per
unit transportation activity (PM or TM) is assumed con-
stant at the 1969 value. The average cost per vehicle
mile is 11.9 cents for the automobile.l/ The cost growth
per annum is averaged over the 20-year period between

1970 and 1990. Finally, the data for each mode is de-
scribed separately in the following paragraphs.

1/ See REF. 3.
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It is noted from the totals in the table that passenger and cargo trans-
portation (not including international freight) are comparable in
activity and cost; however, more than twice as much fuel is expended in
passenger service than for freight. The modal growth figures show

large growth in the air mode, more than double the assumed GNP growth
(4.2% per annum) in this period, as well as continued strong growth in
trucking. Saturation effects are felt in the automobile mode well before
1990, making room for the anticipated growth in per family air travel.
Rail passenger service is projected to just maintain itself, largely due
to the Federal commitment to do so. A similar situation exists with bus
service; however, some growth is anticipated.

It is further noted that the total transportation fuel consumption is
projected to continue at nominally 25% of the total U.S. consumption,
and that total U.S. transportation expenditures are projected to con-
tinue at 20% of the GNP.1/

Automotive Modes

Highway vehicles consume by far most of the transportation fuel, and this
has been particularly analyzed. Some of the relevant data is summarized
in Table -III-2, 7nd the FHWA study is included in Technical Appendix I

of this report.2.

Highway vehicles include autos, motorcycles, buses, and trucks. Non-
highway vehicle fuel consumption, that is used by farm vehicles and the
Tike, has not been analyzed per se; however, less than five percent of the
highway consumption is attributed to that source.3/

The automobile consumes about 58% of all transportation fuel, yielding
about 30 passenger miles per gallon (PMPG) for modal efficiency. A very
large efficiency range within this mode exists however, as shown in
Table IIT-2. Large autos yield about 29 PMPG, whereas small cars, such
as Vegas, Pintos, Volkswagens, etc., yield 48 PMPG. Motorcycles top all
with 83 PMPG. The trend towards the small car, currently so dramatic,
will counteract increases in fuel consumption resulting from first-
generation pollution control devices.

Automotive growth is projected at an average 2.6% per annum versus the
3.6% used in the Transportation Study. Historical travel data shows that

1/ See REF. 2.
2/ See REF. 4.
3/ See REF. 5.
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vehicle miles, number of motor vehicles, and fuel consumption have more
than doubled in every 20-year period in the past. If growth continued at
that rate, fuel consumption would exceed 130 billion gallons in 1990 for
automobiles, consistent with the Transportation Study activity data. The
Tower TEP projections result, however, from the additional saturation em-
phasis resulting from linkage between number of persons of driving age
and auto population and travel demand. Currently, there are 1.27 driving-
age people per vehicle, having dropped from 1.49 in 1963. This is pro-
jected by FHWA to fall only to 1.16 in 1980 and Tevel off at 1.09 in 1990.
Further, the gallons consumed per vehicle are assumed to increase from 85]
gallons per year in 1970 to 950 in 1990. The latter increase reflects
Timited anticipated additional mileage per vehicle year. Further discus-
sion of these points may be found in the references.

Some of the automotive fuel consumed is due to traffic congestion. The
1972 Highway Needs Studyl/ shows that urban Tand areas contain about 3%
of the country, 74% of the population, 52% of the vehicle miles traveled,
and about 14% of the roads. By 1990, it is projected that urban travel
will increase 110%. To counteract the increasing trend toward traffic
congestion caused by this projected travel demand, the FHWA has planned a
definitive program of continued highway improvement over the next twenty
years.2/ This plan shows a 10% increase in total road mileage, with a
64% increase to the urban highway network to retain smooth travel flow.
The intercity network will remain essentially the same; only four percent
additional mileage is called for. A parallel program called the Traffic
Operations Program to Increase Capacity and Safety (TOPICS), is in effect
to continually "reduce traffic congestion and improve operational effici-
ency by means of improved traffic control systems."

Regularly, urban areas across the land are reviewing their traffic situ-
ations, with Federal assistance as required, to determine what traffic
control devices, in addition to other alternatives, are required to keep
traffic flowing at cost-effective speeds. These studies are regularly
being put together in order for urban communities to qualify for Federal
funding under the TOPICS program. The primary benefit determination in
these studies has been the savings in people's time, as opposed to fuel
savings per se. To support the TOPICS program, FHWA has about $12M/year
research and development activity to continue development of new traffic
control systems, including:

1/ See REF. 6.
2/ See REF. 6.

19




1. Flow-actuated, computer-controlled urban traffic signals;

2. Freeway on-ramp traffic control and highway corridor traffic
diversion systems.

As these new developments become available, they are added to the 1ist of
traffic flow improvement alternatives that urban areas may choose from.

An estimate was made regarding the current impact of traffic congestion

on fuel consumption. The earlier mentioned reportl/ contains data on

the percentage of roads which are or soon will be rated deficient from a
traffic flow viewpoint. Combined with other data in the report, it has
been estimated that about five percent of the daily vehicle miles traveled
occur in traffic-congested conditions. Assuming this congestion reduces
the potential vehicle's mileage by two, a five percent energy impact
results. Somewhat less is expected to be recoverable. However to keep the
impact as low as it is, will require continued R&D in this area.

Trucks. Breakdown analysis of the truck fleet fuel consumption is also
shown in Table III-2. As reflected in the column of data containing
average loading per vehicle, the 2-axle, 4-tire vehicles include all the
non-freight vehicles referred to in Table II1-1. These vehicles are
comprised of service and utility trucks, garbage trucks and the like.

The data shows that trucks have consumed about 39% of the auto fuel con-
sumption; however, if the non-highway vehicles are classified as trucks,
the 44% assg?pgion in the reference projections may be justified. DOT
projections& 3/ show substantially more growth in trucking than in auto,
motivated by the anticipated continued trend of urbanization by the U.S.
public. This trend is projected to favor trucking relative to rail
freight because urban freight is expected to gain with respect to inter-
city freight.

It is noted from Table III-2 that the large diesel-driven combination
trucks provide 47% of the highway freight ton-miles while consuming only
16% of the total truck energy. This is due to their relatively good
transport efficiency of 6C TMPG.

1/ See REF. 6.
2/ See REF. 2.
3/ See REF. 4.
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Buses. As is well known,l/ 2/ the bus mode represents an extremely
efficient mode of travel. Buses provided about 5% of the 1970 passenger
service, using only 1.5% of the total fuel consumed in passenger travel.
Bus service also provides low-cost travel. The average cost is shown
less than half that of the auto. Specifically, the intercity bus
revenues were about 3 cents per passenger mile, while the school bus ex-
penditures were only 1.5 cents per passenger mile.3

It is further noted from Table III-2 that while the transport efficiency
of the family car is about half that of the transit bus, the small car
has a transport efficiency which is nearly comparable.

Less than one percent growth of this mode is projected without more

Federal assistance.4/ 5/ The Department of Transportation is currently
conducting about $28M per year in research and development to develop over-
all bus technology 6/ so that the past negative growth trends will be re-
versed. These efforts include:

1. New intracity bus development

2. Dial-a-ride bus demonstrations

3. Bus dedicated-lane demonstrations

4. Bus right-of-way traffic control systems

Military Travel Fuel Consumption. The Department of Defense has indicated
use of approximately 15 billion gallons (2 quadrillion BTU's) per annum

in 1969.7/ The AUI reference data includes 4 billion gallons for military
aircraft, leaving about 11 billion gallons (7% of transportation fuel) not
accounted for, for the military ground vehicles, ships, etc.

Aircraft Modes

Major growth in air travel and air freight has been experienced in the
past--14% and 13% per annum respectively--averaged between 1965 and 1970.

1/ See REF.
2/ See REF.
3/ See REF.
4/ 1bid.
5/
6/
1/

N O P~

See REF.
See REF.
See REF.
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This is projected to continue, with per capita saturation effects not
occurring as early as projected for the auto. The air and auto modal fuel
consumption projections are shown in Figure III-3, including both the AUI
and TEP projections. The AUI data assumes a more vigorous introduction

of supersonic air travel and air travel demand in general. FAA projections
show less immediate growth, with per capita saturation not occurring un-
til beyond the year 2000.

The per capita saturation in this mode is projected at a constant level
as done in the reference projections. However, in the past, total trans-
portation activity has grown with GNP, not merely with population. This
would indicate more growth in the non-automotive modes beyond 1990 if
continued exponental growth in productivity is projected.!/

The vigorous projected growth in air travel, in a sense, results from the
saturation effects in the automobile mode. It has been noted that people
tend to spend a constant percentage of their disposable income or person-
al travel (like about one-sixth of it. In fact, records show travel ex-
pense percentage tends to grow slightly with income?/). Accounting for
both the projected growth of GNP (4.2%) and population (~1.1%) indicates
a 3% projected yearly growth in per capita travel expenses. Thus,
saturating auto expenses leaves an excess for family travel which grows
much faster than income does. Figure III-4 is included to graphically
illustrate the anticipated auto saturation. The curve is based on 1970
income/auto statistics. Plotted on it is projected mean consumer-unit
disposable income, using the 3% growth rate in disposable income per
capita.

Referring to the AUI reference data, the 1969 fuel consumption breakdown
for the air mode is 10.2 billion gallons of jet fuel for non-military air
carriers, .6 billion gallons of gasoline for general aviation, and 4.2
billion gallons shown for the military. The first two check with avail-
able sources from the Civil Aeronautics Board (CAB). For the 1970 refer-
ence data in Table III-1, CAB data3/ of 8.9, 0.7, and 0.2 billion gallons
of jet fuel for passenger service, domestic freight and business air

(jet only) was used. An average air freight modal efficiency of 4.2
ton/miles per gallon was indicated and used for the 1970 air cargo esti-
mate of 3 billion ton miles. For further reference purposes, the 1970
CAB data was analyzed by vehicle class, see Table III-3.

1/ See REF. 12.
2/ See REF. 2.
3/ See REF. 10.
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Air mode activity, costs, and projected growth are shown from the
National Transportation Study.l/ Slightly reduced modal efficiency is
jndicated to account for probable introduction of VSTOL into the
domestic passenger service and supersonic jets into international
travel. The sum of both is not deemed 1ikely to provide more than 10% of
the total service and half the modal efficiency of these with respect to
the current aircraft is assumed.2/ If all the 1990 international travel
(180 billion PM or 25% of the projected service) is accomplished with
similar SST aircraft, then 20% impact on average modal efficiency would
result. However, the introduction of these aircraft will be counter-
balanced by continued introduction of the more efficient jumbo jet air-
craft, including 2- and 3-engine versions.

CAB aircraft cost data3/ give some perspective to the percentage of air
travel cost represented by fuel and oil for commercial aircraft. For

the average 4-engine turbofan aircraft in 1970, the fuel and oil cost was
$191 per operating hour. This is about 14% of total cost, both direct
and indirect. This corresponds to more than 22% for the automobile (con-
sumer fuel costs less taxes). The difference is primarily due to the
bulk purchase economies of commercial aviation (the average cost of jet
fuel is given at 10+ cents per gallon).

Extensive R&D is being conducted by NASA and DOT (FAA) to accommodate the
rapidly increasing air traffic demand. At NASA, about $40M of research a
year is underway in Advanced Air Transport and Supersonic Air Transport
Technology.

The FAA, on the other hand, is developing the air traffic control tech-

nology to meet this damnd. Peak frequency of takeoff and landings is ex-

pected to more than double by 1990, while the number of airborne aircraft within
a major terminal hub may quadruple. To accommodate this, advanced control
systems are being developed, including more accurate navigation systems,
microwave landing systems to permit controlled landings in near zero-

zero visibility, and multiple aspect approach s;stems for the airports.

The FAA R&D effort is currently funded at the $75M level.4/

Rail Modes

Rail passenger service in 1970 was 6% of the total domestic passenger
service, whereas the freight service was more than 33% (see Table I1I1-1).

See REF.
See REF.
See REF.
See REF.
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In terms of total cost, rail freight revenues represent 96% of the rail
doTlar. Past freight growth averaged .4% per annum between 1965 and 1970
(up from previous years), whereas the passenger service dropped 9.3% per
annum.1/ " The Transportation Study projects future growth at 2.5% for
freight and an average breakeven in passenger service.2/

Freight revenues are projected as a whole to grow as the GNP does, but
not ton/miles per se. A decline in relative importance of physical
materials and relocation of economic activity to economize on freight
requirements is forecast. Faster freight cost growth relative to ton/
miles growth is foreseen because of a continued substitution of more
costly intracity ton/miles for intercity ton/miles and a continued
diversion of freight traffic to higher priced modes, namely truck and air
freight.

However, more growth is foreseen than in the past because of new tech-
nology rapidly being implemented into the rail system, such as:

1. Unit trains - trains especially adapted to the needs of major freight
customers, such as the fuel resources and automotive industry.

2. Containerized freight - wherein the freight interchange between the
truck and rail systems becomes much more efficient, linking the
future growth of both modes for intercity freight.

3. Computerized yard and interchange control - use of automatic car
identification systems as inputs to computerized interchange yard
control significantly speeds up the rail long-haul time.

The decline of rail passenger service is projected to stop because of the
major Federal commitment to help do so. The Department of Transportation
is currently expending, nominally, $100M in research, development, and
demonstration to bring this about. Such efforts include the following:

1. Current Metroliner and Turbotrain demonstrations

2. Intracity rapid transit development

3. Intercity rail developments

4. Intercity high speed train developments (tracked
air cushion and magnetic levitation)

1/ See REF. 2.

2/ 1bid.
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The fuel division shown in Table III-1 has been estimated using generally
accepted modal efficiencies for rail passenger service.l/ As is noted in
reference projections, the electric load relative to the diesel fuel Toad
is very small. The U.S. railroads operate about 27,000 diesels vs. 400
electric engines.2/

Marine Modes
The reference data shows .91 x 1015 BTU's consumed in 1969 by “miscellan-

eous transportation (mestly ships)." The USCG has established the follow-
ing breakdown for the marine modes :3/

Figure 1I1-5 1969 Marine Data

. Avg. Modal
Submod Fuel Consumption TM or PM | Efficiency
ubmode 15 9 Billion |TM or PM
107" BTU 107 Gal, a1
Gal.
Domestic Freight .20 1,42 529 370
International
Freight* 1.70 11.70 3000 256
Recreational Boats .13 1.06 23 22

#Estimated data for both U. S. and foreign flag vessels.

The domestic fleet travels at nominally 6 knots and consists mainly of
barges. The modal efficiency of 370 ton-miles/gallon is consistent with
the domestic shipping industry's rule-of-thumb that one brake horsepower
of propulsion is needed for every 3.5 tons of cargo. The total ton-mile-
age is established from records kept by the Corps of Engineers.

/ See REF. 2.
/ See REF. 11.
/ See REF. 12.
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The international fleet is a combined fleet of U.S. and foreign-flag
ships, with a predominance of foreign-flag ships. Currently, only 6% of
the tonnage is carried by U.S. flag ships, up from about 5% in 1969.
This fleet cruises at nominally 17 knots. The modal efficiency is not
greatly reduced from the domestic fleet, however, because the ships are
far more streamlined.

The Bureau of the Census publishes records on both U.S. flag and foreign
flag freight tonnage, as well as total fuel sold to both in the U.S.

The tonnage data combined with known international cargo distances in-
dicates a total of 3000 billion ton-miles of freight transport for both
imports and exports. The majority of this is general and dry bulk cargo
(78%), and the balance is liquid bulk (primarily tankers from South
America). The USCG estimates 11.7 billion gallons of fuel is required to
carry the total tonnage, using average transport efficiencies as estab-
Tished in earlier marine studies. However, Bureau of the Census records
show only 2.7 billion gallons (.37 x 1015 BTU's) sold in the U.S. Thus,
about 77% of the fuel required for all U.S. international commerce is
purchased outside the U.S.

The USCG Office of Boating Safety estimates that 1.06 billion gallons of
fuel was used by recreational boating in 1969. The average modal effi-
ciency is estimated at 22 passenger miles per gallon, representing a mean
of 3.6 passengers per boat and about six boat-miles per gallon.

In summary, the total civilian marine fuel consumption from U.S. pumps in
1969 was .7 x 1015 BTU. This accounts, however, for only 20% of the fuel
required for international freight transport. Further, the Department of
Defense has grossly estimated that .5 x 1015 BTU additional was consumed

by the U.S. Navy in 1969.

Expenditures for transportation on the Nation's waterways are projected
to expand at an average rate of about 4.6% per year over the next 20
years.l/ Recreational boating is expected to nearly treble, while
domestic freight is forecasted to double. International freight is pro-
Jected by the USCG and others2/ to expand at more than double the rate
assumed in the reference projections (2% per annum).

The Department of Commerce currently has underway a major research and
development effort to bring marine technology to the point necessary to
achieve a much larger share of the world market by the U.S. Merchant
Marine. This effort has reportedly increased from about $7 million in
FY 1969 to about $30 million budgeted in FY 1973.

1/ See REF. 2.
2/ See REF. 12.
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IV. TECHNOLOGICAL OPPORTUNITIES AT LOWER POWERS

Lower power vehicles (mainly autos and trucks) presently consume about
74% of the transportation energy (all oil), and are projected to con-
sume well above £0% by the year 2020. In view of this, the Panel
assessed a wide variety of technologies which could have a favorable
impact on fuel consumption and diversification (see Appendix I for de-
tailed assessment). Three main areas were distinguished:

1. Tecnnology for Fuel Ecoromy.
2. Improved Engines and Fuel Diversification.
3. Electric Propulsion Technology.

For each area, the technology assessment and Panel recommendations are
summarized.

TECHNOLOGY FOR FUEL ECONOMY

This is a group of technological measuresl/ which, if successfully imple-
mented, could result in an estimated reduction by as much as 30% of the
fuel consumed by autos and trucks.

1. Assessment Summary.

Four technological measures are considered for substantially reducing
the fuel consumption of autos and trucks.

a. Aerodynamic Drag Reduction: It is well known that aero-drag be-
comes the dominant power consumer at speeds above 40 to 50 mph,
depending on the vehicle. Typical aerg-drag coefficients are
given below, in units of Tbs/ft2-(mph)4.

"Teardrop,” (most desirable, streamlined body): 7.5 x 10-°

Typical Autos, on the road today: 1.3 x 10-3
Typical Trucks, on the road today: 2.5 x 10-3
Flat Square Plate (most undesirable shape): 3.2 x 10-3

1/ Initially reported in Ref. IV-32.

29



There is a large margin for improvement. From the mid-thirties to
the Tate sixties, there was a long series of technical articlesl/
publishing results for truck and auto aero-drag improvements.

The cognizant group within the Panel has estimated that a 5%
energy saving may be expected at very modest program cost for
engineering development and at small cost for product acquisition
by the customer. More substantial energy benefits, of 20% to

30% potential level, especially for trucks, will require moderate
levels of R&D and production engineering. However, even under
these conditions, the increases in new truck and auto acquisition
costs are still expected to be modest.

A brief outline of the required R&D steps follows: Basic avail-
able analyses and technology should be restudied with reference

to current vehicle designs and customer needs and attitudes.
Experiments should be designed to rapidly quantify the "energy
benefits," apparent impact on vehicle production costs, customer
acceptance and other relevant "trade-offs." A logical sequence
for experiments is: fractional scale model testing, followed by
full scale mock-up tests. Then the most promising concepts should
be tested on the road by actual operational vehicles, and "real
world" fuel savings should be determined.

b. Rolling Resistance Reduction: Rolling resistance provides the
dominant power demand at lower speeds, generally below 50 mph.
for both autos and trucks. The principal contributor to this
resistance (over 90%), is the friction provided by the loaded
tires of the vehicle. Newer tire designs, in particular the steel
belted radial ply tires, provide a substantial reduction of this
loss. A reductiog of this loss ranging from 15% on ice to 45% on
sand is reported.2/ This may be translated into fuel economy in the
vicinity of 5%-10% on the average road. In addition to
this remarkable result, the newer design tires offer sub-
stantial advantages over the bias ply tires. For example,
tread life improvements of 70% to 100% are claimed, bet-
ter puncture resistance, better stopping ability, and
improved drawbar pull. Such claims are supported by ex-
perimental evidence.
Current engineering developments are in their testing phases, in
substantial vehicle sample sizes. For autos, the efforts are

1/ See Refs. IV-1 to IV-25.
2/ See Ref. IV-32.
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concentrating on verification of compatibility with existing
suspension systems. Truck efforts concentrate on correlation
of controlled experiments with in-service operational experience.

In the case of these new tire designs, there is very 1ittle R&D
required. The verification of claims and the compatibility with
existing auto and truck designs will soon be resolved.

Load to Engine Match: In all vehicles on the road today, except
possibly for the large trucks, the engine-transmission drive-
Tine is not well matched to the actual vehicle road demand.

The power trains in use today are optimized for lowest manufac-
turing cost and possibly for greater convenience and ease of
operation to the driver. The consequence of these practices

is that the gasoline engine is forced to operate at varying part
load and part speed points, off the optimum design points for
minimum specific fuel consumption.

The Panel estimates that an energy benefit of 10% to 15% may be
realized by a reoptimization of auto power trains. In

most cases existing past technology may be recalled and refined
for present applications. Refined designs can be obtained from
laboratory prototype tests and these designs can be road tested

in confirmatory projects. The incorporation of these reopti-

mized designs in production autos is estimated to increase the
acquisition cost to the customer by $100 to $200.

Small Base Engine with Boost: This approach is essentially an
alternative to the load/engine match discussed above. A

higher load factor is imposed on the engine through design rather
than through drive train modifications. Specifically, a super-
charger or turbocharger is combined with a small base engine.

The small engine is efficiently utilized for the routine demand
and the supercharger assists the engine to negotiate peak power
demands.

There is hardly much novelty in this idea and all the basic tech-
nology is at hand. However, for wide-range applications, a few
additional steps are necessary. Thus, a turbocharger should be
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analytically matched to existing 4 to 6 cylinder engines, so

that the equivalent power of naturally aspirated 6 cylinder
or V-8's can be obtained.

Dynamometer test and design refinements are required. This
should be followed by prototype development and tests, and by
performance verification in large fleets.

The estimated energy benefit from this approach is about 15% in
fuel savings. Net increased cost to the consumer for a 6 cylin-
der and boost, versus a plain V-8 engine of equivalent perform-
ance, is estimated to be $100 or less.

The assessment of the aforementioned fue] economy subtechnologies
is summarized in Table IV-1, for the four most common vehicles on
the road. For each vehicle we show the present energy consump-
tion as a percentage of the total transportation energy. The last
column shows estimated energy benefits grossly averaged over all
types of vehicles. The entries "major," "moderate," and "minor"
are a rough measure of the importance of a subtechnology for a
type of vehicle and its driving cycle. For example, aero-drag
reduction is much more important for the high speed intercity
truck than it is for the urban service van.

Note that not all four subtechnologies give benefits which are
additive in a straightforward fashion. Cases (a) and (b) are
outright additive, but to this you may add either (c) or (d).
Thus, by inspection of Table IV-1, we may conclude that a com-
pound benefit of 25% to 30% can be realized by adopting cases
(a) plus (b) plus either (c) or (d). If such a combination is
implemented in mass production, the net increase of first cost
to the consumer is estimated at $300 to $350. This increase
could be offset in about three years, by the 30% fuel savings at
present fuel cost. A progressively shorter offset period is
naturally evident at progressively higher fuel costs.

The most important benefits arising from a full implementation of
this technology are evident in the data tabulated below:

Projected U.S. Petroleum Demand: 9.4 x 109 barrels/yr.
by 1985

Projected U.S. Petroleum Domestic 3.6 x 109 barrels/yr.
Production: by 1985, including

new discoveries--north slope and

shale
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Projected U.S. Petroleum Demand: 3.4 x 109 barrels/yr.
for highway travel by 1985 (FHWA,
Forecast 1971)

Fuel Savings, 30% (Full imple- 1.1 x 109 barrels/yr.
mentation of fuel economy tech-
nology)

Besides the obvious and substantial savings of a valuable and
depletable natural resource, three additional points are quite
important:

(1) The dollar value of the savings to the consumer is about
$17 billion/year, estimated at 42 gallons/barrel and 36¢/
gallon. These are 1971 dollars and assume that price of

0il will remain constant. There is speculation that fuel
cost might double by 1985.

(2) A strong favorable impact on the balance of payments may be
expected, in view of the large discrepancy between the afore-
mentioned U.S. demand and U.S. production of oil by 1985.

(3) The projected benefits are remarkable by comparison to the
"minimum risk" and relatively trivial investment required
for the preparation and implementation of the "Fuel Economy"
technology. This technology could be incorporated into
full production as soon as 1978, the first year dollar bene-
fits exceeding $1 billion/year. This would increase steadily
as newly produced vehicles become operational.

Recommendations.

Detailed recommendations may be found in Technical Appendix I, where
the individual elements of this technology are evaluated and assessed.

A summary is presented here:

a.

The Panel recommends that the matrix shown in Table IV-1 be con-
sidered in its entirety. Emphasis should be on the passenger
vehicles (because of their larger share of consumption), but the
van and the truck should be seriously considered (because they
offer better changes of early implementation).
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b. The Panel recommends Federal involvement in cooperation with
industry (car, truck, tire, and associated industries), to
precipitate an early preparation for the implementation of
energy conservative technologies.

c. Recommended Program: In summary, a funding of $12M distributed
over the next few years is considered adequate.

The first year effort includes technology reviews, analysis, and
assessment of individual concepts, fabrication of prototypes,
quantification of expected "pay offs," and design optimization
of combined benefits. The second year includes design refine-
ments as well as verification and demonstration of the expected
fuel savings. Here the Panel suggests the initiation of "fleet
sized"road tests with an intended total of 1 million vehicle
miles, e.g., 10 vehicles at 100,000 miles, per type of vehicle.
These tests and demonstrations (to be shared by most concepts
under consideration), should continue into the third year of the
program, as refinements are made, for a definite quantification
of benefits.

d. In addition, the Panel recommends that the additional
means be considered to activate.energy conservative
measures. The whole spectrum of alternatives should be con-
sidered including socioeconomic, regulatory, legislative as
well as aforementioned technologically oriented measures. More-
over, factual information should be made available to the con-
sumer, concerning fuel consumption and individual consumer
operating expenses and savings, which could be expected from the
alternatives recommended here.

IMPROVED ENGINES AND FUEL DIVERSITY

Beyond the near-term technology of fuel conservation measures, the Panel
has attempted to assess improved heat engines and the use of fuels other
.than conventional. The improvements under consideration were assessed
by comparison to the pre-1969 internal combustion engine (ICE), and to
the anticipated 1976 ICE.
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The technological opportunities for Fuel Economy are based on state-of-
the-art technology, requiring only verification and demonstration to be-
come available for implementation in a few years. However, the tech-
nology of improved engines is presently in exploratory development, with
plans for advanced development. Improved engines are not expected to be
available for production before the 1980's.

For orientation purposes, refer to Table IV-2 which summarizes the Panel's
assessment of the expected potential of the prominent heat engine tech-
nologies at this time. Seven heat engines are tabulated and rated by com-
parison with the pre-1969 0TTO ICE. These are relative judgments based on
expectation of projected R&D. Eight relevant parameters have been select-
ed for the comparison, as Tisted on the top row of Table IV-2. For
simplicity, the ranking for emissions, strategic materials, novel fuel
compatibility and cost is given in four steps: Excellent (E); Good (G);
Fair (F); and Poor (P). The motivation for selecting these engines for
assessment is evident in the reference information. Briefly, the
Stratified Charge (SC) Engine and the Light Weight Diesel (LWD), as a
back-up, are potentially capable of providing acceptable alternatives

to the energy extravagant 1976 ICE, in the early 1980's. The Advanced
Gas Turbine, although still in conceptual design, promises substantial
improvements over the aforementioned engines (SC and LWD), namely; better
emissions, better first-cost to the consumer, and especially better
compatibility with novel fuels, with small sacrifice in the other
characteristics.

The Rankine and Stirling engines are external combustion engines with two
significant advantages over the other engines: excellent emissions and
excellent compatibility with novel fuels. Efficient versions of them for
automotive application are still in a state of applied research. This is
reflected by the mid-1980's dates for their production availability. The
other advantages or disadvantages of these engines have large uncertain-
ties due to their early developmental state.

The Wankel Engine has not been considered since its fuel economy is generally
Tower than the OTTO ICE and it requires much of the same clean up apparatus as
the 1976 ICE. It is receiving much development attention by the automotive
industry. Other engines also not specifically ranked herein include the
Clawson, Feher, Johnston, and Warren Engines. These engines are in early
states of development and should be evaluated along with various hybrid
options in the supporting technology for continued heat engine development.

The following assessment summary provides data for the (a) Stratified
Charge, (b) Light Weight Diesel, (c) Advanced Gas Turbine, (d) Rankine,
and (e) Stirling Cycle Engines. In addition, an assessment of certain
novel fuels is summarized in subsection (f).
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1.

Assessment Summary.

a.

Stratified Charge Engine.

(1)

Current Status.

Summary of Current Utilization: There is no current
utilization,

Summary of Current R&D: Exploratory development has
been in process for 5-7 years at Texaco Laboratories,
Beacon, N.Y., and Ford Research Center, Dearborn,
Michigan. During the past year, White Motors has
built some 25 engines for Texaco who, in turn, has
furnished these engines to car companies, both U.S.
and foreign, under privileged agreements. The basic
exploratory work has been technically sponsored and
funded by DOD (Army) for the whole period with in-
creasing EPA participation and funding in 1970-72.
This exploratory phase is scheduled for completion
bv the end of 1972.

As the government-sponsored engines started to show
promise in 1970 and 1971, industrially funded off-
shoots became visible. Perhaps the strongest effort
has been and is continuing at Ford. That the Ford
stratified charge (or PROCO Engine) is one of four
R&D approaches to provide long-range solution to emis-
sions requirements has been publicly reported at EPA
hearings in both October of 1971 and April of 1972.

DOD Program plans for engineering development of this
engine for Army trucks (1/4 ton or "Jeep") have been
approved. Request for proposals were issued mid-June
1972. Evaluation of proposals, selection of Contractor,
staffing and contract go ahead will be

accomplished by end 1972. The overall plans involving
vehicle engineering, substantial product improvements,
formalized Army testing, et al, are targeted at initia-
tion of engine production late in 1976.

UTtimate Potential.

Effects on Resources: To achieve the 1976 emission

Tevels, the 30% fuel savings over standard gasoline
engines initially obtained will be traded back to a
5% to 10% savings. This compares to an expected loss
of 20% to 25% from a 1968 uncontrolled level to 1976
compliance for standard engines. Thus, the fuel
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consumption of this engine should be at least 25% Tless
than that of the 1976 ICE. Extension of utility of sub-
stantial portions of mass production tooling may

be considered as an indirect but secondary con-
servation of resources.

Environmental Effects: The embodied feature of

precise control of combustion offers Tower fuel

consumption at substantially reduced emissions

levels. To meet 1976 standards cycle compromises

and after treatment are still required, but dependency
on add-on's is reduced. Compliance with 1976 emissions
levels has been demonstrated in EPA Laboratories.

Economic Factors: The stratified charge engine is
expected to cost $300-$500 more than a conventional
gasoline engine at comparable emissions control
levels. The operational fuel cost savings are ex-
pected to be $100(including tax), or $66 (excluding
tax) per year. Consumer breakeven would occur in
about 3-5 years. If gasoline price doubles, then
breakeven is reduced to the 2-3 year period.

The premium cost of the stratified engine compared to

the conventional gasoline engine is primarily associated
with the addition of a moderate pressure injection

system. The cost of the injection system is in the

$1-$2 per hp/range for engines in the 100-200 hp sizes.
Since the treatment devices of EGR* and catalytic
reactors will be essentially the same for stratified
charge and conventional engines at comparable emission levels
the incremental cost will primarily depend on cost of the
fuel injection system vs. the displaced carburetor.

There is a concern that cost of the 1976 "sophisti-

cated" carburetor could increase substantially over the
1970 cost. If the carburetor cost should increase from

a $25 level to a $100 level, then cost premium of the
stratified charge engine would be reduced toward the
$150-$350 level. Production cost for the stratified
charge engine should be accurately forecast early in

the engineering development cycle.

The impact of introducing this engine on the economic
system is considered modest to moderate. It will look
1ike a Diesel engine but its internal Toading, structural

*Exhaust Gas Recirculation
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strength and production tooling will be more like
today's gasoline engine.

R&D Requirements.

A pilot program is being sponsored by DOD (Army, to pro-
vide a clean engine for the Army 1/4-ton truck). This
program is aimed at Tow annual rates up to 10,000 engines.
Expansion or extension of this base program to provide
meaningful demonstration in passenger cars is indicated.
Partial information indicates that at least Ford is al-
ready headed in such a direction.

Time Scale for R&D: The planned Army program for Ad-
vanced Engineering Development has the ambitious goal
for completion in about 40 months. Whether or not this
goal can be achieved is a question. There are opinions
in engine and car companies that the 40 months is
optimistic and a more realistic time is 50-60 months.

Funding Estimates: The preliminary estimate for the
Army Advanced Engineering Development of one concept of
the stratified charge engine is about $17 million. This
is for basic engine work on a small (4 cylinder - 175
cu. in.) engine and does not include funds for concur-
rent vehicle engineering and extensive vehicle testing.
A back-up program to provide a parallel effort at a
second contractor during the highest risk phases is
estimated to cost about $2 million per year for two
years.

Specific Considerations: The Army program will result
in a militarized engine at the nominal 85 hp level. It
will include features such as waterproofing for fording,
24-volt electrical system for communication, and 60%
slope 0i1 pan and provision for temperature extremes
(-65°F to 115°F) which are not directly applicable to
passenger car application. If the engine concept is
considered a substantial candidate for passenger cars,
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then major Advanced Engineering Programs are required,
aimed at the 150-200 hp size with features (accessories,
et al) tailored for car application and mass production
rates of hundreds of thousands per year. Historically,
such commercial programs have cost about $30 to $50
million.

Difficulties and Uncertainties: The principal uncer-
tainty is that experimental evidence is not yet avail-
able to establish durability and degree of emissions
control degradation over 50,000 miles. The press of
time has required telescoping of engineering develop-
ment programs at substantial risk to investment prior
to completion of exploratory work.

The addition of a moderate pressure fuel injection
system to a standard gasoline engine does add com-
plexity and could affect reliability and durability.
On the other hand, a well-designed injection system
should hold factory adjustment and be less susceptible
to owner tampering than a sophisticated carburetor.
Such comparisons warrant careful attention.

b. Light Weight Diesel.

(1)

Current Status.

Summary of Current Utilization: Today in the United
States a Tightweight Diesel weighs a Tittle over 1,000
Ibs. in the 200 hp size, or at the specific weight of

5 1bs/hp. Gasoline engines for cars are at the 3-4
Tbs/hp level. DOD (Army) R&D efforts have resulted in
special attention to reducing weight and increasing
power. These engines at higher power are well-advanced
in Engineering Development with specific weights of 3.1,
3.6, and 4.2 Tbs/hp in sizes of 640, 480 and 320 hp.
Extrapolation of this demonstrated technology from the
nominal 500 hp size to passenger car 150 - 200 hp ap-
pears to be straightforward with minimal technical risk.

Summary of Current R&D: Primary efforts to reduce
weight in the Diesel engines seem to have been spon-
sored by DOD. Power, weight and space claim are major
factors in combat vehicle. Major commercial efforts
have not been evident, most Tikely because weight and
space claims have not been dominant considerations in
the truck and off-road construction vehicle market.
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(2) Ultimate Potential.

Effects on Resources: The lightweight Diesel engine will
probably meet the emissions requirements without suffering
the 20% to 25% fuel consumption penalty expected for the
gasoline engine. Further, the diesel is basically more
efficient than the spark ignition engine with its higher
operating compression ratio; hence it is anticipated that
about half the 1976 OTTO ICE specific fuel consumption
will be achieved by this engine.

Further, the Diesel engine inherently has a broader toler-
ance for the kerosene type of fuels. Hence, the demand
on low- or no-lead gasoline at higher octanes and the
burden on refineries would be relieved.

Environmental Effects: Diesel engines are or can be low
on smoke, HC and CO. NOx is a problem amenable to con-
trol within the basic Diesel engine because fuel delivery
(already precise by the injection system) and combustion
control (intra-cylinder turbulence and flow) are well-
managed and subject to reoptimization for NOy reduction.
It is forecast that emissions requirements will be met by
Diesel engines with less complex aftertreatment than re-
quired by the 1976 OTTO cycle.

Economics: Diesel engines cost more than car gasoline
engines because they have high pressure injection sys-
tems, frequently utilize turbochargers and are designed
for heavier duty (higher load factor) operation and much
Tonger 1life expectancy.

Also, annual production rates of diesels are lower than SI's.
Traditionally (prior to emissions controls), the 200 ho diesel
would cost 2 to 3 times the car engine. If diesels were de-
signed to passenger car engine practice and produced at 10 mil-
1ion vs. 10 thousand annual rates, the incremental

acquisition cost will be due to the fuel injection

system and minimal add-on treatment as compared to the carburetor
with lots of add-ons. The incremental cost could be

reduced to zero or in the worst case be $1-2 per hp
greater for diesels. This difference converts

to a comparable diesel acquisition cost of
$300-$500 more than for a gasoline engine. Forty
percent annual fuel savings would return to the
consumer $160 a year (including tax), or $110
(excluding tax). Therefore, payback might occur
in two to three years.
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(3)

R&D Requirements.
The R&D steps recommended include:

(a) Develop preprototype engines for dynamometer tests
which have acceptable weight, emissions and
noise levels for automobile use while simultaneously
yielding high fuel economy.

(b) Integrate the technologies and know-how of gasoline
engine and Diesel engine manufacturers.

(c) Build pilot quantities of engines and conduct ex-
tensive pilot vehicle tests.

(d) Stimulate major suppliers of fuel injection systems
and turbochargers to participate and plan a times
ten production capacity expansion.

Time Scale for R&D: The steps suggested above are for
engineering development involving scaling and integra-
tion of available technologies. About four years is a

minimum time estimate for engineering d evelopment to

establish greater confidence for production in the broader

range of 5-10 years.

Funding Estimate: Each lightweight diesel car program
is expected to cost some $30-50 miliion of R&D funds.

Difficulties and Uncertainties: Perhaps the major un-
certainty is consumer acceptance of the Diesel engine
with its characteristic higher noise, odor, and cold
starting sensitivity. There are no major technical
difficulties forecast.

c. Brayton Cycle (Gas Turbine).

(1)

Current Status.

Summary of Current Utilization: The Brayton cycle

engine is used in all jet aircraft, turboprop aircraft,
auxiliary power units, experimental and test automobiles,
many high speed boats, and some small ships. The tech-
nology is well known.

43



Summary of Current R&D: Test automobiles with gas tur-
bine engines incTude those by GM, Ford, Chrysler, and by
WiTliams Research Inc. for American Motors. Progress

has been made towards overcoming the fuel economy Timi-
tations of the earlier models, but 1976 NOx emission levels
are still to be achieved.

EPA research is underway to solve the technical problems
facing introduction of the open cycle "free turbine"
version of the Brayton cycle gas turbine to the market-
place. This approach builds on previous work of industry
in developing the gas turbine for the automobile. In
their Advanced Automotive Power Systems (AAPS) program,
several teams of technical specialists are com-

peting for solutions to problems such as high NOy and
high cost of manufacturing processes and of materials.
The gas turbine produces very low HC and CO emissions
(lower than the standards) without aftertreatment.

The results of this problem-solving research will be
applied to automotive type gas turbines for performance
improvements as determined first in the laboratory on
engine dynamometers and then on the road in gas turbine
vehicles. The award of an important test-bed engine con-
tract is expected.

ARPA is sponsoring exploratory development of the all-
ceramic turbine engines by Ford, in attempt to achieve
high turbine inlet temperatures needed for improved fuel
economy with this engine.

iIASA has been conducting design studies af clesed and semi-
closed cycie Brayton engines for automctive application at
the 400 hp level and higher. In the past decade, NASA has
developed several closed cycle engines below 200 hp for
op—board electric power generation in spacecraft. Pre-
liminary study results indicate fuel consumption as Tow as
.4 1b/hp-hr is obtainable--competitive with the Stirling
cycle. Major problems exist, however, in achieving weight
and size for automobile use as well as material cost
Timitations.

Ultimate Potential.

Effect on Resources: R&D planning within the AAPS program
anticipates better than 16 mpg fuel consumption for the.fam11y )
sedan with advanced versions of the open cycle gas turbine. This
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assumes recommended new developments are successful in
getting the turbine inlet temperature to 22000F, as well
as obtaining greater efficiencies in auxiliary engine
components. Some members of the TEP anticipate great
difficulty in reaching this goal.

The continuous combustion characteristic of the turbine
gives it a multi-fuel capability superior to the inter-
mittent combustion engines as described in Technical
Appendix I.

R&D Requirements.

The R&D steps needed to achieve a clean and efficient ad-
vanced gas turbine for the automobile are (1) to complete
the current AAPS development program to develop technologv
to meet the 1976 emissions standards and (2) to start
development of an advanced gas turbine. The following
development goals have been outlined by AAPS program
staff as being appropriate for obtaining the latter
objective:

(a) Increase the turbine inlet temperature to 2200°F
or more, by use of new ceramic materials or im-
proved wheel cooling techniques.

(b) Improve both turbine and compressor efficiencies
by 3 to 4 percentage points with better aero-
dynamic designs.

(c) Improve regenerator and recuperator efficiencies
by five percentage points or more by increasing
their overall heat transfer effectiveness.

(d) Continue advanced transmission development to
obtain improved load-to-engine matching.

One of the most difficult problems for the gas turbine is
NOy reduction. Techniques for reducing NOy to acceptable
levels already have been demonstrated in tée AAPS research
effort and these are now being engineered to be compatible
with the AAPS test-bed turbine engine. It is emphasized
that NOy reduction and control take place in the combustion
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process and aftertreatment is not required. Much of the
work on manufacturing cost reduction has now been
started. Low cost regenerator materials and improve-
ments in nozzle and turbine wheel manufacturing tech-
niques are included in this work.

d. Advanced Rankine Engine.

(1)

Current Status of Technology.

Current Utilization: Closed Rankine cycle engines, with
water as working fluid (steam engines) are the princi-
pal type of heat engine used for stationary power plants.
They also are used on large vessels. Both open and
closed cycle steam engines have been used to power auto-
mobiles in the past but in the past but have been
discontinued.

Current Research and Development: EPA's Advanced Auto-
motive Power Systems (AAPS) program is sponsoring the
development of three types of closed Rankine cycle
engines for automobiles and the development of new tech-
nology to solve problems of weight, bulk, freezing, poor
fuel economy, excessive condenser sizes, etc. The EPA
program is planned for $25 million over a four-year
period ending in FY 1975. EPA's technology development
projects have shown the way to substantial improvements
in Rankine cycle engines. The primary systems contrac-
tors of EPA are Steam Engine Systems, Thermoelectron
Corporation, and Aerojet General.

The development is in the pre-prototype phase. A pre-
prototype system consists of components designed to meet
the performance goals of the prototype system which will
later be installed in a vehicle for test and demonstration;
however, the configuration, size and performance of each
preprototype component may not conform to all the
specifications required on the final installation in the
vehicle. Emissions and performance testing of the three
versions of preprototypes on engine dynamometers will
commence in November 1972 and will be completed by April
1973. These tests will provide the first data on the
system efficiencies, and on the extent that future

engine and component development will be needed to meet
design specifications for the vehicle application. The
three competing systems will be narrowed down to two

by June 1973, based on evaluations of the preprototype
test results. At that time, the next phase of development--
the prototype phase--will commence. Demonstration of the
best of the two remaining prototypes will be made in auto-
mobiles in 1975.
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(2)

Major technical problems associated with Rankine system
development appear to have been successfully solved al-
though confirmation awaits preprototype system tests.
Some of these problems include: 1large condenser size,
difficulty of providing lubrication at high steam
temperature, and high exhaust emissions. Difficult
problems in each of these areas were found by the General
Motors Corporation when they built and tested a Rankine
cycle power plant in 1969. For example, they found that
the exhaust emissions from their steam engine were higher
than those measured on the conventional engine.

Advances have been made in these and other areas. A new

high efficiency heat transfer surface has been developed

for the condenser. Regarding lubrication problems, recently
completed durability tests on steam expanders show long

Tasting Tubrication has been achieved in the currently

severe design conditions of 10000F and 1000 psi. This is
significant because the GM steam engine design was limited

to 7000F and 800 psi by lubrication requirements. This was

a major reason for the poor fuel economy of that engine.
Lastly, tests consistently show combustor emissions lower than
needed to meet the 1976 standards, without exhaust after treat-
ment. Thus, combustor technology has also been considerably advanced.

Ultimate Potential.

Effects on Resources: Advanced versions of the Rankine cycle

engine offer the promise of considerably improved fuel economy
compared with the conventional engine. For example, the current
designs of the AAPS's steam engine (steam, reciprocating) are
expected to yield 13 mpg for the family sedan, while simul-
taneously meeting the 1976 emission standards. Further,
proposed advanced engines may exceed 20 mpg (AAPS data).

Aiso, the ability of the Rankine cycle engine to
use various fuels is a potential advantage.

Introduction of the engine into mass production would have a
sizable impact upon the automobile industry. The nature and
magnitude of the impacts of mass producing the Rankine engine
with organic working fluid are being studied by International
Research and Technology under contract to DOT.
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Economics: The first cost of ownership for mass produced
engines is expected to be larger than that of present day
spark ignition engines meeting the 1976 emission standards.

R&D Requirements.

The R&D steps to achieve an advanced efficient Rankine

cycle engine for the automobile include first, completing

the current AAPS efforts to develop technology for meeting
the 1976 emission standards with reasonably good fuel economy
and secondly, begin development of more advanced technology
to achieve high fuel economy. New development tasks to
accomplish this are indicated in AAPS advanced planning.

These are:

(a) Increase the boiler operating temperature from
10009F to 13000F by further development of 1ow-
cost high temperature materials.

(b) Develop advanced designs of a "radial outflow impulse
vapor turbine " to get 80% or more turbine efficiency;
thereby achieving significant weight reduction for
the system as well as fuel economy.

(c) Develop 1oad—qdaptive operating modes for the
engine for improved part-load efficiency.

(d) Develop organic fluids with greater than 8500F
operating capability.

(e) Continue advanced transmission work to further

match output load to optimum engine speed
characteristics.
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e.

Stirling Cycle Engine.

(1)

Current Status of Technology.

Current Utilization: Several types of Stirling engines have
been developed and used for small stationary power sources

over the last century. Stirling-cycle devices, such as
refrigerators (cryogenic), currently have highly successful
applications. The Stirling engine has received much develop-
ment in sizes up to 400 horsepower per cylinder by Philips
Gloeilampenfabricken (Netherlands). United Stirling of Sweden
is planning establishment of a production line for a 200 horse-
power commercial vehicle engine.

Current Research and Development: Development work on truck

size Stirling engines is being carried out in Germany. Recently,
Ford Motor Company has joined with Philips for the purpose of
developing the Stirling engine for the passenger car application.

The most recent research by Philips concerns an engine in the
exploratory development stage which is compact and lightweight
(Tess than five pounds per horsepower). It is expected to have
exhaust emissions well below the 1976 standards, perform much
1ike a standard engine, and have excellent fuel economy. It
probably will be expensive. The design is backed up by experi-
mental tests of some of the analytical results, specifically
the projected Tow emissions of oxides of nitrogen.

The engine design is a major departure from earlier
Stirling engines (employing rhombic drive). It is most
easily described as a four cylinder in-line engine that
has been pulled into a circle so that the first and
fourth cylinders are adjacent. The crankshaft is re-
placed by a swashplate on an axle parallel to the center
lines of the cylinders. The cylinders are intercon-
nected to permit the working gas (nine grams of hydrogen)
to flow from one to the next. The piston in each cylin-
der plays a dual role, as the power piston and as the

displacer piston of the more familiar rhombic drive
version.

Ultimate Potential.

Place Within the System: The Stirling engine is some-
what better than the Diesel engine in terms of fuel con-
sumption. Its advantage is especially significant in
applications where a large amount of running time is

 spent at reduced output, or at idle.

The Stirling engine efficiency has been found by Philips to
vary only between 40% and 34% from full power to 1/10 power.

The Tow fuel consumption is partly a consequence of the
unusually wide temperature drop over which the closed
gas cycle engines can function, the good cycle effi-
ciency, and the practicality of a high degree of
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regeneration or recuperation over this drop. It is
also due to the fact that efficiency can be kept
high over a wide range of power outputs, and that
starting is easy and idling for long intervals is
not necessary.

Other advantages include a reduction in pollution products
below currently required standards without loss of fuel

economy and substantial noise level reduction with respect
to the other engines.

Economics: Although first cost is projected higher than

current engines, lifetime costs should be less due to

reduced maintenance and fuel consumption, longer 1ife, and
fuel diversity.

The prototype conceptual design discussed earlier contains
seven pounds of nickel or so, sufficient to potentially cause
a supply problem for engines in large quantity. The trade off
between materials versus performance of the engines needs to
continue.

Environmental Effects: The potential pollution reduction with
this engine is very significant. Philips has experimental test
data, discussed in the literature.

R&D Requirements.

A preliminary estimate has been made that $15 to $20
million over a three-year period is required to accom-
plish the development effort producing as an end
product a prototype Stirling cycle engine demonstrated
in a U.S. family sedan which meets the Federal Standards
of 1976.

Novel Fuels.

The Panel defines “novel fuels" as fuels other than petroleum
derivatives. In other words, gasoline or diesel fuel derived
from shale, coal, or by any other means, is not considered a
“novel fuel." A data summary relevant to lower power vehicles,
in particular for the case of the full size passenger auto,

is provided here.
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These results are summarized in Table IV-3, where most of the
relevant properties of certain novel fuels are compared to gaso-
line. The novel fuels under consideration are listed on the left
column and each one is rated relative to gasoline. Methane and
methanol have been chosen as typical examples of relatively simple
derivatives from coal. Propane and ethanol are examples of less
straightforward coal derivatives. Hydrogen might be produced

from nuclear energy (either by electrolysis or by more efficient )
thermochemical schemes, if successful). Finally, magnesium hydride,
ammonia and hydrazine have been included as examples of chemically stored
hydrogen. Other possibilities of chemically stored hydrogen

have been tentatively discarded. The alkaline hydrides such as

the 1ithium, sodium, calcium and strontium hydrides are too ex-
pensive to produce, react vigorously with water, and some ignite
spontaneously in air. On the other hand, the metallic hydr1dgs,
which are of interest because some of them take up huge quanti-

ties of hydrogen, are logistically unattractive because they re-
quire rare metals, e.g., palladiuml/

This section summarizes the novel fuel assessment from the
combustion point of view without reference to specific heat
engines. The entries in the first two columns of Table Iv-3,
namely gallons/BTU and 1bs/BTU, are data from standard tables,
normalized with respect to gasoline. These numbers are useful

in providing a very quick rating. However, more informative are the
numbers appearing under the columns labeled "Weight" and "Bulk."
These are the weight and the volume estimated for the novel fuels
and their tankage, necessary to provide a full performance family
auto with a range comparable to that provided by 18 gallons of
gasoline. A heat engine with the same efficiency

is assumed in all cases. The fuel plus tank weight

is higher than for gasoline, but nevertheless toler-
able in most cases, except perhaps liquid hydrogen
plus oxygen and magnesium hydride.

More serious difficulties are evident regarding the bulk of the

fuel plus tank. The three cases of hydrogen appear to require
unacceptable volumes for a passenger car. Large uncertainties in
these volumes arise from the many assumptions and design trade-
offs to be made regards the cryogenic hardware and hydride fuel
tankage.2/

1/ Most of the aforementioned novel fuels have been assessed from
the electrochemical point of view (applications in Fuel Cells),
in the Electrochemical Workshop of the Panel. The results may
be found at the end of Technical Appendix I.

2/ See REF. IV-33 for further information.
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Next the question of fire and explosion hazard is examined. A
rating is presented in four steps: Poor, Fair, Good, and Excel-
lTent. The ratings are compounded judgments based on considera-
tions of data regarding: flash point, autoignition point, vapor
pressures, heat of vaporization, and explosion limits. Toxicity
ratings appear in the next column. These are standard ratings

as follows: (0: no harm), (1: slight but reversible harm),

(2: moderate harm; could be irreversible), and (3: severe; could
be fatal). Wherever two numbers appear, the first refers to in-
halation and the second to ingestion.

The combustion rating is a very rough measure of the thermochem-
ical properties of the fuel, including considerations of combus-
tion (mainly in internal combustion engines), corrosion, and
exhaust products. As may be seen, ammonia and hydrazine are
rated poor mainly because of their corrosive properties in com-
bustion. The hydrogen/oxygen combination is rated excellent be-
cause of its extraordinary zero pollution potential. Methane
and propane, as lower hydrocarbons, are rated excellent only by
reference to gasoline or the alcohols.

The next column in Table IV-3 deals with the logistical problems
of central storage, distribution and local storage of the novel
fuels before they are stored in the automobile. These ratings
are quite important in providing a rough idea of the potential

deviations from the status quo. Thus, gasoline is rated excellent
and only ethanol is rated good, since it requires comparable
storage space per BTU, without any undesirable characteristics,

on other counts. This means that ethanol could replace gasoline
without appreciable modifications in the fuel storage and distribu-
tion Togistics. By contrast, methanol is rated only fair

1/ See Refs. 30, 37T.
2/ See Ref. 29,

53



since it requires almost twice as many gallons/BTU as gasoline.
This means that fuel stations and distribution trucks would have
to double their storage capacity. The hydrogen cases are rated
poor for automotive application, mainly because their distribution
represents a major departure from the present fuel distribution
system. (Explosion and fire hazard considerations are also
relevant.) Ammonia and hydrazine are rated poor mainly because of
their poor toxicity rating but also because of volumetric considera-
tions. Finally, liquid methane, although in verv limited applica-
tion today, is rated poor in comparison to propane, which does not
require cryogenic storage.

The last column in Table IV-3 summarizes information regarding
the cost of the tankage and other handling hardware for storing
the novel fuel onboard a passenger car. Gasoline, naturally,
receives an excellent rating and so does ethanol, because it is
not appreciably different. Propane and methanol are relatively
good but not excellent, since the first requires a moderately
pressurized tank (about 100 PSI), while the second requires a
tank almost twice as large as a gasoline tank, for the same BTU
content. Cryogenic hydrogen requires expensive hardware and is
rated poor, while cryogenic methane is rated fair, since it re-
quires less sophisticated cryogenics. Ammonia and hydrazine are
rated fair, mainly because of special precautionary measures,
which might be required to deal with their toxicity.

In view of the results of this very simplistic assessment, the

Panel feels that ethanol ranks second with gasoline or other

related petroleum derivatives for automotive application, from a
transportation point of view. The first choice is to derive
synthetic gasoline from shale, coal, or by any other means,

provided that it is economically competitive with gasoline. Secondly,
ethanol should be considered as an alternative fuel, if it can be
made economically competitive.

Propane, methanol, and Tiquid methane follow in that order. Cryo-

genic hydrogen, hydrogen/oxygen and magnesium hydride appear relatively
unattractive. Furthermore, ammonia and hvdrazine are more unattract-
ive. These last two fuels are basically hydrogen storing compounds.
Their unacceptable combustion rating may be avoided if these compounds
are treated for hydrogen extraction, before combustion. However,

this adds complexity bulk, weight, and cost to the system. Be-

sides, the poor toxicity rating of these fuels is still a serious
problem.
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Recommendations.

In view of the presented assessment summary, the Panel makes the
following recommendations:

a. Improved Engines: The Panel recommends R&D of the improved engines
discussed in the assessment, and suggests the following activities:

(1)

(3)

Stratified Charge: The exploratory development of this engine

has been completed. For the advanced development of this engine,
the U.S. Army TACOM has scheduled $3 million in FY 73 and TEP
recommends that the advanced development be completed. The
additional funding estimated to complete is $10 million.

Lightweight Diesel: There is presently no substantial effort
to develop the Lightweight Diesel. The Panel recommends
exploratory development, to be followed by advanced development
of this engine. Less than $20 million over the next several
years is estimated to be needed to complete the effort; however,
yearly evaluation and the go/no-go decisions should be based on
projected performance, as indicated in Table Iv-2,

Gas Turbine: The Panel recommends the development of an
advanced gas turbine as outlined in the assessment. EPA is
presently supporting a free-turbine development program at
about $4.5 million in FY 73 and plans to continue in FY 74
and 75. The Panel supports completion of this activity.

Furtheg TEP recommends development of a new advanced gas
turbine to achieve competitive fuel economy with the other
advanced engines, as outlined in the assessment. A few years
of exploratory development is recommended and if this stage
yields successful results, advanced development
should follow. Guidelines for yearly evaluations
and go/no-go decisions should be provided by the
reference data of Table IV-2. The total funding
estimated for completion of advanced development
is $30 million.

Rankine: There is a Rankine development program, under EPA
sponsorship. The scheduled funding for FY 73 is about $6.5
million and it is planned to continue in FY 74 and 75. The
Panel supports the completion of this activity. The funding
estimate to complete is $10 million.

In addition TEP recommends advanced development of the next
generation Rankine engine to achieve high fuel economy as well

as low emissions. Guidelines for yearly evaluations and go/no-go
decisions should be provided by the development effort according
to the reference data of this report. The estimate to complete
this additional development is $30 million.
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(5) Stirling: The Panel recommends that exploratory
development of the Stirling engine for the passenger
car be completed.

(6) Continued Engine Evaluation: Periodic evaluations of the
Stirling and other candidate engines for meeting the ob-
jectives of a fuel economy engine for automotive appli-
cation is recommended. Furthermore, an advanced develop-
ment program for the most promising of these is recommended
following completion of appropriate exploratory development.
It is estimated that $30 milljon over several years will be
required.

(7) Synthetic Fuel Combustion and Emission Tests: It is recom-
mended that exhaust emission test be funded to obtain a
data base for synthetic gasoline and ethanol fuels 1ikely
to become economically competitive with gasoline in the
future.

Supporting Technology and Studies: The Panel recommends a group

of additional activities which will contribute substantially to
the successful development of automotive propulsion systems with
advanced performance for both automobiles and trucks. Included
here are: component and transmission development necessary for
matching the improved engines to vehicle requirements; review
and assessment of advanced concepts in heat engines and hybrids;
novel fuel evaluation based on economic studies and experimental
results; and studies of vehicle propulsion systems integration.
The Panel suggests a steady and continuous activity in this area
at a level in the vicinity of 15% of the total effort for the
technology.

ELECTRIC PROPULSION TECHNOLOGY

This technology has been assessed to identify alternative technological
opportunities for application to ground transportation at lower powers
(mainly automobiles and trucks). The need for electrically powered
vehicles may arise as a result of severe limitations to the supply of
petroleum-based fuels. In such a case, electrical power could be used
for ground transportation at large, and is considered a serious alterna-
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Electric propulsion for ground transportation is also considered to have
additional advantages; it may be more efficient and it will probably be

less polluting and less noisy in the long term than conventional propul-
sion systems. These aspects will be discussed in the following outline

of the technology assessment.

1.

Assessment Summary.

There are basically two elements in the technology under considera-
tion: Electric Energy Storage (Batteries), and Electric Power Con-
version and Traction (Motor/Control packages). Either the second or
both of the aforementioned major elements are necessary in the fol-
lowing applications:

d.

All1-Electric, Self-Powered Vehicles: Any vehicle on the road
could be such a vehicle, if a Tong 1ist of serious problems could
be resolved. Existing types of batteries do not possess the ap-
propriate combination of energy density, power density, lifetime,
and cost to provide electric vehicles with performance capabili-
ties matching those of existing vehicles. Motor/Control packages
do exist, but they are inadequate, expensive, and unsuitable for
mass production. Electric power production capacity will take
many years (say more than 25), before it reaches a
point at which it would accommodate the additional load of
all-electric ground transportation. The implementation of mass
production of electric vehicles and the logistical support (bat-
tery charging, maintenance, repairs, etc.) of, say, 108 such
vehicles are very serious problems. It represents a major devia-
tion from the status quo.

Electric/Electric Hybrid Vehicles: Such vehicles travel partly

in a dedicated guideway (with wayside power pick-up), and partly

in a free mode using an onboard battery. This battery could be
recharged either at arbitrary charging stations or while the
vehicle travels in the dedicated guideway. Examples of such
vehicles are certain "Dual Mode" designs for future transportation.
These vehicles require motor/control packages more sophisticated
than the non-constrained electric vehicles, but could operate with
less advanced batteries.

Wayside-Powered Electric Vehicles: Such vehicles travel entirely
in a dedicated and electrified guideway, 1ike subways do today.
Typical examples of such vehicles are the so-called "People
Movers" for personalized rapid transit. In these vehicles, a
battery is not necessary.
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In reviewing these possibilities, the Panel found that items b and

¢ are very useful and worthwhile concepts, but that these concepts
are not expected to become sufficiently large consumers of energy to
have an appreciable im?7ct. In reaching this conclusion, the Panel
considered Table IV-4.-/ As shown in this table, a total of 3.5 mil-
1ion miles of roads (locals, collectors, and arterials) exist in the
U.S. today. This is projected to increase to 4 million miles by 1990,
and it includes: urban, small urban, and rural roads. The urban
roads only, excluding locals and considering only collectors and
arterials, will amount to 188,000 miles. Assuming only two lanes
each way, one finds that about 750,000 miles of dedicated guideway
must be electrified for a wide range application of concept c. and

a substantial fraction of these many miles for a wide range ap-
plication of concept b. The cost of electrification per mile is
known to be between 0.5 and 1 million $/mile. Thus, for electrifica-
tion (which is not the only expensive item in a dedicated guideway)
many hundreds of billions of dollars would be required. Other monu-
mental problems, such as impact on materials, would also arise.

In conclusion, the Panel felt that a wide range application of con-

cepts ¢ and/or b, even for some of the urban roads of the nation,

appears logistically unattractive. Limited application in certain

urban congested areas might be very attractive, but this would be

only a minor perturbation in the Transportation Energy picture. There-

fore, the Panel proceeded to assess, in more detail, item a which

is the Al1-Electric, Self-Powered, Vehicle with main emphasis on the
passenger auto.

Table IV-5 is informative regarding the current utilization of elec-
tric propulsion for ground transportation. Essentially, a small frac-
tion of a percent of the transportation energy is electric (subways
and certain commuter rail lines). Furthermore, no more than 0.4% of
all motor vehicles are electric today. The currently utilized all-
electric self-powered vehicles are about 200,000 Industrial Lift-
Trucks and about 200,000 Golf Cars, both rather special applications
of All-Electric Transportation.

Current support levels for batteries are summarized below:

USA A11 Other
Federal & Private Non-Communist Countries
($ Million) ($ Million)
1. Conventional Batteries 1.0 to 1.5 1.0 to 2.0

(Product Improvement)

1/ See Ref. IV-26
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TABLE IV-5. DISTRIBUTION OF ENERGY CONSUMPTION

™ TRANSPORTATION BY MODE

(1969 Ref. Year)X

Overall Transgportation Consumption: 15 x 1015 BTU/Year

# Mode Energy Source Percent
1 Auto 0il 512
2 Truck (Intercity Freight) Oil 9.1
3 (Urban Freight) 0il 5.1
4 (Service and Utility) 0Oil 8.2
5 Bus (Intercity) Oil 0.27
6 (Urban and School) 0il 0. 54
7 Rail (Intercity Passenger) Oil and Wayside Electric| 0. 14
(Freight) Oil 3.6
(Subway) Wayside Electric 0.14
10 Pipeline Oil and Gas, Mostly 2.0
11 Air (Passenger) 0Oil 11.4
12 (Freight) 0Oil 2.6
13 Water (Passenger) 0il 0.27
14 (Freight) 0il 5.8
1/ See REF. 28.
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USA A1l Other
Federal & Private Non-Communist Countries
($ Million) ($ Million)

High Performance Batteries
(Applied Research) 1.5 to 2.5 1.0 to 1.5

A11 Other Batteries
(Applied Research & 1.5 to 2.0 1.0 to 1.5
Exploratory Development)

As may be seen in the detailed assessment in Technical Appendix I,
these support levels are spread over a rather large number of organi-
zations and teams, resulting in subcritical efforts. Current efforts
in Electric Power Conversion and Traction (Motors and Controls) are
summarized in Table IV-6. As may be seen from this table,
the bulk of effort is concentrated in Hardware Development for very
specific applications, not related to the all-electric, full performance,
passenger auto. Items 4(b) and 6(b) in this Table are for modest R&D
activities, aimed at improving the motor/control packages, required for
full performance autos.

In addition, NASA is supporting R&D activities (at a level of $0.5 to
$1.0M), for Power Conditioning, aimed at Space Applications.

a. Impact of Electric Autos on the Resources: This subject has re-
ceived a detailed assessment in one of the Sections of Technical
Appendix I. The main aspects of this assessment are summarized
as follows: 1in tracing the electric energy from the terminals
of a power plant to an electric car on the road the
following efficiencies were allocated:

Transmission and Distribution of Electric Energy: 90%
Battery Charging: 80%
Battery Discharging: 80%
Controls: 90%
Traction Motors: 85%

The compound efficiency of all these steps is about 44% (from
the terminals of a Generating Power Station to the road power
demand of an electric car, including all accessories). Essen-
tially, this figure is a gross average. In actual life, the
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tabulated battery discharge efficiency and the motor efficiency
are a function of the driving cycle. They are higher for cruis-
ing and Tower for an Urban Driving Cycle.

With the exception of LWR-Nuclear Power Plants (which have a
reference efficiency of 31%), all other Electric Power Plants have
a reference efficiency ranging from 35% to 40%.1/ Accordingly,
the overall efficiency of electric cars (from the Electric Power
Plant Input to Road Demand Power, including all accessories) is
between 15% and 18%. This is better than the overall efficiency
of typical heat engine cars, using conventional fuels. Calcu-
Tations in Technical Appendix I show that a typical heat engine
car has an efficiency about 14% (from conventional fuel energy to
road energy plus accessories). This is for a cruising mode. The
corresponding efficiency for an urban driving cycle should be sub-
stantially Tower. .

The electric car overall, with efficiencies of 15% to 18%, could be
even more attractive when compared to the efficiency of a typical

heat engine car fueled by a "synthetic fuel." If it is assumed

that a "synthetic fuel" is derived from primary resources with an
efficiency not higher than 70% (consider, for example, methane from

coal), then the upper bound would be 14% x (70%) = 10%, for the

typical heat engine car, fueled by a "synthetic fuel."

In the absence of more factual data for additional
analyses it appears that all-electric autos offer a
Tikely potential of requiring less primary energy
resources than is required by the heat engine.

Impact of Electric Vehicles on National Power Generation Capacity:
Table IV-7 is incTuded to show this relationship. Entry 1 is the
reference projected electric energy, in the year indicated.2/
Entries 2, 3, and 4 (for auto, truck and rail, respectively) were
obtained by compensating the total projected basic energy demand3/
at the wheels for the power station to wheels efficiency, shown
earlier to be 44%. Finally, the power station power required for
each mode is referenced to the total power generated (entry 1) to
yield the percentages shown in entries 2, 3, and 4. Entry 5 repre-
sents the total percentage for all ground transportation.

1/ See page A-32, Ref. IV-28.
2/ See Ref. IV-28,
3/ Ibid.
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TABLE IV-7. REFERENCE ELECTRIC POWER PROJECTIONS AND
RELATIVE TRANSPORTATION ENERGY PER YEAR

1969 1977 1985 2000 2020
. Projected Power Generations
109 Kw-Hr/Year 1,553 [,450 (3,672 {8,000 {18,000
. Auto Power, percent 7% 56% 46% 24% 13%
. Truck Power, percent 26% 22% 17% 9.5% 4.9%
. Rail Power, percent 5.1% 4 5% 3.8% 2.9% 2.8%
. (Auto) + (Truck) + (Rail) 102% 82% 65% 37% 21%
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An inspection of the results in Table IV-7 shows that the impact

of all-electric ground transportation on electric power genera-

tion is not projected to be substantial. This statement is based

on the opinion that all-electric ground transportation, even
if desirable, could not start being implemented before 1985 to

1990, and it could not be completed before the end of the century.
Beyond the year 2000, even fully electric ground transportation
would impose an extra demand not exceeding 30% of the projected
electric power generation. Such an extra demand could be accom-
modated in part by an increase of Plant Load Factors (assumed to

be 0.55 to 0.65) and in part by a modest expansion of Installed
Capacity. MNote that many electric batteries could be charged at
night.

c. Impact of an Al1-Electric Transportation on the Environment:
(Refer to the data of Table IV-7.) It is pointed out that all-
electric transportation does not have a direct impact on the envi-
ronment. The indirect impact is relatively small by comparison to
the impact of the Electric Power Stations, especially beyond the
year 2000, when a fully electric ground transportation system
may be implemented.

d. Impact of Fully-Electric Ground Transportation on Material Re-
sources: This cannot be determined with any
degree of certainty. The main uncertainty here arises from the
fact that most comporents of the electric propulsion hardware are
still in the applied research stage and use very appreciable
amounts of rare materials such as tantalum, niobium, and tungsten,
and novel metals such as platinum, etc. At this ;tage, if the
amounts required per vehicle are multiplied by 10/ vehicles/year,
the resulting amounts are quite large, by comparison to U.S. yearly
consumption or even world yearly consumption. Similarly alarming
conclusions may be reached if the rare metal amounts, required
per electric vehicle, are multiplied by an electric vehicle popu-
lation of say 108 vehicles. The resulting amounts are again large
by comparison with U.S. or even global reserves.

However, these alarming conclusions are meaningless in view of the
fact that electric vehicles or electric vehicle components would
not qualify for mass production, on grounds of excessive costs.
One of the most important R&D problems of the all-electric propul-
sion technology is to design out of the particular components the
exotic materials, so that these components may qualify for mass
production, if desirable and necessary.
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R&D Requirements: Generally speaking, there are three separate
efforts required to bring about a mass application of a fully
electric ground transportation:

(1) Suitable batteries must be developed for full performance
vehicles. Such batteries must be able to: store at least
100 watt-hours per pound; provide a power of 100 watts per
gound; have a life of, say, 1,000 cycles; and cost about
1/1b.

(2) Suitable Motor/Control packages must be developed. Generally
speaking, these packages must weigh less than five pounds
per kilowatt. They must be reliable and require less mainte-
nance than today's power drivelines, and they must conform
to the general rule "a dollar a pound."

(3) The serious problems of arriving at a production rate of 107
electric vehicles per year and of logistically supporting,
say, 108 electric vehicles on the road must be successfully
resolved. These problems are quite serious, in view of the
fact that an all-electric ground transportation, in general,
is a major deviation from the status quo.

So far, problem (3) is treated on a speculation basis. This is a
result of the very slow progress made in items (1) and (2), espe-
cially in item (1). The Panel found that the subtechnology of
electric motor/control packages is substantially more advanced
than the batteries. In the "Electric and Electromechanical Power
Conversion and Control for Automotive Applications" workshop of
this Panel, detailed consideration was given to the following
items: Electronic Components; Control Circuits; Motors; Motor/
Control Packages; and Electric System Integration.

A large variety of problems were identified: cost, weight, relia-
bility, demand of strategic materials, etc. Most problems are
associated with the control package, but generally all components
were found unsuitable for mass production. It was also easily
recognized that there is no strong industrial incentive to improve
these components, for mass produced autos. Nevertheless, it was
estimated that this subtechnology could be brought from the stage
of exploratory development (present status) to the stage of pre-
production prototype tests (mass production readiness) in 10 to

15 years, at a total cost of $200M. This would include solving
all the aforementioned problems of the motor/control package and
the integration with the battery, into commercially viable vehicle
configurations. It would not include the battery development.
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Regarding the batteries, however, the Panel found that substantial
applied research and extensive exploratory development would be
required before an intelligent decision may be made about advanced
development preproduction prototype testing. In other words, the
Panel feels that the battery development is the real bottleneck in
the engineering development of the ali-electric propulsion tech-

nology.

For these reasons the Panel feels that batteries should receive
priority in development, especially batteries intended for the
full performance vehicles. A detailed review of battery R&D
status is presented in the Technical Appendix, while a brief out-
line is presented here. Reference definitions and requirements
for batteries appear in Table IV-8, and possible batteries under
consideration are tabulated in Table IV-9.

An inspection of these tables shows that full performance require-
ments may be satisfied either by:

(1) A single battery of the High Temperature Alkali type, e.g.,
Lithium/Sulfur, Sodium/Sulfur, etc., or by:

(2) A combination of two batteries: One with High Power Density
(e.g., Lead/Acid, Nickel/Zinc, Nickel/Hydrogen), and one with
High Energy Density (e.g., Fuel Cells, Non Aqueous Alkali,
Reduced Temperature Alkali). It is also obvious that most
of the aforementioned examples satisfy also the requirements
of batteries for intermediate or even limited performance
vehicles.

High Temperature Alkali batteries are presently in a state of in-
complete applied research. The same is true for High Energy Den-
sity batteries. Except for Fuel Cells, which are operational but
very expensive, all other concepts require substantial basic and
applied research, before an evaluation can be made. High Power
Density batteries are substantially more advanced and they are in
the state of exploratory development. However, further develop-
ment of these batteries, without appropriate progress in the
development of other batteries, would not be sufficient for full
performance electric propulsion.

2. Recommendations.

In view of the presented assessment, the Panel recommends the follow-
ing strategy for R&D in Electric Propulsion:
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TABLE IV-8. REFERENCE DEFINITIONS AND REQUIREMENTS FOR BATTERIES

A. Definitions

Range
(miles)

Max Speed
(miles/hr.) | Examples

Limited performance vehicle 50

Intermediate performance
vehicle 100

Full performance vehicle > 200

35 commuter car, buses,

delivery vans

50 intermediate compact
type car, buses,
trucks

80 family type vehicles

B. Energy and Power Reguirements

Limited performance | Intermediate Per- | Full Perform-
vehicle formance veh. ance veh.

Power density

(watts/1b.) 40-60 60-90 >100
Energy density

(watt-hrs./1b.) 15-30 30-80 >100
C. Additional Requirements

Battery Lifetime > 3 years

Battery Cycle Life

Battery Cost

> 50,000 miles
< 10$/Kw-Hr., capacity.
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Step A: Battery Research. A substantial effort is strongly
recommended for the completion of applied research and initiation
of exploratory development of full performance batteries, espe-
cially of the High Temperature Alkali batteries. An appreciable
effort is also recommended for applied research in High Energy
Density batteries. Non-aqueous alkali batteries (organic electro-
lyte) and Fuel Cells (catalyst studies), require a relatively

low level, long-range, support for applied research. As mentioned
earlier, these concepts are being supported presently at subcri-
tical levels which are inadequate for a conclusive evaluation.

A suggested funding for this phase is about $10M over the next

few years. Most of the effort is suggested for the completion of
applied research of the full performance High Temperature Alkali
batteries. Yearly evaluation should be based on the reference
requirements, outlined in Table IV-8. The same requirenents
should form the background for a go/no-go decision, at the end

of the suggested 3-year schedule.

Step B: Battery Development. Promising concepts from a success-
ful completion of Step A are recommended for exploratory develop-
ment. In this phase, full scale laboratory prototypes should be
built and tested according to real life operational cycles. The
Panel here estimates and suggests a time scale and funding sche-
dule, approximately $40M over five to eight years. Most of the
effort is suggested for the full performance batteries. A steady
Tow level effort is recommended for the High Energy Battery con-
cepts, except if breakthroughs are realized. In this case, the
exploratory development effort should be increased for the pro-
mising concepts. Again, criteria for yearly evaluation and go/
no-go decision should be based on the reference requirements of
Table IV-8.

Step C: Electric Propulsion Development. Note that Steps A and

B are consecutive, and not in parallel. Similarly, Step C should
follow a successful completion of Step B, provided that the ad-
vanced development of electric propulsion technology is still
desirable and necessary. Essentially in Step C the Panel suggests
the following activities:

(1) Advanced Development of Full Performance Single Batteries
and/or

(2) Advanced Development of Full Performance battery combina-
tions (High Energy Battery plus High Power Battery).
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(3) Advanced Development of motor/control packages.

(4) Integration of batteries with motor/control packages in
electric vehicle prototypes.

(5) Detailed studies regarding mass implementation and logis-
tical support for an all-electric propulsion.

The Panel estimates this phase to require four to five years and
about $100M. A comparable effort might be required for the next
phase, Step D, which is for complete engineering development of
electric vehicles, for initiation of mass production.

In summary, the Panel suggests the following activities:

Battery Research (Appl.): $10M 3 - 5 years
Battery Development (Expl.): 40M 5 - 8 years
Electric Vehicle Development: 100M 4 - 5 years
(Adv. Development)
Electric Propulsion Development:  100M 3 - 4 years
(incl. preproduction proto-
type)
TOTAL $250M 15 - 20 years

Note that the aforementioned steps are consecutive and not concurrent.
Each step is subject to yearly evaluations and go/no-go decision as
discussed. Furthermore, each step is subject to a much more funda-
mental criterion, namely: is the all-electric propulsion necessary
and desirable? The Panel feels that a positive answer to this ques-
tidn might be reflected by an accelerated involvement of the private
sector.

In any case, the Panel suggests the first step as a near-term R&D
activity.
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V. TECHNOLOGY OPPORTUNITIES AT HIGHER POWERS

The higher power transportation modes (including air, ship and rail)
comprise what is herein referred to as the Heavy Duty Transportation
System (HDTS). At present, HDTS accounts for approximately 25 percent
of the total transportation energy demand. Its share is conservatively
projectea to increase to approximately 45 percent by the year 2000 (See
Table V-1).

TABLE V-1

THE TRANSPORTATION ENERGY SPLITY/

(Petroleum)

Percentage of Total
1969 1977 1985 2000 2020

Automotive 47 46 40 38 36
Bus 1 1 1 1 2
Truck 23 22 18 17 16
Rail and Subway 4 2 2 3 4
Aircraft 14 24 35 37 35
Ship 6 5 4 4 5

Total Usage,
1015 BTU 14,91 | 21.54 | 29,97 | 38,48 |48.36

In view of the projected importance of the HDTS relative to overall
transportation energy demand, the subpanel for the HDTS assessed a
wide variety of technologies which could have a favorable impact on
petroleum consumption and fuel diversification for the projected
HDTS. Three main approaches were distinguished:

1. Fuel Economy
2. Fuel Diversification
3. Modal Diversification
An assessment summary for each follows:

Technology Assessment

1. Fuel Economy

Table V-2 gives a summary of the possibilities for fuel economy
for each of the modes and the potential energy consumption
impact by the year 2000.

1/ See Ref. V-1,
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TABLE V-2

Energy Consumption

Fuel Consumption R&D Cost Impact ~ Yr. 2000

Mode Improvement (1970 Dollars) (1970 Dollars/Yr.)
Aircraft 25% 300 million 2,000 miilion
Ship 20% 70 mi1li 70 million
Train 5-10% men 70 million

The aircraft offers the best opportunity for getting significant
fuel economy increases, principally by vehicle improvements rather
than propulsion efficiency improvement per se. NASA estimates that
its ongoing Advanced Technology Transport (ATT) R&D Program could
achieve 20 to 30 percent improvement in net transportation effici-
ency (PASS MI or TON MI PER GALLON). The ATT program is investi-
gating across-the-board techniques to reduce aerodynamic drag,
obtain savings by auxiliary power-load matching and obtain
economy-of-size efficiency improvements in payload to take-off
weight ratio for the next generation aircraft. Aerodrag reduction
techniques include super-critical wing design, active controls and
stability augmentation, all leading to reduced aircraft structure
requirements. These will yield 15 to 20 percent improvement. The
motorized landing gear, integrated engine generator and dedicated
APU technologies are examples leading to 4 to 5 percent energy
savings by matching power generator to load requirements. Further
economy-of-size efficiency improvement for the larger aircraft
will result.

The ATT program total cost is projected at $300 M with technology
readiness completed in the early nineteen eighties. The yearly

fuel economy benefit is estimated by using 25 percent average

reduction of the 89 billion gallons of fuel projected for commercial
aircraft consumption in the year 2000. Year 2000 allows adequate time
for implementation of the new technology into the aircraft inventory.
These assumptions yield an estimated 22 billion gallon fuel saving

or a $2.2 billion savings at 10 cents per gallon.

For the ship mode, a 20 percent fuel saving 1is estimated by
incorporating improved engines, primarily closed cycle Brayton

or Stirling engines, with multifuel capability and high effi-

ciency. Current ship propulsion is steam turbine (Rankine) at

higher powers with a mix of Diesel and steam at the intermediate

powers. Typical efficiencies range from 20 to 25 percent for

steam and somewhat higher for Diesel. The closed cycle systems

should approach 30 to 35 percent system efficiency at design load with
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very good part-power efficiency as well. In addition, some fuel
savings will result from reduced drag on improved ship designs.

An R&D cost of $70 M over several years was projected to develop
the heavy duty efficient engines, for both the ship and rail

modes. The fuel economy benefit for ships is estimated b¥ assuming
150 new U.S. ships are using the new engines in year 20001/ These
ships are assumed in the 40 to 80 thousand SHP class, probably too
small for nuclear propulsion, and including some new supertankers.
Ships in this class currently use an average of 23 million gallons
per year of Diesel fuel oil, thus a 20 percent average efficiency
improvement saves 700 million gallons per year or $70 million at

10 cents per galion.

For the rail mode, the effects of improved fuel economy are expected

to result in savings of only 5 to 10 percent. Current rail

systems already are highly efficient from an energy view point, using
primarily the Diesel engine. Closed cycle Brayton or Stirling

engines would help significantly, however, in part-load applications

(e.g., in switching yards, etc.). Assuming an 8 percent overall
efficiency improvement against the projected rail petroleum

consumption in year 20002/ a 700 million gallons per year saving

results.

Fuel Diversification

The panel examined several alternative fuels to kerosene for
powering aircraft. These included hydrogen, methane and others.
Hydrogen is attractive for long-haul transport because fuel plus
tankage gross weight is significantly less for hydrogen than for
alternate fuels. The major problem is the increased volume
required for storage -- about five times the volume of kerosene.
This factor prohibits its use on current aircraft, but a
p(e11m1nary estimate was made which indicated that an aircraft
with a 240,000 1b. payload capability would provide sufficient
volume for both payload and fuel. This aircraft would have about
25 to 30 percent lower gross takeoff weight and hence lower thrust
requirements when compared to an equivalent JP fueled counterpart.

1/ See Ref. V-2.
2/ See Ref. V-1.
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The reduced thrust requirement would substantially reduce fuel
consumption per unit payload. If Figure V-1 is examined, it is
seen that as aircraft size continues to follow historical growth
patterns, one might predict aircraft gross weights in the
million pounds range by the year 2000. Thus, hydrogen may prove
a uniquely advantageous fuel for aircraft. However, hydrogen

is expected to cost about 2 1/2 times more per BTU than kerosene
does now.

The enabling technology for hydrogen-fueled aircraft would be

common to both subsonic and supersonic aircraft. The required effort
consists of initial systems studies to define airframe and

propulsion requirements and to define technology issues related

to fuel system/aircraft integration. It will be important to

define the requirements peculiar to the aircraft/terminal

interface and cryogenic distribution and handling techniques _
that might influence aircraft design. The key technology effort .
would be the development of 1ightweight and low-cost cryogenic

tankage and insulation compatible with vehicle design and integra-

tion factors. This effort would place emphasis on support and

feed-through design for members. Sample tank designs might be

built with vacuum jacket, multifoil insulation alone and combined

with solid insulating material. Fabrication techniques, non-

destructive test techniques, and thermal performance would be

determined. This would also involve materials compatibility,

feed-through heat leak assessments, and thermal control of

surrounding structure. This effort would provide design speci-

fications. On-board fuel handling techniques, including systems

and specifications for pumping fuel between tanks for weight and

balance control must be determined and tested. For this effort,

safety and hazards evaluations would be done together with tests

to provide a basis for safety specifications. These specifica-

tions would influence all the technology areas related to

aircraft design and operation.

Hydrogen and/or methane may prove feasible for use in ship and
rail systems. Ships could be adapted to the use of either
with steam propulsion systems. In addition, Diesel engines
have already been run with methane at low power, and

while it is not considered 1ikely, the rail and ships could
use methane in high-power systems, and Diesel engines could be
modified for methane.
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Diversification to nuclear energy is projected soon to be significant
for marine transport. Nuclear reactors are already being used as
heat sources in naval ships and submarines. A vigorous effort has
been initiated by the Maritime Administration aimed at the construc-
tion of a fleet of nuclear vessels for the U.S. Merchant Marine.
Development of a successful nuclear propulsion system will have
several effects, namely:

a. Reduce dependence of the maritime industry on fossil fuel.

b. Present the first step in introducing an alternate fuel to
a major transportation mode on an economical scale.

c. Expand nuclear technology and experience in a civilian
transportation system.

d. Permit economical operation of high-speed tankers and cargo
ships, resulting in a higher frequency of round trips per
ship per year.

e. Eliminate payload depletion that occurs with fossil-fueled
tankers, which consume a significant portion of the cargo
for propulsion and hotel load. This quantity of fuel would
become available for domestic use.

Nuclear energy for use in aircraft has also been discussed. A

low level effort has been in progress within NASA and USAF
for the last seven years. The results, in terms of safety
at least, are encouraging, but it is too early to make
recommendations regarding the feasibility of nuclear air-
craft. As aircraft size continues to increase, however,
nuclear aircraft begin to look more feasible from a
vehicle design viewpoint.

;t js noteq that fuel diversification for rail systems does not
1pd1c§te significant energy savings over the short term. Electri-
fication of rail systems would result in lower petroleum demand,
but.w1th central stations converting to natural gas and oil, the
drain on petroleum is simply shifted to the power generating
sector. Nuclear power generating stations might eliminate the
petroleum demand entirely, but projected rail energy demand is

sti;1 too small to be significantly affected by the type of fuel
used.

Fina]]y, all of the fuel diversification measures discussed are of
necessity ]opg-term solutions. The technology developments needed,
the useful 1ife of most heavy duty vehicles, and the historical
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cycles for introduction of new vehicles all point to the continued
need for conventional kerosene-type fuels through the year 2000,
at least. Thus, if reduced dependence on petroleum is deemed
desirable, then production of synthetic crude oil from shale or
coal is essential.

Modal Diversification

A possible means of reducing energy demand by HDTS is the develop-
ment of new vehicle modes. The Panel has investigated several
concepts and feels that two of these, the Air Cushion Vehicle (ACV)
and the Lighter Than Air Vehicle (LTA) warrant further study.

The ACV will provide a high-speed transport mode at an average of
1/5 the energy per ton-mile of an aircraft with about 3 times the
energy consumption of containerized ships. This transportation

can be achieved at a cost of approximately 4 to 5 cents/TM. It
appears to challenge the truck on both energy consumption and cost
but travels faster. The ability of the vehicle to negotiate the
land-sea interface means reduced capital investment in terminal
(port) facilities and better integration with proposed transpor-
tation hubs. The factor of better integrated transport facilities
may also reduce energy consumption within the total distribution
system. The introduction of such a vehicle could provide the
shipper with a new option for otherwise high-value, air-eligible
cargo. For example, the ACV, for about 1/5 of the economic cost
and 1/5 the energy cost of aircraft would provide about 80 percent
of the time savings (that would be provided by jets over ships) on
trans-Atlantic trips. Thus, one of the main attractions of the ACV
isdthat it might act as a buffer to the more energy-consumptive air
modes,

The LTA, if it were shown to be a viable transportation vehicle,
appears to be very energy conservative. The estimated perfarmance
shown in Figure V-2 is derived on the basis of 10x106 cubic feet
rigid airship in the 650,000 pounds GTOW class. Lift would be
provided by helium and the vehicle would utilize boundary layer
control for reduced drag and improved low-speed handling per-
formance. It is not proposed to rebuild the "Hindenburg," but
rather to investigate an advanced technology design. Its applica-
tion would best be for long range, overland or water flight.
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However, it appears on the basis of new proposals that in-flight
cargo transfer may be attractive, making it competitive for short-
haul operation. The lack of detailed information and design data
makes it impossible to properly assess this vehicle. It has many
attributes of the ACV at even lower energy consumption, and the
Panel believes it deserves consideration as a future transport
option.

Recommendations

1. Support ongoing transportation R&D which is in the interest of
petroleum conservation. This includes:

a. Air Transport Technology (ATT) - the NASA program to develop
advanced air transport technology leading to 25 percent
decreased fuel consumption with respect to current aircraft.

b. Nuclear Ship Technology -- the MARAD program to insure an
economically viable and competitive ship transportation
system essentially decoupled from petroleum resources.

c. Rail Transport Technology -- the DOT program to enhance the
rail mode of transportation to stimulate more public demand
for this fuel-conservative mode.

2. Sponsor production development of a nonpetroleum-based, kerosene-
like fuel to supplement kerosene in the near future, because
modification of the current-generation heavy duty transportation
system to use novel fuels is very expensive.

Sponsor fuel-diversity technology for light and Tow cost cryogenic
tankage for new air transport fuels and conduct necessary studies
to plan for the possible implementation of future hydrogen-fueled
air transport.

4. In view of the projected increase in air cargo and the associated

increase in energy demand, the panel recommends a study of the
practical alternatives to air cargo. The study should include
examination of such new modes as lighter-than-air vehicles and
large air cushioned vehicles with respect to their potential
markets, effects upon surface transport modes, and overall energy
impacts. To accomplish this, a "National Transportation Reference
System" should be developed similar in function to the "Reference
Energy System" developed by the National Energy R&D Goals Study.
It should provide information appropriate to assessing the general
impact of major modifications to the U.S. transportation system.

This includes transportation mode definitions, current and projected

modal capacity requirements, cost data, and transportation network
information for the major traffic corridors in the United States.
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