A GENERALIZED MODEL
FOR COMPARING AUTOMOBILE
DESIGN APPROACHES TO
IMPROVED FUEL ECONOMY

PREPARED UNDER A GRANT FROM THE NATIONAL SCIENCE FOUNDATION

THOMAS E. KIRKWOOD
ALLEN D. LEE

R-1562-NSF
JANUARY 1975

Ralcpd

SANTA MON CA. 90406







~iii-

PREFACE

This report is part of Rand's continuing research program on Zhe
Evaluation of Measures to Conserve Energy, funded by a grant from the
National Science Foundation, with Deane N. Morris as the principal in-
vestigator. The general focus of the program is on the rapid increase
in demand for energy in all sectors of the U.S. economy, the conflict
between this demand and the national goal of reducing our dependence
on foreign energy supplies, and the implications of this conflict for
governmental policymaking.

This report is one of three describing a study of alternative
measures and public policies for conserving energy used by automobiles—-
the most important energy consumer in the transportation sector. The
study has two purposes. One is to develop analytical tools to help
evaluate natinonal energy conservation policies for private automobile
transportation. The other is to apply the tools in a systematic anal-
ysis and comparison of several alternative policv instruments. Our
study focuses on two classes of policy instruments: those that raise
the price of driving and those that aim to improve average automobile
fuel economy through regulatory means.

In the summary report, R-1560-NSF, Fow to Save Gascline: Fuklic
Folicy Alternatives for the Autcmobile, by Sorrel Wildhorn, Burke K.
Burright, John H. Enns, and Thomas F. Kirkwood, the methodological
approach, the findings, and tentative policy implications of the study
are presented. That report should be of interest to legislators,
policymakers, and others who are involved in energy conservation in the
transportation sector, and to the automobile and petroleum industries.l

Two other reports describe the major analytical tools developed
in the study. R-1561=~NSF, Feoncmeiric Modele of the Dermand for MHctor
Fuel, by Burke K. Burright and John Enns (forth-oming®, “‘escribe:z the
development, validation, and application of two econometric models oi

motor fuel demand used in the study to compare alternative policies.

lAn executive summary of the report has been published as
R-1560/1-NSF with the same title.



-vi-

first group may be considered to define the comfort of the car. The
second group defines the performance of the car as observed by the
owner, and the third defines the options open to the designer of the
automobile.

The outputs of the model comsist, first, of a description of the
car. This includes its weight, overall dimensions, installed horse-
power, its fuel economy (under conditions of two different driving
cycles, to be described in the Introduction) and its purchase price.
Second, the outputs include a list of the materials necessary to pro-
duce the car and their amounts. Third, they include an itemized list
of all of the energy consumed in producing, distributing, selling, and
operating the auto throughout its lifetime. Finally, the model gives
a breakdown of the total cost of buying and operating the auto through-
out its lifetime, defined as 10 years or 100,000 miles.

The model is essentially a system for keeping track of the effects
of changes in component weights, performance, and cost, and for summing
these effects in terms of overall costs and energy consumed. The re-
sults obtained from the model depend, of course, upon the inputs, that
include such things as engine specific fuel consumption and weight
characteristics, tire rolling resistance, aerodynamic drag coefficient,
passenger and trunk compartment dimensions, etc. In building the model
we have attempted to keep the level of input detail as low as possible
consistent with obtaining rational results, but the required inputs
are nonetheless more detailed than commonly available on new or modified
engines, transmissions, and materials. We have used a set of inputs
that appear to us to be representative of what might be achieved by
as much as ten years of research to make estimates of the possible
improvements in energy econmomy resulting from a number of proposed de-
. sign modifications. Because the outcome of future research is uncer-
tain, and because data from different sources on components of the
same general type may not always be consistent, it may be desirable
in the future to revise these estimates of component performance. The
model provides a procedure by which this can be donme in a consistent

manner.
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SUMMARY

In this report we describe an automobile design model that allows
us to assess the effects of design changes on fuel economy, lifetime
energy required, sticker price, and annual cost of ownership of auto-
mobiles having specified acceleration capabilities, passenger and trunk
compartment dimensions, and unrefueled range. This type of model is
necessary for the comparison of various design approaches to fuel econ-
omy because, if new design features (a new engine, transmission, or
structural material, for example) are simply substituted in a conven-
tional auto, there will be changes not only in fuel economy, but also
in performance and sometimes in useful space inside the car. Thus,
autos using different design features, but having the same passenger
and trunk compartment space, unrefueled range, and acceleration, may
have different curb weights and overall dimensions. If a fair evalua-
tion of the effect of a new design feature on fuel economy is to be
made, these effects must be taken into account.

The model ensures that each auto design will meet three basic

requirements:

(1) that it have sufficient power to provide the desired accelera-
tion; (The desired time to accelerate from zero to 60 mph
is input.)

(2) that the auto body have dimensions such that it can enclose
the desired passenger compartment, trunk volume, engine, and
fuel; and

(3) that the curb weight of the auto be equal to the sum of the

weights of its component parts.

The input quantities used in the model to define an automobile
are of three types: (1) those that define the size of the passenger
and trunk compartments and whether or not the auto is air conditionmed,
(2) those that define the car's ability to accelerate and its unre-
fueled range, and (3) those that define the design features used. The



—-—j v

It should be of interest to energy and transportation economists and
planners and to the automobile and petroleum industries.

The present report, R-1562-NSF, 4 Generalized Model for Comparing
Automobile Design Approaches to Improved Fuel Economy, by T. F. Kirkwood
and A. D. Lee, describes the development, validation, and application
of one of the models used in the study to compare energy conservation
policies, a generalized automobile design model used for generating
alternative designs of individual automobiles. This report should be
of general interest to the automobile and petroleum industries and to
planners and analysts who are involved in energy conservation; it

should be of particular interest to automobile designers and engineers.
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Because our study is concerned with energy comservation, the model
has not been designed to assess the effects of changes in running gear
design, safety, or ride quality. Modifications to handle such items
could be made in the future if the need arises, and if the necessary
input data are available.

We have used the model to evaluate the effects of the following

improvements:

Aerodynamic design changes
Radial tires
Structural materials

Continuously variable transmissions

o 0 O o o

Improved versions of spark ignition engines
(supercharging, charge stratification, rotary design)
o Other engine types (diesel, Rankine, gas turbine, and
Stirling)

o Nonpetroleum fuels (methanol, hydrogen)

Our results indicate that large savings (as much as one-half) in
automobile energy consumption are possible through technical improve-
ments. We also find that all of the changes considered in this report
that result in a saving in energy also result in reducing the cost of
ownership, even when many of the changes involve the use of more expen-—
sive mechanical equipment--the saving in fuel (sometimes combined with
a reduction in overall weight) is sufficient to offset this expense.

In some cases (but not in all), energy saving design changes may result
in lower sticker prices. These conclusions hold for all sizes of cars
from full size to subcompact.

Technical advances that appear to offer the greatest potentials
for energy conservation include the use of a continuously variable
transmission, improvements to the internal combustion engine, and the
use of lighter weight structural materials.

The application of a continuously variable transmission to a con-
ventional spark ignition engine can result in 30 percent improvement
in miles per gallon, which leads to an 18 percent reduction in lifetime

energy consumption and an 8 percent saving in lifetime cost.
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Energy savings due to improvements in the spark ignition engine
can also be large--we estimate that an advanced stratified charge
engine that uses fuel injection, and has a compression ratio of 11:1,
can give 12 or 13 percent saving in lifetime energy required.

The light weight of a rotary engine has great potential for re-
ducing energy consumption; however, the extent to which this potential
can be realized will depend on the level of specific fuel consumption
that will ultimately result from current research. Our results indi-
cate that if the rotary engine can match the specific fuel consumption
of a reciprocating engine (it presently cannot), the weight and volume
savings would result in autos using 13 to 16 percent less energy and
costing 14 percent less.

While less effective than charge stratification or possibly rotary
design, supercharging can lead to 8 to 9 percent energy savings and
can be used in conjunction with other improvements to the spark igni-
tion engine.

The turbosupercharged diesel engine Ean also give 10 to 16 percent
lifetime energy savings. Diesel autos, designed to provide the same
space and performance, are substantially heavier than autos using
spark ignition engines, have higher initial costs, but about equal
lifetime cost.

O0f the new engine types presently under research (Rankine, gas
turbine, and Stirling), none appear to offer any greater potential for
energy conservation than improved versions of the internal combustion
engines. Our results indicate that the Stirling may have greater
energy conservation potential than the others; however, all of these
engines are in an early stage of development and we cannot have great
confidence in quantitative estimates of their potential at this time.
The external combustion engines (Rankine and Stirling) should produce
lower emissions than other types.

The use of lighter weight structural materials can also result
in substantial energy savings. Our results indicate that the use of
aluminum in the body and the engine could result in a 13 to 15 percent
saving in energy in spite of the large amount of energy required to

produce aluminum. We cannot say whether or not the use of lighter
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weight structural materials, to the extent we have assumed, will affect
auto safety.

While technical advances offer the possibility of large reductions
in auto energy consumption, it is also true that important savings can
be made by reducing the spaciousness of the auto. Eliminating the
trunk compartment can produce energy savings comparable to those ob-
tained by the use of a continuously variable transmission while giving
greater savings in cost. Building a subcompact instead of a full size
car can result in energy and cost savings comparable to those obtained
by combining radial tires, minor aerodynamic changes, and a continuously
variable transmission in a conventional full size car. Building limited
Purpose omne or two passenger cars can result in further savings.

We find that the use of methanol or hydrogen as automotive fuels
does not result in an overall comservation of energy, but could result
in a comservation of petroleum if the energy required to produce these
fuels is obtained from nonpetroleum sources, The costs of producing
and distributing these fuels in large quantities are highly uncertain
at present, but our results indicate that it is conceivable that gaso-
line prices may rise sufficiently in the future to allow these fuels
to be competitive in cost. The use of hydrogen, however, involves

formidable technical problems.
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I. INTRODUCTION

This report examines the potential of a number of technical improve-
ments and design modifications for reducing the energy consumption of
passenger automobiles. At present a large number of such improvements
and design modifications are under consideration for use on future
autos. These include new engine types, modifications to the internmal
combustion engine, alternative fuels, improved transmissions, body de-
signs offering lower aerodynamic drag, lighter weight body and engine
materials, and the design of smaller autos having less passenger space
but improved fuel economy.

While we have considered all of these possibilities, our study is
limited to heat engines; we have not considered electric propulsion
(either pure or hybrid), or flywheel energy storage systems.

To permit consistent estimates of the potential of all of these
possibilities--taken either singly or sometimes in combinations--we
found it necessary to develop a generalized automobile design model.
This model is designed to allow comparisons to be made between automo-
biles that make use of various technical advances and design features
while holding the dimensions of the passenger and trunk compartments
fixed, and while maintaining the same acceleration capability and un-
refueled range.

In the past, Rand has pioneered in the development of a number of
similar design models for aircraft and missiles.l The use of such
models has now become standard in the aircraft industry; however, to
our knowledge, they are not as yet common in the automobile industry.

When a new technical improvement is introduced, it may affect the
power required to accelerate as well as the fuel economy, and it may
require extra weight and cost. As a result of these changes, the
weight, power, and dimensions of the auto design with the improvement

will differ from those of the comparison auto. The resulting changes

1As an example, see R. B. Murrow, R. S. Schairer, and C. V.
Sturdevant, Bomber Capabilities--1954 Turboprop and Turbojet Power-
plants, The Rand Corporation, R-171, February 1, 1950.
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in fuel economy may be either greater or less than those obtained from
a comparison in which the new item is simply added to an existing auto
with no other changes.

The model is essentially a system for keeping track of the effects
of changes in component weights, performance, and cost, and for summing
these effects in terms of overall costs and energy consumption. The
results obtained from the model depend, of course, upon the inputs,
which include such things as engine specific fuel consumption and
weight characteristics, tire rolling resistance, aerodynamic drag co-
efficient, passenger and trunk compartment dimensions, etc. In build-
ing the model we have attempted to keep the level of input detail as
low as possible consistent with obtaining rational results, but the
required inputs are nonetheless more detailed than commonly available
on new or modified engines, transmigsions, and materials. We have
used a set of inputs that appear to us to be representative of what
might be achieved by as much as ten years of research to make estimates
of the possible improvements in energy economy resulting from a number
of proposed design modifications. Because the outcome of future re-
search is uncertain, and because data from different sources on com-
ponents of the same general type may not always be consistent, the
model provides a procedure by which this can be done in a consistent
manner.

Because our study is concerned with energy conservation, the model
has not been designed to assess the effects of changes in rumning gear
design, safety, or ride quality. Modifications to handle such items
could be made in the future if the need arises, and if the necessary
input data are available.

We have used the model to investigate the effects of the techni-

cal improvements2 and design changes3 shown in Table 1-1.

2 .

By "technical improvement" we mean the introduction of a new
technical feature that lies outside the current passenger car state
of art.

3A "design change" describes a change in design that is possible
within current auto engineering practice resulting in an improvement
in fuel economy at the expense of other customer sensitive features.



Table 1-1

TECHNICAL IMPROVEMENTS AND
DESIGN CHANGES CONSIDERED

Technical Improvements

Design Change

Radial Tires
Aerodynamic Changes
(both minor and major)

Continuously Variable Transmissions

Advanced Engines
Improved Spark Ignition Engine
Supercharging
Stratified Charge
Rotary
New Engine Types
Diesel
Gas Turbine
Rankine
Stirling
New Structural Materials
New Fuels
Methanol
Hydrogen

Passenger Compartment Size
Full Size
Intermediate
Compact
Subcompact

"Trunkless" Cars
Full Size
Intermediate
Compact
Subcompact

"Urban" Cars
Two Passenger

In general, the technical improvements may be made without chang-

ing the size of the passenger and trunk compartments, the acceleration

capability of the car, or its unrefueled range. We consider these to

be the major features to which customers are sensitive. However, there

are other customer sensitive features such as riding quality, noise,

starting reliability, engine vibration, etc., that we do not measure

specifically. Our assumptions imply that cars of equal weight have

equal ride quality; thus, if the incorporation of a techmical improve-

ment results in a change in weight, it will result in a change in ride

quality.

We have not considered a number of modifications to today's engines,

such as fuel injection into the inlet manifold (fuel injection into

the cylinder Zs considered), changes in rear end ratios, electronic

ignition, improved lubricants, or vapor injection, because either their
impact on fuel economy is small, they represent tradeoffs between fuel

economy and acceleration performance, they require extra interest and
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knowledge on the part of the owner, or their effects on fuel economy
are not well established.

In addition, we have not considered the system currently under
investigation by the Jet Propulsion Laboratory (JPL) in which the power
system generates enough hydrogen to allow operation at very lean mix-
tures and so prevents NOx formation. This system shows promise as a
method of reducing emissions and may also improve fuel economy. How-
ever, we feel that the present state of knowledge about this system is
not sufficient to allow quantitative estimates of its effect on fuel
economy to be made.

In our work, we have evaluated the fuel consumption over two
driving cycles, the Federal Driving Cycle (FDC), which is usually con-
sidered to be representative of urban driving conditions, and a second
cycle defined by the Office of Air Programs (OAP) of the Environmental
Protection Agency that consists of the FDC plus a number of constant
speed runs at speeds up to 70 mph (this is limited to 55 mph when the
effect of changing the speed limit is studied).

This OAP cycle is felt to be more representative of national
driving habits and, in fact, when applied to the number and type of
autos in the present national fleet, we found it to agree with actual
national fuel consumption. At the same time, it is recognized that
many other driving cycles could be found that would give as good over-
all agreement.

Our results indicate, however, that while the OAP cycle gives
better fuel economy than the FDC, comparisons of the effects of differ-
ent design changes are generally similar on the two cycles.

Our comparisons are made on the assumption that the 55 mph speed
limit now in effect will be continued. In addition, when we compare
advanced engine types with one another, we assume that radial tires
and minor aerodynamic changes have been incorporated.

While fuel economy is of primary interest in automobile energy
conservation, it does not measure all of the energy consumed by the
automobile in its lifetime. For this reason we have estimated the
"lifetime energy" of the automobile. This represents all of the energy

directly associated with the production and use of the automobile
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during its lifetime--which we assumed to be ten years and 100,000 miles.
In addition to the energy content of the fuel, the lifetime energy re-
quired includes the energy used in producing and distributing the car,
0oil, and tires, as well as the energy consumed in repairs and mainte-
nance, and the energy recovered when the car is scrapped.

Further, because we felt that design changes made to conserve
energy would affect the cost of owning the auto, we calculated the
average annual cost of ownership. This cost includes the purchase cost
and lost interest as well as the cost of fuel, oil, tires, repairs,
maintenance, insurance, and all taxes associated with auto ownership.

This report describes the structure of the model, discusses the
engineering principles underlying each improvement, explains the pro-
cedures used and assumptions made in defining the inputs used, and

presents and compares the results of the analysis.
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II. DESCRIPTION AND VALIDATION OF THE
GENERALIZED AUTO DESIGN MODEL

The Generalized Automobile Design Model relates automobile resource
and energy requirements and the cost of auto ownership to the auto size,
performance, and design characteristics (i.e., type of engine, trans-
mission, fuel, etc.). The purpose of the model is to allow the effects
of changes in auto size, performance, or design to be assessed when one
of these variahles is changed while the others are held constant. The
literature on automobile design abounds with descriptions of point de-
signs in which a new engine type (or other design feature) has been
tested and differences in fuel consumption measured by installing it
in an existing automobile body and chassis. The difficulty in inter-
preting the results of such tests lies in the fact that the modified
auto usually shows differences not only in fuel consumption but also
in performance, and sometimes in the useful space inside the car. Ex-
amples of this are (1) diesel powered autos that, because of the greater
weight of the diesel engine, have lower acceleration but better fuel
economy than gasoline cars of the same size, and (2) automobiles
equipped with continuously variable transmissions that improve both
acceleration and fuel economy. The model will allow the results of
tests of this type to be used to determine the comparative fuel con-
sumptions of automobiles designed to have the same performance and
useful space characteristics.

The input quantities used in the model to define an automobile
are of three types: (1) those that define the spaciousness of the
passenger and trunk compartments and whether or not the auto is air
conditioned, (2) those that define the car's ability to accelerate and
its unrefueled range, and (3) those that define the design features
used. The first group may be considered to define the comfort of the
car. (While comfort also depends upon the suspension system, no changes
in suspension design are considered in this study; thus all autos are
assumed to be equipped with suspensions typical of existing autos of

the same weight.) The second group defines the performance of the
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car as observed by the owner, and the third defines the options open

to the designer of the automobile.

The outputs of the model consist, first, of a description of the

car. This includes its weight, overall dimensions, installed horse-

power, its fuel economy over two different driving cycles, and its pur-

chase price. Second, the outputs include a list of the estimated ma-

terials necessary to produce the car. Third, they include an itemized

list of all of the energy estimated to be consumed in producing, dis-

tributing, selling, and operating the auto throughout its lifetime.

Finally,

the model gives a breakdown of the estimated total cost of

buying and operating the auto throughout its lifetime.

The design options that the model can evaluate include:

New engine types

Tire design and pressure

Aerodynamic design changes

New transmission types

New fuels

New materials

Changes in the size of the passenger compartment
and the trunk

The design model ensures that each auto will meet three basic require-

ments:

(1)

(2)

(3)

that it have sufficient power to provide the desired acceler-
ation; (The desired time to accelerate from zero to 60 mph

is input.)

that the auto body have dimensions such that it can enclose
the desired passenger compartment, trunk volume, engine,

and fuel, and

that the curb weight of the auto be sufficient to accomo-

date weights of its component parts.



To ensure that these three conditions are met, it was necessary
to develop (1) a method of calculating the time required for accelera-
tion from zero to 60 mph, (2) a method for calculating the fuel con-
sumed on the specified driving cycles, and (3) techniques for estima-
ting the component weights and the dimensions required to house the
components. These three basic tools are described in the following
paragraphs, and outlined in Figs. 2-1, 2-2, and 2-5. The following
description will apply to the model as it is used to define automobiles
using conventional spark ignition engines with three speed automatic

transmissions. The other technologies are described in later sectioms.

w72 0 Vav
].0 t = —— f
60 550x32.2 <  0.877 Pwor -Pe
Engine
= power
o
Pg = Pg (tire type, tire pressure, weight,
0 flat plate area, road speed)
0 1.0
Lk WV
(rpm) p = %EEM.BOHO"’CDAVB
1.0 )
0.02 Bias-ply tires
z :
3 B
N 0 Radial tires
0 60 0 y
V (meh) Transmission V (mph)
performance
-0 Tire pressure psi ¢
(bias ply tires)
? 28 1.0
50 1.31
0 A 100 1.65
0 60 Solid 2.22
V (mph) /

Fig. 2-1—Calculation of acceleration time



CYCLE LENGTH
L e T
[ a
DRIVING
CYCLE
Py (tires, weight, flat plate area, road speed, acceleration)
M, = M, {transmission design, road speed)
SFC = SFC (engine type, size, throttle setting, transmission design)

t = time 1.0

Conventional
automatic transmission

-.104
(SFC), = L2 P,

MAX
(for conventional spark
ignition engines)

SFC

Fraction of full power

Fig. 2-2—Calculation of miles per gallon

The Calculation of Acceleration Time

The time required to accelerate from zero to 60 mph is calculated

from the basic equation

2 60
Y60 = ?53 i'gg72 n P P (2.1)
’ T60 R
0
where W = inertial weight (1b)
V = road speed (mph)
Nreo = transmission efficiency during maximum acceleration from

zero to 60 mph

lA summary of the method of calculation is given in Fig. 2-1.
This section provides a more detailed description.
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P = power available from the engine (hp)
(P = .87 wide open throttle power, PWOT)

P, = power required to overcome rolling and air resistance
1.467 changes mph to feet per second
550 changes horsepower to foot pounds per second
32.2 is the acceleration due to gravity in feet per
second per second.

The possibility that the tires may skid is allowed for by speci-

fying that the power transmitted to the road (P - P_) cannot be greater

R
than the maximum possible friction force times the speed.2 Thus

1.467 p WV
550

- <
(2 -Pp <
where u = the coefficient of friction between the tires and the road.
A value of 0.7 has been used for u which is representative
of tires on dry concrete.
As indicated in Fig. 2-1, the calculation of acceleration time

WOT)’
required power (PR), transmission efficiency (n), and engine RPM with

requires a knowledge of the variation of full throttle power (P

road speed. These are obtained from data on actual engines3 and
transmissions4 which, after being normalized, are represented by the
points plotted in Fig. 2-1.

The power available from the engine, P, is determined as a func-
tion of the ratio of engine RPM to the RPM corresponding to maximum
power. A plot of this relation for a number of automobile engines is
shown in Fig. 2-1. It can be seen that when horsepower as a fraction
of maximum power is plotted against RPM as a fraction of RPM for maxi-

mum power, a single curve describes all of the engines considered

2'l‘he use of P - Py as the power transmitted to the road is approxi-
mate because Pp contains the air resistance force. At low speeds,
where loss of traction is most likely, the error involved is small.

3Toyota 4M, Corvair, Valiant, Ambassador, Vega 2300.

4Hydromechanical Passenger Car Transmission-Performance Analysis,
Report 404, Orshansky Transmission Corporation, May 1973.
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reasonably well. The engines shown include American made engines rang-
ing in size from a subcompact to a full size V-8, and a foreign engine
that develops its maximum power at 5200 RPM as opposed to 3750 to 4600
RPM for the American engines.

For use in the computations, the curve in Fig. 2-1 has been fitted

with the following relation for power available at wide open throttle:

n
PWOT PM {0.55 + 0.45 sin (7 ——;-— 0.5)] (2.2)
where PWOT = power available with wide open throttle
PM = maximum power available from the engine
n = engine RPM
Opy = engine RPM at maximum power.

Throughout this study, maximum power is understood to be measured at
the flywheel after the power required for the water pump, fan, and
alternator has been extracted and the power losses associated with the
exhaust system have been allowed for. In addition, the value of PWOT
calculated from Eq. (2.2) is multiplied by a factor 0.87 to allow for
differences between test conditions and normal driving. These include
less than test quality gasoline, poor tume, and the power lost in the
differential and wheel bearings. Thus, in Eq. (2.1), P = 0.87 P_ ..
The relation between the engine RPM and the road speed is deter-
mined by the transmission. Figure 2-1 shows this relation for a typi-
cal three speed automatic transmission during a maximum acceleration
from zero to 60 m.ph.5 To completely generalize this curve, it could
be plotted against the ratio of speed to some reference speed, such
as the maximum speed of the auto. However, because most modern autos

are operated over approximately the same speed regime, this refinement

is omitted and the curve is plotted directly against speed.

5Based on a detailed computer simulation reported in Hydromechani-
cal Passenger Car Transmission-Performance Analysis, Report 404,
Orshansky Transmission Corporation, May 1973.
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1.0
O
9 SR a .
€
o
0
% O Urban driving
s A 0 to 60 mph accelerations
= 8 Constant speed operations
E
g
S = — — Study curve used for the federal driving cycle
Study curve used for acceleration from 0 to 60 mph
0 ] l i 1 | ]
0 10 20 30 40 50 60

Road speed (mph)

Fig. 2-3—Efficiency of conventional three speed automatic transmissions

For use in the computer, this curve has been fitted with the

following two-segment relation:

(2.3)

Equations (2.2) and (2.3) imply that, with a conventional three
speed automatic transmission, the engine never operates at its full
power during a maximum acceleration from zero to 60 mph. (The frac-
tion of maximum power available varies from about 60 percent at 5 mph
to 90 percent at 60 mph.)

The variation of the efficiency of a typical three speed automatic
transmission during maximum acceleration is shown in Figs. 2-1 and

2-3 and has been defined by three straight line segments as follows:
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0.058V 0<V<10
nT60 = 0.32 + 0.026V 10 < < 20 (2.4)
0.85 20 < V

. . 6 .
The power required to overcome rolling and air resistance is

given by:
P, = % T+ 6.80 x 10 °c av> (2.5)
where PR = power required (hp)
W = inertial weight (1b)
V = road speed
CD = drag coefficient based on frontal area
A = frontal area of auto
a = acceleration (mph/sec)
B = coefficient dependent on tire type
¢ = coefficient dependent on tire pressure (see Fig. 2-1 for

values).

For bias ply tires

5 7,2

B = 0.0154 + 3.17 x 10 "V + 4.15 x 10 'V

Equations (2.2), (2.3), (2.4), (2.5), and Fig. 2-3 define, as functions
of road speed, all of the quantities required in Eq. (2.1) for the
calculation of time to accelerate. The time to accelerate is then

determined from Eq. (2.1) by numerical integration.

Orshansky Transmission Corporation, op. cit. See also Sighard
F. Hoerner, Aerodynamic Drag, Otterbein Press, 1951.
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Calculation of Fuel Economy7

Driving Cycles. The fuel economy is evaluated over two driving

cycles and at steady-state conditions at speeds from 20 to 70 mph.

The first driving cycle considered is the Federal Driving Cycle
(FDC).8 In the model this cycle is represented approximately as shown
in Table 2-1. The total time required for this approximate cycle is
1371 seconds and the total distance covered is 7.4 miles (the time
required by the actual FDC is the same, 1371 seconds, but distance
covered is 7.5 miles).

The second driving cycle has been defined by the Office of Air
Programs (OAP) and is intended to represent a mixture of urban and
rural driving. It consists of the FDC plus a number of constant speed
runs defined in Table 2-2.

The model has been designed so that the effects of changing speed
limits or acceleration rates in the driving cycles can be investigated.
While it is not known how closely the cycles approximate overall
national urban and rural driving habits, they are presumably suffi-
ciently representative to give a general indication of the effects of
these changes.

Three speed limits are recognized in the model as follows:

V., = the speed that is reached only once in the Federal Driving

! Cycle (50 mph in the unmodified FDC)
Vl7 = the speed reached in each of the 17 accelerations included
in the Federal Driving Cycle (25 mph in the approximate
FDC)
VM = the maximum speed allowed in constant speed runs defined

in the OAP cycle (70 mph in the unmodified OAP Cycle)
When the maximum speed is changed, the length of the cycle is changed

by the difference in acceleration distance. The distance covered at

7See Fig. 2-2 for a summary of the calculation of fuel economy.
More detail is given in this section.

8Control of Air Pollution from New Motor Vehicles and New Motor
Vehicle Engines, Federal Register, Vol. 35, No. 219, Part II, November
10, 1970.
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Table 2-1

APPROXIMATION TO THE FEDERAL
URBAN DRIVING CYCLE

Time Distance

Required | Covered
(sec) (mi)
17 accelerations from O to 25 mpha 142 .50
17 decelerations from 25 mph to 0P 142 .50
1 acceleration from 0 to 50 mph? 17 .12
1 deceleration from 50 to O mph® 25 .17

275 seconds of idling 275 0

110 seconds at 50 mph 110 1.53
660 seconds at 25 mph 660 4,58
1371 7.40

®Accelerations are at a rate of 3 mph/sec.
Decelerations from 25 mph are at 3 mph/sec.

“Deceleration from 50 mph is at 2 mph/sec.

Table 2-2

OAP DRIVING CYCLE

Speed Time Distance
(mph) | (sec) (mi)

Federal Urban Driving Cycle | Varies| 1371 7.4
20 301 1.7
30 301 2.5
40 301 3.3
50 155 2.1
60 1557 | 2.6
70 155 3.0

22.6

*
5.6 miles or 366 seconds at 55 mph under a 55
mph speed limit.

the maximum speed is kept unchanged. The modified distance is divided
by the total fuel consumed to obtain the miles per gallon. On the
rural portion of the cycle, the total distance driven is held constant,
but the fuel economy for those segments that, in the unmodified cycle,
would be driven at speeds above the speed limit (VM), is evaluated at

VM'
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In all of the cases analyzed in this report, a maximum speed of
55 mph has been assumed. This has no effect on our representation of
the FDC, where the maximum speed reached is 50 mph (Table 2-1). How-
ever, it does affect the OAP driving cycle in that the distance shown
in Table 2-2 to be covered at 60 and 70 mph 1is covered at 55 mph.

In addition to the driving cycles, the model computes and prints
out constant speed fuel consumption at speeds of 20, 30, 40, 50, 60,
and 70 mph.

Fuel Consumption in Part Throttle Driving. The amount of fuel

consumed per hour as determined at a specified speed and power is deter-

mined as:

cPR

&= %.15 % 0.97n,,

(2.6)

where g = the gallons of fuel consumed per hour
PR = the power required (hp)
¢ = the engine specific fuel consumption (1lb/hp hr)

Np = transmission efficiency
0.97 = efficiency of differential and wheel bearings
6.15 = density of gasoline (1b/gal) (this is varied when other fuels

are used)
The required power, PR’ is calculated from Eq. (2.5) with the ex-
ception that the power to accelerate is added. The power required by

acceleration is:

WayVv
8240 (2.7)
where W = inertial weight (1b)
a = acceleration (mph/sec)
V = speed (mph)

The variation of engine specific fuel consumption (SFC) with

power is determined by available data on the performance of the
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engine-transmission combination and is represented by the two relations
shown in Fig. 2-2. The first relation gives the SFC at maximum power
as a function of engine maximum power; this accounts for the effect of
engine size on SFC. The second relation describes the variation of
SFC of an engine of fixed size with throttle setting. This is done
for a road load condition using the characteristics of the particular
transmission being considered. Curves are shown in Fig. 2-2 for a
conventional spark ignition engine equipped with a three speed auto-
matic transmission and with a continuously variable transmission. The
determination of these curves from test data in engine-transmission
combinations is described in detail in Section III and is based on

the engine-transmission data illustrated in Fig. 3-1.

It must be recognized that the determination of the miles per
gallon of automobiles is not a precise process. EPA data9 shows a
spread in the measured mpg of autos in the same weight class of over
60 percent even under closely controlled conditions in which the same
speed-time trace is used on every test, thus eliminating the effects
of differences in driving routes and driver techniques. The calcula-
tions we make are of a quasi-static nature, in which we use SFCs deter-
mined from constant speed engine tests with no allowance for the detri-
mental effects on fuel economy of the acceleration pump or engine
inertia. Thus, we would expect this procedure to result in estimates
of mpg that are as high as or higher than the highest edge of the EPA
test band.

We found that if the SFCs determined in engine tests were increased
by 30 percent, we obtained good agreement with the average miles per
gallon obtained from EPA tests. For lack of better information, we
have used this same factor on all engine types, and the SFC data
throughout this report include this 30 percent increase over engine
test stand data.

The transmission efficiency (nT) of a conventional three speed

automatic transmission in urban type driving is obtained from detailed

9 .

Fuel Economy and Emission Control, Environmental Protection
Agency, Office of Air and Water Programs Mobile Source Pollution Con-
trol Program, November 1972.
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simulation calculations made by the Orshansky Transmission Corporation.10
The resulting curve of efficiency against road speed is shown in Fig.
2-3, which shows that a conventional three speed automatic transmis-
sion operates more efficiently during normal urban driving than it does
during maximum acceleration.

During deceleration the fuel flow is assumed equal to that in
idle. 1Idle fuel flow is estimated from tests on actual autos by the
Highway Research Boardll and is shown in Fig. 2-4. We have fitted

these data with the following equation:

6, 2

(g/hr)idle = 0.219 + 0.00317PM - 5.87 x 10 Py

where (g/hr)

idle idle fuel flow (gal/hr)

PM = engine maximum power.
The total gallons of fuel required by the auto in a particular

driving cycle are determined by integrating the instantaneous fuel

flows (Eq. 2.6) in acceleration, constant speed running, and idling.

The fuel consumed during acceleration is equal to:

i 17
= _4av_
&, & 3600a

fuel used in accelerating from O to the speed specified by

where g,
the driving cycle (either V1 or Vl7) at the acceleration, a,
specified by the driving cycle

g8 = instantaneous fuel flow as determined from Egqs. (2.6) and
(2.7) (gal/hr)
V = road speed (mph)

loHydromechanicaZ Passenger Car Transmission-Performance Analysis,
Orshansky Transmission Corporation, Report 404, May 1973.

llRunning Coste of Motor Vehicles as Affected by Road Design and
Traffic, Highway Research Board, Report 111, 1971.
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Fig. 2-4 —Idle fuel flow - conventional spark ignition engines

a = acceleration as specified by the driving cycle (mph/sec).
(We use an acceleration of 3 mph/sec in our representation
of the FDC.)

The gallons of fuel used during the constant speed runs is determined

as
t
- v
&y = 83600
where g, = gallons used in constant speed running at a speed v (gal)

g = instantaneous fuel flow as determined from Eq. (2.6) (gal/hr)
(Equation (2.7) is not used because the acceleration in con-
stant speed running is zero.)

tv = time spent in running at constant speed (sec)

The speeds used and the time spent at each speed are obtained

from the driving cycle (see Tables 2-1 and 2-2).
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The time spent in idling is obtained from the driving cycle
(Table 2-1) and the gallons of fuel used in idling are found as:

t.
8y (hr idle * 3600

where g = fuel used i;‘idling (gal)
(g/hr)idle = fuel flow in idling (Fig. 2-4) (gal/hr)
ti = time spent in idling.

The gallons of fuel used éhroughout the driving cycles are then
found by summing the individual items (the gallons used in accelera-
ting from 0 to 25 mph are multiplied by 17 since Table 2-1 shows 17
such accelerations occur in the FDC), and the average miles per gallon
found by dividing the gallons used into the distance covered in the
cycle as given in Tables 2-1 and 2-2.

Estimation of Component Weights

Estimates of the weights of various automobile components were
based primarily on data obtained by contract from Rath and Strong,
Inc.l2 These basic data were correlated with pertinent parameters to
yield a set of weight equations used in the model.

The parameters were selected on two grounds: (1) they would
reasonably be expected to have a strong influence on the component
weight, and (2) they were quantities that could be determined within
the level of detail of the model. We were limited somewhat by the
amount of component weight data available to us. More precise data
would have permitted more refined equations in which the weight of a
component was related to several variables.

By this procedure, the weight of running gear and tires has been
related to the curb weight of the automobile; the weight of engine,
transmission, and emission equipment has been related to the engine

power; the weight of the fuel system to the weight of the fuel; the

2Engine weights were based on work by The Aerospace Corporation,
Hybrid Heat Engine/Electric Systems Study, Final Report, Vol. 1, June
1971.
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weight of the body to the surface area of the body; and the weight of
glass to the surface area of the passenger compartment. The components
considered, and the weight equations used, are summarized in Fig. 2-5

which also shows the actual data points and the fitted equations.

Determination of Auto Dimensions

The overall width and height of the auto are specified as input
quantities. The length of the car is determined so as to provide a
rear end having a specified trunk volume and adequate space for fuel,
and a front end uaving sufficient volume for the engine. The dimen-
sions that determine the size of the passenger compartment and the
trunk compartment volume are input, and in most cases have been select-
ed to be representative of four standard classes of autos.

Figure 2-6 shows the width, height, passenger compartment length,
and trunk volume for a number of 1973 model cars. The passenger com-~
partment length is taken as the distance from the rear of the rear
seat to the firewall. For present (1973) autos, the trunk and fuel
volume may be estimated as 58 percent of the total overhang (overall
length less wheelbase) times 30 percent of the car's overall height
times the width of the rear seat. This is a nominal volume that our
model is correlated to use--it is not necessarily equal to the adver-
tised trunk volumes of actual autos.

It can be seen in Fig. 2-6 that the standard market classes of
autos group themselves naturally by dimensions into market class cata-
gories. The average dimensions selected to represent each of the four

major market classes are shown in Table 2-3.

Table 2-3

DIMENSIONS OF CURRENT AUTOS

Passenger | Overall | Overall | Trumnk
Compartment | Width | Height Volume
Market Class | Length (ft) (ft) (ft) (ft3)

Subcompact 6.2 5.3 4.1 15
Compact 6.5 6.0 4.3 20
Intermediate 6.6 6.5 4.4 25
Full Size 6.7 6.6 4.4 29
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* Foreign makes
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Fig. 2-6-—Dimensional characteristics of passenger cars (1973)
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It should be noted that in this report, specification of a market
class of auto denotes dimensions of the passenger and trunk compart-
ments rather than a weight class. The weights of a given market class
may vary depending on the performance required or the technical options
used (engine type, transmission design, etc.).

The auto is visualized as being either a two or four door sedan

that is made up of three major sectioms:

© The passenger compartment, extending from the firewall
to the rear of the rear seat.

o) The engine compartment, extending from the firewall
forward, with sufficient volume to house the engine.

© The trunk compartment, extending from the rear of the
rear seat aft with sufficient volume to house the spe~
cified trunk volume and the fuel.
An analysis of the dimensions of the fifty three 1973 autos13

resulted in the following relationships between available volume and

the external dimensions:

LTw h
Ve + Vr = 583 (2.10)
Lew h
Ve = Tg~ (2.11)
where VT = trunk volume (ft3)
P fuel tank volume (ft3)

v

V = engine volume (ft3)

L, = length of trunk compartment
Le = length of engine compartment
w = overall width

h

= overall height

13Consumer keports, April 1973.
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VF is determined from the specified range and calculated fuel economy,

as

R
Vo, = 0.134 | —
F (MPGOAP>

where VF = volume of fuel tank (ft3)
R = gpecified unrefueled range (mi)
MPGOPA = miles per gallon on the OAP driving cycle.
The volume required by a conventional spark ignition engine, Ve’

is determined from data on the volumes of actual engines14 and is

given by

V. = 0,785p 0.624
e M

whgre Ve = engine volume (ft3)

PM = engine maximum power (hp)
With VF and Ve determined, and trunk volume, VT’ inputs, Eq. (2.10) and
(2.11) are used to determine the length of the trunk and engine com-
partments. These lengths are then added to the specified length of
the passenger compartment to obtain the overall length of the auto.

In determining the weight of the body and glass, it is necessary
to know the surface area of the body and of the passenger compartments.

These areas are represented by the following expressions:

S =2[Lw+wth-0.8)+L (h- 0.8 (2.12)
p [p w( ) p( )]
Sp = 2[pr + L(h - 0.8) + w(h - 0.8)] (2.13)
2
where S = surface area of passenger compartment (ft”)

2
ST = total surface area of body (ft°)

14Hybrid Heat Engine/Electric Systems Study, Final Report, Vol. 1,

The Aerospace Corporation, June 1971.
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[
[]

length of passenger compartment (ft)

£ o

= auto width (ft)

h = auto height (a ground clearance of 0.8 feet is allowed) (ft).

Emission Control Equipment

In this report, all autos are assumed to be equipped with emission
controls sufficient to meet the original 1976 Federal statutory emis-
sion standards (0.41 gm/mi of hydrocarbon, 3.4 gm/mi of carbon monoxide,
and 0.4 gm/mi of NOX). At the present time, no combination of internal
combustion engine and emission control system has been developed that
is capable of meeting these standards for 50,000 miles of operatioms.
Consequently, it is not possible to describe with certainty the design,
weight, or cost of emission control equipment adequate to accomplish
this,

As of January 1974, the major manufacturers have demonstrated the
ability to meet the orginal 1976 hydrocarbon and carbon monoxide re-
quirements for mileaées of 15,000 to 25,000 miles, with one automobile
meeting these requirements for 43,900 miles. The NOX emissions, how-
ever, are over the statutory limit, but usually under 2.0 gm/mi.15
These results were accomplished, for the most part, with systems using
exhaust gas recirculation and catalytic oxidizing reactors.

It appears, then, that the hydrocarbon and carbon monoxide stan-
dards can be met even with current equipment. To meet the statutory
NOx standard will require the development of additiomal equipment, pos-
sibly a reducing catalytic converter. It is also possible that the
Congress may modify the law to allow NOx emissions of 2.0 gm/mi, in
which case further development of currently demonstrated equipment
should be adequate to meet the standards.

Consequently, we have assumed that all autos produced from 1975

on will meet, or do better than, the 1976 statutory requirements. The

15Third Quarterly Report on the Effort and Progress of the Vehicle
Manufacturers on Meeting the 1975 and 1976 Model-Year Exhaust Emission
Standards, State of California Air Resources Board, January 9, 1974.
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weights and cost of emission control equipment required to do this have
been estimated by allowing for a catalytic converter and exhaust gas
recirculation equipment. We assume that the presence of the catalytic
converter allows the engine to be returned from the lean mixture used
in 197316 to improve driveability and fuel economy, and this results

in a 15 percent improvement in fuel economy on engines of 200 horse-
power or greater, no effect on engines under 130 horsepower, and a
linear variation in betwaen.l7 Estimates of the effect of emission
controls on the fuel economy of future engines are quite uncertain.

All estimates agree, however, that small engines will be unaffected

and that large engines will benefit (relative to 1973) from the use of
catalytic converters. The improvement of 15 percent on large engines
implies that they will obtain essentially the same fuel economy as they
would had no emission controls been applied. While this estimate may
seem somewhat optimistic, we have used it because no more authorita-

tive estimate is now available.

Air Conditioning

The model may be used to design autos with or without air condi-
tioning. If they are equipped with air conditioning, the required time
to accelerate to 60 mph may be achieved with air conditioning either
on or off; however, in the results reported here, we have evaluated
the acceleration with the air conditioning off and the fuel economy
(mpg) of cars equipped with air conditioning with the air conditioning
on at a rate representative of average annual operation (see the dis-
cussion in Section III). This is calculated in the model by an in-

crease in specific fuel consumption of nine percent, a weight increase

l6As described in the section on Design Model Validation, the

model has been validated by comparison with 1973 autos.

17A Report on Automotive Fuel Economy, Environmental Protection

Agency, Office of Air and Water Programs, Office of Mobile Source Air
Pollution Control, October 1973.

l8A number of estimates are given in Motor Vehicle Emission

Standards and Fuel Economy, Congressional Hearings Before the Sub-
committee on Public Health and Environment of the Committee on Inter-
state and Foreign Commerce, December 3, 4, and 5, 1973.
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of 112 1b, and a sticker price increase of $400. We did not vary the
weight or cost of air conditioning equipment with the size of auto,
although very small cars might have a smaller air conditioning unit.
All four of the standard market classes of autos were designed both
with and without air conditioning. Autos smaller than subcompact size

were designed without air conditioning.

Auto Design Synthesis

Once the procedures for calculating acceleration time, fuel eco-
nomy, component weights, and dimensions have been established, an auto-
mobile can be designed to meet any specification of size, performance,
fuel type, and technical options. The procedure followed is outlined
in Fig. 2-7. As can be seen there, a double iteration, once on engine
power, and once on curb weight, is made until all three of the basic
requirements (power sufficient for the required acceleration: dimen-
sions adequate to house passengers, engine, trunk, and fuel; and total
curb weight equal to the sum of the component weights) are met. When
the design iteration is completed, the weight, power, and dimensioms
of the auto are defined, and we can proceed to determine the lifetime
energy requirement, and cost of ownership. Before we describe this
step, however, we will discuss the validation of the design portion

of the model.

Design Model Validation

The model was calibrated in two steps. First, the procedure for
calculating acceleration time was tested by using it to calculate the
acceleration time of 23 autos ranging from subcompact to full size cars
and comparing the results with their experimentally measured times to
accelerate from zero to 60 mph as given by Consumer Reporte road tests.19
This calculation required knowledge of the initial weight, installed
power, and the tire pressure of each of the cars. The power and weight
were obtained from Consumer Reports (initial weight was estimated as

350 pounds more than the specified curb weight) while tire pressure

lgConsumer Reports, January, February, March, and Jume 1973.
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LSPECIFY_ASET_OF INPUT QUANTITIES —
L
p————————eP|_ASSUME_AN INITIAL VALUE OF TNERTTAL WETZRY — ]
. k2
I S DLASSUME AN INITIAL VALUE OF INSTALLED MAXIMUM HORSEPOWER ]
ITERATION
ON CALCULATE THE TIME TO ACCELERATE FROM
INSTALLED THE _ASSUMED INERTIAL WEIGHT AND POWER
POWER
mmss THE ASSUMED POWER UNTIL THE CALCULAT TERATION TIME T
AGREES WITH THE SPECIFIED INPUT ACCELERATION TIME TO WITHIN 1%
v
ITRRATION L_CALCULATE MILES PER GALLON OVER A REPRESENTATIVE DRIVING CYCLE ]
ON DETERMINE THE AMOUNT OF FUEL REQUIRED TO MEET THE SPECIFIED
INERTIAL RANGE (AN INPUT QUANTITY)

WEIGHT ! DETERMINE THE DIMENSIONS REQUIRED 1O HOUSE THE SPECIFIED —I
PASSENGER AND TRUNK COMPMTMEN%SJ!NPUTS), ENGINE AND FUEL

[jOM THE DIMENSIONS, HORSEPOWER AND FUEL LOAD, DETERMINE THE WEIGHTS
OF THE MAJOR COMPONENTS AND SUM THEM TO DETERMINE THE CURB WEIGHT

N 2
LADD THE WEIGHT OF THE PASSENGER LOAD {AN INPUT QUANTITY) ]
JO _OBTAIN THE INERTIAL WEIGHT

COMPARE THE INERTIAL WEIGHT CALCULATED IN THIS MANNER WITH THE
INITIALLY ASSUMED INERTIAL WEIGHT. ADJUST THE ASSUMED INERTIAL
WEIGHT UNTIL THE ASSUMED AND CALCULATED VALUES AGREE WITHIN 1%

Fig. 2-7— Sequence of operations in the design model

was taken as the manufacturer's recommended value compiled by the De-
partment of Transportationzo (when values for front and rear tires
differed, they were averaged).

Based on this comparison, the useful power available from the
engine was selected to be 0.87 times the rated power available at full
throttle as calculated from Eq. (2.2). This result agreed well with
estimates of this factor available in the literature.2l (See the sec~-
tion on The Calculation of Acceleration Time, above.)

Second, the miles per gallon model was calibrated by comparing

the results obtained from it on the same cars with the average curve

20"Performance Data--New 1973 Passenger Cars and Motorcycles,"

Consumer Information Series, U.S. Department of Transportation,
National Highway Traffic Safety Administration, November 1972.

21"Automobiles——Today and Tomorrow," G. A. Hoffman, RM-2922-FF,

the Rand Corporation, November 1962.



-30~

of miles per gallon vs weight determined by EPA tests.22 We chose to
calibrate with the average curve rather than with the measured fuel
consumption of particular autos because (1) data on fuel consumption
of all of the autos was not available, (2) test data on apparently
similar cars show a wide spread, and (3) we wanted our model to re-
present the average fuel consumption of an auto corresponding to a
particular set of inputs rather than that obtained by a particular
manufacturer or a particular model. By this process, the 30 percent
increase in SFC over constant speed engine test stand values (see
page 17) was established. This value appears to be reasonable in view
of the probable physical reasons for the difference.

The overall results of the design model have been validated by
comparing them with a group of 12 actual 1973 autos for which data on
both acceleration and fuel economy were available. In doing this, it
was necessary to modify the weight and cost of emission control equip-
ment from that used in obtaining the study results to be representative
of 1973 autos. This was done by eliminating the weight and cost of a
catalytic converter, thus reducing the weight of emission control equip-
ment from 7 vPower (Fig. 2-5) to 2 VPower, and reducing the cost of
emission equipment from $1.22 x Power (Fig. 2-9) to $0.35 x Power. 1In
addition to this, the SFC of the engine was increased by 15 percent for
engines above 200 horsepower.23 This increase was scaled down linearly
with horsepower to 130 horsepower. Engines below 130 horsepower are
unaffected.

The inputs used to define the 12 autos used (three in each major
weight class) are shown in Table 2-4.

Comparisons of the curb weight, overall length, installed horse-
power, miles per gallon, and sticker price of the autos predicted by
the model and the actual auto are shown in Fig. 2-8. (Our procedure

for estimating the sticker price will be described in The Cost of

22FueZ Economy and Emission Control, Environmental Protection
Agency, Office of Air and Water Programs Mobile Source Pollution Con-
trol Program, November 1972,

23A Report on Automobile Fuel Economy, U.S. Environmental Protec-

tion Agency, October 1973,
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Ownership Model, below.) The weight, length, power, and price of the
actual autos are obtained from Consumer Reports.24 The miles per gal-
lon are obtained from tests by the EPA25 using the Federal Driving
Cycle. While some points lie outside a 10 percent scatter band, it
must be remembered that there is considerable uncertainty in both the
measured acceleration times and miles per gallon. In both cases tests
are available on a single auto (or a very small number of autos) of a
given model and these results must be presumed to be representative

of the average of all autos of that model. With this in mind, we feel
that the agreement shown in Fig. 2-5 indicates that the model satis-
factorily describes the effects of the input quantities on the automo-
bile characteristics.

The 12 autos used for validating the model have curb weights
ranging from 2310 1b to 4952 1b and powers ranging from 85 to 225 horse-
power. In this study, we will use the model to predict the fuel eco-
nomy of autos lying outside this range. Because of the rational manner
in which the model is designed, it provides a consistent methodology
for comparisons of different vehicles, and we feel that it should give
reasonable first order results even when applied outside the range in
which it has been validated. However, in the more extreme cases (we
consider cars as small as 938 1b curb weight and 33 horsepower), the

quantitative results may be less certain.

The Cost of Ownership Model

The various factors that comprise the cost of ownership model are
listed in Fig. 2-9. As shown there, the lifetime cost is evaluated
over 10 years and 100,000 miles, and all costs are expressed in 1973
dollars. The sticker price is obtained by applying a cost per pound
to the weight of each component (except for emission control equipment

estimated on a horsepower basis) and summing the cost contributions of

24Consumer Reportes, January, February, March, April, and June
1973.

25"Control of Air Pollution from New Motor Vehicles and Engines,
Federal Certification Test Results for 1973 Model Year," Federal
Register, May 2, 1973.
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Running Gear.........
Tires .. ... ..
Engine ..............

Transmission
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10 YEAR OPERATION

. .87 ¢iib Repairs and Maintenance
. .90 $/Ib Engine ........... 820 +2.6 power
. 1.13 $ib Other ........... 500 + .09 x curb wt

.17 slhorsepower Tires 1.25 Dollars/lb

...............

Emission Control Equip. ... 1.22 $/horsepower Accessories .......... 200 Doliars
Fuel System ... ........ .95 $/ib Gasoline (input) ....... .27 Dollars/gallon
Glass ............... 1.80 $/Ib Oil (input) .......... .75 Dollars/quart
................ 1.13 $/Ib Insurance .......... 1150+ .05x curb wt
Air Conditioning .. ...... 400 Dollars Taxes
. . State
Sticker Price Total Gasoline ...... .07 Dollars/galion
Selling Price = .91 x Sticker Price :::;?:tr},{iér} oo 028 Dollarsidollar
- -6 (Chi irp)2
25 x 107 (Sticker Price) License... 281 Dollars
Federal
Tires......... .10 Dofllars/lb
Oil .......... .06 Dollars/gallon
Gasoline ... ... .04 Dollars/gallon

ANNUALIZED COST OF OWNERSHIP

i(1+0)'°
= SELLING PRICE [(M)w_l -

Available interest rate = .075

07 i
(1+i)19-1

10 YEAR OPERATING COST
10

] .
Fig. 2-9—Lifetime cost mode! (100,000 miles in 10 years)

the components. The component costs per pound were obtained by sub-

contract.26 They represent increments in sticker price; we have no
information on actual manufacturing costs or pricing policies used by
the auto industry. The selling price is estimated from the sticker
price from information on typical selling prices of American-manufac-

tured autos in 1973.27

It is probable that foreign autos do not follow
this relation and that their selling price is closer to their sticker
price.

The costs of operating the auto, also defined in Fig. 2-9, are

28
based on Federal Highway Administration data except that taxes,

26Rath and Strong, Inc. Management Consultants.

27

Consumer Reports, April 1973.
ZBCost of Operating an Automobile, Federal Highway Administration,
Department of Transportation, April 1973.
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license, and registration fee have been modified to represent national
average values rather than the values appropriate to Maryland (used
by the FHWA).

The Federal Highway Administration estimated operating costs of
typical subcompact, compact, and full sized cars. The maintenance and
insurance cost equations shown in Fig. 2-9 were obtained by plotting
the FHWA data against what were felt to be the most significant param-
eters. Thus, engine maintenance cost was related to the installed
horsepower, other maintenance cost (body running gear, etc.), and in-
surance cost were related to the curb weight. Bias ply tires estimated
to cost $1.25 per pound (this is higher than the 90¢ a pound used for
the increment in sticker price due to tires in a new car because re-
placement tires are bought retail).

The $200 allowance for accessories was taken from the Federal
Highway Administration report.

The base cost of gasoline was taken at its early 1973 value of
27¢ a gallon (plus taxes). The cost model demonstrates that as auto
fuel economy is improved, the cost of ownership decreases (see below).
Increases in gasoline price, such as have occured since early 1973,
and may continue in the future, only reinforce this conclusion.

Federal taxes were taken from the Federal Highway Administration
report--10 cents per pound on tires, 6 cents per gallon on oil, and
4 cents per gallon on gasoline. To translate these taxes into dollar
costs for each auto considered, the weight of tires is obtained from
the design model output (Fig. 2-5), and the gasoline consumed in
100,000 miles of driving was determined from the miles per gallon over
the OAP cycle as given by the design model. Based on the FHWA report,

0il consumption was estimated as

1
125 + 0.33PM

x fuel consumption

where PM = installed horsepower.

State tax rates (both gasoline tax and sales tax on new cars)

were estimated by averaging the 1973 rates across the nation. In
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doing this, no attempt was made to weight the various states by popula-
tion, auto ownership, or annual fuel consumed. This procedure was

felt acceptable because the gasoline tax (by far the greater of the

two taxes) does not vary greatly from state to state. (In 39 states
the gasoline tax in 1971 was between 7 and 8 cents a gallon. An aver-
age of all states resulted in a tax rate of 7.2 cents per gallon--thus
a value of 7.0 cents a gallon was selected.)

The estimate of $281 for ten years of state license fees was
obtained from 1971 data on the total state license tax collected by
all states on motor vehicles divided by the total number of registered
vehicles.29 The result was $28.1, multiplied by ten to account for
the ten year lifetime assumed here.

The annual cost of ownership includes financing charges or lost
interest (based on a '"cost of money'" of 7.5 percent), selling price,
and operating cost (which includes insurance). No allowance for
garaging or parking fees has been included--partly because of the un-
certainties in estimating ‘them on a national basis and partly because
these costs might be expected to be relatively insensitive to changes

in auto design or miles driven.

The Lifetime Energy Model

Models of the lifetime energy requirement associated with an auto-
mobile, and of the energy involved in auto production, have been de-
scribed by Hirst,30 and Berry and Fels,31 and our model is based pri-
marily on their work. Again, we define the auto's lifetime to be 10
years and 100,000 miles. As indicated in Fig. 2-10, the lifetime
energy of an auto includes the energy required to produce it, the
energy of the fuel and oil consumed by the auto together with the

energy required to extract, refine, and distribute it, the energy to

291972 Automobile Facts and Figures, Motor Vehicle Manufacturers
Association of America.

30p:rect and Indirect Energy Requirements for Automobiles, Eric
Hirst (Unpublished Paper).

31The Production and Consumption of Automobiles, Stephen R. Berry
and Margaret Fulton Fels, University of Chicago, July 1972.



_.37__ .

distribute and sell the car, and the energy required for replacement
tires, repairs, and maintenance. In addition, we subtract the energy
saved through the reuse of steel and cast iron in other autc construc-
tion. With the present scrap recovery methods, only about 15 percent
of the steel in an auto can be used in the construction of new autos
because of the low quality of steel resulting from the present method
of scrapping (compressing and melting the entire auto, which alloys
the molten steel with other metals present in the auto).

The elements of the lifetime energy model are shown in Fig. 2-10,
and our method for estimating the energy required to produce an auto-

32
mobile is summarized in Fig. 2-11.

PRODUCTION. .ot . See Fig. 2-11

GASOLINE
CONSUMPTION . .................. 127650 BTU/GALLON

- REFINING AND EXTRACTION ......... .089 BTU/BTU OF GASOLINE HEAT CONTENT

TRANSPORT . .................... 39100 BTU/DOLLAR OF GASOLINE

Ol 67350 BTU/DOLLAR OF OIL

TRANSPORT AND SALES ................ 30100 BTU/DOLLAR OF NEW CAR SELLING PRICE

TIRES L, 62800 BTU/DOLLAR OF TIRES

REPAIRS AND MAINTENANCE ........... 27900 BTU/DOLLAR OF MAINTENANCE AND REPAIR

SCRAP . See Fig. 2-11

References: "Direct and Indirect Energy Requirements for Automobiles” Eric Hirst, Unpublished Draft;
"Census of Manufacturers”, Census Bureau 1967;
“Environmental Impacts of Polystyrene Foam and Molded Pulp Meat Trays" W. E. Franklin,
R. G. Hunt, Midwest Research Institute. April 1972.

Fig. 2-10— Lifetime operating energy (100,000 miles in 10 years)

32Our work is based almost entirely on that of Berry and Fels,
The Production and Consumption of Automobiles, Stephen R. Berry and
Margaret Fulton Fels, University of Chicago, July 1972.
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ENERGY FOR h

MATERTAL EXTRACTION,

REFINING, FABRICATION
Carbon Steel 26366 BTU/Ib Running Gear 27890 BTU/Ib
Sheet Steel 27400 BTU/ib Engine and Section 25492 BTU/Ib
Forging 38000 BTU/Ib Transmission 22613 BTU/Ib
Alloy Steel 27676 BTU/Ib Emission Control 27400 BTU/Ib
Cast Steel 23400 BTU/b Air Conditioning 63400 BTU/Ib
Cast fron 12500 BTU/Ib Fuel System 27400 BTU/Ib
Pig Tron 8332 BTU/Ib r"class 9125 BTU/Ib
Aluminum 107,086 BTU/Ib Body 27803 BTU/Ib
Copper 63975 BTU/b Battery 5600 BTU/lb
Zinc Die Casting 43853 BTU/Ib Tires 62800 BTU/Dollar
Stainless 39466 BTU/Ib Fabrication, 8580 BTU/Ib
Glass 9125 BTU/w Transport of Parts, of curb
Lead 5600 BTU/Ib and Assembly weight
Steel Wire 30563 BTU/Ib JOTAL PRODUCTION
Copper Wire 53108 BTU/Ib ENERGY
Rubber 62800 BTU/Dollar J  Energy recovered from Scrap =

1850 x wt of Steel + 12, 000 x wt of cast iron
-144 x Curb wt

References: " The Production and Consumption of Automobiles” R. Stephen Berry
and Margaret Fulton Fels. University of Chicago, July 1972.

Fig. 2-11-—Production energy model

In Fig. 2-11, the energy required for extraction, refining, and
fabrication of the various materials used in auto construction is
given. To determine the amount of energy used for each auto comporent,
it is necessary to define the amounts of each type of material used
in each component. The distribution of materials by component that
we have used for autos powered with conventional spark ignition engines
is shown in Fig. 2-12. The values shown are combined with the material
energy requirements of Fig. 2-11 to yield the auto component energy
requirements shown on the second half of Fig. 2-11. These are then
combined with the weights of components, as determined by the design
model, to yield the total production energy.

As seen in Fig. 2-10, all the operating energy items (except for
those associated with gasoline) are related to the dollar amount of
business involved in each area. We have allocated this energy among

individual vehicles on a dollar cost basis. Thus, the energy involved
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FRACTION OF FRACTION OF
COMPONENT COMPONENT
COMPONENT WEIGHT COMPONENT WEIGHT
Running Gear Emission Control System
Carbon Steel .52 Sheet Steel 1.00
Sheet Steel 23
Forgings .10 Air Conditioning
Alloy Steel A5 Sheet Steel .53
Aluminum .35
Tires Stainless Steel A2
Rubber 1.00 ) ’
Fuel System
Engine and Engine Section Sheet Steel 1.00
vast Steel .04
Cast Iron .65 Glass
Sheet Steel .06 Glass 1.00
Forgings 07
Pig Iron .02 Body
Aluminum (cast) .05 Sheet Steal .95
Copper .07 Steel Wire .03
Zinc (die castings) .04 Copper Wire .003
Zinc (die castings) .02
Transmission
. Forgings .43 Battery
Pig lron .18 Lead 1.00
Cast lron .39

NOTE: These proportions were estimated by Rand from information on weight
breakdowns and materials required in the manufacture of a typical automobile.

Fig. 2-12— Material used by component

in repairs and maintenance for a particular auto is obtained from the
appropriate factor in Fig. 2-10 multiplied by the cost of repair and
maintenance obtained from the cost model.

In estimating the energy of gasoline consumption, the amount of
gasoline consumed was determined by dividing 100,000 miles of driving

by the miles per gallon over the OAP cycle as determined in the design

model.
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IITI. RESULTS ON CARS WITH CONVENTIONAL SPARK IGNITION ENGINES (SIE)

This section will describe the results obtained from the design
model when it is applied to autos powered by conventional spark igni-
tion engines (SIE). We have investigated the effects of air condition-
ing, radial tires, aerodynamic improvements (both major and minor), and
the use of a continuously variable transmission on all of the present
sizes of cars (subcompact, compact, intermediate, and full size). We
have also investigated cars designed without trunks and very small cars
designed to carry either one or two passengers. In these comparisons,
we have assumed a 55 mph speed limit to be in effect.

Before examining the effects of changes in auto design or technol-
ogy, we will consider the energy and cost characteristics of autos
available on the current (or near future) market. These are used as

the Base Case and reflect the following conditions:

(o]

A 55 mph speed limit

o Weight and fuel economy reflect 1975-1976 emission control
equipment (the major items being an exhaust gas recirculation
system and a catalytic converter).

o Bias ply tires

o) Drag representative of conventional body configurations

0 Acceleration typical of today's design practice, i.e., time

from zero to 60 mph is:

subcompact 18 sec
compact 16 sec
intermediate 13 sec

full size 11 sec

o Conventional 3—speed'automatic transmission
o Unrefueled range of 300 mi
o Current passenger compartment dimensions and unrefueled range

as given in Table 2-3
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o Conventional materials (i.e., steel bodies, no use of Fiber-
glas or aluminum)

o A pre-1973 gasoline price of $0.38 per gallon is used in esti-
mating the operating cost. (The effect of increasing the

price of gasoline is discussed in the conclusions.)

The fuel economy, lifetime energy, and average annual cost of

these autos as estimated in the model are summarized in Table 3-1.

Table 3-1

CURRENT AUTO CHARACTERISTICS

Mpg

Air Lifetime { Avg. Annual
Market Class | Conditioning | FDC Cycle | OAP Cycle | Energy Cost
Full size no 12.1 14.5 1396 1278

yes ) 10.7 12.8 1562 1376
Intermediate no 12.7 14.9 1323 1174

yes 11.4 13.5 1461 1264
Compact no 14.5 16.9 1155 1027

yes 12.7 14.9 1302 1123
Subcompact no 17.4 20.3 960 886

yes 15.3 17.9 1083 974

It can be seen that a subcompact without air conditioning requires
only 61 percent of the lifetime energy and only 72 percent of the an-
nual cost of a full size car with air conditioning. Although a sub-
stantial saving in energy could be achieved by the use of smaller cars
without air conditioning, owners presently appear to be willing to pay
a significantly higher price for these features.

A breakdown of the energy requirements of current full size (air
conditioned) and subcompact cars (without air conditioning) is given
in Table 3-2. Here it is seen that the major energy requirement is
that associated with the consumption, production, distribution, and
sale of gasoline--this amounts to about 75 percent of all of the energy
consumed by either full size or subcompact autos. Most of the remain-

ing energy (16 to 19 percent) is consumed in the production, transport,
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Table 3-2

BREAKDOWN OF LIFETIME ENERGY REQUIREMENTS

(Base cases:

Full-size and subcompact autos)

Full-Size Subcompact
Percent Percent
Million Btu of Total Million Btu of Total
Direct consumption
Gasoline 996 63.8 630 65.6
0il (lubricating) 8 0.5 7 _0.7
Total direct 1004 64.3 637 66.3
Ind‘ire('t consumpt ion
Gasoline extraction and refining 89 5.7 56 5.8
Gasoline transport and sale 82 5.2 52 5.4
Total gasoline 171 10.9 108 11.2
Auto production (includes ore
extraction and processing) 174 11.1 89 9.3
Tires 33 2.2 17 1.8
Auto transport and sale 122 7.8 63 6.6
Auto repair and maintenance 69 4.4 52 5.4
Scrappage (savings) (-11) (-0.7) (-6) (-0.6)
Total auto 387 24.8 215 22.5
Total indirect 558 35.7 323 33.7
Grand total 1562 100.0 960 100.0
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and sale of the automobile. Maintaining the auto during its lifetime
requires relatively little energy--tires and maintenance amount to

about 7 percent. The amount of energy saved by recovering scrap steel
for use in new auto construction (giveﬁ that only 15 percent of the re-
covered steel is useful for this purpose) is less than one percent.
Future scrap recovering methods that separate nonferrous metals from

the recovered steel may increase this to 2 or 3 percent, but it appears
that the recovery of automobile scrap will always represent a minor con-
servation of energy. It may, of course, represent a major conservation
of our iron resources.

Table 3-3 shows the breakdown of the lifetime (10 years, 100,000
miles) cost of full size and subcompact autos. This table is based on
a pre-1973 gasoline base price of $0.27 per gallon with $0.11 federal
and state taxes; thus the total pump price is $0.38 per gallon. It is
also based on an interest rate of 7.5 percent, assumed to be available
to-the average auto owner. With these assumptions, the initial cost,
insurance, and lost interest, amount to about one half of the total
cost of ownership. Gasoline and taxes account for only about 21 per-
cent of the total cost of ownership. Maintenance (both engine and ve-
hicle) costs about the same as gasoline. In the future we may expect
increases in gasoline price, available interest rate, and in maintenance
costs (due to emission controls and possibly increased inspection pro-
cedures).

The following paragraphs will describe the assumptions made and
the results obtained in evaluating each of the technical improvements

and design changes considered.

Air Conditioning

Provision for air conditioning in an auto design results in in-
creased fuel consumption, due to both the power required to run the
air conditioner and its additional weight of over 100 pounds. The
power required to run the air conditioning may be as high as ten horse-
power and could reduce the miles per gallon by over 20 percent. This
loss, however, occurs only when the air conditioner is operated at its

maximum. There is little information on the extent to which automobile



~bb4—

Table 3-3
BREAKDOWN OF LIFETIME USER COSTS

(Base cases: Full-size and subcompact;
OAP driving cycle; 10 years, 100,000 mi)

Full-Size Subcompact
Percent Percent
Dollars of Total Dollars of Total
Initial cost
Selling price 4,053 29.4 2,092 23.6
State sales tax 113 _0.8 __59 0.6
Total initial 4,166 30.2 2,151 24.2
Recurring costs
Fuel (at 27¢ per gallon) 2,108 15.4 1,333 15.1
0il ‘ 120 0.9 97 1.1
Tires (replacements) : 518 3.8 273 3.1
Insurance 1,386 10.0 1,273 14.4
Accessories 200 1.5 200 2.3
Engine repair and maintenance 1,375 10.0 1,033 11.7
Vehicle repair and maintenance 1,095 8.0 828 9.3
Federal taxes
Gasoline 312 2.3 197 2.2
0il 2 0.0 2 0.0
Tires 42 0.3 22 0.2
State taxes and fees
Gasoline tax 502 3.6 317 3.6
License and registration fee 281 2.0 281 3.2
Total recurring 7,941 57.8 5,856 66.2
Grand total (undiscounted) 12,107 88.0 8,007 90.4
Value of lost interest (7.5%) 1,654 12.0 854 9.6
Lifetime cost (7.5% discount rate) 13,761 100.0 8,861 100.0
Average annual cost (discounted) 1,376 -— 886 -—-
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air conditioners are actually operated, but EPAL has suggested that their
use may result in an average loss of fuel economy of 9 percent on cars
equipped with air conditioning, in addition to the loss due to the
weight of the air conditioning (we use 112 1b for all sizes of autos) .
The use of air conditioning also results in an increase in the auto
selling price (we assume $400) and in annual operating cost due to the
poorer fuel economy.

The results of these assumptions are shown in Table 3-1 and can be
summarized by stating that use of air conditioning results in a 10 to
13 percent increase in lifetime energy requirement and an 8 to 10 per-

cent increase in cost of ownership.

Low Acceleration

Designing an automobile to have a lower maximum acceleration, by
installing an engine with less power, can improve fuel economy, because
the smaller engine will operate at a higher mean effective pressure
(this effect will be discussed in greater detail in Section IV). The
possible gain will depend on the throttle settings at which the orig-
inal engine is operating during normal driving. The engine in a normal
full size auto (designed to accelerate from zero to 60 mph in about 11
sec) will be operating at less than 10 percent of its maximum power
in low speed urban driving. Under these conditions, its SFC may be 50
percent higher than its minimum SFC, and the use of a smaller engine
can result in substantial savings in fuel consumption. On the other
hand, if the engine size has been reduced to a point where it is oper-—
ating at 20 percent maximum power during much of its normal driving,
further reduction in size will produce only modest improvements in fuel
economy.

In addition to the improvement in SFC, the use of a smaller engine
results in weight savings that are reflected throughout the entire de-
sign of the auto, and result in a lighter, lower cost auto.

Current Detroit design practice is to provide larger autos with
greater acceleration capability than smaller autos. This fact is

Yruer Economy and Emission Control, Environmental Protection

Agency, November 1972.
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illustrated in Fig. 3-1. There the variation of fuel economy on the
Federal Driving Cycle with required time to accelerate from zero to 60
mph, as estimated by the Generalized Design Model, is shown. The re-
glon of current design practice is shown in the shaded area. When com-
paring a Detroit-produced subcompact with a full size auto, one is
really comparing vehicles with markedly different performance (18 com-
pared with 11 seconds to accelerate to 60 mph) and fuel economy (17.4
mpg compared with 10.7 mpg). However, if the full size auto's engine
horsepower and size were reduced to provide the same acceleration as a
subcompact, the difference in fuel economy between the two sized cars
is reduced from 6.7 mpg to 5.6 mpg. Comparing two full eize cars, one
with current.performance and one with engine size reduced to provide
the subcompact's performance, fuel economy is improved by 10 percent—-
from 10.7 mpg to 11.8 mpg. This results because, instead of needing a
214 hp engine (for accelerating from zero to 60 mph in 11 sec), the
engine can be reduced to 122 hp (for accelerating to 60 mph in 18 sec).
The smaller engine results in reduced overall weight, so that the low-
performance, full size auto weighs 3953 1b instead of 4734 for the base
case.

Table 3-4 displays the major effects of reducing performance of
full size autos, while holding all other parameters constant. Fuel
economy (mpg) is improved by 5 to 10 percent, depending on the driving
cycle, lifetime energy (the total energy required to build and operate
the auto during its lifetime) is reduced by 7 percent, and average an-
nual cost (of buying and operating the auto throughout its lifetime)
by 11 percent. A number of other design changes, discussed below, can
provide reductions as large or larger than these. However, because the
higher acceleration of the full size car may be important from a mar-
keting point of view, we have chosen to base the remainder of our com-
parisons on the present variation in acceleration time with market size

class.
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-1—Relationship between fuel economy and acceleration
requirements
(55 mph speed limit; bias-ply tires;
1976 emission control equipment)
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Table 3-4

EFFECT OF REDUCED ACCELERATION REQUIREMENT
ON FULL SIZE AUTOS

(Air conditioned; % change from base)

Average
Lifetime Annual
FDC OAP Energy Cost
Cycle Cycle (million Btu) (s)
Full Size~-Base Case
10.7 12.8 1562 1376

Full Size--Low Acceleration (smaller engines)

11.8 13.5 1449 1231

Radial Tires

Energy losses in tires are associated with tire construction fea-
tures (i.e., bias ply, belted bias, radial, etc.), and with operating
variables such as vehicle speed, wheel load, inflation pressure, tire
wear, road surface, ambient temperature, etc. In this study, we are
interested primarily in the effects of tire construction and vehicle
speed for typical average conditions of the other varables.

The energy losses associated with tires may be broken down as fol-

lows:2
Hysteresis of rubber and cord ...viesvesevescesas 90 - 957
Footprint friction ....eceeieenssoncssvssassnsness 5 = 107
Windage (due to tire and wheel rotation) +........ 1.5 - 3%

Radial tires are designed with the warp of the cord material running
in a direction parallel to the wheel radius. This results in a more

flexible carcass than the usual bias ply design, in which the warp of

ZEWergy Losses in Tires, J. W. Walter, Firestone Tire and Rubber
Co., Presentation at the Seminar on Energy Consumption in Private
Transportation, California Institute of Technology, January 1974. See
also "What Makes a Good Radial Tire?" K. G. Peterson and R. E. Ras-
mussen, Automotive Engineering, June 1973,
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the cord material runs at an angle to the wheel rim, and successive plys
are laid with the warps running at opposite angles. Radial tires are
"belted", i.e., they have a circumferential belt of either steel or fab-
ric., Bias ply tires may or may not be belted.

The increased flexibility of the radial tire results in a reduction
in hysteresis, and consequently in rolling friction at low speeds. At
very high speeds, the radial tire is subject to a type of instability
in which the circumference deflects sinusoidally. Because of this, the
rolling resistance increases with speed, and at high speeds it may be-
come greater than that of a bias ply tire. At low speed, the rolling
resistance of a radial tire is less than that of a bias ply tire by
about 20 percent.3

Radial tires have noticeablé but not serious effects on vehicle
handling characteristics. These effects include increased steering
sensitivity at high speeds, a reduction in road "feel," reduced sensi-
tivity to longitudinal road edges or seams, and a harsher ride at low
speeds.4

At present, radial tires are more expensive than typical bias ply
tires by about 95 percent, but they last about twice as long.5 Because
they result in an appreciable saving in fuel, their use can result in
an overall saving, if they are kept for their full lifetime and their
life is not shortened by poor maintenance or accident. Both Ford and
General Motors, who account for 80 percent of the new car market, plan
to equip virtually all of their autos with radials by 1975.6

In our study we have calculated the effect of radial tires by in-
troducing three changes to the basic auto design model. First, based
on the literature,7 the expression for the rolling resistance force
per pound of auto weight (8) is modified from that shown in Eq. (2.5)

where it was given as

3Ibid.

4Ibid.

SCOnsumers Report, August 1971.

6Automotive News Section of Automotive Industries, March 1973.
7

Walter, op. cit.; Peterson and Rosmussen, op. cit.
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7.2

5y 4 4.15 x 107y

B = 0.0154 + 3.17 x 10

to

5 6.2

8 = 0.0125 - 4.35 x 10 °V + 2,51 x 10 'V

The effect of this change (previously illustrated in Fig. 2-1) is shown
in greater detail in Fig. 3-2. Second, the cost and the weight of the
tires provided on a new car were increased. The weight was increased

35 percent and the tire sticker price was increased 95 percent over that
of bias ply tires intended for an auto of the same curb weight. Eleven
bias ply tires are required for replacement in the 100,000 mile auto
1ifetime.8 Assuming that the radial tires have an average lifetime 2.1
times that of bias ply tires,g the average number of replacement tires
required is reduced to 2.7.10

Finally the energy required to produce both the tires on the new
car. and the replacement tires was modified to allow for the difference
in the weight and the difference in the number of tires required.

The results (Table 3-5) indicate three to six percent saving in
energy due to use of radial tires with a slight (two to three percent)
saving in lifetime cost.
8"Cost of Owning an Automobile', Federal Highway Administration,
Department of Transportation, April 1573.

9C‘onsumer Reports, August 1971

OIn approximate terms, bias ply tires last 25,000 miles; thus
three replacement sets of four tires (less the original spare) are re-
quired in 100,000 miles--eleven replacement tires. If radial tires
last 50,000 miles, only one set (less the spare), or three replacement
tires are required.
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Fig. 3-2—Effect of radial tires on rolling resistance
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Table 3-5

EFFECTS OF RADIAL TIRES

Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) %
Full Size - Bias Ply Tires| 10.7| 12.8 1562 1376
(air conditioned)
- Radial Tires 11.5] 13.8 1472 1342
Subcompact - Bias Ply Tires| 17.4{ 20.3 960 886
(no air conditioning)
- Radial Tires 18.21 21.1 927 873

Aerodynamic Improvements

A considerable amount of wind tunnel testing has been conducted on
the aerodynamic effects on handling characteristics of various types of
auto bodies, and extensive explorations of drag reduction techniques
have also been made.ll As a result of this work it is possible to make
fairly reliable estimates of drag reduction obtainable by minor and
major body modifications and by changes in body size. The effect of
these changes on fuel consumption is, however, dependent on the driving
cycle assumed and on engine and transmission characteristics.

Current American autos typically have a drag coefficient of 0.5
based on'projected frontal area. However, cars have been built that
have substantially lower values. The Porsche, and a Plymouth modified
for NAASCAR stock racing, have values of 0.32; the lowest known value
to be demonstrated by an actual auto is 0.12, but this was achieved by
a racing car unsuitable for everyday use.

Due to the highly turbulent flow over an automobile, a change in
flow over the front portion of the body has little effect on the flow

over the rear portion, which is already heavily turbulent. Thus, to

Myi1ian H. Bettes, On the Design of Automobiles for Lower Air
Resistance, Presentation at the Seminar on Energy Conservation in Pri-
vate Transportation, sponsored by the Department of Transportation, at
California Institute of Technology, January 1974. See also Sighard F.
Hoerner, Aerodynamic Drag, The Otterbein Press, 1951.
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a considerable extent, increments in drag due to individual design changes
can be added to obtain the total change in drag. The design of the rear
end of the car represents a tradeoff between drag due to flow separa-
tion, if a square cutoff rear end is used, and drag due to vortex forma-
tion, if the roof of the car is swept down smoothly to the ground. For
this reason, it is possible to obtain a reasonably square rear end, with
its attendant passenger space, with only a modest increase in drag. For
minimum drag, however, a rear end having a square cutoff with a gradual
slope down from the roof and up from the bottom is required. A well-
designed rear end can result in about 11 percent reduction in drag.
Other ways of obtaining sizeable drag reductions are to round the cor-
ners on the front end (15 percent), to use a hood with a low slope (21
percent),12 and to fair the underbody of the car (15 percent). Much

of the advantage of the underbody fairing (9 percent) can be obtained
either by fairing only the front suspension or by installing an under-
body '"dam" (a cowcatcher-like strip across the lower front end of the
car which lowers the flow velocity over much of the underbody).

In addition to the base case (a drag coefficient of 0.5), we con-
sider two levels of drag reduction. The first (referred to as a "minor
aerodynamic change') includes rounded front corners, and a underbody
dam. This results in a 24 percent reduction in drag, or a drag coef-
ficient of 0.38. These changes involve no change in cost or weight-—-—
they amount to a typical body style change. The second case (referred
to as "major aerodynamic changes'") includes a completely faired under-
body, rounded front cornmers, a low sloped hood, and a rear end designed
for minimum drag. These changes result in a 50 percent drag reduction,
or a drag coefficient of 0.25. A weight penalty of 2.5 percent of the
body weight was added to allow for the weight of the underbody fairing
(this amounts to about 50 pounds on a full size car). This additional
structure was costed at the same cost per pound as the rest of the
body structure.

12Combining these two results in a 24 percent drag reduction.
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The results13 (Table 3-6) indicate that the minor aerodynamic
changes result in energy savings of 6 to 7 percent and cost savings of
about 3 percent. While major aerodynamic changes result in some further
improvements in lifetime energy and cost savings, they also require a
considerable compromise of passenger comfort (particularly rear seat
headroom) and would restrict the manufacturer's opportunity to make

periodic model changes. Consequently, we have not considered them fur-

ther in this report.

Table 3-6

EFFECT OF AERODYNAMIC IMPROVEMENTS

Mpg Lifetime Annual
Energy Cost
OAP | FDC (million Btu) ($)
Full Size - Conventional Body| 10.7 | 12.8 1562 1376
(air conditioned)
- Minor Aerodynamic| 11.3| 13.9 1468 1343
Changes
- Major Aerodynamic| 11.4| 14.5 1426 1337
Changes
Subcompact - Conventional Body | 17.4| 20.3 960 886
(no air conditioning
~ Minor Aerodynamic| 18.6| 22.3 887 858
Changes
- Major Aerodynamic | 19.6| 24.7 821 839
Changes
13

It should be remembered that in reaching these results, the 55
mph speed limit was assumed to be in effect. Since aerodynamic effects
are greater at high speeds, the effect of drag reduction would be
greater if the limit were relaxed. The OAP cycle, which we used to
determine lifetime energy, involves speeds as high as 70 mph if no
speed limit is applied.
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Advanced Structural Materials

The use of both glass fiber reinforced plastics14 and of aluminum15
for automobile construction has been investigated. Both materials of-
fer the possibility of lighter weight and greater corrosion resistance.
Both require more energy in the manufacture of the material than does
steel, although aluminum offers the possibility of greater scrap recov-
ery due to its corrosion resistance and the fact that its market value
is sufficient to encourage more sophisticated recovery methods.

We have investigated the use of aluminum as indicative of the po-
tential of new materials. We have restricted the use of aluminum in
the body to the hood, trunk 1lid, doors, front fenders, and bumpers.
Conceivably, with more research and road experience, more extensive use
of aluminum might be made in time, but this level represents the more
promising near term applications of aluminum.16 In addition to using
aluminum in the body, we have used it in the engine as well. We esti-
mate a 28 percent reduction in body weightl7 and a 24 percent reduction
in engine weightlS'due to the use of aluminum. This weight saving, of
course, results in an improvement in fuel economy, partially offset by
the greater energy required to produce aluminum (we use 107,000 Btu/lb
of aluminum as opposed to 27,400 Btu/lb of sheet steel). The reuse of
scrap aluminum is an efficient process because the energy required to
remelt it can be as little as 2 percent19 of the total energy required
to produce it. This ratio is approximately 80 percent for steel; thus,
the remelting of steel is much less attractive from an energy conserva-

tion point of view than the remelting of aluminum. We have assumed

14"Designing the Plastics XP-898,' Automotive Engineering, March
1974, pp. 29-33, 89.

15"Energy, Aluminum and the Automobile," C. N. Cochran, Alcoa.
June 1973.

167114,

17Ibid.

lgFinaZ Report Hybrid Heat Engine/Electric Systems Study, Vol. 1,
The Aerospace Corporation for Division of Advanced Automotive Power
Systems Development, U.S. Environmental Protection Agency.

19This value depends on the efficiency assumed for generating
electricity for use in the electrolysis process and on the source of
energy used in remelting.
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that 70 percent of the aluminum used is recovered as scrap and is reused
in auto production. This compares with 15 percent for steel.

We have found very little information on the cost of using aluminum
in automobile construction. Following Cochran,20 we have assumed that
the cost of producing a body of given dimensions, or an engine of given
power, is the same whether aluminum or steel is used. Our results on

the use of aluminum in auto construction are summarized in Table 3-7.

Table 3-7

EFFECT OF ALUMINUM STRUCTURE

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) (%)
Full Size - Base Case| 10.7 | 12.8 1562 1376
(air conditioned)
- Aluminum { 12,3 14.4 1358 1226
Subcompact - Base Case| 17.4 ] 20.3 960 886
(no air conditioning)
- Aluminum | 20.9 | 23.6 817 799

It can be seen that the use of lighter weight materials in body
and engine construction offers substantial savings (13 to 15 percent)
in lifetime energy required, and 10 to 11 percent reduction in annual
cost. Although not shown in Table 3-7, we found the overall saving
in weight due to the use of aluminum was sufficient to offset the ener-
gy required to produce aluminum, so that the total energy required to
produce the aluminum auto was about the same as that required for a
conventional auto. While the use of aluminum appears to be a very at-
tractive method for reducing energy consumption, we do not know whether
it can be used to the extent that we assume and still obtain satisfac-

tory auto safety characteristics.

20Cochran, op. cit.
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Advanced Transmissions: The CVT

Our study compares advanced technology options with a base case
that uses a conventional, three speed automatic transmission. While a
manual transmission will give slightly better mileage if properly han-
dled,21 it has not been considered here, because it is now less common
(93 percent of American-built cars were equipped with automatic trans-
mission in the 1972 model year) and probably is unacceptable to many
drivers.

The advanced transmission we considered is the continuously vari-
able transmission (CVT) that allows any gear ratio between engine and
wheels to be selected at any time. The selection is done automatically
to maximize fuel economy, without exceeding the allowable NOx emissions.
There are two types of continuously variable transmissions currently
under serious consideration——hydroméchanical, and traction drive.

The hydromechanical type achieves a variable gear ratio through
the use of two variable volume hydraulic units, one serving as a pump
to circulate hydraulic fluid through the other unit that acts as a
motor. To pass the same flow of an incompressible fluid per unit time,
both pump and motor must handle the same volume per unit time. Thus,
if the geometry of (say) the motor is changed to provide less flow vol-
ume per revolution, it must increase its rpm to obtain the required
volume. Thus control of the volume handling capability of either (or
both) units allows control of their relative speeds. In practice, the

design becomes more complicated--the same unit may be used as a pump

21"A Report on Automotive Fuel Economy," U.S. Environmental Pro-
tection Agency, October 1973.

22See: "Third Summary Report, Automotive Systems Contractors Co-
ordination Meeting,” U.S. Environmental Protection Agency, June 1972;
"Hydromechanical Passenger Car Transmission-Performance Analysis,"
Orshansky Transmission Corporation, Report 404, May 1973; "Hydromechan-
ical Passenger Car Transmission--General Description," Orshansky Trans-
mission Corporation, Report 403, May 1973; "Effect of a Traction Drive
Transmission on Fuel Economy,'" Testimony before Senate Commerce Com-
mittee by Marcel Gres, Vice President, Tracor, Inc., June 1973.

Orshansky and Tracor, both manufacturers of truck transmissions,
are currently conducting research on continuously variable transmis-
sions for passenger cars.
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and a motor in various operating conditions, and the hydraulic system
may operate through its speed range in each of several successive me-
chanical gear ratios.

The traction drive relies on friction between rotating parts to
transmit the necessary torque. By arranging the geometry so that the
ratio of rolling perimeters of the driving and driven units can be var-
ied, the relative speed of input and output can be controlled.

The traction type CVT may ultimately prove simpler than the hydro-
mechanical CVT but may have problems in the durability of the traction
materials. The hydromechanical type CVT has the advantage that many of
its parts are compatible with those of a conventional, present-day auto-
matic transmission but may have some noise problems due to the whine of
the hydraulic components. This is the subject of current research.
Both types have been installed in test automobiles and have demonstrated
substantial savings in fuel consumption. We have based most of our work
on the hydromechanical type (on which we have the most data), but we
feel that our results may be generally representative of either type.

Two features are required if an improved transmission is to result
in an increase in fuel economy. First, the transmission must be cap-
able of supplying enough gear ratios to allow the engine to operate ef-
ficiently at combinations of road speed and horsepowers encountered in
most driving situations. Second, there must be a sensing and control
system to select the best gear ratio at all times. The CVT solves the
first problem by providing an infinite number of gear ratios between
the engine and the wheels. Because it represents the best that can be
done in this respect, we have chosen to analyze it here. However, it
is possible that a transmission having a finite number of gear ratios
(probably more than three) could approach the performance of the CVT
if it were properly controlled.

The sensing and control mechanism will require a significant de-
velopment effort to find the best variables to sense and the best con-
trol algorithm. The problem is complicated because in some driving
situations, it is desirable to sacrifice fuel economy to obtain better
acceleration. Thus, it is necessary to sense the driver's desire as

well as the engine operating conditions. One method, developed by
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Orshansky,23 is based on sensing engine rpm and either manifold pressure
or throttle position. A schedule of engine rpm for best fuel economy

as a function of one of these variables is developed from the engine map
(Fig. 3-3), and this rpm is compared with the actual engine rpm. The
transmission gear ratio is then adjusted to bring the engine to its most
efficient rpm for the desired road speed and throttle setting. A rapid
Or extreme motion of the throttle could result in the use of a second
algorithm that would give greater acceleration.

A typical engine map is shown in Fig. 3-3. This map, reproduced
from an Orshansky report,z4 applies to a V-8 engine of 300 cubic inch
displacement. The map is a plot of brake mean effective pressure (psi)
versus engine rpm with lines of constant brake specific fuel consump-
tion and of constant horsepower on it. (Because horsepower is propor-
tional to the product of brake mean effective pressure and rpm, the
lines of constant horsepower are hyperbolas). The operating schedule
proposed for the CVT and that of a conventional, three speed automatic
transmission are also shown. It can be seen that the primary differ-
ence between the CVT and the conventional transmission lies at the low
power settings, where the CVT obtains the required horsepower at a
higher mean effective pressure and a lower rpm than the conventional
transmission. This results in better engine efficiency because the
power lost in friction increases with increasing rpm. It will be noted
that if this procedure is carried to an extreme, it can result in an
increase in fuel consumption at low powers. This is probably due to
fuel enrichment by the carburetor at the high mean effective pressures,
and possibly to poor flow in the inlet manifold at the conditions of
low rpm and high manifold pressure. It is conceivable that an engine
designed specifically for use with a CVT might be improved in this re-
spect. It will also be noted that the schedule selected for the CVT
uses somewhat higher mean effective pressures than those that would

give the minimum specific fuel consumption. This represents a

23"Hydromechanical Passenger Car Transmission-Performance Analy-
sis,”" Orshansky Transmission Corporation, Report 404, May 1973.

241114,
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compromise between fuel economy and NOx formation. With this schedule
the improved fuel economy is obtained along with a reduction in CO and
NOx emissions, and no change in hydrocarbon emissions.25

The CVT also shows an advantage in acceleration because it allows
the engine to operate at the rpm that gives maximum power regardless of
the road speed of the car, while a conventional transmission, even when
operated with wide open throttle, can realize its full power only when
the road speed and gear ratio are such that the engine rpm is that for
maximum power. This effect allows a car equipped with a CVT to meet a
specified acceleration requirement with a smaller engine than is re-
quired for a conventional transmission. This results in an additional
improvement in fuel economy due to a saving in engine weight and to
higher throttle settings during urban driving.

In addition to assuring nearly optimum engine operating conditionms,
the hydromechanical CVT is estimated to be slightly (4 percent) more
efficient than the conventional automatic transmission.

We have represented the CVT in our model by means of the following

changes:

o In the calculation of time to accelerate, the variation of
ratio of engine operating rpm to the rpm for maximum power
with road speed was changed from that shown in Fig. 2-1 and
Eq. (2.3) to one showing a more rapid linear increase until a
ratio of one was reached at 15 mph. It then remained constant
at all higher speeds. Thus, full engine power is obtained at
all speeds above 15 mph.

o The variation of specific fuel consumption (SFC) with throttle
setting was changed from that shown in Fig. 2-2 for conven-
tional automatic transmission to that shown for CVTI. Both of
these curves were obtained by normalizing (and smoothing) the
variation of SFC with fraction of maximum power along the two

operating curves, shown in Fig. 3-1.

5More recently, work has concentrated on schedules that do not
run to higher brake mean effective pressures (BMEPs) than those re-
quired for minimum SFC. This is partly due to concern that high load-
ings may affect engine life and partly because this procedure allows a
smaller spread in transmission speed ratio.
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o The transmission efficiency is increased 4 percent.
o Based on information from Orshansky, the weight of the trans-
mission was increased 20 percent and the cost of a transmission

capable of handling a specified power was increased 25 percent.

With these assumptions, we found the effect of using a CVT to be

as summarized in Table 3-8.

Table 3-8

EFFECT OF CONTINUOUSLY VARIABLE TRANSMISSION (CVT)

Average
Mpg Lifetime Annual
Energy Cost

FDC | 0AP (million Btu) ($)

Full Size - Base Case | 10.71] 12.8 1562 1376
(air conditioned)
- with CVT 13.6] 16.4 1282 1263
Subcompact - Base Case | 17.4| 20.3 960 886
- with CVT 22.9] 26.1 781 817

The CVT is the most powerful method considered yet for conserving
energy. It offers 18 percent saving in lifetime energy required with
an 8 percent saving in lifetime cost. It results in about a 30 percent
improvement in miles per gallon.

Examination of the more detailed results (see pages 121-125) shows
that use of the CVT results in a smaller engine (about 15 percent less
horsepower) and a 6 to 8 percent reduction in curb weight. This com-
parison applies when passenger and trunk compartment sizes, unrefueled
range, and acceleration capability are held constant. When a CVT is
substituted for the standard three speed automatic transmission in a
full size car we find about a 17 percent increase in mpg and a 13 per-
cent reduction in time to accelerate from zero to 60 mph.

The estimated total change of 30 percent in mpg is broken down

as follows:
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Percent

Substitution of a CVT in an otherwise fixed auto 17
Reduction in weight of an auto designed for a

fixed acceleration 6-8
Improvement in specific fuel consumption due to

higher power settings accompanying the lower

power-to-weight ratio of the CVT auto 4-6
Total change in mpg 27-31

Reduced Body Capacity

The technological changes considered so far can conserve energy
without a corresponding change in the dimensions of the passenger or
trunk compartment. We now consider several design modifications that
result in reductions in usable space.

Two types of modifications are considered: elimination of the
trunk, while retaining passenger compartment dimensions and acceleration
appropriate to each market class size; and the design of very small one
and two passenger cars for use in short range urban trips. These cars
have no trunk or rear seat, and the front seat has been reduced in width
from that of a conventional subcompact. The longitudinal and vertical
dimensions of the front seat are the same as for a subcompact car.
These cars have been designed to have the same acceleration as a stan-
dard subcompact.

The trunkless cars are obtained from the model by setting the
"trunk volume'" input equal to zero. The one and two passenger cars are

obtained using the following inputs to define their size:

Time to
Accelerate | Passenger | Overall | Overall | Trunk | Unrefueled
to 60 mph Compartment Width Height Volume Range
(sec) Length (ft) (ft) (ft) (ft) (mi)
Subcompact 18 6.2 5.3 4.1 15 300
2 Passenger Car 18 4.1 3.5 4.1 0 300
1 Passenger Car 18 4.1 2.5 4.1 0 300
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No air conditioning was provided in either the one or two passenger cars.
When these inputs are introduced, the design model predicts the changes

in fuel economy, energy, and cost summarized in Table 3-9.

Table 3-9

EFFECTS OF CHANGES IN BODY DESIGN

Average
Mpg Lifetime Annual
Energy Cost
FDC | OAP (million Btu) (s$)
Full Size - Base Case 10,7 12.8 1562 1376
(air conditioned)
~ Without Trunk{ 12.8| 14.8 1289 1090
Subcompact - Base Case 17.4 ] 20.3 960 886
(no air conditioning)
- Without Trunk| 21.2} 23.9 792 740
Two Passenger 30.5| 35.0 544 581
(no air conditioning)
One Passenger 36.4 | 43.1 454 538
(no air conditioning)

The table shows that reducing body capacity is a powerful means of
conserving energy--providing, of course, that owners are willing to ac-
cept the reduced capacity. Eliminating the trunk can save 17 percent
on lifetime energy and 17 to 21 percent on cost. Most of this saving
results from the fact that the trunkless auto is substantially lighter
in weight than the corresponding conventional auto. For example, due
to its much smaller body, the trunkless full size auto with air condi-
tioning weighs only 3034 pounds (curb weight) compared with 4734 pounds
for a conventional full size auto, and 3376 pounds for a conventional
compact with air conditioning. (The length of the trunkless auto is
11.9 feet compared with 19.1 feet for the standard.) The large result-
ing saving in body weight feeds through the entire design, resulting
in a reduction in the weights of engine, transmission, emission control
equipment, suspension, tires, and fuel system. Thus, the comfort and
performance of a full size car could be obtained in a car having about
the weight of a conventional compact car if the trunk compartment is

eliminated.
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We should note that the ride quality of the trunkless car may not
be equivalent to that of a conventional full size car because of its
lighter weight, While the ride might be improved by more sophisticated
suspension systems, we have not allowed any additional weight or cost
for such items. Thus, the ride of the full size trunkless car probably
compares with that of a current compact car.

The small one and two passenger cars show impressive savings in
energy (43 percent for the two passenger car and 53 percent for the one
passenger car) even relative to today's subcompact. Clearly the sub-
stitution of these small cars for larger models wherever their use is

practical should offer significant energy saving on a per vehicle basis.

Combinations of Improvements in Autos Using Conventional Engines

Most of the individual improvements described in the previous par-
agraphs can be combined in a single auto design to yield cumulative
energy savings. We have considered a combination of radial tires,
minor aerodynamic improvements, and a continuously variable transmis-
sion. We did not include the extensive use of aluminum, although our
results indicate that if aluzinum was substituted for the CVT, the
energy requirements would be about the same, and cost might be slightly
lower. We have used this combination of improvements on both conven-
tional and trunkless cars and on one and two passenger cars.

The results are summarized in Table 3-10. The use of this combin-
ation of improvements results in a 24 to 28 percent reduction in life-
time energy required and 9 to 12 percent reduction in cost on autos
of all body sizes. Thus, substantial energy savings are available
through the application of technology to autos using conventional

spark ignition engines.
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Table 3-10

EFFECT OF COMBINED CHANGES

(Radial Tires, Minor Aerodynamic Changes, CVT)

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) ($)
Full Size - Base Case 10.7 12.8 1522 1376
(air conditioned)
Combination 14.5] 18.2 1184 1222
of Changes
Subcompact - Base Case 17.4 | 20.3 960 886
(no air conditioning)
Combination 25.3] 30.1 698 784
of Changes
Full Size Trunkless - Base| 12.8 14.8 1289 1090
Case (air conditioned)
Combination 17.91 21.4 948 958
of Changes
Two Passenger Car - Base 30.5¢ 35.0 544 581
Case (no air conditioning)
Combination 44,31 51.9 394 522
of Changes
One Passenger Car - Base 36.4 1 43.1 454 538
Case (no air conditioning)
Combination 52.3| 64.2 330 488
of Changes
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IV. RESULTS ON CARS WITH ADVANCED SPARK IGNITION ENGINES

This section considers the possibility of improving energy economy
by improving the performance of spark ignition engines (SIE).

The power obtained from an internal combustion engine is propor-
tional to mean effective pressure developed in the cylinders times the
number of working strokes delivered by the cylinders per unit time.
This, for an engine of a given displacement, will be proportional to
the rpm. Thus, a given power may be obtained with a high mean effective
pressure and a low rpm or with low mean effective pressure and a high
rpm. Of the two possibilities, the combination of high pressure and
low rpm will normally result in better fuel economy, because the power
lost in engine friction increases with rpm.1 This is of particular im-
portance at the low power settings at which automobile engines must op-
erate during most normal driving. Under these conditions, the friction
power can be large in comparison with tﬂe useful power output of the
engine, and a reduction of friction power can have a large effect on
specific fuel consumption. As an example, when the engine is idling,
all of the power generated goes into overcoming friction and no useful
power is output. Under these conditions, the specific fuel consumption
is infinite. Much of the rapid increase of specific fuel consumption
at low power settings shown in Fig. 2-2 can be attributed to this ef-
fect. A second factor, contributing to this condition and of interest
here, is the pumping loss due to restricting the air flow at low power
settings with the throttle butterfly valve. Engines using fuel injec-
tion (both the stratified charge and diesel engines we consider) gain
in fuel economy because they operate at low power settings without
throttling the air flow, and their power output is controlled by the
amount of fuel they inject.

The major problem facing the designer of an efficient automobile
engine results from the circumstance that most driving is at extremely

lIt will be remembered that this principle accounted for the im-

provement in performance due to the continuously variable transmission.
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low power settings where both engine friction and airflow restriction
(by the butterfly valve in a conventional carburetor) result in signif-
icant inefficiencies. The amounts of fuel used at various power set-
tings by a conventional full sized auto when driven in the FDC and the
OAP cycle are shown in Fig. 4-1. (These distributions are determined
by our design model.) Depending on the driving cycle considered, 85

to 95 percent of the fuel is used at powers below 20 percent of maximum
pover, and 55 to 63 percent of the fuel is used at powers below 10 per-
cent of maximum power. Idling consumes 5 to 12 percent of the fuel.
The importance of low power operation on fuel economy is obvious.

In addition to the design problem created by this extensive use of
low powers, there is a problem in obtaining reliable engine performance
data. At very low powers, engine performance is very sensitive to the
level of friction in the particular engine under test and to the manner
in which it is tuned. Fuel economy tests on presumably identical en-
gines may disagree, and tests on the same engine at different times may
not be repeatable with high accuracy. Consequently, it is difficult
to find test stand data on engines operated at less than 10 percent
power. Nevertheless, to make the comparisons shown in this study, we
have made estimates of fuel consumption at very low powers that we feel
are consistent. We present our estimates in detail so that the reader
may interpret the results of the study in their light. The model may,
of course, be used to examine the effects of other estimates if desired.

It will be noted that the problem of engine friction at low power
settings is common to all of the engines we consider. Thus, none of
the advanced engines offer any fundamental relief from this problem
and their advantage or disadvantage can be measured quantitatively.

We consider three methods of improving the performance of spark
ignition engines: supercharging, charge stratification, and rotary
design. As will be described, fuel injection is considered in all of
these cases, and combining all of these design approaches in one engine

is conceivable.
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Conventional full sized auto

0.4r Federal driving cycle
0.2
0 : f— 1 l
0.2 0.4 0.6 0.8 1.0
Fraction of max. power
0.4
OAP driving cycle
0.2
0 I e ) [ 1 J
0.2 0.4 0.6 0.8 1.0

Fraction of max. power

Fig. 4-1— Amount of fuel used at various engine powers
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Supercharging

One method of increasing the mean effective pressure is to pump
the inlet mixture to a higher pressure with a supercharger before it
enters the cylinder. On automobile installations, the supercharger is
driven either directly from the engine crankshaft (normally by the fan
belt) or by an exhaust gas turbine. In either case, the pressure in-
crease from the supercharger increases with the engine rpm or power out-
put. Under these conditions, supercharging has little effect at low
power settings but acts to increase the maximum power that can be ob-
tained from an engine of a given displacement. Typical power increases
for passenger car installations range from 40 to 50 percent. (We have
based our work on a supercharger boost sufficient to give 40 percent
increase in maximum power). The amount of power increase that can be
obtained is limited by fuel detonation at the higher cylinder pressures
and temperatures prior to combustion. This can be delayed by reducing
the engine compression ratio and retarding the spark. (It can also be
delayed by the use of higher octane fuel, but we do not comsider this
possibility here.)

If compression ratio and timing are set to just prevent detonation,
the same maximum cylinder pressure prior to combustion will exist
whether the engine is supercharged or not. However, because of the
greater fuel charge in each cylinder, the supercharged engine will de-
velop more power per unit of displacement.

Past supercharger installations on autos have been designed to
increase maximum power rather than to reduce fuel consumption and, in
fact, they often resulted in poorer fuel economy than was obtained from
the same car using the same engine without supercharging. This was due
to "overboosting" under conditions of high rpm and low power. The us-
ual arrangement provided a valve that vented the supercharger outlet
pressure to the atmosphere under these conditions, thus "short circuit-
ing" the supercharger. When this was done, the engine was required to
supply the power to run the supercharger without receiving any increase
in power in return; consequently fuel economy was poor. One advantage
of this type of design, however, was the instant response in power ob-

tainable when the vent valve was suddenly closed.
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To use supercharging to improve fuel economy, one may substitute
a smaller displacement supercharged engine for a larger unsupercharged
engine. This allows the supercharged engine to operate at higher mean
effective pressures at low power settings and thus obtain lower specif-
ic fuel consumptions. Care must be taken to prevent the inefficiency
associated with overboosting and, at the same time, to provide accep-
table engine response. Research along these lines on turbosuperchargers
has indicated that it may be possible to find satisfactory solutions to
these problems.2 These solutions will involve proper matching of the
turbine nozzle area, and the compressor flow characteristics to the
engine characteristics. Boost control can be obtained in a number of
ways—-—compressor matching, an adjustable turbine wastegate, or fixed
flow restrictions such as an undersized muffler. It also appears de-
sirable to vary the spark setting with the amount of boost.

If the specific fuel consumption of a supercharged and unsuper-
charged version of the same engine are compared, they show little change
in SFC at a given power output—--the only effect is an extension of the
curve to the higher powers obtainable from the supercharged version.

If the engine is redesigned with a lower compression ratio to avoid
detonation, the SFC at low powers will be somewhat poorer than that of
the unsupercharged engine using a higher compression ratio.3 However,
if the supercharged engine is scaled down to provide the same maximum
power as the unsupercharged engine, it may show lower SFC at low power
settings than the unsupercharged engine because it will be operating
at higher mean effective pressure. (The situation is illustrated dia-
grammatically in Fig. 4-2).

In addition, the supercharged engine is lighter in weight and re-
quires less volume than an unsupercharged engine of the same power--
even if its construction may have to be slightly heavier to allow for

the greater engine pressure.

2"Turbocharged Small Engines for Passenger Car Fuel Economy," un-
published communication from C. E. McInerney, Garrett Corporation,
AiResearch Industrial Division, March 1974.

3McInerney, op. cit., p. 65.



Specific fuel consumptions

Specific fuel consumption

-722

Effect of supercharging

Unsuper charged
----- Supercharged, same compresssion ratio
—— = Supercharged, reduced compression ratio
J

Max.
Power

1.0

Percent of max. power

Fig. 4-2—Effects of supercharging (diagrammatic)
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We have based our work on the information supplied by AiResearch
Corporation4 in which a turbosupercharged engine having a compression
ratio of 6 to 1 was compared with an unsupercharged engine having a
compression ratio of 8.5 to 1, both operating on 91 octane fuel. The
amount of the gain shown by these data to be due to supercharging may
be somewhat uncertain because (1) in this system the blower was installed
between the carburetor and the inlet manifold and some benefit is be-
lieved to occur due purely to the mixing action of the blower, and (2)
the use of a compression ratio of 6 to 1 on the supercharged engine, as
opposed to 8.5 to 1 on the unsupercharged engine, may not result in an
exactly equal tendency to detonate.

We represented these data by modifying the curve of SFC vs. power

setting according to the Table 4-1.

Table 4-1

EFFECT OF SUPERCHARGING ON SFC/SFC AT MAXIMUM POWER

Fraction of Unsupercharged Engine Supercharged Engine
Maximum Power | Compression Ratio = 9:1 Compression Ratio = 6:1
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The SFC at maximum power was unchanged from that of the unsuper-
charged engine. In addition, the weight of the supercharged engine
was estimated to be 74 percent of the weight of an unsupercharged en-
gine of the same maximum power, its volume 10 percent less, and its
cost per 1lb 10 percent higher.5 With these assumptions, we found the

4Ibid.

>Pinal Report, Hybrid Heat Engine/Electric Systems Study, Volume
I, The Aerospace Corporation, June 197_..
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comparison between supercharged and unsupercharged engines to be as

shown in Table 4-2.

In Table 4-~2, and in all other tables comparing the effects of dif-
fering engine designs, it is assumed that all cars are equipped with

radial tires and incorporate minor aerodynamic improvements.

Table 4-2

EFFECT OF SUPERCHARGING

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) ($)
Full Size - Conventional SIE|{ 11.9! 14.6 1406 1317
(air conditioned)
-~ Supercharged 12.8} 15.7 1306 1237
Subcompact - Conventional SIE| 19.4{ 23.3 857 847
(no air conditioning)
N - Supercharged 21,2 25.5 783 798

Supercharging results in an 8 to 9 percent saving in energy and

a 6 percent saving in cost.

Rotary Engine Design

The next modification to the conventional internal combustion en-
gine we consider is the use of rotary design engines.

Rotary engines are lighter and more compact than conventional re-
ciprocating engines of the same power,6 and these characteristics can
be exploited to reduce fuel consumption. According to EPA tests over
the Federal Driving Cycle, current mass-produced rotary engines have

poor fuel consumption7 due primarily to leakage past the seals and

6Final Report, Hybrid Heat Engine/Electric Systems Study, Vol. I,
The Aerospace Corporation, June 1971.

7Mazda disputes this and cites a number of mileage tests indicat-
ing that rotary powered Mazdas obtain mileage comparable with a Vega
or Pinto. There seem to be two issues involved: (1) is the Federal
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to an inherently high surface to volume ratio in the combustion chamber.
This situation can be expected to improve in the future: some prototype
engines have demonstrated specific fuel consumptions approaching those
of good reciprocating engines.8 However, we do not know at present how
successful these better sealing methods may be.

In our work, we have assumed that the specific fuel consumption of
a rotary engine can match that of a reciprocating engine in either con-
ventional or stratified engines.

We have not uncovered any data on the effect of supercharging on a
rotary engine. However, we have estimated the effect of supercharging
by assuming that it modifies the performance of a rotary engine just as
it does a reciprocating engine.

Using our assumption that the rotary SFC will be the same as that
of a conventional reciprocating engine, the only corrections we intro-
duce for an unsupercharged rotary engine are due to the weight and vol-
ume of the engine. Based on the Aerospace work,9 we estimate the weight
of a rotary engine to be 53 percent of the weight of a reciprocating
engine of the same power, and the volume required to be given by 0.66

0.624 used for conventional engines).

PMO'5 (compared with 0.785 PM
For engines between 50 and 200 horsepower, this implies that the rotary
engine occupies 44 to 52 percent as much volume as a conventional en-
gine. Rotary engines are costed at the same cost per pound as conven-
tional engines.

A comparison of rotary and conventional engines is summarized in
Table 4-3. The results indicate that using a rotary engine permits a

13 to 16 percent saving in lifetime energy and a 14 percent saving in

Driving Cycle representative of the average driver's experience?; and
(2) is the EPA method of measuring fuel economy, currently based on ex-
haust gas sampling, a reliable method--particularly when applied to
rotary engines?

83ee Curtiss-Wright's Development Status of the Stratified Charge
Rotating Combustion Engine, Charles Jones and Harold Lamping, Curtiss-

Wright Corporation, June 1971 and Symposiwm on Low Pollution Power Sys-
tems Development, NATO Document No. 32, October 1973.

gFinaZ Report, Hybrid Heat Engine/Electric Systems Study, Vol. I,
The Aerospace Corporation, Jume 1971.
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Table 4-3

EFFECT OF ROTARY DESIGN

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) ($)
Full Size - Conventional SIE | 11.9 | 14.6 1406 1317
(air conditioned)
- Rotary 13.6 | 16.2 1214 1104
Subcompact - Conventional SIE | 19.4 | 23.3 857 847
(no air conditioning)
~ Rotary 23.24 27.1 721 727

cost in comparison with a conventional engine--a saving greater than

that obtained by supercharging.

Supercharged Rotary SIE

Rotary engines can be supercharged, although we are not aware of
any development work along this line. To estimate the gain from this
approach, we have combined the input changes already described for ro-
tary engines and for supercharging. The resulting comparisons are shown

in Table 4-4. (As in the comparison of the effect of supercharging

Table 4-4

EFFECTS OF SUPERCHARGING A ROTARY ENGINE

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) ($)
Full Size - Conventional SIE 11.9 | 14.6 1406 1317
(air conditioned) )
- Supercharged Rotary | 14.2 | 17.0 | 1160 1070
Subcompact - Conventional SIE 19.4 | 23.3 857 847

(no air conditioning)
- Supercharged Rotary | 24.5| 28.9 679 703
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reciprocating engines, the compression ratio of the rotary engines has
been reduced from 9:1 to 6:1 when supercharging is used.)

The combination of supercharging and rotary design can lead to an
18 to 21 percent reduction in lifetime energy and a 17 to 19 percent

reduction in cost.

Charge Stratification

In a stratified charge engine, air and fuel are brought together
in combustible proportions at selected locations in the cylinder. This
allows combustion to proceed when the overall fuel to air ratio is too
lean to support combustion in a homogeneous mixture. Thus, a stratified
charge engine need not throttle the inlet air flow at low power settings
and can avoid losses that a carbureted engine suffers due to pumping the
air through a passage restricted by the throttle valve. The use of
fuel injection also makes it possible to use a higher compression ratio
even with low octane fuel and, in combination with spark ignition, al-
lows the stratified charge engine to use a wider range of fuels than
any other type of internal combustion engine. Charge stratification
can be accomplished in a number of ways, including the Honda prechamber
system, the induced swirl and fuel injection system used in the Texaco
TCCS and the Ford PROCO engines, or the method used by Curtiss-Wright
for rotary engines in which the air is swept past the fuel injection
point,

We have chosen to consider a stratified charge system that uses
fuel injection similar to the Ford, Texaco, and Curtiss-Wright designs;
while more complicated and expensive than the Honda system, it allows
greater fuel economy. Our data on this system are based primarily on
work on the Ford enginelo that has a compression ratio of 11:1. This
work indicates that the SFC of a stratified charge engine (equipped

10See E. Mitchell, A. Alperstein, J. M. Cobb, and C. H. Faist, 4

Stratified Charge Miltifuel Military Engine--A Progress Report, SAE
Paper 720051 presented at Automotive Engineering Congress, January
1972; and A. Simko, M. A. Chima, and L. L. Repko, Exhaust Emission
Control by the Ford Programmed Combustion Process--PROCO, SEA Paper
720052 presented at the Automotive Engineering Congress, January 1972.
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with catalytic converter) averages about 85 percent that of a conven-
tional engine operating without emission controls. (This percentage
varies with power setting: the value of 0.85 is representative of the
low settings encountered on the driving cycle.)

The performance of a conventional engine without emission controls
was determined by correcting the basic SFC equation (Fig. 2-2) that ap-
plies to engines using 1973 emission controls by the factors given by
the EPA.ll These factors are given as a function of inertial weight;
however, we have related them to installed horsepower by assigning
horsepowers typical of 1973 cars to various inertial weights. The re-

sulting factors used to correct 1973 specific fuel comsumptions to those

of an engine with no emission controls are given by:

1.0 for engines of less than 115 horsepower

1-0.15 (PM - 115)
36 for engines between 115 and 151 horsepower

0.85 - 0.03 (PM - 151)
109 for engines larger than 151 horsepower

Where PM = maximum installed horsepower

It will be remembered that, in the results calculated here, the
1973 SFCs are corrected for the effects of advanced emission controls
(see Section II). When these corrections are combined with those given
above, the ratios of SFC of a stratified charge engine to SFC of a con-
ventional SIE equipped with 1975 emission controls are obtained (see
next page).

The Ford work also indicates that maximum power of the stratified
engine is increased about 10 percent over that of conventional engines
of the same displacement. However, the replacement of the carburetor

llA Report on Automotive Fuel Ecomomy, U.S. Environmental Protec-

tion Agency, October 1973.
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Relative SFC:
Stratified

Conventional SIE

Maximum Power (Both with
(hp) emission controls)
Less than 115 0.85
140 0.79
180 0.76
Over 200 0.86

with fuel injection equipment results in a 5 percent increase in engine
weight. The net result is that the weight of the stratified charge en-
gine capable of producing a given power is 5 percent less than that of
a conventional engine. The cost per pound of the stratified charge en-
gine was estimated, from data obtained by contract from Rath and Strong,
to be 30 percent greater than that of a conventional engine. (This is
a net increase, i.e., it includes the cost of fuel injection parts less
the carburetor and conventional fuel pump.) Because it appears that it
will be necessary to use catalytic converters on stratified charge en-
gines if they are to meet the 1976 statutory emission requirement, we
have allowed for the weight and cost of a catalytic converter. (We

did not modify the SFC for their effect because the above estimate in-
cludes this effect.)

The results of these assumptions are summarized in Table 4-5.

Table 4-5

EFFECT OF STRATIFIED CHARGE

Average
Mpg Lifetime Annual
Energy Cost
FDC OAP (million Btu) ($)
Full Size - Conventional SIE 11.9 | 14.6 1406 1317
(air conditioned)
~ Stratified Charge | 14.3] 17.7 1218 1255
Subcompact - Conventional SIE 19.4 | 23.3 857 847

(no air conditioning)
- Stratified Charge 22.81 27.6 751 812
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The stratified charge engine produces a 12 to 13 percent saving in
lifetime energy and a 4 percent saving in cost. The energy saved by
stratified charge engines is comparable with that saved by rotary en-
gines. However, rotary engines lower cost because they save energy by
reducing the weight of the auto, affecting many costs other than the
direct cost of fuel. The stratified charge engine saves energy by an
improved specific fuel consumption, but with only modest weight savings.

The curb weights of the two systems compare as follows:

Full Size | Subcompact
(1b) (1b)
Conventional SIE 4743 2452
Rotary Engine 3352 1783
Stratified Charge 4594 2371

The cumulative weight saving due to.the lighter weight rotary en-
gine is sufficient to offset the 10 to 15 percent improvement in SFC
in the heavier stratified charge engine. Apparently the search for bet-
ter fuel economy does not necessarily lead to high efficiencies unless

they can be obtained without significant weight increases.

Stratified Charge with Rotary Design

Rotary engines using the stratified charge concept are also under
development by Curtiss—Wright12 and by Toyo Kogyo13 both of which inject
fuel into the air as it is swept past the injection point by the rotor.

We have assumed that this type of stratified rotary engine can ob-
tain the same SFC as a reciprocating stratified charge engine. Tests
by Curtiss-Wright of a stratified rotary engine having a compression
ratio of 7.5:1 showed it to have SFC comparable with those of a con-
ventional reciprocating engine with a 9:1 compression ratio. Whether
the compression ratio of a rotary engine can be raised to 10:1 or 11:1
(the values used on the Texaco TCCS and the Ford PROCO reciprocating

Y2 cupties-iright, op. cit.
13The Chrigtian Science Monitor, August 26, 1974, p. 7.
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stratified charge engines, and assumed in our estimates of stratified
charge SFC) is not now known. Problems of sealing and rotor geometry
make it more difficult to obtain high compression ratios on a rotary
engine than on a reciprocating engine; however, we have assumed that,

in the long run at least, rotary engines will match the fuel consumption
of comparable reciprocating engines. It should be noted that, because
of their lighter weight, rotary engines can compete with reciprocating
engines on fuel economy (mpg) even though their SFC may be higher.

They could not, however, obtain the performance we show unless they
match the SFC of the reciprocating engine.

With this assumption, the performance of the stratified rotary en-
gine is estimated by combining the weight and volume assumptions asso-
ciated with rotary engines with the SFC assumptions used for the strat-
ified charge engines. The cost per pound of this rotary engine is in-
creased 30 percent over that of the conventional SIE to allow for the
fuel injection equipment.

The resulting comparison is summarized in Table 4-6.

Table 4-6

EFFECTS OF CHARGE STRATIFICATION ON A ROTARY ENGINE

Mpg Lifetime Annual
Energy Cost
FDC OAP {(million Btu) ($)
Full Size - Conventional SIE 11.9} 14.6 1406 1317
(air conditioned)
— Stratified Rotary| 17.4| 21.3 985 1028
Subcompact - Conventional SIE 19.4 | 23.3 857 847
(no air conditioning)
~ Stratified Rotary| 26.9| 31.8 633 695

Combination of charge stratification and rotary design leads to
very substantial reductions in energy consumption (26 to 30 percent)
and cost (18 to 22 percent). Much of this saving is associated with

a large reduction in weight for the same performance and passenger



-82-"

accommodations--the curb weight of a full size car drops from 4743 1b
for a car powered with a conventional engine to 3250 1b when the strat-
ified rotary engine is used. On a subcompact car, the corresponding
weights are 2452 1b and 1741 1b.

Stratified Charge Rotary Engine with Supercharging

Supercharging can benefit a stratified engine in the same way it
benefits a conventional engine~-by acting to increase the mean effec-
tive pressure used to obtain the low powers encountered in normal driv-
ing by allowing a given acceleration performance to be obtained with
an engine of smaller displacement. Because the stratified charge en-
gines we have considered use fuel injection, which eliminates the pos-
sibility of pre-ignition, it is not necessary to reduce the compression
ratio of the supercharged engine. This allows low powers to be obtained
at somewhat higher mean effective pressures than was possible when su-
percharging was used without fuel injection. We have assumed sufficient
supercharging to increase the maximum power available from a given dis-
placement by 40 percent. We estimated the effect of supercharging on
SFC by assuming that, when a supercharged engine was sized to a spec-
ified maximum power, it would show the same SFC at low power that an
unsupercharged engine of the same maximum power shows at 1.4 times the
specified required power. (This assumption is based on data indicating
that the SFC of a supercharged engine at low powers is the same as that
of an unsupercharged engine having the same displacementl4.) The result-
ing variation of SFC with power setting is shown in Table 4-7.

The engine weight was obtained by multiplying the weight of a re-
ciprocating stratified charge engine by 0.53 to allow for rotary design,
and then by 0.74 to allow for supercharging. The engine volume was de-
termined by dividing that of a rotary engine by 1.1 to allow for super-
charging, and the engine cost per pound was increased by 30 percent
(over that of a conventional SIE) to allow for fuel injection and by
an additional 13 percent to allow for supercharging. Table 4-8 shows
the results of these assumptions.

14E. Mitchell, M. Alperstein, et al., op. cit.
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Table 4-7

EFFECT OF SUPERCHARGING ON SFC/SFC AT MAXI-
MUM POWER FOR ENGINES USING FUEL INJECTION

Fraction of Unsupercharged Supercharged
Maximum Power Engine Engine
0.05 1.56 1.29
0.10 1.13 1.02
0.20 0.93 0.87
0.40 0.84 0.84
0.60 0.86 0.86
0.80 0.91 0.91
1.00 1.00 1.00

Table 4-8

EFFECTS OF CHARGE STRATIFICATION AND
SUPERCHARGING ON A ROTARY ENGINE

Mpg Lifetime Annual
Energy Cost
FDC OAP |(million Btu) ($)
Full Size - Conventional SIE | 11.9 | 14.6 1406 1317
(air conditioned)
- Stratified rotary | 18.9 | 23.3 914 989
+ supercharging
Subcompact - Conventional SIE 19.4 ] 23.3 857 847
(no air conditioning)
- Stratified rotary | 30.0 | 35.7 575 668
+ supercharging

The engine results in a 33 to 35 percent saving in energy with a

21 to 25 percent lower cost than the conventional SIE.
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V. ALTERNATIVES TO SPARK IGNITION ENGINES

This section considers the use of engines other than the SIE. We
consider advanced powerplants that may be mass produced within five to
fifteen years. These engine types are: automotive diesel (with and
without a CVT), stratified charge, Brayton cycle (gas turbine), Rankine
cycle (steam engine), and the Stirling cycle. We compare them with the
spark ignition engines. Automotive diesels are already in production
in Europe. The gas turbine, Rankine, and Stirling engines have been
the subject of extensive research by both the government and private
corporations. While there is a substantial background of information
on which to base our estimates, it must be recognized that engines
still in the research stage may not have demonstrated performance, fuel
economy, or weights required before production could be considered.

In these cases we have used estimates representative of the goals of
research programs rather than the performance of actual test engines
that fall short of these goals. Thus our estimates will be optimistic
if further research indicates that present goals cannot be reached.
Most programs also have estimates of better performance attainable by
"second generation" engines, i.e., engines that advance substantially
beyond the goals of present research. We have not included these,
however, because the probability of attaining such goals is highly un-
certain, and many years of research and road experience on '"first gen-

eration" autos are still required.

Emissions Control for New Engine Types

For some of the new engine concepts, emission levels lower than
the Federal standards may be attained. The Rankine cycle and the
Stirling engine both promise to give substantially lower emissions
than the statutory standards, and the gas turbine may give less than
the required emission levels of hydrocarbons and carbon monoxide. In
this situation, the emissions produced should vary with the size of the
engine, approximately in proportion to the airflow required, and would

not be a fixed number of grams per mile. Further, to be useful for
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our purposes, emissions should be integrated over an appropriate driving
cycle. The data available on new engines, however, are not sufficient
to allow a trend with engine size to be determined. In addition, data
from various sources on engines of the same basic type, but of different
specific designs, show a scatter large enough to mask any size effect.
Consequently, a single value of grams per mile has been used for each
engine type regardless of size.

Data used to summarize the emissions of various engine types are
presented in Table 5-1. The external combustion engines (Rankine and
Stirling) should have emissions substantially below the ultimate stat-
utory standards, and both the gas turbine and diesel should be below
the standards on hydrocarbons and carbon monoxide, but may exceed the
NOx standard. If the allowable NOx emission level is relaxed to 2.0
grams per mile, all the engines should be able to meet it.

All these engines incorporate some design features to reduce
emissions--the external combustion engines use exhaust gas recircula-
tion, the gas turbine engine uses a special combustor design, and the
diesel engine uses a divided combustion chamber design. Our estimates
of the weights, costs, and performance of these engines include allow-
ance for emission control equipment, so that no additional allowance
is made specifically for these items.l Thus, in making inputs to the
design model, the weight and cost of emission control equipment is set
equal to zero.

We also assumed all of the new engine types (except the diesel)
to be equipped with continuously variable transmissions because the
development of a new engine is a sufficiently large effort to justify
developing a new transmission if a significant benefit is to be ob-
tained by doing so. We analyzed the diesel engine with and without a
CVT.

The most important variables needed to define a new engine type
in the design model are engine weight, volume, cost, specific fuel con-

sumption at maximum power, the variation of SFC with power setting, and

lAn exception is the diesel engine, where we allowed cost and
weight equivalent to those allowed for the 1975 emission controls in
spark ignition engines for equipment to aid in reducing NOx emissions.
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Table 5-1

EMISSION CHARACTERISTICS OF ADVANCED ENGINES

Grams per Mile
Carbon Oxides of
Engine Type | Hydrocarbons | Monoxide Nitrogen | References
Diesel 0.100 0.500 1.000 60k
Rankine 0.410 3.400 0.400 (2)
0.056 0.333 0.137 3
0.170 0.210 0.275 (4)
0.130 0.200 0.260 (5)
Gas Turbine 0.120 0.700 0.400 (5)
0.2-0.61 0.7-2.11 | 0.2-2.86 (6)
Stirling 0.040 0.100 0.260 e
0.200 1.100 0.150 (7)
0.100 0.310 0.170 (8)
Federal
Statutory
Standards 0.41 3.4 0.40

#Reference (1) presents data on a grams per brake
horsepower-hour basis. It was used here by ratioing
between engine types.

1. Final Report Hybrid Heat Engine/FElectric Systems
Study, Vol. 1, The Aerospace Corporation, for Division
of Advanced Automotive Power Systems Development, U.S.
Environmental Protection Agency.

2. System Presentation, June 1973, Scientific Energy
Systems Corporation.

3. Organic Rankine Cycle Automotive Propulsion System
Turbine Expander, Aerojet Liquid Rocket Co., June 1973.
4. Rankine Cycle Power System with Organic-Based Work-
ing Fluid, and Reciprocating Expander for Passenger
Vehicles, Presentation Material for Eighth Rankine Cycle
Contractors Meeting, Ann Arbor, Michigan, Thermo Electric
Corporation, June 5-6, 1973.

5. Technology Assessment of the Transition to Advanced
Automotive Propulsion Systems (Draft) HIT-541, Hittman
Associates, Inc., November 1972.

6. Energy/Environmmental Factors in Transportation 1975-
1990, MITRE Corporation, April 1973.

7. Norman D. Postma, (Ford Motor Co.), Rob Van Giessel
and Fritz Reinink (N. V. Philips, Holland), The Stirling
Engine for Passenger Car Applications, SAE 730648, June
1973,

8. C.B.S. Alm, S. G. Carlqvist, P. F. Kuhlmann, K. H.
Silverqvist, F. A. Zacharias, Environmmental Character-
istics of Stirling Engines and Their Present State of
Development in Germany and Sweden, presented at the
International Congress on Combustion Engines (CIMAC),
Washington, D.C.
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the variation of full throttle power with engine rpm. The values used
for these quantities for the diesel, Rankine, gas turbine, and Stirling
engines are summarized in Table 5-2, which includes the conventional
spark ignition engine for comparison.

The basis for these values will be discussed in the following para-
graphs, together with a number of other changes that were included to

allow for characteristics of particular engine types.

Diesel Engines

Diesel engined autos have demonstrated better fuel economy than
conventional gasoline powered autos, although they are usually designed
with lower horsepower-to-weight ratios (and hence lower acceleration)
than their gasoline powered counterparts. There are still unanswered
questions regarding the degree of acceptance of the odor, smoke, noise,
and possible health hazards due to sulfates and organic compounds in
the diesel exhaust.

A diesel engine obtains improved fuel economy partly through the
improved cycle efficiency of a higher compression ratio but, more im-
portantly, due to its ability to operate on very lean mixtures at low
powers. Under these conditions, the engine operates in a manner sim-
ilar to a stratified charge engine. The cylinder is filled with a
mixture whose overall proportions are very lean; however, there are
many small pockets in which various mixture ratios exist. As the pres-
sure and temperature rise during the compression stroke, those pockets
having the proper mixture ratio will combust and ignite the remaining
lean mixture.

Diesel engines are substantially heavier and more expensive than
gasoline engines of the same power. In our work, we have required that
the diesel meet the same acceleration capability as comparable gasoline
powered cars. We have also assumed that, if diesel cars were to con-
stitute a large fraction of the fleet, the price of diesel fuel would
be adjusted to the same level per Btu of energy content as gasoline.
These two assumptions act to offset some of the advantages in energy

consumption and cost of ownership often associated with diesel cars.
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Table 5-2

ENGINE INPUTS

Equations for:
Engine Type Engine Weight | Engine Volume SFC at Max Power
Conventional
spark ignition| 22.0 P, 0-611 | 785 p 0-624 |1 55 p ~0.104
M M M
~0.15
Gas turbine 100 + 0.24 P 4.0 + 0.06 P 1.26 P
M M M
Rankine 23.8 20672 | o.862 p 0-624 |3 59 p ~0:325
M M M
. 0.73 0.624 -0.104
Stirl . . .
rling 13.9 PM 0.865 PM 92 PM
Diesel 26.1 PM°‘645 1.32 PM0'55 717 . 700318 (149 hp)
0.600 PM—O°0318 (200 hp)
Variation of SFC with Power Setting
SFC
SFC at Max Power
Power Conventional Gas Diesel
Max Power |Spark Ignition| Turbine | Rankine Stirling| Diesel | + CVT
0.05 1.56 2.15 1.00 1.35 1.35 1.07
0.10 1.13 1.60 0.78 0.96 0.99 0.90
0.20 0.93 1.20 0.76 0.76 0.83 0.87
0.40 0.84 1.02 0.82 0.70 0.82 0.82
0.60 0.86 1.00 0.88 0.70 0.86 0.86
0.80 0.91 1.00 0.94 0.74 0.91 0.91
1.00 1.00 1.00 1.00 1.00 1.00 1.00
Variation of Full Throttle Power with Rpm
Full Throttle Power
Max Power
(Rpm)RPm Conventional Gas Diesel
max power |Spark Ignition| Turbine | Rankine | Stirling | Diesel | + CVT
0.2 0.19 0 0.32 0.19 0.19 0.19
0.4 0.41 0 0.61 0.41 0.41 0.41
0.5 0.55 0.058 0.73 0.55 0.55 0.55
0.6 0.69 0.123 0.84 0.69 0.69 0.69
0.8 0.91 0.400 0.98 0.91 0.91 0.91
1.0 1.00 1.000 1.00 1.00 1.00 1.00
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Table 5-2 (continued)

Modification Relative Cost per 1b.2

Conventional Spark Ignition 1.0
Supercharging 1.1
Stratified Charge (with fuel injection) 1.3
Rotary design 1.0
Stratified rotary with supercharging 1.43
Diesel 1.5
Rankine 1.0
Gas turbine 3.0
Stirling 2.0

qcost per pound of conventional spark ignition engine = $1.13.
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Our inputs are intended to be representative of high speed, auto-
motive diesels such as the Ricardo Comet Mark V (used in the Peugeot
204) which has the following characteristics:

Max Power (hp) 45
Rpm at max power 5000
Displacement 78.5 in3

Compression ratio 23.3:1
Weight (1b) 272

This type of diesel engine normally uses a divided combustion chamber
that reduces emissions and noise. We have assumed that a turbosuper-
charger is used. This gives a substantial improvement in fuel economy
over an unsupercharged engine although engine response is not as rapid.

We have assumed the variation of full throttle power with rpm of
the diesel engine to be the same as that of a spark ignition engine.
Actual diesel engines show a more rapid decrease of power as rpm is
reduced because their maximum power is limited arbitrarily to prevent
smoke production and, consequently, they do not show a clear peak power
as the spark ignition engine does. The effect of this difference in
acceleration can be offset by proper transmission design, so that the
fraction of maximum power available as a function of road speed need
not differ from that of the spark ignition engine. We represent this
by using the same variation of power with rpm and of rpm with road
speed for the diesel as we used for the spark ignition engine, and we
obtain the same variation of percent power available with road speed
for the diesel and conventional SIE.

Estimates of SFC, weight, and volume are based primarily on work
by Aerospace2 with modifications to obtain consistency with our estimate
for the conventional spark ignition engines. Our estimates imply that
diesel engines weigh 36 to 42 percent more than conventional spark igni-

tion engines of the same power.

2Fina2 Report, Hybrid Heat Engine, op. cit.
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Cost estimates are based on the work of Ayres3 modified to separate
engine costs from those of the entire drive. We use a 50 percent higher
cost per pound than for a conventional spark ignition engine--of which 30
percent can be attributed to fuel injection equipment. It will be noted
that the maintenance cost of a diesel engine is assumed to be 60 percent
that of a spark ignition engine of the same power.

The fuel economy of diesel engined autos is displayed in terms of
gallons of gasoline having the same Btu content as the diesel fuel
actually used. This is done to facilitate comparison with engines using
other fuels.

Comparisons between diesel and spark ignition engines are summarized
in Table 5-3.

Table 5-3

EFFECT OF DIESEL ENGINES

Mpg®
4 Lifetime Energy | Annual Cost
FDC | OAP (million Btu) (%)
Full size - Conventional SIE 11.9| 14.6 1406 1317
(air conditioned)
- Diesel 14.11} 17.8 1268 1327
Subcompact - Conventional SIE| 19.4 | 23.3 857 847
(no air conditioning)
- Diesel 25.6 | 30.6 721 832

aMpg of gasoline having the same Btu content as the diesel fuel
actually used.

The diesel engine shows 10 to 60 percent reduction in energy re-
quired, although its cost differs little from those of conventional
spark ignition engines. We have noted that use of a diesel engine
leads to much heavier autos, and this tends to offset some of its ad-
vantage in specific fuel consumption. For example, the weight of a
subcompact diesel car without air conditioning is 2802 1b compared with

2452 1b for a comparable conventional car, and it shows a 31 percent

3Ayres, op. cit.
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advantage in fuel economy (mpg). Had the weights of the cars been equal,

the diesel would have shown a 50 percent advantage.

Diesel Engine Plus Continuously Variable Transmission

In studying the effect of adding a CVI to a diesel engine, we fol-
lowed the same procedure in estimating the power available during ac-
celeration from zero to 60 mph as we used on the diesel engine above
except that we modified the variation of power available with road speed
to allow for the effect of the CVT in the same manner as we did on the
spark ignition engine. (See the discussion in Section III of Advanced
Transmissions: The CVT). This procedure results in maximum engine
power being available at all engine speeds above 15 mph.

The effect of the CVT on diesel specific fuel consumption is es-
timated from the same engine map4 as was used for the diesel without
CVT, but it was assumed that the CVT would allow the minimum possible
SFC to be obtained at each power setting.

Cost, weight, and volume estimates are the same as those used
previously for diesel engine and for CVT's.

The results of these assumptions are summarized in Table 5-4.

Table 5-4

EFFECT OF DIESEL ENGINE WITH CVT

Mpg
Lifetime Energy | Annual Cost
FDC OAP (million Btu) ($)

Full size -~ Conventional SIE | 11.9 | 14.6 1406 1317

(air conditioned)

Diesel + CVT 17.4 | 22.2 1073 1234
Subcompact - Conventional SIE| 19.4 ] 23.3 857 847

(no air conditioning)

Diesel + CVT 33.01| 37.6 619 784

4Final Report, Hybrid Heat Engine, op. cit.
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Compared with the conventional spark ignition engine, the diesel
with CVT can save 22 to 28 percent in energy required and 6 to 7 per-
cent in cost. The use of a CVT on a diesel engine results in about a
15 percent saving in lifetime energy consumed--this is quite comparable
with the 18 percent saving obtained by the application of a CVT to a
spark ignition engine.

Rankine Cycle Engines

The ideal Rankine cycle using water as a working substance consists
of these processes: 1) reversible, adiabatic compression of liquid to
the boiler pressure, 2) constant pressure heating of water to the boil-
ing point, 3) reversible, constant pressure and temperature vaporiza-
tion of water into steam, 4) constant pressure superheating of the
steam, 5) adiabatic expansion of steam into wet steam (during which
work is extracted), and 6) constant pressure and temperature condensa-
tion back to the original conditions. The cycle requires a pump, boiler,
expander, condenser, and possibly a regenerator. Each device contri-
butes flow and/or heat losses to the cycle efficiency, and thus much
Rankine research is devoted to improving component efficiency.

At a given horsepower a Rankine engine rejects about three times
as much heat in its condenser as a comparable internal combustion (1C)
engine does in its radiator. Much effort has been devoted to improving
heat transfer and lowering pressure losses to reduce condenser size.
EPA-sponsored work by AiResearch has produced condenser designs that
achieve the required heat rejection rate using about the space of a
conventional radiator.5

Two types of expanders have been developed. The turbine expander
is relatively light and compact, requires no lubricant in the working
fluid, and has only minor materials problems. Its main disadvantage
is significant losses in efficiency at part-load conditions. The re-
ciprocating type of expanders, however, demonstrate better efficiency

characteristics under such conditions. But for most reciprocators a

5A. W. Gardiner, "Automotive Steam Power: Where it Stands Today,"
Automotive Engineering, Vol. 81, No. 4, April 1973, pp. 36-42.
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lubricant must be added to the working fluid creating compatibility and
thermal decomposition problems.

The choice of working fluid has been the subject of much research.
Good heat transfer characteristics, high temperature thermal stability,
low freezing point, negligible toxicity, and favorable superheat charac-
teristics are among the desirable features of a working fluid. Water
must be heated to temperatures on the order of 1000°F to provide satis-
factory efficiency, raising safety and materials problems. Further,
it freezes at a relatively high temperature causing complex engineering
and design problems in cold weather operation. Organic fluids, with
much lower freezing points, and favorable behavior in the superheated
vapor regime permitting large heat regeneration, have been used recently
in both reciprocating and turbine expander engines. However, their
lower heat capacity requires higher flow rates, they decompose at some
temperature less than 1000°F, and many are flammable, toxic, and expen-
sive. Nevertheless, several organic fluids have demonstrated good per-
formance. .

EPA has sponsored research on all four combinations of organic or
water working fluid and reciprocating or turbine expanders. In 1974
they selected Scientific Energy Systems Corp. to continue development
of a piston expander engine using water as a working fluid.

The heat source is an external burner that allows control of fuel
economy and reduced emissions. Because of materials-limited steady
state temperatures and component losses, design efficiency is less than
for a comparable IC engine. However, because controls to achieve part-
load output do not introduce losses, part-load efficiency is higher than
at full load; this effect is more pronounced in the reciprocating ex-
pander designs than the turbine types. Thus, while full-load efficiency
is less for Rankine engines than the IC, part-load efficiency is com-
parable or better.

Again, because combustion is external and quasi-static, emissions
are more easily controlled. UHC and CO emissions are well below com-
parable IC engines and improved burner designs have reduced NOx emis~
sions below the proposed Federal standards. External burning permits
control of the air-fuel ratio and, as before, eliminates requirements

on fuel knock characteristics.
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The mechanical complexity of the engine results in relatively large
size and weight. Past Rankine engines have weighed twice as much as a
comparable spark ignition engine. Recent designs have reduced that
factor. Our work is based on weights between 40 and 50 percent greater
than spark ignition engines of the same power. Specific volume is like-
wise higher but not proportional (we use a 10 percent increase). Be-
cause no exotic materials are required, we have estimated that manufac-
turing costs per pound of engine weight will eventually be the same as
those for a conventional spark ignition engine.

The variation of full throttle power with rpm is shown in Table 5-2.
As stated, a continuously variable transmission is assumed, and its
operating schedule is adjusted to result in full engine power being
obtained at all speeds above 15 mph during acceleration. The continu-
ously variable transmission also results in attaining the lowest SFC
possible at each power setting6-—this is reflected in the values shown
in Table 5-2. Based on an extrapolation of the fuel consumption data
given by Gardinmer, the idling fuel flow in pounds per hour is assumed
to be 2 percent of the engine's maximum horsepower.

Comparisons of autos powered with Rankine and conventional spark
ignition engines as we estimate them are summarized in Table 5-5. Al-
though Rankine engines can burn a wide range of fuel, we have compared
them on the basis of gallons of equivalent gasoline.

Our results indicate the Rankine engine (equipped with CVT) does
not offer any significant advantage either in energy required or cost
over a conventional spark ignition engine. If compared with a SIE
equipped with a CVT, it requires 6 to 8 percent more energy and costs

7 to 10 percent more.

Brayton Cycle (Gas Turbine) Engines

The gas turbine engine uses the Brayton cycle. This cycle is com-

posed of the following processes: (1) inlet air is compressed, (2) air

6Our estimates of power and SFC are based primarily on the Scien-
tific Energy Systems design as described in Gardiner (op. cit.) and in
SES publications. Additional information on weight and volume was ob-
tained from Aerospace work (op. cit.).
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Table 5-5

EFFECTS OF RANKINE CYCLE ENGINES

Mpg
Lifetime Energy | Annual Cost
FDC | O0AP (million Btu) ($)
Full size - Conventional SIE | 11.9 | 14.6 1406 1317
(air conditioned)
- Rankine cycle 12.5}1 16.6 1368 1389
Subcompact - Conventional SIE| 19.4 23.3 857 847
(no air conditioning)
- Rankine cycle 21.11} 25.1 846 879

is combined with fuel and burned at constant pressure, (3) the hot gas
is expanded, and (4) discharged to the atmosphere. The cycle was given
its common name because work is extracted during expansion (step 3)
through a power turbine, which is used to drive the compressor required
in step 1. Efficiency is often improved by providing some heat re-
cuperation between the hot exhaust gas and the compressed mixture before
combustion.

There is considerable design flexibility in a gas turbine and
several component configurations have been tried. The simplest is a
non-regenerative cycle that uses a direct shaft link between the com—
pressor and power turbine. The single-shaft, regenerative system adds
a regenerator between the exhaust and the compressed intake mixture to
improve efficiency. The free turbine uses a compressor and turbine on
one shaft, but extracts power from a physically separate turbine down~
stream from the first turbine. The two most promising types are the
single-shaft, regenerated system and the free turbine with reheat or
regeneration.

The single-shaft, regenerated turbine is the less complex and pre-
sumably less expensive of these two types. Because the power output is
derived from the turbine connected to the compressor, the engine can be
used for braking. However, because this configuration develops low
torque at low rpms, an unconventional transmission must be used. The
free turbine, however, can be used with conventional transmissions, but
provides poor braking. Torque at low speeds is very good, and the

engine is smaller and lighter than the single-shaft turbine.
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Both turbine types exhibit good fuel economy at high loads, slightly
better than the conventional IC engine. However, at part loads both
types suffer from sizeable drops in efficiency; the single-shaft turbine
being worse than the free turbine. But by reducing turbine idle speed,
and using variable turbine nozzle vanes, part-load fuel consumption can
be reduced.

The EPA-sponsored turbine engine program has led to the selection
of a Chrysler-developed free-turbine design as the baseline engine.7
It uses a rotating recuperator to recover some exhaust heat to pre-heat
the compressed intake air before combustion. The design has demon-
strated good endurance and reliability but must still be improved with
regard to fuel consumption, emissions, and cost.

Turbine engine combustion is a nearly continous process so that it
is easier to control emission levels than in the IC engine. Current
emissions of CO and UHC pollutants are acceptable at rated power; how-
ever, NOx output is too high. Projected reductions from improved tech-
nology, such as by modifying burner design to eliminate regions of low
air-to-fuel ratios, should reduce NOx output to an acceptable level.
Part-load emissions of CO and UHC are significantly higher than at full
load; however, the driving cycle emissions of these substances are with-
in the proposed Federal limits. NOx emissions increase and then de-
crease with decreasing load, but do not change much from the full-load
level.

Turbine specific weight is about the same as or a little lower than
a comparable SIE.8 Our weight estimates run from 8 percent less to 3
percent more than an SIE. However, because the gas turbine requires no

radiator9 and no additional weight for emission control equipment, the

7NATO Symposium on Low Pollution Power Systems Development, NATO
Document No. 32, October 1973.

8"Summary Report - Automobiles Gas Turbine Engine Study,” AiResearch
Manufacturing Co., September 15, 1972; "Automobile Gas Turbine--Optimum
Cycle Selection Study,' presented at AAPS development Coordination Meet-
ing, by Space Division, General Electric Co., June 20-23, 1972; W. L.
Carry, J. V. Gross, and C. E. Wagner, "Chrysler Corporation Progress
Report Baseline Gas Turbine Engine Program,” presented at AAPS Develop-
ment Division Gas Turbine Contractors Coordination Meeting, June 7, 1973.

9We estimate the radiatior weight in pounds is equal to 10 percent

of the engine maximum power.
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total weight of engine, engine section, and emission control equipment
is less for the gas turbine. For a 100 horsepower engine, this total
is 512 1b for an SIE and 374 1b for the gas turbine.

Turbine engine volumes are less than for an SIE; we have allowed
a decrease of about 25 percent. Engine manufacturing costs are esti-
mated to be high; we use $3/1b. Maintenance costs may be lower than
for an SIE, and we have allowed a 40 percent reduction in engine main-
tenance cost. Based on Chrysler data we have estimated the fuel flow
at idle (pounds per hour) to be equal to 5.5 percent of the maximum
power.

The gas turbine engine has a much higher idling speed than other
types and a radically different variation of full throttle power with
rpm (see Table 5-2). However, as in other engine types, we have as-
sumed that a CVT provides a variation of rpm with road speed so that
full power is reached at all speeds above 15 mph during acceleration.
We also assume that the CVT allows the minimum possible SFC to be ob-
tained at each power setting. Based on the Chrysler data, this results
in the SFC shown in Table 5-2.

The comparisons we obtain from these assumptions are summarized
in Table 5-6.

Table 5-6

EFFECT OF GAS TURBINE ENGINE

Mpg
Lifetime Energy | Annual Cost
FDC | OAP (million Btu) (3)
Full size - Conventional SIE 11.9 {14.6 1406 1317
(air conditioned)

- Gas Turbine 10.1 [13.0 1482 1247

Subcompact - Conventional SIE| 19.4 {23.3 857 847
(no air conditioning)

- Gas Turbine 20.3 [ 24.4 792 772
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Our results indicate that the gas turbine is about comparable with
the SIE on both eénergy consumption and cost. The poor fuel economy of
the gas turbine at low powers appears to offset the weight saving it

allows.

Stirling Cycle Engines

The Stirling engine concept was proposed over a century ago. Be-

cause the output was low with air as the working fluid, little develop-
mental progress was made until 1938 when Philips of Holland began ex-
Perimental development. The Stirling engine uses heat applied externally
and the cycle consists of the following processes: 1) isothermal com-
pression of the working fluid, 2) constant volume heat input, 3) isother-
mal expansion, and 4) constant volume heat rejection back to the initial
conditions. 1If a regenerator is used to absorb heat in step 4 and
transfer it to the fluid 1n step 2, the ideal efficiency will be the
Carnot efficiency--the highest efficiency possible for an engine operat-
ing between two specified temperatures.

Work is generated by the constant temperature expansion of the hot
working fluid and isg usually converted into motion using a reciprocating
piston. Two designs are being used. One is the displacer type that
uses two pistons in one cylinder, the rod from the upper piston passing
through the center of the lower piston. Gas is transferred between the
volumes between the pistons and above the upper piston through a cooler
(radiator), regenerator, and heater, Work is transferred to a shaft by
means of a rhombic drive mechanism to which the rods from both pistons
are connected. The other common design 1is the double-acting engine.

A series of--typically four--pistons is used, each in its own cylinder.
The space above and below each piston 1is used; the working fluid from
above one piston passes through a cooler-regenerator-heater arrangement
to the bottom of another Piston. The motion is such that the gas goes
back and forth between the two pistons, following the steps in the
Stirling cylce. Power is transmitted to the drive shaft by a fairly
conventional V-type arrangement of the pistons, connecting rods, and
drive shaft. One heat source can be used, making this design relatively
compact. Double—acting engines also use swash-plate mechanisms to con-

vert vertical motion to rotary.
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Fluid dynamics and heat transfer characteristics dominate the req-
uisites of a good working fluid. Low molecular weight and high thermal
conductivity are most desirable; thus hydrogen, from these considera-
tions, is the ideal working fluid. However, the flammability and ten-
dency of hydrogen to leak through materials present serious, unresolved
problems. Stirling engines using helium and air have been built, but
to obtain high efficiency with weight comparable with an internal com=-
bustion engine, hydrogen is a necessity. High efficiency and low
specific weight can be achieved with high cycle pressures, and peak
pressures of 2000 to 4000 psi have been demonstrated in several engines
with high reliability and long lifetimes.

Basic thermodynamic efficiency of Stirling engines at a given peak
temperature is higher, and fuel consumption lower, than for the other
heat engines considered. There are, of course, several system losses
reducing attainable efficiency. Regenerator inefficiencies, heat trans-
fer losses, and flow losses reduce net efficiencies to about the level
of diesel engines. Because an external burner is used, fuel type is
not very limited and lower grade, less expensive, fuels can be used.

Emissions are controllable because the burner is external. A rel-
atively steady, well-controlled heat source can be used and optimized
for emissions and fuel consumption reductions. Emission levels well
within the proposed Federal standards have been obtained with experi-
mental engines. Exhaust gas recirculation (EGR) is commonly used to
reduce NOx emissions and reduces efficiency less with Stirling engines
than with other types.

Specific weight, specific volume, and cost tend to be high with
Stirling engines. The dominant factor is the engine weight. Although
specific powers of nearly 70 hp per liter of cylinder volume (~1 hp/in3)
are attainable, component weights, including a radiator capable of re-
jecting nearly three times as much heat as an IC engine radiator, are
higher than for a comparable IC engine. This requires large powerplant
volumes and increased material requirements, although there is little
use of exotic materials that increase cost. Furthermore, high specific
power, which reduces engine size for equal power output, leads to re-

duced efficiency because increased flow losses are associated with the



~101-

required higher speeds; thus there is a tradeoff between size and ef-
ficiency. Finally, the torque and speed characteristics are similar to
those of the IC engine, so a conventional transmission can be used.

As with the other advanced engine types, we have assumed that the
Stirling engine is equipped with a continuously variable transmission
that results in obtaining full power at all speeds above 15 mph during
acceleration and in obtaining the lowest SFC possible at each power
setting. Our estimates are based primarily on the Ford-Philips design,10
a four cylinder, double acting swash-plate engine that uses hydrogen
at pressures up to 3000 psi as a working fluid, and a heater wall tem-
perature of 1470°F.

Our SFC estimates are based on the engine map presented by Ford
and on the summary of Stirling engine data presented by Aerospace.

As Table 5-2 shows, we estimate the full power SFC of the Stirling
engine to be 24 percent less than that of the comparable SIE. The fuel
flow during deceleration is taken as the average between that in cruise
prior to deceleration and in idle. (On other engines, fuel flow in
deceleration is taken as being equal to that in idle). This change

was made to allow for the power required to pump the hydrogen working
fluid from the engine into a high pressure storage container when engine
power is reduced.

Our weight estimates (Table 5-2) are based on the Ford and Aero-
space work. They indicate that Stirling engine will have about the
same weight as the SIE of the same power with its emission control
equipment. The volume of the Stirling engine is estimated to be 10

percent greater than that of the SIE of the same power.

10Norman D. Postma, Rob Van Giessel, and Fritz Reinink, The Stir-
ling Engine for Passenger Car Applications, SAE 730648, June 1973.

See also NATO Document No. 32, op. cit.; Present State of the Art
of the Philips Stirling Engine, H.C.J. van Beukering and H. Fokker,
Society of Automotive Engineers Paper No. 730646, June 1973; and En-
vironmental Characteristics of Stirling Engines and Their Present State
of Development in Germany and Sweden, C.B.S. Alm, S. G. Carlqvist, P. F.
Kuhlmann, K. H. Silverqvist, F. A. Zacharias. Preprint of paper pres-
ented at CIMAC Congress, April 1973.

ll"Final Report - Hybrid Heat Engine,'" op. cit.
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The energy per pound required to produce the Stirling engine has
been increased by 27 percent over that of a conventional spark ignition
engine to allow for a large amount of copper in the radiator.

The production cost per pound of the Stirling engine has been es-
timated to be twice that of an SIE to allow for expensive construction
in the radiator, regenerator, heater (where high temperature materials
will be required), and for the control systems.

Although the Stirling engine is capable of burning a very wide
range of fuels, we have chosen to show its performance on gasoline to
allow direct comparison with other engines.

Our comparison of the Stirling engine with the SIE are summarized
in Table 5-7.

Table 5-7

EFFECT OF STIRLING ENGINE

Mpg
Lifetime Energy | Annual Cost
FDC | OAP (million Btu) (%)
Full size - Conventional SIE | 11.9] 14.6 1406 1317
(air conditioned)
- Stirling 16.1] 20.5 1113 1255
Subcompact - Conventional SIE| 19.4 | 23.3 857 847
(no air conditioning)
~ Stirling 32.3 ] 40.0 580 772

The Stirling engine appears to be capable of achieving 20 to 30
percent reduction in energy required; however, savings in cost are much

smaller (5 to 9 percent).
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VI. ALTERNATIVE (NONPETROLEUM) FUELS

We have considered two advanced fuels, methanol and liquid hydrogen.
Both of these fuels can be obtained from nonpetroleum resources: metha-
nol from coal through a reaction with oxygen and steam, and hydrogen by
electrolysis of water. While both of these fuels can be obtained from
other sources, these appear to be the most interesting from the point
of view of broadening our energy base, and make use of coal or elec-
trical energy that may become abundant with the increasing availability
of nuclear energy or the successful development of fusion energy sources.

Minor modifications will allow both methanol and hydrogen to be
burned in conventional internal combustion engines with the same effi-
ciency as gasoline.12

One other possibly interesting fuel is ethanol. This fuel can be
obtained from vegetable matter and represents a way solar energy may be
used to power autos. Its properties as a fuel are somewhat similar to
those of methanol. Before its use could be seriously considered, how-
ever, it would be necessary to estimate the amount that could be pro-

duced annually in the United States.

Methanol

Methanol can be burned in a pure form or can be blended with gaso-
line up to 25 or 30 percent by volume, thus extending the petroleum
energy available for auto operation by about 20 percent. We have con-
sidered only the use of pure methanol, because this would allow us to
rely on our resources of coal rather than petroleum for auto energy.

Research on emissions from methanol fueled vehicles is somewhat
sparse and not entirely consistent.13 In general the results indicate

that emissions of hydrocarbons and carbon monoxide will be slightly less

12See: Derek P. Gregory and Robert B. Rosenberg, ''Synthetic Fuels
for Transportation and National Energy Needs," Institute of Gas Tech-
nology, May 1973; and A. L. Austin, "A Survey of Hydrogen's Potential
as a Vehicular Fuel," University of California, June 1972.

3Gregory and Rosenberg, op. cit.
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than those obtained from gasoline. Results on NOx emission are less
clear. Some data indicate about the same NOx levels as obtained from
gasoline. At Stanford University, a Gremlin entered in the 1970 Clean
Air Car Race had NOx emissions low enough to meet 1976 statutory re~
quirements. Some work has also indicated that the use of pure methanol
may result in the production of formaldehyde in the exhaust. In our
work we have allowed for the use of the emission controls having the
same weight and cost as those used on the SIE designed to meet the 1976
emission standards.

Methanol has only about 40 percent of the heating value of gasoline
on a weight basis, and about 45 percent on a volume basis. Thus, the
miles per gallon of methanol are low in comparison with those we are
accustomed to think of for gasoline. The efficiency, however, is the
same, so that the miles per Btu are the same except for the penalties
associated with the need to carry a greater weight of methanol to ob-
tain a specified range. As we have done throughout this report, we
present the miles per gallon figures on the basis of gallons of gasoline
having the same Btu content as the methanol actually burned.

While the use of methanol would allow us to make use of our coal
resources to power autos, it does not result in overall energy conser-
vation. The process of converting coal to methanol is only about 60
percent efficientl4 (coal containing 100 Btu is required to produce
methanol containing 60 Btu). This compares with the 90 percent effi-
ciency of refining gasoline. In addition, the lower demsity of methanol
may increase the energy required to distribute it.

The cost of producing methanol from coal in the large quantities
considered here is very uncertain. However, it has been estimated
that it may ultimately approach the present cost of obtaining methanol
from petroleum. We have used a cost of $2.10 per million Etu,l6 which

is today's cost of producing methanol from petroleum: the corresponding

14Personal communication from D. Gartner of the Du Pont Corpora-
tion.

5Gregory and Rosenberg, op. cit.

161114,
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figure for gasoline is $1.32 per million Btu. We have also included an
additional cost of distribution, obtained by increasing the distribution
cost of gasoline in the ratio of the gallons/Btu of the two fuels. We
assumed that the state and Federal fuel taxes per Btu are the same as
those on gasoline.

Our assumptions concerning the properties of methanol, and the

weight and cost of tankage, are summarized in TaBle 6-1.

Table 6-1

PROPERTIES OF ADVANCED FUELS

Liquid
Gasoline | Methanol | Hydrogen
Relative Btu/gal 1.000 0.45 0.24
Relative density 1.000 1.13 0.099
Weight of fuel system per pound of 0.200 0.36 6.00
fuel
Cost of fuel system per pound 0.850 0.85 2.00
(dollars/1b)
Cost of fuel per gallon (without tax) 0.280 0.21 0.20
(dollars)
Energy of fuel extraction and refining | 0.098 0.67 1.96
per Btu of heat content

The results of these assumptions are summarized in Table 6-2.

Table 6-2

EFFECT OF USING METHANOL

Mpg
Lifetime Energy | Annual Cost
FDC | OAP (million Btu) (%)
Full size - gasoline 11.9] 14.6 1406 1317
(air conditioned)
- methanol 10.5] 12.9 2273 1600
Subcompact - gasoline 19.4 23.3 857 847
(no air conditioning)
- methanol 17.5] 21.2 1351 1007
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The use of methanol results in a 60 percent increase in energy re-
quired, due partly to the energy lost in producing the methanol and
partly to the greater weight of the car required because of the lower
Btu per pound of methanol. (Curb weights of the methanol fueled cars
run about 20 percent higher than those of the gasoline fueled cars.)
Based on a pump price of 38 cents a gallon for gasoline, the use of
methanol results in a 20 percent increase in cost. This difference,
however, would be offset if the pump price of gasoline is increased to
about 75 cents per gallon. Thus, it is not out of the question for
methanol to become competitive in cost in the future. Because its use
does not conserve energy, its acceptance will depend on our desire to

conserve petroleum at a cost in total energy used.

Hydrogen

The use of hydrogen as a fuel involves greater technical problems
and uncertainty than the use of methanol. The storing of adequate
amounts of hydrogen in the auto and the distribution and storage of
the fuel are significant technical challenges. Three methods of storing
hydrogen in the auto are presently being considered: it may be stored
as a high-pressure gas, as a liquid, or in chemical composition with
various metals, of which magnesium may be the most promising. At
present, it appears that storage in liquid form is probably lighter
than either of the other methods and requires no greater volume for the
same Btu content.17 The storage of liquid hydrogen at the cryogenic
temperatures required without excessive boil off necessitates the de-
velopment of highly insulated Dewar type fuel tanks. However, the
design of satisfactory tanks may be feasible,18 although much develop-
ment and road testing will be required before a fully practical tank
is obtained.

We have assumed that hydrogen is stored in liquid form in the auto
and is produced by the electrolysis of water, distributed as a gas

through pipelines to the major distribution areas, then liquified and

17See Gregory and Rosenberg, and Austin, op. cit.

18Joseph G. Finegold, "Liquid Hydrogen as an Automotive Fuel"',
University of California at Los Angeles, October 1973.



-107=~

distributed locally by truck to service statioms. The feasibility of
each step in this chain appears established; however, the costs in-
volved are highly uncertain, and it will be necessary to develop tech-
niques for handling hydrogen safely. Hydrogen can be obtained from
coal or petroleum, but we have chosen to consider the electrolysis of
water because this represents a method of freeing ourselves from de-
pendence on either coal or petroleum. It requires a plentiful source
of electricty which may become available early from nuclear and later
fusion energy.

Hydrogen will pose an entirely new set of safety problems, and
while solutions to these problems have been found in space applications,
it will require a great deal of learning, and modification of garage
design and shop procedures before hydrogen can be used safely by the
general public.

Estimates of the cost of large amounts of hydrogen produced by
nuclear electrolysis are obviously very uncertain. We have used a cost
of 20 cents per gallon for liquid hydrogen distributed to the consumer.
This is $3.30 per million Btu for production of hydrogen gas by electro-
lysis19 plus $0.70 per million Btu for liquification and $2.60 per
million Btu for distribution. This implies that the cost of hydrogen
containing the same Btu as a gallon of gasoline would be 85 cents. We
assume that state and federal taxes per Btu are the same as those on
gasoline.

The low density of liquid hydrogen and its cryogenic nature require
increases in the volume, weight, and cost of the fuel tank, as indicated
in Table 6—-1.20

The results of our calculations on the use of hydrogen as a fuel
are summarized in Table 6-3.

Hydrogen use does not imply overall energy conservation, because

the energy of combustion must be added to the water (by electrolysis)

lg"The Hydrogen Economy", Derek P. Gregory, Scientific American,

January 1973. See also Robert L. Savage, "A Hydrogen Energy Carrier,
Vol. I, Summary", University of Houston, September 1973.

20Derek P. Gregory and Robert B. Rosenberg, op. cit.
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Table 6-3

EFFECT OF USING LIQUID HYDROGEN

21
Mpg
Lifetime Energy | Annual Cost
FDC OAP (million Btu) ($)
Full size - gasoline 11.0 | 14.6 1406 1317
(air conditioned)
- liquid hydrogen | 9.7 | 11.9 4067 2095
Subcompact - gasoline 19.4 | 23.3 857 847
(no airconditioning)
- liquid hydrogen | 16.4 | 20.0 2387 1300

to form the hydrogen. 1Its advantage lies in the fact that it allows us
to make (indirect) use of nuclear or fusion energy rather than petroleum.
Hydrogen is more costly than gasoline or methanol at the price used
here. Part of this cost is due to the higher cost of hydrogen on a Btu
basis, but in addition to this we must consider the large growth in
weight and power of the hydrogen fueled automobile due to the large size,
weight, and cost of the fuel tanks required. The curb weight and horse-
power of a full size hydrogen fueled auto are 6835 1b and 274 horse-
power compared with 4743 1b and 209 horsepower for a comparable gasoline
fueled auto. Thus, while gasoline at 85 cents a gallon would equal the
cost of hydrogen on a Btu basis, our results indicate that for the cost
of owning a hydrogen fueled car to be equal to that of owning a gasoline

fueled car, the price of gasoline would have to be $1.32 per gallon.

1In gallons of gasoline having the same Btu content as the hydro-
gen actually used.
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VII. CONCLUSIONS

We have developed a model that allows us to compare the effects
of a number of technical advances and design changes on the energy
economy and cost of automobiles. Our comparisons are between autos
having the same acceleration, passenger and trunk compartment sizes,
and unrefueled range.

While our results include estimates of miles per gallon, we have
chosen to base most of the discussion in this section on the total
energy required to produce and operate the auto over a 10 year, 100,000
mile lifetime. This procedure gives a more complete picture of the
total energy required by the auto, but it may not reveal the actual
consumption of petroleum resources, because some of the non-operating
energy may be obtained from nonpetroleum sources.

We have compared the energy savings due to various improvements
with the corresponding cost of ownership, which includes purchase costs,
operating costs, insurance, and lost interest. In our comparisons,

a pre-1973 gasoline pump price of 38 cents a gallon has been used, and
diesel fuel has been costed at the same price per Btu. The effects of
increased fuel costs on our conclusions will be discussed in context.

The results of our analysis are summarized in Figs. 7-1, 7-2, 7-3,

7-4, and 7-5 which display:

o Fig. 7-1 -- effects of design modifications on autos powered
with conventional spark ignition engines.

o Fig. 7-2 —- effects of improved spark ignition engines.

o Fig. 7-3 —- effects of alternatives to the spark ignition
engine.

o Fig. 7-4 -- the effects of nonpetroleum fuels.

o Fig. 7-5 -~ the effects of combinations of improvements.

Regarding the confidence we can have in the conclusions we are

about to draw, it must be recognized that the limits to which most of
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the technical approaches to improved fuel economy can be pushed are
uncertain. Further, we are not trying to estimate what can be done in
the near future, but what is possible in the next twenty years. To do
this, we consider developments beyond the present state of art, while
at the same time avoiding "second generation" design concepts. To
indicate the level of our optimism, we list the following assumptions

regarding some of the major improvements considered:

o We assume that aluminum is used in the hood, trunk 1lid, doors,
front fenders, bumpers, and in the engine. This represents
much greater use of aluminum than is current practice, but
possibly not as much as could ultimately be used.

0 We assume that a continuously variable transmission can be
controlled so as to provide both high power during accelera-
tion and good fuel consumption during normal driving. Control
systems are now the subject of research that we assume will
be successful.

© We assume that rotary engines will ultimately achieve the same
specific fuel consumption as a reciprocating engine of the
same compression ratio. Current rotaries do not do this;
however, this area is the subject of intensive research and,
while we cannot estimate the degree of success of this research,
we have used this assumption to represent the goal of such
work.

(o] Our estimates of the stratified charge engines are based on
the Texaco TCCS and the Ford PROCO systems, both of which use
fuel injection and are more complex than the Honda carbureted
system.

© Our estimates of the diesel engine are based on the assump-
tion that turbosupercharging is used. This results in a
substantial improvement in fuel economy over an unsuper-
charged diesel. It currently results in poorer engine re-
sponse, which we assume will be improved or accepted in the

future.
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o Our estimates of the advanced engine types represent first
generation goals of current research programs. We have not
assumed advances beyond this point, although conceptually
some improvements are possible. We have assumed that all ad-
vanced engines will be equipped with continuously variable

transmissions.

Using this basis of comparison and these estimates, we obtain results

that lead to the following conclusions:

o All changes that result in a saving in energy also result in
a reduction in the cost of ownership, although many of the
changes involve the use of more expensive mechanical equip-
ment--the saving in fuel cost (sometimes combined with a
reduction in overall weight) is sufficient to offset this
extra expense. Our study was based on a pump price of gasoline
of 38 cents a gallon. Had we used a higher price, this con-
clusion would only have been more pronounced.

o) In some, but not all, cases, changes that resulted in savings
in energy also resulted in a lower sticker price. Changes
that lead to a reduction in sticker price include the use
of aluminum in the body and engine, the use of a continuously
variable transmission, the use of rotary engines, and super-
charging. Changes that resulted in appreciable increases in
sticker price (although still giving savings in overall cost
of ownership) were the use of diesel engines, Rankine engines,
and Stirling engines. Changes having little effect on sticker
price included small aerodynamic improvements, the use of
stratified charge reciprocating engines, and the use of gas
turbine engines.

0 Technical advances have the potential of providing very large
reductions in energy consumption (on the order of one half).
In conjunction with this there is a 30 percent reduction in
the cost of ownership. Comparable savings can be obtained

on either full size or subcompact cars. We illustrate this
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(Fig. 7-5) by considering a design combining radial tires,
minor aerodynamic changes, a rotary stratified charge engine
with supercharging, and a continuously variable transmission.
Because we cannot be completely certain of the accuracy of our
estimates regarding such an advanced design, we have intro-
duced an element of conservatism by not including the use of
lightweight structural materials. Thus we feel confident

that energy savings of this size can be obtained from some
combination of possible technical advances. This design re-
quires only one half the energy of a comparable conventional
car, and the cost of ownership is only about 70 percent as
much.

The technical advances that our results show to offer the
greatest potential for energy conservation are: the use of
lighter weight materials in both engine and body construction,
the use of a continuously variable transmission (which appears
to benefit all engine types), and the further development

of the internal combustion engine toward a more favorable
combination of weight and specific fuel consumption.

While technical advances offer the possibility of reduced

auto energy consumption, it is also true that important
savings can be made by reducing the spaciousness of the auto.
Eliminating the trunk compartment can produce energy savings
comparable with those obtained by the use of a continuously
variable transmission while giving greater savings in cost
(Fig. 7-1). Building a subcompact instead of a full size

car can result in energy and cost savings comparable with those
obtained by using radial tires, minor aerodynamic changes, and
a continuously variable transmission on a conventional full
size car (Fig. 7-1). Building limited purpose one or two
passenger cars can result in further savings.

Our results show the importance of comparing engines of dif-
ferent designs on the basis used here (equal acceleration,
passenger and trunk compartment size, and unrefueled range) .

This method of comparison gives a greater advantage to weight
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savings than the more common comparison basis of equal curb

weight and equal power. An example of this is seen in our

comparison of the rotary, reciprocating stratified charge, and

diesel engines. This series of engines involves steadily in-

creasing engine weight and decreasing specific fuel consump-

tion. Our results indicate approximately equal lifetime energy

requirements for cars using all three engines, with slightly

lower costs of ownership for the lighter weight engines. The

situation for full sized autos is summarized in Table 7-1.

Table 7-1

COMPARISON OF THREE ENGINE TYPES
(Full Sized, Air Conditioned Cars)

Stratified

Rotary Charge Diesel
Curb Weight (1b) 3352 4594 5463
Horsepower (hp) 155 204 238
Length (ft) 15.2 18.7 20.0
Mpg (OAP cycle) 16.2 17.7 17.8
Lifetime energy (million Btu) 1214 1218 1268
Sticker price (%) 3119 5193 6592
Annual cost (§) 1104 1255 1327

The table shows that, while all three cars use almost the

same energy, the use of lighter weight, less efficient en-

gines leads to large reductions in weight, power, and sticker

price. The effect of these differences is beyond the scope

of this study--obviously they result in conserving resources

other than energy and presumably in greater customer accep-

tance. However, they may result in less employment in the

auto industries and in reduced safety.

As a second example,

a comparison on the basis of equal curb weight and equal power
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shows the diesel engine to give 50 percent better fuel economy
than a conventional gasoline engine, by our estimates. How-
ever, shifting to the comparison basis used here reduces this
advantage to 31 percent.

0f the new engine types presently under research (Rankine, gas
turbine, and Stirling), none appears to offer any greater
potential for energy conservation than can be obtained from
improved versions of internal combustion engines. Our results
indicate that the Stirling engine may have greater energy con-
servation potential chan the others; however, all of these
engines are in an early stage of development and we cannot
have great confidence in quantitative estimates of their po-
tential at this time. The external combustion types (Rankine
and Stirling) should offer lower emissions than other types.
The use of methane or hydrogen as automotive fuels does not
result in an overall conservation of energy, but could result
in a conservation of petroleum if the energy required to pro-
duce these fuels is obtained from nonpetroleum sources. The
costs of producing and distributing these fuels in large
quantities are highly uncertain at present, but our results
indicate that it is conceivable that gasoline prices may rise
sufficiently in the future to allow these fuels to be competi-
tive in cost. The use of hydrogen, in particular, involves

formidable technical problems.



-120-

VIII. TABULATED RESULTS

This section presents tabulated summaries of the model output of
the cases used in the body of the report. The tables are organized as

follows:

Table 8-1: Results for Autos Using Conventional Spark Ignition
Engines. This table includes the 'base case' which
represents today's state of the art plus a catalytic
converter.

Table 8-2: Results for Autos with Improved Spark Ignition Engines.
Autos in this table and in the following tables have
radial tires and minor aerodynamic improvements. The
table starts with a conventional spark ignition en-
gine case which differs from the 'base case' in Table
8-1 by these two changes.

Table 8-3: Results for Autos with Engines Other than Spark Ignition.
The miles per gallon shown in this table have been
corrected to gallons of gasoline having the same Btu
as the fuel actually used. This is done to allow
direct comparison of the energy consumption of engines
using different fuels.

Table 8-4: Results for Autos Using Combinations of Improvements.

Table 8-5: Results for Autos Using Nompetroleum Fuels. Again,
results are expressed in miles per gallon of gasoline

having the same Btu as the actual fuel used.
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Table 8-1

RESULTS POR AUTOS USING CONVENTIONAL SPARK IGNITION ENGINE

Description Energy Cost
Fuel Economy

Curb Installed Lifetime Sticker{Annual

Design Body Alr- Weight Power Length FDC OAP Energy Price Cost

Feature Type |Conditioning (1b) (hp) (ft) (mpg) (mpg) | (million Btu) ($) ($)

Bias tires, high SCO No 2488 82.3 15.1 17.4 19.3 998 2476 897
drag, standard Yes 2713 87.5 15.4 15.2 17.1 1126 2976 987
transwission, COM No 3142 110.0 16.0 15.5 16.1 1200 3182 1041
no speed limit Yes 3394 117.0 16.2 12.7 14.2 1350 3709 1137
INT No 3879 156.0 17.2 12.6 14.3 1371 3985 1188

Yes 4130 164.0 17.4 11.3 12.9 1511 4515 1280

FUL No 4482 204.0 18.9 12.1 13.9 1441 4659 1291

Yes 4743 214.0 19.1 10.9 12.6 1580 5202 1382

Bias tires, high SCo No 2474 82.0 15.1 17.4 20.3 960 2466 886
drag, standard Yes 2693 86.9 15.3 15.3 17.9 1083 2962 974
transmission, COM No 3125 109.0 15.9 14.5 16.9 1155 3169 1027
55 mph speed Yes 3376 116.0 16.2 12.7 14.9 1302 3696 1123
limit INT No 3859 155.0 17.2 12.7 14.9 1323 3970 1174
Yes 4109 164.0 17.4 11.4 13.5 1461 4500 1264

FUL No 4463 203.0 18.8 12.1 14.5 1396 4644 1278

Yes 4734 214.0 19.1 10.7 12.8 1562 5194 1376

Base case, SCO No 1716 62.9 10.3 21.2 23.9 792 1677 740
with trunkless Yes 1952 68.9 10.6 18.2 20.7 916 2188 833
bodies FUL No 2780 137.0 11.7 4.4 16.5 1154 2831 995
Yes 3034 147.0 11.9 12.8 14.8 1289 3366 1090

2PAX No 1069 40.0 8.8 30.5 35.0 544 999 581

1PAX No 938 32.6 9.8 36.4 43.1 454 874 538

Base case, FUL No 3713 116.0 17.1 13.1 15.1 1298 3800 1138
with low Yes 3953 122.0 17.3 11.6 13.5 1449 4314 1231

acceleration
(t60-20 sec.)

Base case, SCo No 2511 82.0 15.1 18.2 21.1 g27 2556 873
+ radial tires Yes 2735 87.0 15.3 16.0 18.6 1045 3061 959
CoM No 3174 110.0 15.9 15.2 17.6 1114 3285 1011

Yes 3428 117.0 16.2 13.3 15.5 1256 3820 1104

INT No 3924 156.0 17.2 13.3 15.6 1274 4117 1154

Yes 4186 165.0 17.4 11.9 14.1 1407 4666 1243

FUL No 4543 205.0 18.8 12.8 15.3 1341 4819 1255

Yes 4806 215.0 19.1 11.5 13.8 1472 5371 1342

Base case, sco No 2408 77.7 14.9 18.6 22.3 887 2406 858
+ minor Yes 2644 83.5 15.2 16.1 19.5 1010 2917 949
aerodynamic COM No 3058 105.0 15.8 15.4 18.5 1073 3107 997
changes Yes 3307 112.0 16.0 13.4 16.2 1213 3632 1091
INT No 3795 150.0 17.0 13.2 16.0 1251 3908 1147

Yes 4044 159.0 17.3 11.8 14.4 1385 4438 1237

FUL No 4403 199.0 18.7 12.5 15.4 1333 4584 1254

Yes 4663 208.0 18.9 11.3 13.9 1468 5127 1343

Base case, SCO No 2395 74.8 14.8 19.6 24.7 821 2400 839
+ major Yes 2633 80.8 15.0 17.0 21.4 941 2915 929
aerodynamic COM No 3054 101.0 15.7 16.2 20.3 999 3111 977
changes Yes 3302 109.0 15.9 14.1 17.7 1134 3637 1070
INT No 3811 147.0 16.9 13.7 17.2 1188 3933 1132

Yes 4061 156.0 17.2 2.2 15.4 1317 4464 1221

FUL No 4442 196.0 18.6 12.9 16.3 1282 4632 1245

Yes 4707 207.0 18.9 11.4 14.5 1426 5179 1337

Base case, SCO No 1771 64 .4 14.4 20.4 23.6 3817 2144 799
+ aluminum Yes 1990 64.8 14.7 18.0 20.6 934 2651 838
construction COM No 2247 85.4 15.2 17.4 19.6 983 2768 921
Yes 2472 91.7 15.5 15.2 17.3 1111 3283 1012

INT No 2739 118.0 16.3 14.8 16.9 1147 3419 1046

Yes 2979 126.0 16.6 12.9 14.9 1292 3952 1142

FUL No 3133 151.0 17.8 13.8 16.0 1229 3950 1135

Yes 3376 160.0 18.0 12.3 14.4 1358 4492 1226

Base case, SCo No 2319 69.7 14.6 22.9 20.1 731 2315 817
+ continuously Yes 2548 74.9 14.8 149.9 23.0 387 2822 903
variable COM No 2940 93,1 15.4 1y.2 22.0 936 2988 934
transmission Yes 3166 98.6 15.6 6.9 19.5 1049 3493 1029
INT No 3633 132.0 lo.b 16.1 13.8 1101 3740 105+

Yes 3869 139.0 lu.8 14,4 1.9 1216 4258 1169

FUL No 4180 171.0 18.1 15.2 18.2 1163 4349 1177

Yes 4435 181.0 18.3 13.0 16.4 1282 4888 1263
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Table 8-

2

(Radial Tires, Minor Aerodynamic Improvements, 55 mph Speed Limit)

Description Energy Cost
Fuel Economy

Curb Installed Lifetime Sticker | Annual

Design Body Air- Weight Power Length FDC OAP Energy Price Cost

Feature Type [Conditioning (1b) (hp) (ft) (mpg) (mpg) | (million btu) ($S) (S)

Conventional SCO No 2452 78.1 14.9 19.4 23.3 857 2500 847
spark ignition Yes 2674 83.1 15.1 17.0 20.5 970 3004 932
COM No 3106 105.0 15.8 16.2 19.3 1033 3220 981

Yes 3357 112.0 16.0 14.1 7.0 1167 3754 1072

INT No 3858 151.0 17.0 13.9 16.8 1202 4052 1126

Yes 4119 160.0 17.3 12.4 15.1 1331 4600 1215

FUL No 4481 199.0 18.7 13.3 16.2 1279 4757 1231

Yes 4743 209.0 19.9 11.9 14.6 1406 5308 1317

Supercharged SCo No 2184 71.4 14.3 21.2 25.5 783 2260 79%
spark ignition Yes 2414 77.1 14.5 18.4 22.2 896 2773 885
cort No 2789 96.1 15.1 17.6 21.1 948 2933 924

Yes 3022 103.0 15.3 15.4 18.6 1071 3450 1012

IXT No 3457 138.0 16.3 4.9 17.9 1121 3682 1002

Yes 3695 146.0 16.5 13.3 16.1 1242 4206 1147

FUL No 3974 179.0 17.8 14.2 17.4 1186 4277 1152

Yes 4220 189.0 18.0 12.8 15.7 1306 4812 1237

Rotary engine SCO No 1783 61.3 12.5 23.2 27.1 721 1817 727
Yes 1987 66.3 12.6 20.1 | 23.6 826 2302 809

COM No 2294 82.8 13.2 19.2 22.4 873 2383 839

Yes 2503 88.6 13.3 16.8 19.7 989 2873 923

INT No 2784 115.0 14.0 16.3 19.2 1020 2930 948

Yes 2999 122.0 14.1 14.3 17.0 1149 3427 1035

FUL No 3139 147.0 15.1 15.2 18.0 1097 3331 1021

Yes 3352 155.0 15.2 13.6 16.2 1214 3119 1104

Supercharged SCO No 1677 58.6 12.2 24.5 28.9 679 1727 703
rotary Yes 1875 63.5 12.3 21.2 25.2 780 2206 785
COM No 2167 79.3 13.0 20.3 23.8 824 2273 812

Yes 2372 85.0 13.1 17.7 20.9 937 2750 896

INT No 2634 110.0 13.8 17.2 20.3 969 2798 918

Yes 2835 117.0 13.9 15.2 18.0 1089 2382 1002

FUL No 2956 139.0 14.8 15.9 18.9 1046 3167 987

Yes 3168 148.0 14.9 14.2 17.0 1160 3667 1070

Stratified SCo No 2371 76.0 14.8 22.8 27.6 751 2441 812
charge Yes 2610 82.0 15.0 19.7 24.1 857 2964 897
COoM No 3017 102.0 15.6 18.9 22.9 908 31506 940

Yes 3259 109.0 15.9 16.6 20.1 1024 3683 1026

INT No 3719 146.0 16.8 17.8 21.9 987 3949 1058

Yes 3956 154.0 7.0 16.0 19.8 1083 4475 1136

FUL No 4336 193.0 18.5 16.1 20.0 1096 4645 1170

Yes 4594 204.0 18.7 14.3 17.7 1218 5193 1255

Stratified SCo No 1741 60.2 12.4 26.9 31.8 633 1830 695
rotary Yes 1940 65.1 12.5 23.3 . 27.9 752 2314 774
COM No 2243 81.4 13.1 22.3 26.4 766 2398 801

; Yes 2447 87.1 13.3 19.5 23.2 869 2887 882

I INT No 2720 113.0 13.9 19.0 22.6 895 2944 903

| Yes 2923 120.0 14.0 17.0 20.4 992 3435 981

I FUL No 3048 143.0 15.0 15.1 23.2 903 3337 956

Yes 3250 151.0 15.0 17.4 21.3 985 3830 1028

Stratified Sco No 1635 57.6 12.1 30.0 35.7 575 1730 668
rotary + Yes 1826 62.3 12.3 26.0 31.2 660 2208 744
supercharging CoM No 2114 77.9 12.9 24.9 29.6 697 2277 768
Yes 2309 83.2 13.0 21.8 26.1 790 2757 845

INT No 2571 108.0 13.7 21.2 25.3 817 2803 866

Yes 2761 114.0 13.8 18.7 22.5 914 3279 947

FUL No 2870 136.0 14.7 20.8 25.4 837 3162 917

Yes 3069 144.0 14.8 18.9 23.3 914 3652 989
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Table 8-3

RESULTS POR AUTOS WITH ENGINES OTHER THAN SPARK IGNITION
(Radial Tires, Minor Aerodynamic Improvements, 55 mph Speed Limit)

Description Energy Cost
Fuel Econonya

Curb | Installed Lifetime Sticker { Annual

Design Body Alr- Weight Power Length Dl OAP Energy Price Cost

Feature Type |Conditioning| (1b) (hp) (ft) | (mpg) (mpg) {(million Btu) ($) $)

Diesel SCo No 2802 86.2 15.9 25.6 30.6 721 3145 832
Yes 3044 92.2 16.2 22.1 26.6 822 3683 914

coM No 3547 117.0 16.7 20.5 24.6 893 4018 973

Yes 3785 123.0 16.9 18.3 22.2 985 4556 947

INT No 4405 169.0 18.0 18.8 23.1 993 5057 1110

Yes 4660 178.0 18.2 16.5 20.4 1104 5614 1189

FUL No 5193 227.0 19.8 15.9 20.0 1145 6016 1246

Yas 5463 238.0 20.0 14,1 17.8 1268 6592 1327

Rankine cycle| SCO No 3259 82.7 15.5 21.1 25.1 846 2848 879
Yes 3523 88.1 15.7 18.6 22.3 946 3374 962

coM No 4125 112.0 16.3 18.2 22.2 978 3669 1011

Yes 4397 11%.0 16.5 16.1 19.9 1084 4200 1093

INT No 5246 166.0 17.8 15.7 20.1 1119 4683 1167

Yes 5536 175.0 18.0 14.0 18.0 1233 5230 1249

FUL No 6302 228.0 19.7 14.0 18.5 1247 5622 1307

Yes 6611 238.0 20.0 12.5 16.6 1368 6188 1389

Gas Turbine SCo No 1987 59.2 13.3 20.3 24.4 792 2466 772
Yes 2205 64.2 13.5 17.4 21.2 911 2983 859

coM No 2550 80.3 14.1 16.4 19.9 970 3164 899

Yes 2757 84.8 14.2 14.4 17.6 1092 3669 983

INT No 3138 113.0 15.1 13.4 16.7 1158 3933 1033

Yes 3386 120.0 15.3 11.7 14.7 1309 4491 1128

FUL No 3652 148.0 16.5 11.5 14.7 1314 4630 1149

Yes 3916 157.0 16.7 10.1 13.0 1482 5210 1247

Stirling SCO No 2251 65.2 4.7 | 32.3 40.0 580 2627 772
Yes 2480 70.3 14.9 28.2 35.0 660 3156 850

coM No 2904 88.7 15.5 26.3 32.7 710 3411 898

Yes 3134 94.2 15.7 23.0 28.8 797 3940 975

INT No 3669 129.0 16.8 21.2 26.8 866 4348 1045

Yes 3927 137.0 17.1 18.6 23.6 968 4912 1127

FUL No 4350 173.0 18.6 18.2 23.2 1002 5190 1174

Yes 4615 182.0 18.8 16.1 20.5 1113 5762 1255

.Hpg are mpg of

gasoline having the same Btu content as the fuel actually used.
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Table 8-4

RESULTS FOR AUTOS USING COMBINATIONS OF IMPROVEMENTS

Description Energy Cost
Fuel Economy

Curb Installed Lifetime Sticker | Annual

Design Body Air- Weight Power Length FDC OAP Energy Price Cost

Feature Type |[Conditioning (1b) (hp) (ft) (mpg) (mpg) f(million Btu) (S) (S)

Base case, SCo No 2303 66.3 1l4.4 25.3 30.1 698 2350 784
+ radial tires Yes 2530 71.3 14.6 22.0 26.4% 794 2861 566

+ minor COM No 2930 89.3 15.2 21.0 25.1 841 30642 907
aerodynamic Yes 3158 94.8 15.4 18.5 22.2 945 3554 988
improvements INT No 3638 128.0 16.5 17.4 21.1 1004 3823 1044

+ continuously Yes 3878 135.0 16.7 15.4 18.9 1113 4349 1126
variable FUL No 4216 169.0 18.0 16.2 20.2 1077 4472 1142
transmission Yes 4464 177.0 18.2 14.5 18.2 1184 5010 1222
Above with SCo No 1578 50.1 9.7 30.9 35.4 572 1578 656
trunkless Yes 1803 55.2 10.0 26.5 30.8 663 2087 739
bodies FUL No 2580 112.0 11.0 20.4 24.2 840 2688 874
Yes 2810 119.0 11.2 17.9 21.4 948 3204 958

2PAX No 963 31.4 8.0 44.3 51.9 394 919 522

1PAX No 841 25.2 8.9 52.3 64.2 330 798 488

Stratified SCO No 1601 50.6 12.0 36.5 42.4 506 1689 643
rotary & Yes 1788 54.7 12.1 31.7 37.4 577 2161 715
supercharging coM No 2066 68.3 12.8 30.1 36.0 603 2220 735

+ CVT Yes 2255 72.9 2.8 27.1 31.9 680 2695 807
INT No 2504 94.6 13.5 26.8 31.7 691 2726 821

Yes 2689 99.7 13.6 23.7 28.2 772 3199 893

FUL No 2809 119.0 14.5 24.8 30.0 740 3084 879

Yes 3000 126.0 14.6 22.4 27.4 811 3565 949

Above, less sco No 1053 38.6 7.7 43.4 48.2 424 1094 546
trunk Yes 1240 42.7 7.8 37.4 42.2 492 1566 619
COM No 1312 49.7 8.0 38.0 41.8 490 1399 603

Yes 1498 54.2 8.1 32.9 36.9 562 1871 677

INT No 1518 65.2 8.1 34.2 38.0 542 1645 650

Yes 1711 70.8 8.2 29.8 33.6 618 2125 725

FUL No 1622 78.1 8.3 32.4 36.7 564 1770 674

Yes 1818 85.0 8.4 28.2 32.4 643 1925 750

Diesel + CVT SCO No 2650 73.9 15.5 33.0 37.6 619 2959 784
Yes 2871 78.5 15.7 28.6 33.0 700 3475 858

COM No 3350 99,7 16.2 26.0 30.4 762 3779 913

Yes 3584 105.0 16.4 22,7 26.8 855 4310 98Y

INT No 4157 144.,0 17.4 22.6 27.8 862 4749 1043

Yes 4394 151.0 17.6 20.4 25.4 940 5289 1113

FUL No 4856 191.0 19.1 19.8 25.0 971 5598 1159

Yes 5111 200.0 19.3 17.% 22,2 1073 6158 1234
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