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Projectio,n of Typical Characteristics of Automobiles and 
Transit Vehicles for Policy Analysis 
(HARLES L. HUDSON and EVELYN S. PUTNAM 

ABSTRACT 

In this paper the character is tics of three 
future automotive technology sets are de
scribed, starting from historical data and 
projected forward in time along paths sug
gested by given alternate future socioeco
nomic environments. The characterizations 
include quantified projections of automobile 
and transit vehicle weight, performance, 
fuel economy, consumer pr ice, operating 
cost, materials of construction, fuels and 
environmental residuals · associated with 
their manufacture, operating pollutants, and 
infrastructure-related energy expenditures, 

emissions, and cost. Brief descriptions of 
rationale .and calculational procedures are 
also given, and selected results are pre
sented. The breadth of the vehicle charac
terizations permits the effects of policy 
options on most facets of the urban trans
portation section to be examined. The meth
odologies developed in this work are gener
alized, and hence can be used with alternate 
assumptions in a variety of investigations. 
For purposes of the Technology Assessment of 
Productive Conservation in Urban Transporta
tion (TAPCUT) policy analysis, each technol
ogy set consisted of six sizes of personal 
automobiles, each propelled by conventional 
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Otto, stratified-charge Otto, turbocharged 
Otto, diesel, Brayton, or Stirling heat en
gines; and lead-acid, nickel-zinc, or lithi
um-sulfide battery-electric systems. The 
characteristics of 13 types of urban transit 
vehicles and systems were also projected for 
each technology set. Thirty-one current and 
potential materials of vehicular construc
tion were identified. From the bills of ma
terials developed for each vehicle , the 
amounts of 6 types of fuels used and 31 
kinds of residuals produced in their produc
tion were also projected for each set, and 
then disaggregated into extraction, rnanurac
turing, and recycling-production phases. 

Tne characteristics of venic.tes and tne cost of 
fu e ls influe nce consumer choice and hence the com 
position of the vehicle fleet. In turn, fleet char 
acteristics are major determinants o f the f ue l con
sumed in transportation, and they influence the 
effectiveness and direction of policies designed to 
encourage productive conservation. In this paper 
the methods used and the results obtained in pro
jecting the technical characteristics of future 
vehicles as they might evolve under the conditions 
embodied in three alternative socioeconomic environ
ments are described. The resulting technology data 
sets ac~ ex.E:Jre~:nn~d 1.II ter.TflS ui_ L.11~ performance, 
price , fuel effic iency, and other technical charac
teristics of alternative future vehicle stocks. 
These data sets were used as input data for the 
policy analysis models. 

Materials of manufacture, vehicular manufacturing 
practices, and construction of infrastructure also 
influence energy consumption and the production of 
environmental residuals. These variables also were 
characterized for each technology data set, thus 
providing a basis for making alternative projections 
of direct and indirect urban transportation energy 
consumption and concomitant environmental effects. 

APPROACH 

Figure 1 shows how the vehicle characterization task 
was organized. First, to provide a manageable data 
base, the enormous existing number of personal and 
transit vehicle types were aggregated into typical 
vehicle size classes. The U.S. Environmental Pro
tection Agency (EPA) size classification system (1) 
was used for personal automobiles, and predominate 
existing sizes were used for transit vehicles. Then 
1980 model automobiles were characterized by using 
s Yle s =we ight e d a v·e r ag e va l ues for nonspecia lty do 
mestic and foreign vehicles in the selected size 
classes. Baseline tran~it vehiclP characteri~tic~ 

were estimated by averaging available data in the 
appropriate size categor i es. 

~ ® 

E 
TECHNOLOGY 

==t> PROJECTIONS ~ 

SALES 'It 

BASELINE VEHICLE .• ~.]cl\ 
CHARACTERIZATION ~)A( 

SOCIETY 
INFLUENCES 

• PERFORMANCE 
•COST 
• MFG. ENERGY 
• MFG. RESIDUALS 
• VEH. EMISSIONS 
• INFRASTRUCTURE 

FUTURE VEHICLE 
CHARACTERISTICS 

FIGURE 1 Major vehicle characterization tasks. 
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Qualitative judgments were made on how the alter
native socioeconomic environments, including the 
projected fuel prices, might influence consumer 
demand and how industry might respond. Next, based 
part.Ly on pubJ.isned estimates and partJ.y on eng i 
neering judgment, t.he type of change in automotive 
technology that might take place in each alternative 
environment was quantified. By using these projec
t ions of technolog ical chang e for vehicle subsy s 
tems, the technical characteristics of pe rsonal and 
transit vehicles comprising three potential vehicle 
stocks were defined. 

Bl\SELINE VEHICLE CIIARACTERIZATION 

The baseline vehicle characteristics are given in 
Table 1 and were calculated from published statis
tics (1). Engine weights were estimated from the 
follow i ng equations derived from Dowdy et al. (].) : 

Ott0 ~ng i r;e ~:re ight {lb) - ll. 3 7 3{hp) 0 .. 761. 

Generic diesel engine weight (lb) = 9.659(hp)0.888. 

The calc ulated generic diesel engine weights may be 
somewhat heavier than actually installed in 1980 
automobiles because many of these are modified-Otto 
engines and are slightly lighter than generic 
diesels. Transit vehicle electric motor weights 
were estimated from publi~hcd tGchnical du.t~. The 
body weights given in Table 1 represent the differ
ence between curb weight and the calculated engine 
and motor weight. 

Total automobile operating costs were not esti
mated because they depend on fuel cost, which was 
allowed to vary in the policy analysis. However, 
fuel efficiencies were characterized, and ma'jor 
repair, maintenance, and tire-replacement costs were 
estimated by using curb weight and price- related 
equations derived from Liston (4). Estimates were 
also made of engine-specific service costs. 

Although generic diesels are expected to require 
less repair and maintenance, the modified-Otto 
diesels and generic diesels in the fleet are trouble 
prone (2_) • Therefore, the same repair and mainte
nance equation was used for both vehicle types. 

Transit operating costs were estimated from sta
tistical data (6) and personal interviews with 
several transit operators. 

ALTERNATE SOCIOECONOMIC F.NVIRONMF.NT INTERPRETATION 

~o initiate the characterization it was necessary to 
project the kinds of vehicular performance likely to 
emerge in the given socioP.conomit: enviromnen t s., ln 
each of these environments fuel costs were projected 
to be considerably higher than experienced today, 
thus providing a major driving factor in the vehicle 
characterization. Specific fuel prices were pro
jected for each scenario, whereas the amount of tax 
was varied by policy. The forecast pr ices are de
scribed in separate reports ( 7, and paper by Moses, 
LaBelle, and Bernard elsewhe~ in this Record). A 
dynamic, competitive society was interpreted to 
result in consumer demand for high performance and 
the best possible fuel efficiency. It was also 
interpreted to result in a business and industrial 
climate conducive to investment in research and 
development. As a result, satisfaction or consumer 
demands by the automobile industry was premised 
through the use of advanced materials, engine tech
nology, and design methods. The vehicles charac
terized under these societal conditions were re
ferred to as technology set A (the best vehicles) in 
the policy analysis. 

In contrast, the community- oriented spirit of an 
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TABLE 1 Baseline (1980) Vehicle Characterization 

Fuel Operating 
Engine, Motor Type, Engine and Motor Body Weight Curb Weight Power Performancea Efficiencyb Pricec,d Cost• 
and Size Class Weight (lb) {lb) (lb) 

Automobile 
Otto 

Minie 330 1,826 2,156 
Small0 343 2,026 2,369 
Medium• 425 2,686 3,111 
Large• 468 3,235 3,703 
Van• (15 passengers) 491 3,197 3,688 
Vang (9 passengers) 291 2,884 3,175 , 

Diesel 
Smallh 305 1,549 1,853 
Medium0

•
1 561 2,859 3,420 

Largel 602 3,479 4,081 
Diesel buses 

25-28 ft 713 12,087 12,800 
35-40 ft 1,112 22,388 23,500 

Rail, heavy electric 5,500 76,000 81,500 

~300-lb loull. 
Aulomoblles, t-:PA urb~n cycle; 1un.11 fl vehkles, experienced. 

~Price nnd C'OS l In 111)7 S dollars. 
IJ.asfc vehl~h.~ wh1• nu iom11tk transmfssion. 

;sales-weighrod data. 
Less Fuel C!OS I. 

environmentally concerned and family-centered 
society would cause consumers to be willing to sac
rifice performance for improved fuel economy and 
reduced emissions. This inferred extremely light, 
low-power vehicles designed to max1m1ze internal 
volume at the expense of styling. Nevertheless, 
intensive research and development would be required 
to attain maximum engine efficiency and weight re
duction. In this consensus society automobile manu
facturers would attain the same technological suc
cess in achieving these goals as in the competitive 
society, but would select different materials and 
promote greater material recycling. The resulting 
vehicle stock is referred to as technology set B 
(the conservation vehicles) in the policy analysis. 

In a divisive society characterized by a lack of 
national purpose and sharply stratified economic 
classes, consumer automobile demands might split 
into prestige vehicles with high-performance, fair
to-good fuel economy at a high price, and utilitar
ian vehicles with good fuel economy at a low price. 
In this uncertain and socially inefficient climate 
an aversion to risk taking would develop within 
industry, thereby resulting in substantially lower 
technological achievement. In general, technological 
progress might· range from 50 to 75 percent of that 
projected for the other alternative socioeconomic 
envi ronments, with most of that progress driven by 
the federal fuel economy laws now in effect (Energy 
Policy and Conservation Act of 1975). This vehicle 
stock projection is referred to as technology set C 
(the expected vehicles) in the policy analysis. 

Transit vehicle technology was judged less sensi
tive to socioeconomic pressures because of tradi
tional industry conservatism: thus it was projected 
to follow slow evolutionary trends. No radical 
designs would be offered, but relevant technology 
improvements from the automobile industry would be 
adopted. 

TECHNOLOGY PROJECTIONS 

In projecting characteristics of future urban trans
portation technologies, the market entry of new 
engine types [program combustion (PROCO) and Texico 
control combustion system (TCCS) stratified charge, 
Brayton, and Stirling] and lead-acid, nickel-zinc, 
and lithium-sulfide battery-electric and hybrids was 

(hp) (hp/lb) (miles/gal) ($) ($/mile) 

79 0.032 28 3,495 0.032f 
83 0.031 24 4,002 0.034r 

110 0 .032 19 4,918 0.039f 
125 0 .031 16 6,215 0.045f 
133 0.033 14 4,930 0.038f 

67 0.019 16 7 ,013 0.049f 

0.037r 48 0 .022 40 4 ,597 
97 0.026 25 5,554 0.043f 

105 0.024 20 6,779 0.049( 

l.76k 127 0.010 7 62,600 
210 0,009 3.5 115,000 l.76k 
NA NA 8.41 500,000 2.00 

~Volk$wogon van. 

1 Vollc.<wason R•bbil. 
/ 980 Old>mobll• dlolCI price (deflated). 
kl 980 Old1 98 do lo (d40ated). 

1 
Approdmala : depends on labor costs. 

k\Yl1/t:.111r mllo. 

considered in addition to existing Otto and diesel 
engines. Intrinsic engine-efficiency improvements 
were projected separately from improvements gained 
through engine weight reduction. Body weight reduc
tions were considered as the sum of downsizing and 
material substitutions. Improvements in timing and 
technology entry dates were driven by industry ca
pacity and other considerations appropriate to the 
alternate-socioeconomic , environment-derived tech
nology sets. Figure 2 shows the projection method, 
and Figures 3-10 show anticipated changes in engine 
and body technology for each technology set. In 
Figures 3-10 curves derived from published estimates 
ar e presented as solid lines. Curves generated in 
the course of this study are shown as dashed lines. 
Rationale and supporting bases for these subsystem 
projections are described in the ~allowing sub
sections. 

BATTERY 
MOTOR 
RANGE ~ ~ ~ (Ev/HY\ 
PAYLOAD l..V ~ 
PERF. 

FIGURE 2 Projection method. 

Speci£ic Hor sepower 

In Figure 3 the 10 percent improvement in specific 
horsepower by 1985 and the 15 percent improvement 
projected by 1990 for technology sets A and B are 
estimates given by Renner and Siegel (!!J for the 
uniform-charge Otto engine . The 15 percent improve
ment correlates with the projections given by Cic
carone (_~). It was estimated that technology set C, 
in 2000, would approach the 1990 efficiency of sets 
A and B. Although few such specific projections for 
other engine technologies were located, it was as
sumed that competitive forces would generally result 
in similar efficiency improvement curves for all 
technologies in a specific technology set. 
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FIGURE 3 Increase in engine-specific horsepower, 
percentage ~y year and technology set. 

Otto-engine efficiency improvements are expected 
to result from modifications such as closed-loop 
combustion control, low-friction lubricants, fuel 
injection, combustion- chamber shape, knock sensing, 
and improved power train matching. Die sel engine 
efficiencies are projected to improve from higher 
speed [revolutions per minute (rpm)] capabilities, 
better ·injector and combustion chamber design, in 
c reasP-d ~t. rnctural r i gidity; and improved powoer 
train matching. Although Brayton and Stirling e n 
gines are currently under development, efficiencie s 
should improve over current estimates by the per
centages given in Figure 3 when improved understand
ing of combustion dynamics, hydrodynamic flows, and 
high-temperature management techniques is achieved. 
Electric motors may show a substantial shift to 
alternating current (ac) operation and control. 
Turbocharging was considered in this study as a 
l oad- l eveling add- o n (see Figure 5) , but it is not 
included in Figure 3. 

Un iform-Charge, Otto-Eng i ne We ight 

The technology set A and B curve in Figure 4 repre
sents the total estimated weight reduction that 
could be achieved through design improvements and 
substitution of lighter materials. The 1980 base
line weight includes data presented by Bryant (_!.Q). 

E 
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F'lC RE 4 Reduction in uniform-charge Otto-engine 
weight, percentage by year and technology set. 

The estimated 5 percent weight reduction by 1985 
f o r Otto engines i n a ll t echno l ogy se t s r epresents a 
continuation of the trend to replace cast-iron cyl
inder heads with aluminum (11), and to replace other 
lightly loaded parts with either aluminum or plastic 
materials. The year-2000 weight reduction for tech
nology sets A and B (shown in Figure 4) is based on 
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an estimate that a 12 to 15 percent weight reduction 
can be achieved by using all-aluminum engines and 
perhaps magnesium as a crankcase material ( 12, 13) • 
Increased use of hiqh-temperature plastics is also 
projected. 

A recent study reviewed contemporary engines and 
found that advanced engine power-to-weight ratios 
were 16 to 17 percent better than in 1978 (note that 
.a.~ - - - ~ - £. - ----- 11:. --- - , nn, ______ ._,~ - '- - ...:I ...:1 __ 11:. .._ ·-- ----.L 
'-ll'C'i:>'C uo. 1.. a WCL c .L 1. VIU a. J..::70.l. Ulll-"UUJ. .Ll:IUC'U UL a.L l. L t::}J\-11. l. 

by C.L. Hudson of Hudson Associates on an updated 
aluminum-air vehicle cost procedurei this report was 
prepa r ed f or Lawre nce Live rmore National Labora
tory). This correlates well with the sum of the ef
ficiency and weight percentage projections given in 
Figures 3 and 4 when extrapolate d to 1978. In the 
same study naturally aspirated advanced diesel en
gine s we r e f ound t o be a bou t 20 pe rcent heavier tha n 
Otto e ngines of equ i valent ho rse power in 1981 ve rsus 
45 percent heavier in 1980. These data support the 
estimates shown in Figure 6. 

In contrast to the optimized engines projected 
for technology sets A and B, the engines in set c 
represent only minor weight-reducing changes after 
1985, such as the use of aluminum and plastic radia
tors , filter housings , and nonstructural bracketing , 
with no major additional changes to the engine. 

Turbocharged, Uniform-Charge, Otto- Engine Weight 

The curves in· F igure 5 are mostly conjectural and 
based on 1980 data, which indicate that turbocharg
ing can boost peak horsepower nearly 50 percent 
Ill. If the turbocharger were considered a load
leveler, then the engine could be downsized. How
ever, a weight penalty might be incurred, and the 
overall weight reduction might be about 35 percent. 
The shape of the curves reflects the projections of 
Shack son and Leach ( 14) that the use of turbocharg
ing will increase significantly between 1987 and 
1990. 
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FIGURE 5 Weight reduction in uniform-charge Otto 
engine with turbochargers, percentage by year and 
technology set. 

Diesel Engine Weight 

Domestic (and some foreign) diesel engines are modi
fied production Otto engines designed expressly to 
attain corporate average fuel economy (CAFE) stan
d a rd s . The du r ability of these engines is no t ye t 
proved. If diesel emission-control technology per
mits the eventual 0.4 g per mile NOx and other 
potential standards for emissions unique to the 
engine to be met, then a decision is likely to be 
made before 1990 to aggressively pursue diesel tech-
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nology (14). Under these conditions generic diesels 
would probably be developed for domestic automobiles 
in all three technology sets but for different 
reasons. In technology set C the underlying cause 
might be liability reduction, and in sets A and B 
the cause might be the pursuit of maximum efficiency 
and reliability. 

To obtain Otto-engine weight equivalence, turbo
charging of generic diesels may be required (15). 
This judgment is reflected in the 1990 crossover 
point in the diesel weight-reduction curve for sets 
A and B shown in Figure 6. In addition to turbo
charging, an estimated weight reduction of about 30 
percent for advanced (adiabatic) diesels is also 
projected (15). However, the less-optimistic esti
mate of a 20 percent weight reduction made by Dowdy 
et al. Cll is more realistic and was adopted for the 
characterization. 
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FIGURE 6 Reduction in diesel engine weight relative 
to 1980 Otto engine, equivalent horsepower, 
percentage by year and technology set. 

stratified-Charge, Otto-Engine Weight 

The PROCO or TCCS type of stratified-charge engine 
incurs a weight penalty compared to Otto engines 
(l_,15). Nevertheless, the fuel efficiency is con
sidered nearly the same as the diesel (14). The 
estimates of future weight reduction shown in Figure 
J are conjectural, but follow the same slope as 
weight-reduction projections for the Otto engines 
because similar weight-saving techniques might also 
apply. 
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FIGURE 7 Weight reduction in stratified-charge Otto 
engine, relative to 1980 Otto engine, equivalent horse
power, percentage by year and technology set. 

Brayton-Engine Weight 

The curve for technology sets A and B in Figure 8 
represents average single-shaft and free turbine 
estimates, adjusted for low and high horsepower. The 
1985 datum point is taken from Dowdy et al. (]_), and 
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FIGURE 8 Weight reduction in Brayton engine, 
relative to 1980 Otto engine, equivalent horse
power, percentage by year and technology set 
(sel C may see only limited use). 
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the 2000 datum point is taken from the Jet Propul
sion Laboratory (JPL) (15). 

Introduction of Braytons around 1993 for tech
nology sets A and B at about 1 percent per year 
appears possible (14), although low-horsepower ap
plications may not be viable because of fluid-dynam
ics limitations. As indicated in Figure B, Brayton 
engines probably would not be introduced in set C 
(except for the possibility of a specialized, very 
high performance vehicle) because consumer cost 
would be twice that of an equivalent horsepower Otto 
(14). 

Stirling-Engine Weight 

Sources indicate that the specific weight of the 
Stirling engine is likely to be much greater than 
that of the Otto engine (3,15). The 2000 datum 
point in Figure 9 (15) would require extensive use 
of high-temperature ceramics. Optimism varies as to 
whether this degree of weight reduction can be at
tained. Renner and Siegel (~) are optimistic because 
the thermal efficiency of the engine approaches an 
ideal Carnot cycle. However, their optimism is 
tempered when the technological achievements neces-· 
sary to realize this goal are taken into account. 
Nevertheless, the potential for reduced emissions is 
considered excellent. 
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FIGURE 9 Weight reduction in Stirling engines, 
relative to 1980 Otto engine, equivalent horse
power, percentage by year and technology set. 

Shack son and Leach (_l!) project fleet introduc
tion of the engine at a low market penetration rate, 
with consumer costs at 2.5 times the Otto engine of 
equivalent horsepower. These forecasts were adopted 
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for technology sets A and B. Given these technical 
requirements and cost implications, the Stirling 
engine was not introduced in technology set C. 

Body Weight Reduction 

The term body in Figure 10 refers to all components 
of the vehicle other than the engine; that is, it 
includes ~ne transmission and drive train. The 
majority of the vehicle weight is in the vehicle 
body; the degree of body-weight reduction was an 
important factor in the vehicle characterization. 
Many data Amtr~PA wPrP ~onsiaered in determining the 
shape of the curves shown in Figure 10. However, 
the results of the analyses were fairly. summarized 
by the estimates of Shackson and Leach <.!.!>· There
fore, the data points shown reflect their work. The 
uppermost curve for technology sets A and B repre
sents the maximum weight-reducing effects of down
sizing ~ de~ign ch~ngeB., and m~teri~ls substituti(;n. 
Body-weight reduction for technology set c results 
primarily from downsizing and design changes; curve 
C approaches the Shackson and Leach projections for 
these technique s. The lowest curve applied to vans 
in all technology sets. 
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FIGURE 10 Body weight reduction, percentage by 
year and technology set. 

FUTURE VEHICLE PERFORMANCE AND COST CHARACTERISTICS 

Performance and Weight Calculations 

A computerized iterative procedure (program VEHSYS) 
was used to calculate the performance and weight of 
all liquid-fueled automobiles projected for each 
technology set. Starting with a baseline vehicle of 
appropriate size, VEHSYS first uses the relation
ships given in Table 2 to calculate the engine and 
body weight of a future vehicle with the desired 
power-to-weight ratio based on 1980 technology. 

The technological improvements projected in Fig
ures 3-10 are then used to calculate the new rela
tionship between horsepower and engine weight for 
the future vehicle. Then the engine and body weight 
of the future vehicle with the desired body power
to-weight ratio is computed, taking weight-propaga
tion factors into account. 

Electric and hybrid automobile weights were com
puted as a function of performance, vehicle size, 
battery characteristics, and design range by using a 
closed-form equation (16). Transit vehicle weight 
and performance projections were also estimated fo r 
each vehicle class and alternate socioeconomic en
vironment <l.§) • 
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TABLE 2 Relationships Between Horsepower and 
Engine Weight (lb) Used in Estimating the Initial 
Performance and Weight Characteristics of Future 
Vehicles 

Engine Type 

Uniform-charge Otto 
Stratified-charge Otto 
Diesel 

Naturally aspirated 
Turbocharged 

Brayton 
Sli11i11g 

Equation 

WT= I I .878 (hp)0·761 

WT= 15 .750(hp)0
·"

1 

WT= 9.659 (hpJ0 ·
888 

WT= 6.232 (hp)0 ·931 

WT= 55.4 + 2.265 (hp) 
WT= bb.bb I + 4.JJJ (hpJ 

Fuel-Effic i eocy Calculations 

The equations derived to estimate automobile fuel 
cunstunpLiou C:t.L~ bii::sed on empirical data accumulated 
by the General Motors Corporation (17). These data 
confirm a previously demonstrated linear relation
ship between fuel consumption and trip time, namely, 

FCw =a+ b T (1) 

where 

T 
a,b 

LU~ ~ cOntiumption, fully warmed engine; 

trip time per uni t d istance; a nd 
constants related to the characteristics of 
the vehicle. 

An expression was derived relating constants a and b 
to vehicle characteristics. Empirical cold-start 
fuel-consumption data (17) were then used as a basis 
for deriving factors that were applied to fully 
warmed fuel-efficiency estimates to project total 
fuel consumption for various trip distances. 

The final form of the fuel-efficiency equation 
for fully warmed vehicles is 

FCw = (0.0304W/B7Ja) + (0.0753W/B7Jc ) + [(0.0269W)(J - 7Jc)/B7Jc l 

= [(! l.33CdA/B7Jc) + 0.098ei + 0.140eb] T 

where 

F~ fuel consumption, fully warmed enqine 
(gal/mile); 

T trip time per unit distance (min/mile); 
Wt vehicle curb weiqht (lb); 

B energy content of the fuel (Rt11/gril) i 

na system efficiency, acceleration (decimal 
expression) ; 

nc system efficiency, cruise (decimal ex
pression) ; 

Ca d drag coefficient; 
A frontal area (ft2 ); 

ei fuel flow rate, idling (gal/min); and 
eb fuel flow rate, braking (gal/min). 

(2) 

The overall system efficiencies lna and ncl are 
important contributors to the measure of fuel con
sumption; their estimation included improvements to 
transmissions, tires, accessories, and lubricants as 
well as other factors such as average engine effi
ciency in the urban driving regime. 

The data in Tables 3 and 4 present the engine
specific and vehicle-specific values used in evalu
ating Equation 2. The data in Figure 11 compare the 
results of the calculated fuel-consumption relation
ships to t rip time per unit distance (dotted lines) 
and empirical values for selected fully warmed vehi
cles. 
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TABLE 3 Engine-Specific Values Used in Estimating Vehicular Fuel 
Consumption, Technology Set A 

Engine Type 

Otto, uniform charge 

Otto, stratified charge 

Otto, turbocharged 

Diesel 

Brayton 
Diesel fuel 
JP-4 fuel 

Stirling 

3Data from Dowdy el al. (3). 

Fuel Flow•, ei and eb (gal/min) 

3.78 x 10-3 + [8.9 x 10-5 (hp-40)] 

2.43 x 10-3 + 16 .2 x 10-5(hp-40)) 

3.78 x 10-3 + [8 .9 x 10-s (hp-40)] 

1.2 x 10-3 + (2.4 x 10-5 (hp-40)] 

5.05 x 10-3 + [8.66 x 10-5 (hp-40)] 
5.24 x 10-3 + [ 8.98 x 10-5 (hp-40)] 
2.16 x 10-3 + [5.53 x 10-s (hp-40)] 

Running Ef-
ficiency (ac-
celeration 
and cruise) 

Year 1) 

1980 0.14 
1990 0.18 
2000 0.18 
1980 0.15 
1990 0.19 
2000 0.19 
1980 0.13 
1990 0.17 
2000 0.17 
1980 0.17 
1990 0.21 
2000 0.21 

2000 0.28 

2000 0.25 

TABLE 4 Vehicle-Specific Values Used in Estimating Vehicular 
Fuel Consumption, Technology Set A 

Size Class 

Mini (2 passengers) 

Small ( 4 passengers) 

Medium (5 passengers) 

Large ( 6 passengers) 

Van (9 and 1 5 passengers) 

- - - - Calculated 

Empirical 

Year 

1980 
1990 
2000 
1980 
1990 
2000 
1980 
1990 
2000 
1980 
1990 
2000 
J 980 
1990 
2000 

Frontal 
Area, A (ft2

) 

16.9 
18.0 
18.0 
18.8 
20.0 
20.0 
21.8 
23.0 
23.0 
25.5 
26.0 
26.0 
28.2 
30.0 
30.0 

Coefficient 
of Drag, Cd 

0.50 
0.35 
0.35 
0.50 
0.35 
0.35 
0.50 
0.35 
0.35 
0.50 
0.35 
0.35 
0.55 
0.40 
0.40 

1974 Large 
Luxury 

1975 
Intermediate 

1974 Smell 
Import 

2 3 4 5 6 7 e 
Trip Time (min/mi) 

FIGURE 11 Calculated versus empirical relationship between fuel consumption (fully warmed 
vehicle) and trip time per unit distance. 
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The cold-start fuel-consumption data <.!1J result 
from experiments where short-trip consumption was 
measured for four vehicles, two with V-8 and two 
with 4-cylinder engines, both with and without fuel 
injection. By using these data, it was found that 
the instantaneous cold-start factor (CSFil could 

be characterized with sufficient accuracy for all 
engine sizes in all time periods by the following 
relationship: 

CSF; = 1 + l.83e<-1. 4 Dl (3) 
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where CSF i is the instantaneous cold-start factor, 
and Dis the trip distance (miles). The cumulative 
cold-start factor was then defined as 

(4) 

By using the distance and speed characteristics 
u i. the city eye.le \J..it\-'iJ l!it'A test procedure \!!!), 
the fully warmed fuel consumption of each of the 
vehicles and the cold-start factor for each of the 
three tr i p s egments was c alc ula t ed. Finally, the 
overall trip fuel consumption was calculated accord
ing to the following equation: 

where 

FC trip fuel consumption, 
FE 1 c fuel efficiency (miles/gal) , first trip 

segment, and 
CSF1 =cumulative cold-start factor, first trip 

segment. 

Figure 12 shows the benchmark fuel economy for 
new Otto-engine automobiles. A constant new car 
sales distribution of 50 percent small, 30 percent 
medium, and 20 percent large Otto-engine automobiles 
was used for a ll t echno logy s e t s to illustrate the 
effects of technol og i cal change . The r esul t ing har
monically averaged fuel economy for new car fleets 
approximates or exceeds the CAFE required value of 
27.5 miles per gallon in 1985. 

1980 1990 2000 

503 Smell, 303 Medium, 203 Lorge 

FIGURE 12 Benchmark fuel economy for 
new Otto-engine care in two technology eets 
wed for TAPCUT policy analysis. 

Purchase Cost Calculations 

The methodology used to estimate liquid-fueled auto
mobile purchase cost (in 1975 dollars) was based on 
the methodology devised for another study (19). It 
entailed applying regression analyses to historical 
da t a t o develop equations relating t he weight of 
vehicular components to a vehicle characteristic 
(e.g., horsepower) and subsequently developing equa
tions relating the manufacturing cost of the compo
nents to either their weights or horsepower. The 
sum of the vehicle manufacturing and assembly costs 
was then converted to purchase cost (price) by a 
relationship derived from the difference between 
actual list prices and computed manufacturing costs 
of actual vehicles in a given model year. A simple 
extrapolation of prices derived from regression 
analyses does not necessarily account for competi 
tion-driven improvements in production processes. 
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However, relative price 
household's choice among 
absolute price (see paper 

differences influence a 
new vehicles more than 

by Saricks, Vyas, and 

importance of relative price, this simplification of 
the price-determination process based on histori
cally traceable data was used for automobiles. 

Transit vehicle costs were judgmentally derived 
from past trends and adjusted for improvements from 
the use of lighter but more expensive materials. 
Electric and hybrid vehicle prices were computed by 
using material percentages by material type and 
projected co&t& on a per unit weight basis, A rela
tionship between material cost a nd consumer p r ice 
was used to compute final vehicle price (16). 

Operating 

Operating costs, less fuel (which was a policy vari-
~ble ) ; we r ~ estim~ted f or .- .o.n~; .,·-I:"--• and mainte nance , 
replacement tires, and lubricating oil. The same 
operating cost relationships derived for the base
line vehicles represented those costs for future 
liquid-fueled vehicles except for the cost of lubri 
cating oil changes for the Brayton engine, which was 
less than conventional engines. The cost of Otto
engine lubricating oil changes was used as a sur
rogate for that of the Stirling engine. 

Selected Cost and Performance Results 

The data in Table 5 give the performance and cost 
characteristics that were projected for medium-sized 
1 iquid-fueled vehicles in 2000 for each technology 
set. The data in Table 6 indicate similar projected 
characteristics for selected battery-electric auto
mobiles and transit vehicles. 

The data in Table 5 indicate that horsepower for 
vehicles in set A is much higher than in sets B and 
c. The interpretation of the socioeconomic scenario 
leading to set A assumed that high-performance vehi
cles would be demanded by a highly competitive soci
ety. Power-to-weight ratios for the average automo
bile would be considerably higher than current 
averages, but not beyond the range of the highest 
performance automobiles now available. !Fpr compari
son, a better-than-average 1980 BMW 320I has 101 hp 
at a curb weight of 2,500 lb (2). Thus 132 hp in a 
2, 200-lb vehicle as shown in -the table is not an 
extreme increase.) Conversely, the medium-sized ve
hicle in set c was designed for the segment of that 
society for which high performance was of little 
necessity. Further, in set c little attention was 
given to efficiency improvements even though fuel 
costs forced a moderate improvement over cur.rent 
conditions. Set B reflects the demand for the utmost 
in fuel economy. Thus vehicle efficiency was high 
and performance was deemed unimportant. Therefore, 
the low power-to-weight set B vehicles gained a sig
nificant fuel-economy improvement with respect to 
the other two sets. 

As noted earlier, prices were computed from an 
extrapolation of regression analyses of current 
data. Recall that relative prices within a set were 
a major factor in vehicle choice. However, the only 
slightly lower price for the set A Otto-engine vehi
cle, as compared to its weight, is also a function 
of several observed factors. The regression analy
ses and comparison with actual list prices indicated 
that as vehicle weight is lowered, fixed manufactur
ing costs and return-on-investment expectations 
assumed a greater proportion relative to variable 
manufacturing costs, thus resulting in a higher 
price per pound of vehicle. In set A this effect 
drove the calculated price upward more than might be 
expected from its low curb weight. In set B this 

ii .. -
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TABLE 5 Future Vehicle Characteristics: Medium-Sized Class, 2000 

Urban Cycle 
Fuel 

Engine Weight Body Weight Curb Weight Efficiency 
Vehicle and Technology Set (lb) (lb) (lb) Power (hp) (miles/gal) Price" ($) 

Otto engine, uniform charge 
Set A 358 1,832 2,190 132 27 5,240 
Set B 131 1,826 1,957 35 35 5,258 
Set C 198 2,100 2,298 52 26 5,321 

Otto engine, stratified charge 
Set A 413 1,847 2,260 135 30 5,256 
Set B 149 1,831 1,979 35 37 5,262 
Set C 214 2,105 2,319 52 28 5,333 

Otto engine, turbocharged 
Set A 198 1,792 1,990 123 28 5,551 
Set B 75 1,812 1,887 34 33 5,619 
Set C 140 2,082 2,222 51 27 5,622 

Diesel engine 
Set A 322 1,820 2,141 130 42 5,864 
Set B 119 1,822 1,942 35 47 5,765 
Set C 182 2,095 2,277 51 37 5,708 

Brayton engine 
Set A 214 1,791 2,006 124 41 7,018 
Sets Band C 

Stirling engine 
Set A 426 1,842 2,268 136 42 6,896 
Set B 173 1,837 2,010 36 54 6,160 
Set C 

3
Price in 1975 dollars. 

TABLE 6 Future Selected Medium-Sized Electric Automobile and Transit Vehicle Characteristics 

Engine or 
Motor/Controller Battery 
Weight8 Weight· 

Vehicle and Technology Set (lb) (lb) 

Electric (Ni-Zn) 
Set A 306 830 
Set B 276 761 

·Set C 365 886 
Transit 

Bus, 35-40 ft (diesel) 
Set A 1,000 
Set B 1,100 
Set C 1,112 

Light rail (electric) 
Set A 3,400 
Set B 3,400 
Set C 3,400 

8 Motor/controller applies to electric v1::hicles on)y, 

bPrice fo 1975 doJlars. 

cMiles J)er gallon. 

effect was slightly more pronounced. In addition to 
the cost-versus-weight function, the manufacturing 
cost of an engine was found to be a fairly weak 
function of its power. This finding was partly 
substantiated by the observation that optimal high
powered engine prices listed by some manufacturers 
for some vehicles were less than $100 higher than 
for the lower-powered counterpart. Thus the high 
horsepower of the set A vehicle did not substan
tially contribute to its price. The combination of 
these factors and other subtle influences resulted 
in the rather narrow range of prices given in Table 
5. 

CHARACTERISTICS OF FUELS AND RESIDUALS ASSOCIATED 
WITH THE MANUFACTURE OF VEHICLES 

The energy and environmental consequences of vehicle 
production in each technology set was estimated by 
quantifying changes in material and vehicle produc
tion methods implicit in each of the alternative 
socioeconomic environments. Result highlights are 
presented in the following subsections. 

Urban Cycle 
Fuel 

Curb Weight Efficiency Priceb Range 
(lb) (kWh/mile) ($) (mile) 

3,294 0.36 7,295 125 
2,969 0.33 7,198 125 
3,476 0.42 8,084 125 

22 ,000 2.8c 115,000 
23,400 2. 7c 125,000 
21,388 3.0c 130,000 

61,600 5.7 370,000 
61,600 5.7 370,000 
62,500 6.2 370,000 

A modularized data base was prepared for each mate
rial used in baseline and projected vehicles. Then 
the types and amounts of fuels required to produce 
these materials in extraction, production, and re
cycling processes were obtained from many sources 
(16). These data were then expressed in British 
t~rmal units (Btu) per fuel type per pound of mate
rial. A similar approach was used to formulate the 
data base on air and water residuals and solids 
resulting from the production of 1 lb of material in 
extraction, manufacture, and recycling phases. 

Next a baseline bill of materials was prepared 
for each major component of each 1980 vehicle (en
gines, motors, batteries, and bodies). Then projec
tiona were made of future vehicles' bills of materi
als based on interpretation of the probable material 
substitutions implicit in each alternative socioeco
nomic environment. Finally the weight percentage of 
each material in a component was estimated, and com
ponent weights derived from the vehicle characteri
zation were converted to weights of materials asso-
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ciated with a specific vehicle, the amounts of fuels 
consumed, and residuals produced in extraction and 
manufacturing. 

An important aspect of this characterization was 
that only fuels used and residuals produced in the 
United States were associated with the production of 
a vehicle. Estimates of the percentage of imported 
materials in each alternate socioeconomic environ-
ment were made. Estimates of recycled material 
percentages (i.e., steel, aluminum) were also made, 
and these had significant impacts because recycling 
is less energy intensive and environmentally degrad
ing than production from virgin materials. 

The amount of fuel consumed (by fuel type) and 
the ex tr action and manufact uring res iduals was ca l 
culated by using a computer program (VEHFR). The 
program data files contain estimates by technology 
set of the amount of fuel consumed and residuals 
produced by type per pound for 31 materials, disag
gregated into extraction, manufacture, and recycl
ing, and included assembly plant fuels and resid
uals. Output data include vehicle technology set, 
vehicle component and component weight, Btu by fuel 
type (coal, petroleum, natural gas, electricity, 
hydroelectricity, and miscellaneous), total Btus, 
weight of 11 air and 20 water residuals, and total 
solids. These data are also disaggregated into 
extraction and manufacture. 

Alternate Socioeconomic Env ironment Influences on 
Materials Production and Manufacturing Practices 

For technology set A, the major effect of socioeco
nomic conditions and government policies was to 
increase exports and to initally relax environmental 
control on manufacturing. Production processes 
greatly improved and quickly replaced outmoded ones. 
Imports of ores and fabricated materials were re
duced, and recycling increased moderately over 1980 
levels. The use of coal would increase, and the use 
of petroleum would bottom out in 1985. Purchased 
electricity for use in some materials processing and 
in-plant operation increased. 

The primary effect of socioeconomic conditions on 
technology set B was to sharply increase the recycl
ing of materials. The conservation ethic resul t.Pn 
in reduced requirements for products and energy. 
Some ores were imported to reduce environmental 
degradation. Strict environmental controls were 
retained, but plant productivity had some improve
ment, despite controls, and there was a moderate 
amo1.int o f new pl~nt constr1_1ction ~ The 1_ise o f coo 1 
increased slowly, with natural gas taking up the 
slack. Manufacturing sector requirements grew ... ,,.... .. , .. 
.U.J..UW.L:Je 

For technology set C, little improvement was made 
over 1980 in conserving either energy or the en
vironment. Lack of environmental control enforcement 
resulted in some transitory increases in plant pro
ductivity. However, few new·plants were constructed, 
and the faltering economy required increased mate
rial imports. The amount of recycling also de
creased. There was little change in the distribution 
of fuels used from the 1980 era. 

Materials and Residuals of Production: 
Characterization Highlights 

In the area of materials substitution, the projected 
year-2000 bills of materials show light materials 
(aluminum, plastics, and magnesium) increasing in 
Otto engines from 8. 5 to 52 percent for technology 
set A, to 54 percent for set B, and to 35 percent 
for set c. The use of lighter materials in bodies 
(aluminum, plastics, and carbon and graphite com
posites) follows the same pattern, increasing from 
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8.3 percent in the 1980 base year to 22 percent for 
technology sets A and B, and to 15 percent for set c. 

A somewhat surprising result is shown in Figure 
13, where manufacturing energy expenditures per 
pound of a medium-sized Otto-engine automobile are 
shown for each technology set. In set A energy use 
dips slightly between 1980 and 1990 as lighter vehi
cles are produced and plant efficiency improves. 
However: energy use rises sharply from 1990 to 2000 
as more energy-intensive materials, such as aluminum 
and magnesium, are substituted and material imports 
are reduced to gain a favorable balance of trade. 

30000 

Set A 

Set C 

25000 
.0 

~ 
::i 
iil 

20000 

15000 -t-~~~~~~~~~~~~~~~~ 

1975 1980 1985 1990 1995 2000 

FIGURE 13 Comparison of weight-specific vehicle 
production energy for a medium-sized automobile 
with Otto engine in two technology sets. 

Technology set B, with its emphasis on conserva
tion and environment, is level between 1980 and 
1990, even though plant efficiencies increase mar
ginally and s·ubstitution of energy-intensive mate
rials is instituted at an earlier da\e. Projected 
increases in recycling is the major reason for 
energy saving. However, increased use of light 
materials causes a slight rise in total energy from 
1990 to 2000. Manufacturers reduced vehicle operat
inq enerqy use (the greatest energy expenditure) 
and, as a result, incurred some increased energy use 
in product ion. 

For technology set c, increased energy use after 
1980 occurs as plant efficiency increases only 
slowly and productivity decreases. However, the 
situation is turned around after 1990, when substi 
tution of energy-intensive materials has not been 
aggressively pursued and increasing material imports 
shift ~he energy expenditure and residuals burden 
outside the United States. The result is that energy 
use per pound of vehicle in 2000 in technology set C 
is the same as expended in set B. The difference is 
that in technology set C the favorable energy ex
penditure was at the expense of unfavorable trade 
balances, whereas set B gained it through recycling. 

As an example to illustrate how residuals of 
production change with respect to technology sets, 
NOx air residuals associated with the production 
of a medium-sized automobile in technology set A 
(2000) decreased 47.5 percent over baseline levels, 
whereas in set B the decrease is 51.8 percent. The 
general vigor of the alternate socioeconomic en
vironment leading to the characterization of tech
nology set A resulted in substantial environmental 
benefits, even though priority research was delayed 
until late in the century. Technology set C im
proved 35 percent in spite of an indifferent atti
tude toward the environment. Here, again, much of 
the resid ual burden was shifted outside of the 
United States. 
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ON-ROAD EMISSIONS CHARACTERIZATION 

It was assumed that the most stringent 50,000-mile 
standards now proposed by the EPA at the time of 
this study for future implementation are the maximum 
practicable. Therefore, for currently regulated 
pollutants, future motor vehicle emissions were 
projected in accordance with the phase-in rate for 
each technology set. New emission standards for CO 
·and NOx, originally scheduled for 1981, were post
poned in all technology sets until 1985. These co 
and NOx standards were projected to remain in 
force through 1987 for technology sets A and C, with 
the more stringent, but not final, standards then in 
effect through 2000. In set B these more stringent 
standards became effective in 1983 with the final 
0.4 g per mile NOx standard for Otto engines taking 
effect in 1988. 

Diesel HC emissions from 1983 to 1987 were esti
mated to be 0. 41 g per mile for technology sets A 
and C and 0.2 g per mile for set B. Only nonleaded 
gasolines were used in all technology sets in 1988, 
with set B implementing a faster phase-out of leaded 
fuels. 

Among engine-specific projections, Stirling emis
sions were quite low in all emission categories for 
all potential fuels. Brayton-engine emissions were 
projected to be similar to Otto-engine emissions in 
2000, with the best emission performance realized 
from use of diesel and alcohol fuels. Total sus
pended particulates were projected to be in the 5.2 
g per mile range for all engines in all technology 
sets, except for the diesel to 1987 (about 5.9 g per 
mile for sets A and C, and 5. 3 g per mile for set 
B), and zero for alcohol-fueled Stirling and Brayton 
engines. Aldehydes were projected to be within the 
rather close range of 0 to 0.04 g per mile, except 
for early technology sets A and C diesels, which 
were 0.07 g per mile. 

INFRASTRUCTURE CHARACTERIZATION 

The capital cost, energy cost, and air and water 
emission burdens attendant to the construction of 
rights-of-way were assessed. A modularized data 
base was developed where structures related to light 
rail, commuter rail, expressway and freeway, and 
express busway transportation systems were typified 
according to architecture and other pertinent char
acteristics. A bill of materials was developed for 
each typical structure, and tabulations were made of 
the energy consumed and residuals associated with 
the production .of those materials, the fuels used 
and emission produced in the construction process, 
and the capital cost of construction. 

This data base permitted a desired infrastruc
tural element to be conceptually constructed and the 
energy expenditure, emission, and cost of construc
tion to be rapidly calculated. Other than the use 
of energy and residual projections for materials 
characterized in vehicular analysis, no attempt was 
made to relate the infrastructural projections to 
alternate socioeconomic environments. 

SUMMARY 

The characterizations presented in this paper de
scribe future automotive technology sets for policy 
analysis, starting from a baseline vehicle charac
terization derivP.c'I from hif'torical data. The base
line characterization was projected forward in time 
along paths suggested by given alternate future 
socioeconomic environments supported, where pos
sible, by projections of other researchers in the 
field. The breadth of the vehicle characterizations 
permits the effects of policy options on most facets 
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of the urban transportation sector to be examined, 
including transit, although detailed transit char
acterizations are not described here. The method
ologies developed in this work are generalized, and 
hence can be used with alternate assumptions in a 
variety of other investigations. 
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Energy-Conservation Strategies and Their Effects on 
Travel Demand 
DARWIN G. STUART. SARAH J. LaBELLE. MAR<: P. KAPLAN. and LARRY R. JOHNSON 

ABSTRACT 

The types of impacts on urban travel demand 
that might be expected from two broad, 
multifaceted energy-conservation strategies 
are described. Based on sketch-planning 
travel demand modeling conducted for three 
case study regions and generalized extrapo
lation of these results to national totals, 
illustrative travel impact results are pre
sented. Five different types of impact are 
considered• (a) mode choice by trip p1Jrpose 
(work versus nonwork) , (b) variations . in 
transit travel by city type, (c) vehicle 
miles or automobile 
nonwork purposes, (d) 

travel for 
variations 

wuck and 
in trips 

per capita and per trip length by purpose, 
and (e) distributional differences in terms 
of household (central city, suburban, 
exurban). The in-place policy, marked by a 
sharp rise in automobile out-of-pocket 
costs, had no increase in per capita automo
bile travel by 2000, although aggregate 
energy consumption was lowered. The individ
ual travel strategy, which lowered automo
bile operation cost relative to the in-place 
policy by improvements to automobile fuel 
economy, achieved noticeable energy savings 
with negligible impact on choice of travel 
mode. The group travel strategy, on the 
other hand, significantly altered mode 
choice and saved transportation energy in 
this way. Significant improvements in tran
sit service and strong automobile travel 
disincentives yielded dramatic shifts to 
group travel modes for nonwork travel. Work 

travel mode choice was affected to a lesser 
extent, with increases of 30 to 40 percent 
in transit and shared-ride modal splits. 

Meaningful analysis of the many different supply
and demand-oriented strategies for conserving urban 
transportation energy is a complex undertaking. Not 
only is the range of available conservation options 
a wide one, but the applicability of such options 
within urban areas varies greatly by urban area size 
and density <.!-;!> • When the potential impact of 
technology- oriented options (e.g., alternate fuels, 
engine technology advances, and greater fuel effi
ciency from the vehicle mix) is considered, another 
layei: or complexity is added (see papers by Hudson 
and Putnam, and by Saricks, Vyas, and Bunch else
where in this Record) • Even more complications 
arise when the analysis tools available for the 
examination of travel demand impacts are considered, 
together with the necessary behavioral assumptions 
that are associated with. them (see paper by Kaplan, 
Gur, and Vyas elsewhere in this Record). 

Consequently, because of these complications the 
analysis results presented in this paper are illus
trative only. In order to permit a systematic yet 
wide-ranging analysis to move forward, a host of 
reasonable (but still limiting) assumptions has been 
made. For example, only two scenarios regarding the 
future socioeconomic characteristics of urban re
g ions [household size, income, energy price, gross 
national product (GNP)) were considered. Among the 
many different combinations of energy-conserving 
actions that could be devised, only two--one empha
sizing group travel options (transit and shared 
ride) and another emphasizing greater efficiency in 
individual vehicle travel--were investigated (to-


