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Impact of Mandatory Fuel Economy
Standards on Future Automobile

Sales and Fuel Use

Damian J. Kulash,* Congressional Budget Office
Carmen Difiglio, U.S. Department of Energy

This paper provides a basis for projecting and evaluating the impact of
mandatory fuel-economy standards and gasoline taxes on automobile
sales and fuel consumption. The analytical procedures are based on ex-
plicit estimates of the cost to improve the technical efficiency of new
automobiles and a behavioral model of consumer choice of automobile
by market class. Alternative policies are evaluated in terms of their im-
pacts on fuel consumption, sales-weighted fuel economy, automobile
sales, scrappage of vehicles, fleet composition, and vehicle kilometers of
travel. Increases in gasoline prices were found to have considerable po-
tential for reducing automotive fuel consumption but only at the ex-
pense of creating equally sizable reductions in vehicle kilometers of
travel and in the number of automobiles sold. Fuel-economy standards,
such as those contained in the Energy Policy and Conservation Act of
1975, also appear to have a significant beneficial effect on fuel consump-
tion but relatively little impact on automobile sales and travel. Early in-
dications suggest, however, that the standards incorporated in the exist-
ing legislation may be unattainable and that revisions in both the stan-
dards and the penalty structure might produce better results.

Now that energy conservation has become a national pri-
ority, much of the concern about fuel conservation nat-
urally focuses on automobiles. Automobiles consume
almost a third of the nation's petroleum products; it is
widely assumed that much of this consumption is in-
essential and could be eliminated by more fuel-efficient
vehicles, travel patterns, and life-styles. One automo-
bile is now in use for each 2.3 Americans (including
children), and the average automobile travels about

18 500 km/year (11 500 miles/year) and consumes 3300
L (870 gal) of gasoline along the way. Among the many
opportunities for conservation implicit in these statis-
tics are reductions in the widespread ownership and use
of automobiles and improvements in the fuel efficiency
of individual vehicles.

Although this report concentrates on opportunities
for improved fuel efficiency, it recognizes that, because
of the complex ties that exist among the U.S. automobile
industry, the consumer, and the federal government,
other areas cannot be ignored. Some of these ties are
direct, such as government standards on automotive
safety, emissions, or fuel economy. Others are in-
direct, such as the connection between automobile sales
and energy costs. Attempting to analyze an industry as
large and complex as the U.S. motor vehicle industry
necessarily involves simplification, and in turn this
simplification restricts the range of problems for which
analytic structure is appropriate.

This paper describes projections based on a fore-
casting model for the automotive sector, which was
developed for the purpose of examining various govern-
ment policies that affect new-automobile fuel economy -
specifically, excise taxes and rebates, fuel economy
standards, and policies that influence the price of gaso-
line. The aim is to simulate how future automobile
sales, the stock of automobiles in use, vehicle kilo-
meters of travel, new-automobile prices and fuel
economies, and automotive fuel consumption will be af-
fected by various policies that might be enacted by the
federal government. The paper focuses on a specific
family of policies, namely, fuel economy standards for

new automobiles. It examines how variations in the
standards themselves and in the associated penalties for
noncompliance can influence policy effectiveness. The
aim of the investigation is to develop some preliminary
information on the likely effects of the Energy Policy
and Conservation Act (EPCA) and to explore whether
changes in that legislation might enhance its effective-
ness or lessen any of its undesirable side effects.

ENERGY POLICY AND CONSERVATION
ACT

The Energy Policy and Conservation Act of 1975 (Pub. L.
94-163) will impose mandatory fuel-economy standards
on automobile manufacturers starting in 1978 and con-
tinuing through 1985. These standards are given below
(1 km/L = 2.35 miles/gal):

Year Standard (km/L)

1978 7.65

1979 8.08

1980 8.50

1981 to 1984 To be determined by the Secretary of Transportation

1985 11.69

Between 1981 and 1984, the Secretary of Transportation
must set fuel economy standards that will (a) provide
for the maximum feasible fuel economy levels in each
year from 1981 through 1985 and (b) result in steady
progress toward meeting the 1985 goal of 11.69 km/L
(27.5 miles/gal). The 1985 goal may be changed by the
Secretary of Transportation, but any change that re-
duces the 1985 standard below 11.05 km/L (26 miles/
gal) or raises it above 11.69 km /I, must be submitted
to Congress for approval.

The fuel economy standard is applied to the average
fuel economy of all automobiles manufactured by each
firm. Manufacturers whose sales-weighted fleet fuel
economy is below the standard are liable to a civil
penalty of $11.76 for each 0.1 km/L ($50/mile/gal)
that their fleet average is below the fuel economy stan-
dard for each automobile manufactured. Because these
penalties may not be treated as expenses in computing
corporate income taxes, their after-tax effect is ap-
proximately twice the statutory level; e.g., an extra
kilometer per liter of fuel economy offsets expenses of
about $235/automobile for a manufacturer whose out-
put falls beneath the fuel economy standard.

CONSUMER DEMAND FOR
AUTOMOBILES

The methodology used in making these forecasts com-
bines two distinct parts: automobile demand prediction
and automobile industry simulation. The automobile
demand model is based on the following set of econo-
metric relations:



N, = (286 721.3) [O] - (autos, - D,)] ¢3178 (X} 17039 (1
o = .@H,P,L) HHLD, )
H; = 0.017 86 194743 3)

S, = 1/(1 + exp{-[-4.1749 - 1.8660(X§) + 3.5093(XM)

+5.6428(S.)1 D) (4a)
M, = 1/(1 + exp{-[-4.1749 - 2.0765(X}) + 3.5450(X})

+0.2589(XL) + 5.6428(M;)1}) (4b)
L, = 1/(1 + exp{- [-4.1749 - 0.4299(X}) + 1.8117(X})

+5.6428 (L)1) (4c)
SPG, = 0.4068 - 0.0784(P,), - 0.0155(U,) (5)

KMT,/HHLD; = -85 244.5 + 24 275 log (DIHHLD,)
- 3546.6 1og(CPKM), + 10 196.6 (autos,/HHLD,)  (6)

where

N, = total new automobile sales in year t;

Of = target ownership of automobiles in
year t;

(autos), = stock of automobiles on hand as of January

1 of year t;

D, = number of automobiles scrapped during
year t;

X#¥= index of the real generalized price of new
automobiles (1967 = 1.00);
P,. = fraction of total households in yeart
with income (I);
HHLD, = total number of households existing in
year t;
H, = characteristic automobile ownership for
households with income (I);
I = average household income;
S¢, My, Ly = market shares of small, medium, and
large automobiles respectively in year t;

X3, XY, Xt = index of the real generalized price of
small, medium, and large automobiles
respectively relative to that of all new auto-
mobiles in year t (1967 = 1.00);
SPG, = rate of scrappage in year t of vehicles 8
or more years old (an index relative to the
average rate for vehicles in each age
group);
(P,), = index of the real price of new automobiles in
year t (1967 = 1,00);
U. = unemployment rate in year t;
DI, = total real disposable income in year t;
KMT, = total vehicle kilometers traveled in year
t; and
CPKM, = index of the fleet real gasoline cost per
mile in year t (1967 = 1.00).

These relations are applied recursively for each year
of the forecast period, as shown in Figure 1.

Central to the model is the forecasting procedure for
sales of new automobiles (Equations 1 through 4).
Projections of new-automobile sales are based on a
modified stock-adjustment concept in which the "desired"
stock of automobiles (Equations 2 and 3) is determined
from population and income forecasts and the "actual”
stock of vehicles is based on previous stock less scrap-
page. The degree to which actual stock attains the
desired level is based on the cost of purchasing and
operating new vehicles (Equation 1). Sales by vehicle
size class are determined by a market-shares estimatour
that is based on the prices of purchasing and operating
vehicles in each class (Equation 4). The total number
of vehicles scrapped, which is applied in forecasting
new-automobile sales, is based on the detailed age com-
position of the automobile fleet. The scrappage rate of
the older vehicles in the fleet is computed based on the
replacement costs (i.e., costs of new automobiles) that
prevail at the time of replacement (Equation 5). Vehicle
kilometers of travel are computed based on the stock of
vehicles, the affluence of the population, and the costs
of operating a vehicle (Equation 6). The fuel consumed
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in driving the projected number of kilometers is cal-
culated by distributing total vehicle-fleet travel to in-
dividual vehicle types (age and size class) and then
computing fuel consumption by using fuel economies
characteristic of each of these vehicle types.

The rationale for this process is to integrate vehicle
ownership, sales, use, and fuel consumption harmoni-
ously with expected future demographic, economic, and
policy factors, as detailed elsewhere (1,2). The aim of
this paper is to apply this structure to determine how
various federal energy policies would affect automotive
energy consumption and personal mobility.

AUTOMOBILE INDUSTRY RESPONSE
TO POLICY STEPS

Before the results of the automobile demand forecasting
process are examined, a brief discussion of the re-
sponses the automobile manufacturing industry is ex-
pected to make to the types of federal policy that will be
examined will be helpful. The industry-simulation as-
pect of the methodology is based on an assessment of
feasible technological improvements and their costs as
well as a set of assumptions about how the automobile
industry as a whole would choose various technological
combinations in response to alternative policy condi-
tions. The automobile industry is assumed to act to
minimize the generalized price of vehicles within each
vehicle size class. The generalized price of an auto-
mobile is defined as

Yo = Coir + DGy/Fe s N
where
Y.: = generalized price of a new vehicle of class ¢

in year t;
C.: = price of a new vehicle of class ¢ in year t;

b = 52 853, a constant that reflects the lifetime,
discounted, perceived kilometers of travel of
the automobile;

G = price of gasoline in year t; and
F.: = fuel economy of a new vehicle of class ¢ in
year t (km/L).

That is, the automobile manufacturers act to mini-
mize the sum of the purchase price and the perceived
lifetime operating cost of the vehicle. Operating cost,
as used here, includes only gasoline costs; maintenance,
insurance, and other operating costs are assumed to be
unaffected by the policy alternatives being analyzed.
The constant (b) is based on actual annual travel pat-
terns recorded in the Nationwide Personal Transporta-
tion Survey of the Federal Highway Administration (3);
an annual discount rate of 10 percent and a perception
factor of 80 percent, which reflects consumers' imper-
fect awareness of future operating costs, are assumed.

If fuel economy standards and noncompliance
penalities are in force, then the automobile manufac-
turers are assumed to respond by producing vehicles
that minimize the generalized net price of penalties and
that are priced to pass penalty payments along to con-
sumers. That is, the automobile makers are assumed
to continue to improve fuel economy up to the point wher¢
the marginal cost of improving it (i.e., the added new-
automobile price) is equal to the marginal penalty pay-
ments that would be avoided by making the improve-
ments. This can happen in either of two ways, de-
pending on whether or not the standards are ultimately
met, as discussed below.

Standards Met

Manufacturers might in some instances meet fuel
economy standards only because of fuel cost savings,
and as a result the imposition of a standards program
would produce no further changes. Alternatively, set-
ting penalties lower than the statutory level might be
sufficient to prompt manufacturers to comply by making
only some limited improvements. In both of these sit-
uations, the marginal penalty payment associated with
an increase in vehicle fuel economy is zero because no
further penalty savings are to be gained by the manu-
facturer once the prescribed standard has been met.
Compliance with fuel economy standards might theo-
retically be accomplished by automobile manufacturers
in various ways: One vehicle class could be upgraded
substantially, in terms of fuel economy, while others
remain virtually unchanged, or all vehicle classes might
be upgraded approximately to the same extent. It is
assumed here that improvements are made to each
vehicle class so that the marginal cost of fuel economy
improvements less the marginal value of the associated
fuel savings is equal for all vehicle classes. This as-
sumption results in improvements being made in an
even-handed fashion across all vehicle classes, sub-
ject to the costs of those improvements. Whether or
not an individual vehicle class is itself above standard
has no particular bearing on whether or not fuel economy
improvements will be made to vehicles of that class.

Standards Not Met

Each manufacturer would be willing to spend only an
amount per additional kilometer per liter of fuel econ-
omy up to the amount of the after-tax penalty per kilo-
meter per liter; at some point, therefore, it is more
economical to pay penalties than to make further tech-
nological improvements. As a result, the marginal
penalty reductions eventually fall to either of two values:
zero, if standards are met, or the after-tax value of
the penalty if standards are not met. In the second
case, all vehicle classes would be upgraded to the point
where an equilibrium is struck between penalty pay-
Enents and other factors such as price and fuel savings
4,5).

ASSUMPTIONS

The projections in this paper examine automobile-
related behavior through the next 25 years. Obviously,
the growth rates and the consumption patterns that
characterize the automobile industry today cannot be
expected to continue that long. The table below com-
pares some general trends from the past 25 years with
the assumptions used and the results projected here.

Rate of Growth (%) B

Population Disposable R;al Price Real Price
of Income of of

Period Households  per Capita Automobiles Gasoline
1950 to 1975 2.05 2.10 -1.62 0.25
{actual)
1975 to 2000 1.65 2.00 1.00 0
{assumed) {baseline)
1.59
(EPCA)

The major assumptions used in this analysis relate
to future growth rates in (a) the population of house-
holds, (b) disposable income per household, (c) the



price of gasoline, and (d) the price of new automo-
biles. The table presented above gives projected growth
rates for these items compared with the actual growth
rates experienced during the past quarter century and
includes census data for households, Bureau of Eco-
nomic Analysis data for disposable income, and data
from the consumer price index for gasoline and auto-
mobile prices. As the table indicates, future growth
in the number of households is expected to taper off
slightly, the growth in disposable income per capita

is expected to slow down, the historic decline in real
automobile prices is projected to reverse itself, and
the price of gasoline is expected to remain fixed in
terms of constant dollars. These assumptions and
other market-saturating influences will tend to dampen
somewhat the rapid growth in automobile sales, owner-
ship, use, and fuel consumption evident during the
period from 1950 to 1975.

These projections are also based in part on as-
sumptions about future federal policy on safety and
the environment. It is assumed that the statutory
emissions standards of the Clean Air Act of 1970
will be enforced starting in 1978. The table below
gives the assumptions made in this study about pol-
lutant emissions, based on the exhaust emission test
procedure applied by the U.S. Environmental Pro-
tection Agency (1.6 g/km = 0.06 oz/mile):

HC co NO,
Year (g/km)  (g/km)  (g/km)
1975 0.932 9.323 1.927
1976 0.932 9.323 1.927
1977 0.932 9.323 1.243
1978 and after  0.255 2.113 0.249

It is also assumed that continued vehicle improvements
in the areas of crash avoidance, crashworthiness, and
damageability will be mandated between now and 1990.
The following table gives projected vehicle improvements
in these categories (1 km = 0.62 mile):

Year  Crash Avoidance Crashworthiness Damageability
1980 Improved hydraulic  Upgraded bumpers in Redesigned steel
brake systems, low corner impacts, bumpers
hoses, fluids improved system
integrity
1985 Antilock brakes Passive belt system, Soft-face
upgraded side and bumpers with
roof structure, 32- steel back
km/h side impact, beams
and 48-km/h roll-
over
1990 No further changes Upgraded front, side, No further
roof, and rear struc- changes

ture; 54-km/h front
impact; 48-km/h side
and rear impacts; and
48-km/h rollover

POLICY OPTIONS

The six policies examined in this analysis are given
in Table 1. These policy alternatives assume that
the safety and environmental policies previously sum-
marized are in effect. (All prices are in constant
1974 dollars.)

All but the first policy option involve government
policies directed toward improving fuel economy and
reducing fuel use. The Secretary of Transportation may
set the 1985 fuel economy standard at or between the
stringent (11.69 km/L) and moderate (11.05 km/L) levels
and must specify the corresponding 1981 and 1984 stan-
dards to provide a smooth transition between the 1980

and the 1985 standards.

Two additional policy options were also tested that
assume that fuel taxes of $0.10/L ($0.40/gal) are
applied in 1976 and maintained thereafter. In one of
these, the gasoline tax was tested for the baseline case
to determine the impact of the tax alone; in the other the
gasoline tax was examined in conjunction with the
moderate EPCA standards.

POLICY IMPACTS

Fuel Economy of New Automobiles

Table 2 gives the forecast sales-weighted fuel econ-
omies of each of the alternatives for the years 1978 to
1985. The highest 1985 fuel economy results from com-
bining EPCA with doubled civil penalties (policy 6). At
10.49 km/L (24.7 miles/gal) in 1985, this option repre-
sents a 15 percent improvement in sales-weighted fuel
economy over that of the baseline case (policy 1). As
currently mandated, EPCA with either moderate or
stringent standards will result in a 1985 sales-weighted
fuel economy of about 9.87 km/L (23.2 miles/gal). The
domestic sales-weighted fuel economy of 9.61 km /L
(22.6 miles/gal) implies that the domestic automobile
industry will be liable for $1.7 billion of civil penalties
in 1985 under the moderate standard and $2.6 billion
under the stringent standard. Because the sales-
weighted fuel economy of foreign automobiles is forecast
to be 11.56 km /I, (27.2 miles/gal), foreign manufacturers
as a group do not face civil penalties. Although individ-
ual foreign manufacturers may be liable, the number of
automobiles involved would be so small as to make any
foreign liability insignificant in comparison with projected
domestic liability.

Gasoline taxes may reduce fuel consumption, but their
impact on sales-weighted fuel economy appears to be
marginal, particularly when a $0.10/L ($0.40/gal) gaso-
line tax is applied in addition to EPCA standards. In-
creased gasoline costs affect the operating cost of large
automobiles more than those of small and mid-sized au-
tomobiles, but an inelastic demand inhibits any sizable
reduction in sales of large automobiles. The increased
operating cost for small and mid-sized automobiles tends
to reduce their sales more substantially because the
demand for smaller automobiles is more elastic. The
additional technological stimulus afforded by a gasoline
tax also appears to he marginal; the potential for tech-
nological improvements in fuel economy in each vehicle
size class has been largely exploited under the EPCA.
The net effect of both market shifts and technological
improvements, created by combining the EPCA with
gasoline-tax policies, is an increase of only 0.04 km/L
(0.1 mile/gal) in 1985 sales-weighted fuel economy
(Table 2). The gasoline tax applied to the baseline case
would have a larger (although still marginal) impact of
0.13 km/L (0.3 mile/gal) in 1985. The greater poten-
tial of gasoline taxes to improve fuel economy outside
the EPCA framework is explained by the fact that the
most cost-effective technological fuel economy im-
provements are attributed to the fuel tax increase
instead of to EPCA.

Automobile Sales

Mandatory fuel economy standards have conflicting ef-
fects on automobile prices and sales: They tend to raise
average automobile costs by precipitating technological
fuel economy improvements and by requiring payment
of civil penalties that are ultimately reflected in the
purchase price of inefficient automobiles. They can



reduce lifetime vehicle costs by lowering expected ve-
hicle operating costs.

The net impact of mandatory EPCA standards on
automobile sales is negligible until 1981 but becomes
substantial by 1983 (Table 3). If the moderate standard
is assumed to be in force, automobile sales, relative
to the baseline, are down by 0.1 million in 1981, by 0.5
million in 1983, and by 0.9 million in 1985. The drop
in 1985 automobile sales attributable to EPCA enforce-
ment thus respresents a 7.1 percent reduction from

Table 1. Major fuel-economy policies studied.

Policy Type Assumptions

1 Baseline No government policy for improved fuel
economy and reduced fuel use; fuel price
of $0.16/L from 1976 through 2000

2 Gasoline tax No government policy for improved fuel

economy and reduced fuel use; fuel price
of $0.26/L from 1975 through 2000 (possi-
bly by means of $0.10/L increase in the
federal excise tax on gasoline)

3 EPCA (moderate) Mandatory EPCA fuel-economy standards;
1985 standard of 11.05 km/L; constant fuel
price of $0.16/L

4 EPCA (stringent) Mandatory EPCA fuel-economy standards;
1985 standard of 11.69 km/L; fuel price
held to $0.16/L from 1975 through 2000
5 EPCA (moderate) Mandatory EPCA fuel-economy standards;
and gasoline 1985 standard of 11.05 km/L; fuel price
tax held to $0.26/L from 1975 through 2000
6 EPCA (moderate) Mandatory EPCA fuel-economy standards;
and double 1985 standard of 11.05 km/L; fuel price
penalties held to $0.16/L; doubled civil penalties

for noncompliance ($235/automobile per
kilometer per liter by which a manufac-
turer's sales-weighted fuel economy is
below the mandated standard)

Note: 1L =0.26 gal; 1 km/L = 2.35 miles/gal

Table 2. Projected fuel economy for six policies.

Fuel Economy (km/L)

Year 1 2 3 4 5 6

1978 7.752 7.752 7.698 7.968 7.934 8.088
19779 8.143 8.185 8.423 8.423 8.372 8.577
1980 8.686 8.776 8.895 8.895 8.955 9.087
1981 8,734 8.827 9.202 9,253 9,304 9,393
1982 8.789 8.912 9.444 9.457 6,533 9.788
1983 8.874 8.976 9.567 9.563 9.674 10.043
1984 8.938 9,104 9.661 9.699 9.788 10,299

1985 9.066 9.206 9.852 9.886 9.895 10.494

Note: 1 km/L = 2.35 miles/gal

Table 3. Projected automobile sales for six policies.

Automobile Sales (000 000s)

Year 1 2 3 4 5 6

1980 12.0 10.3 12.0 11,9 10.3 12.0
1985 12.6 11.0 11.7 11.2 10.3 11.4
1990 12.9 10.9 12.2 11.8 10.3 12.2
1995 14.1 11.7 13.2 12.7 11.0 13.2
2000 15.0 12,3 14.0 13.5 11.6 14.0

Table 4. Projected vehicle kilometers of travel for six policies.

Vehicle Kilometers of Travel (trillion/year)

Year 1 2 3 4 5 6

1980 1.95 1.77 1.96 1.96 i Pl 1.98
1985 2.24 2.01 2.24 2.22 2,01 2.27
1990 2.51 2.27 2.46 2.42 2,24 2.48
2000 3.1t 2.78 3.04 2.99 2.74 3.06

Note: 1 km = 0.62 mile.

baseline sales, the greatest projected percentage sales
loss for any year between 1976 and 2000. If the strin-
gent standard mandated by EPCA is maintained, the
loss of sales in 1985 increases to 1.4 million automo-
biles (or 11.1 percent). This further reduction in sales
is caused by the increase in the civil liability, which is
assumed to be passed on to buyers of new automobiles.
The stringent standard adds a substantial civil penalty
but does not have much impact on the marginal incentive
for manufacturers to improve the fuel economy of new
automobiles. Higher sales-weighted fuel economies
(Table 2) are achieved by combining doubled civil pen-
alties and moderate standards, i.e., by doubling the
marginal incentive to improve fuel economy. The higher
sales-weighted fuel economies produce lower aggregate
civil penalties than do the statutory civil penalties or
the stringent standard combined with penalties. In fact,
automobile sales are not much lower under the double-~
penalty option than they are under the single-penalty
option. The projected maximum difference in sales be-
tween these two options is 0.3 million automobiles in
1985 (2.6 percent) and is generally less than 0.1 million
in subsequent years.

The most severe impacts on automobile sales are
created when the $0.10/L ($0.40/gal) gasoline tax is
applied, either with or without the EPCA standards.
The gasoline tax alone immediately reduces sales by
30.6 percent or 3.7 million automobiles. This loss di-
minishes to 12.7 percent (1.6 million automobiles) in
1985 and remains about the same thereafter. When the
gasoline tax is applied with the EPCA standards, sales
are reduced by an additional 0.5 to 0.8 million automo-
biles in 1985 and after.

Vehicle Kilometers of Travel

Data given in Table 4 show that all of the policies ex-
amined here that include mandatory fuel-economy stan-
dards have only a marginal impact on vehicle kilometers
of travel. The maximum percentage reduction in vehicle
kilometers of travel from the baseline—3.6 percent—
would be achieved in 2000 under policy 4 (EPCA with
stringent standards). Under the double-penalty case,
vehicle kilometers of travel in 2000 are reduced by only
1.6 percent. The high sales-weighted fuel economy as-
gsociated with this policy option results in the lowest
driving cost per kilometer and thus relatively high ve-
hicle kilometers of travel.

Substantial reductions in vehicle kilometers of travel
are projected to occur under policies that substantially
increase the gasoline tax. A 10.3 percent reduction in
travel in 2000 is projected with a $0.10/1, ($0.40/
gal) gasoline tax (policy 2), and a reduction of 11.9 per-
cent in 2000 is expected if EPCA is also adopted
(policy 5). Despite the lower cost of driving associated
with higher fleet fuel economy, the impact on the total
automobile fleet of the gasoline tax combined with EPCA
results in less travel than is projected if only gasoline
taxes are imposed. This is significant, however, only
after 1990 when the cumulative sales impact on fleet
size is more significant.

Fuel Consumption

Mandatory fuel economy standards could contribute sub-
stantially to reduced fuel use, but it will be several
years before significant fuel savings are realized by en-
acting these policies. Table 5 gives projected fuel con-
sumption for each of the six policies examined here. (All
results in this paper assume that the fuel economy of
new vehicles reported by the U.S. Environmental Pro-



Table 5. Projected gasoline consumption for six policies.

Gasoline Consumption (000 000 m*/year)

Year 1 2 3 4 5 6

1980 284 261 283 283 260 283
1985 271 241 259 257 233 254
1990 283 252 260 257 235 248
1995 312 276 283 279 255 267
2000 348 307 315 310 283 297

Note: 1 m® = 264 gal,

tection Agency is actually achieved by operating vehicles.

More recent studies have shown that actual fuel economy
tends to fall beneath federal estimates. In separate
analyses, we have found that adjusting for this factor
has significant implications on future projections of
fuel consumption but that it creates only relatively
small changes in the fuel savings attributable to alterna-
tive policies.)

EPCA achieves a 4 to 5 percent reduction in fuel use
{rom the baseline by 1985 and an 8 to 9 percent reduction
by 1990. The lower limit in each year assumes the
moderate standard and the upper limit assumes the
stringent standard. If the moderate standard is applied
with double civil penalties, fuel savings increase to 6
percent in 1985 and 12 percent in 1990. In 2000, the
double-penalty structure results in savings of 15 per-
cent compared with savings of 9 to 11 percent for EPCA.
After 1989 the double-penalty policy results in greater
fuel savings than does the gasoline tax, but the EPCA
standards result in less fuel savings than does the gaso-
line tax throughout the projection period. The only policy
alternative tested that results in greater fuel savings
than the double-penalty option is that of moderate stan-
dards combined with a gasoline tax (policy 5): This
alternative results in 17 percent fuel savings in 1990
and 19 percent fuel savings in 2000.

PROJECTED GROWTH OF AUTOMOBILE
OWNERSHIP AND USE

Although the results presented above show distinct dif-
ferences in consumer behavior relative to the automo-
bile, these differences appear relatively minor when
the projections are compared with the experience of the
preceding 25 years. The table below gives the annual
percentage growth rates for various categories of auto-
mobile ownership and use. Actual data include census
figures for households, Federal Highway Administration
statistics for vehicle kilometers of travel, and data
from Automotive News for automobiles in use (1 km =
0.62 mile):

Rate of Growth (%)

Base-Case EPCA
Actual Projection Projection
Category (1950 to 1975) (1975 to 2000) (1975 to 2000)
Automobiles in
use 4.26 1.60 1.28
Automobiles per
household 2.33 -0.05 -0.37
Annual vehicle
kilometers of
travel 4.30 2.50 2.37
Per automobile 0.04 0.89 1.08
Per household 2.36 0.84 0.71

The growth rates of automobiles in use and of vehicle
kilometers of travel are projected to fall by about 60
and 40 percent, respectively.

The slowing of the growth of automobile stock is

attributable to two factors—the decline in the growth
rate of the population and a slight decrease in automo-
bile ownership per household attributable to higher ve-
hicle prices. Vehicle kilometers of travel per house-
hold are projected to grow at about a third of the rate
experienced during the past 25 years. Annual vehicle
kilometers of travel per automobile, roughly constant
in the preceding quarter of a century, are expected to
increase slightly.

CONCLUSIONS

The forecasts presented here reflect some tapering off
of the rapid growth in automobile ownership and use ex-
perienced in the past quarter century. Nevertheless,
they imply 80 percent more automobile travel than
occurs today—a figure that will have drastic energy
consequences unless action is taken to prevent the
amount of fuel consumption by automobiles that is im-
plied by these figures. The relative attractiveness of
fuel economy policies, however, cannot be determined
by their impact on a single indicator such as fuel con-
sumption. The combined effect on automobile sales,
sales-weighted fuel economy, travel, and fuel consump-
tion must be taken into consideration.

Lower fuel consumption is a desirable result, and it
can be achieved by any of the following: (a) improving
sales~weighted fuel economy, (b) reducing automobile
sales (and ownership), or (c) reducing travel per auto-
mobile. To the extent that a policy reduces fuel con-
sumption by improving sales-weighted fuel economy and
does so with minimal impacts on automobile sales and
travel, it achieves an important conservation goal with-
out adversely affecting goals related to economic health
or personal mobility. Judged by this standard, moderate
fuel-economy standards with double civil penalties ap-
pear to achieve the most desirable impact. Fuel con-
sumption is reduced by 12.4 percent in 1990 and automo-
bile sales and vehicle kilometers of travel are down by
only 5.4 percent and 1.3 percent respectively, relative
to the baseline. In contrast, the gasoline tax examined
here reduces 1990 fuel consumption by slightly less
(11 percent), but automobile sales and vehicle kilometers
of travel are down by much more—15.5 percent and 9.8
percent respectively. The moderate fuel economy stan-
dards achieve 1990 reductions of 8.2 percent in fuel use,
5.4 percent in automobile sales, and 1.9 percent in ve-
hicle kilometers of travel. The stringent standards re-
sult in reductions in automobile sales and travel of 8.5
and 2.6 percent respectively. These impacts are not
as favorable as those achieved by using the double-
penalty approach, but they compare very favorably with
gasoline taxes, offer considerable conservation benefits
compared with the baseline policy, and result in rela-
tively minor economic and travel disbenefits.

None of the options tested here that incorporate man-
datory standards produced industrywide fuel economies
in excess of the standards for 1985 and after. However,
this is partly a result of the assumptions about pollutant
emissions. Relaxing these emissions standards would
help the cause of achievable fuel economies.

Although substantial uncertainties are implicit in the
analytical procedures used here, their impact on rela-
tive conclusions about policy effectiveness is apt to be
less than their impact on absolute forecasts of fuel use,
automobile sales, and vehicle kilometers of travel for
each policy alternative. Assumptions about future pop-
ulation growth, economic conditions, safety and environ-
mental regulations, and automotive technology are sub-
ject to error, but such errors tend to affect all projec-
tions in similar ways. Very substantial errors would
be required to alter the rankings of the various policies.



Based on these rankings and the judgment that less
fuel use and more mobility are desirable, the mandatory
fuel economy standards of the Energy Policy and Con-
servation Act offer an effective approach to resource
conservation but one that appears open to improvement
by an increase in the severity of the penalties and a de-
crease in the stringency of the standards. These modi-
fications would tend to reduce the civil penalties that
automobile companies and consumers must pay while
increasing the marginal incentive to produce and con-
sume fuel-efficient automobiles.
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In a study initiated by the Federal Energy Administration in response to
growing national concern over the rapidly expanding rate of energy use
and possible fuel shortages, an analysis was done of the energy efficiencies
of various urban passenger transportation modes, including automobile
and bus, rail rapid and commuter rail transit, and dial-a-ride. The study
was primarily concerned with the potential impacts and energy efficiencies
of short-term policies designed to induce automobile drivers to shift to
transit. Policies to induce such mode shifts were grouped as scenarios

for evaluation. Possible transportation energy savings for urbanized areas
as well as reductions in vehicle kilometers of travel were first estimated
for individual representative cities and then expanded to provide a na-
tional estimate for each of four tested scenarios.

Two major study tasks were undertaken in the Federal
Energy Administration's evaluation of policies to enhance
public transportation (1):

1. Determine the energy consumption and efficiency
of transportation modes in urbanized areas and

2. Evaluate scenarios designed to achieve shifts from
the automobile mode to public transportation, estimate
the possible energy savings, and recommend scenarios
to be implemented.

Major emphasis was placed on obtaining more definitive
national estimates of urban transportation energy effi-
ciency than had previously been available and on deter-
mining quantitatively which strategies for shifting travel
from the automobile to transit could achieve significant
energy savings. The amount of energy that could be con-
served through individual actions and groups of actions
was specifically estimated.

It should be pointed out, however, that this study
was designed to provide only a macroscale estimate
of the possible energy savings in individual cities and in
the nation. Moreover, all data were derived from cur-

rently available material; compilation of new data was
not possible. For these reasons, the energy savings
determined in this study should be considered estimates
and should not be taken as detailed forecasts.

NATIONAL ENERGY-USE
CHARACTERISTICS FOR
URBANIZED AREAS

Any analysis of energy conservation potential must be
based on a description of existing energy use and effi-
ciency. Person-travel energy consumption and efficien-
cies in urbanized areas are a function of the amount of
person travel involved, average passenger loadings, and
the applicable vehicular fuel consumption rates. Nation-
al estimates of these and related characteristics, which
were developed particularly for use in this study, were
derived from data originally collected by the U.S. De-
partment of Transportation (2, p. 52), the American
Public Transit Association (3), and others.

Average urban energy consumption rates for individ-
ual vehicle types were estimated as follows (1 MJ/km =
1525 Btu/mile):

Energy
Consumption
Vehicle Type Rate (MJ/km)
Automobile 7.2
Bus
Gasoline-minibus 17
Diesel 22.8
Propane 30
Rail car
Rapid 40.6
Commuter 74.1



Data describing national travel characteristics and
energy consumption by mode for urbanized areas allowed
calculation of energy per passenger kilometer traveled
and total energy required by conventional modes. The
total energy required was calculated on the basis of en-
ergy consumption per vehicle kilometer by mode and
total vehicle kilometers. As expected, the automobile
was found to dominate passenger travel in urbanized
areas; it accounted for 98.1 percent of the 151 million m®
(952 million bbl) of gasoline used in 1971 and 92.4 per-
cent of the 1232 billion passenger -km (766 billion
passenger-miles) traveled. The graph shown in Figure
1 provides a summary of passenger transportation effi-
ciencies in urbanized areas.

All conventional transit modes require about the same
amount of energy per passenger kilometer: 1.7 to 1.8
MJ /passenger km (2590 to 2740 Btu/passenger-mile).

In contrast, automobile travel requires more than 2%
times the energy per passenger kilometer required by
conventional transit or about 4.5 MJ/passenger +km (6930
Btu/passenger-mile), Less conventional modes of tran-
sit such as dial-a-ride systems require about 7.9 MJ/
passenger *km (12 000 Btu/passenger-mile), almost twice
as much as the automobile and 5 times as much as con-
ventional transit modes.

Estimates of energy efficiency for person travel were
also independently prepared for four individual urbanized
areas: Albuquerque, San Diego, Baltimore, and Chicago.
Automobile energy efficiency was computed based on
vehicle kilometers traveled and the average automobile
occupancy for each urbanized area. In all four areas
this efficiency was calculated to be approximately 4.9
MJ /passenger-km (7500 Btu/passenger-mile).

Estimated energy efficiencies for transit in the four rep-

Figure 1. Relative energy efficiency of urbanized-area transportation
modes.

resentative cities are givenin Table 1. Energy efficiencies
for bus systems ranged from 1.3 to 3.1 MJ/passenger +km
(1950 to 4800 Btu/passenger-mile), compared with a na-
tional average of 1.8 MJ/passenger-km (2750 Btu/
passenger-mile). The commuter rail (electric)operation
in Chicago requires 1.3 MJ/passenger-km (2000 Btu/
passenger-mile), considerably less than the national
average of 1.8 MJ/passenger-km (2700 Biu/passenger-
mile). This difference is not a function of fuel consump-
tion per car kilometer (which was not specifically in-
vestigated except to distinguish between diesel and elec-
tric operation) but is instead attributable to the compara-
tively high average passenger loadings in Chicago.
Chicago's rail rapid transit (diesel) system has an energy
efficiency of 1.5 MJ /passenger-km (2300 Btu/passenger-
mile), which is closer Lo the national average of 1.7 MJ/
passenger-km (2600 Btu/passenger-mile),

In short, the automobile proved to be more energy
intensive than transit in urbanized areas, both on a na-
tional basis and in the individual cities studied. Transit
is not, however, 17 times more efficient than the auto-
mobile, as some sources suggest; its energy efficiency
is between 1% and 5 times that of the automobile. The
efficiency of transit is also highly dependent on the type
of service offered and the city involved.

PROCEDURES FOR ESTIMATING
ENERGY SAVINGS

The central objective of the study was to quantify the na-
tionwide mode shifts and energy savings that would be
caused by implementation of alternative transit-oriented
strategies. To provide the required estimates, an anal-
ysis procedure was chosen that addressed itself to site-
specific conditions. For this purpose the four cities—
Albuquerque, San Diego, Baltimore, and Chicago—were
selected as being representative in certain ways of na-
tional urbanized areas. Data derived for these four
cities were used to estimate national energy savings and

rail transit system.

*1 L impacts.

1 The four cities were chosen in the following way:
£%4 1. The more than 240 urbanized areas in the United
o States were categorized into four groups according to
g DIAL 4,54 the reported percentage of transit use for travel to and
g* BGS from work and the presence or absence of an extensive
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NOTE: 1 MEGAJOULE/PASSENGER KILOMETER = 1,525 BTU/PASSENGER MILE

sensitivity model was developed to evaluate potential
mode shifts in the representative cities. In the model,

Table 1. 1974 energy efficiencies of public transportation in representative cities.

Average Annual Annual Passenger Megajoules
Annual Trip Passenger Vehicle Kilometers per
Passengers Length Kilometers Kilometers per Vehicle Annual Passenger
City Mode (000s) (km) (000s) (000s) Kilometer Terajoules Kilometer
Albuquergue Bus 3 537 5.8" 20 487 4220 4.9 64.6 3.1
San Diego Bus 32 032 6.7 213 889 18 315 117 350.5 1.6
Baltimore Bus 113 396 7.0° 790 025 41 346 19.11 1068 1.3
Chicago Bus 511 667 5.8° 2 963 780 141 890 20.9 3787.1 1.3
Elevated and subway 171 415 10.9° 1 861 695 78 490 23.7 2835.4 1.5
Electric commuter 15 478 30.1 465 707 7 384 63 594 1.3
Diesel commuter 25 348 33.8 857 332 18 236 47 1231.7° 1.5
Note: 1 km = 0.62 mile; 1.1=9.48 x 10 Btu
®No data were given by Albuquerque that would allow the calculation of @werege bus trip length; an sstimate of 5,8 km was used based on data from the U.S. Department of Transportation
National Transportation Stugy for urbanized areas with populations betwudf 100 000 and 250 (XKL

Y From average transit runiliyg time at 16.1 km/h (10 mph) as simudagid by the BMATS program.
“Derwed from Chiapo Area Transportation Study origin-destinatian survoy data
9 Includes electric stamlby energy at tarminals, which comprises an additional 15 percent above diesel energy used



a set of mathematical relations was used to describe

the sensitivity of transit ridership to changes in the
transportation system, expressed as averages for urban
sectors or entire urbanized areas. These relations were
based on the transit ridership sensitivities displayed by
travel mode-choice models of logit formulation calibrated
for Denver; Minneapolis-St. Paul; Washington, D.C.;
and San Diego (4).

The transit ridership sensitivities inherent in the
mode-choice models for the various regions were similar
and yet showed sufficient variation to preclude use of a
single formula. Instead, a set of equations describing
high, medium, and low transit-use response were de-
veloped and used to prepare high, medium, and low es-
timates. The model was validated by using data from
three urban areas in which major policy changes had al-
ready been implemented.

The mode-use sensitivity model was applied to each
of the four representative cities to estimate the effective-
ness of different actions (strategies) and groups of ac-
tions (scenarios) in saving energy. The actions investi-
gated for energy savings can be broken down into those
actions that affect

1. Transit excess time,

2. Transit running time,

3. The cost to the rider of using transit, and
4. The cost of operating an automobile.

Each of the above categories is equivalent to one of the
explanatory variables addressed in the model.

The so-called transit excess time experienced by
transit riders is the sum of the time spent walking to and
from the transit service plus the time spent waiting for
a bus or a train. An increase in transit-service fre-
quency or an increase in the density of routes (coverage)
or both will reduce excess time.

Each strategy and scenario first had to be translated
into changes in the explanatory variables for analysis
with the mode-use sensitivity model. The expected
change in transit use was then calculated. This pro-
vided an estimate of the number of new transit trips
that would result from application of a strategy or a
scenario.

Not all new trips attracted by transit improvements
would be made by persons who had previously been auto-
mobile drivers. Some would previously have been auto-
mobile passengers or pedestrians or would have made
no trip at all. An estimate was made of the proportion
of new transit trips that represented prior automobile
trips, and fuel savings were attributed only in the case
of prior automobile drivers.

A survey undertaken after fare and service changes
were made to the Atlanta Transit System (5) was the
primary source of information on the mode used by new
riders before the trangsit service enhancement. The
proportions derived from this survey were validated by
comparing them with those derived from other available
surveys. Separate automobile-driver proportions were
developed for work and nonwork trips as well as for three
basic types of changes to the transportation system.

The Atlanta data revealed that 50 percent of new tran-
sit riders who are using transit for work trips and 25
percent of those using it for nonwork trips were pre-
viously automobile drivers. These percentages were
applied by the study to the new transit riders attracted
by bus transit improvements. Because rail service im-
provements typically affect longer distance travel, there
is little likelihood of attracting bicycle users, pedes-
trians, or those using other transportation modes best
suited for shorter distances. The percentages for rail

system improvements were therefore adjusted to re-
flect a correspondingly higher proportional attraction of
transit trips from the automobile driver mode. The
values used for rail improvements were 59 percent for
work trips and 33 percent for nonwork trips. The per-
centages of prior automobile drivers shifted to transit
by means of highway disincentive strategies were esti-
mated to be 71 percent for work trips and 55 percent for
nonwork trips. The high percentage of prior automobile
drivers in this case reflects the lack of induced travel
when disincentives are applied.

Trips diverted from the automobile to transit were
multiplied by an appropriate trip length to determine the
vehicle kilometers of automobile travel eliminated.
Energy savings were calculated on the basis of vehicle
kilometers saved. Fuel consumption varies among dif-
ferent automobile trips within a city; thus, to select the
appropriate energy intensities, speed, stops per kilo-
meter, and trip length were estimated and then applied
to derive the energy savings.

The additional vehicle kilometers of transit service
that would be required to accommodate all new riders
were then determined on the basis of the 2-h p. m. peak
capacity of each system, current capacity utilization,
and the additional riders attracted during that period.
Transit vehicles were added to accommodate new riders
only if the appropriate maximum load ratio of passengers
to seats was exceeded. The additional daily bus kilo-
meters that would be required were calculated by assum-
ing a constant ratio between peak service requirements
and daily transit vehicle kilometers.

In the case of bus transit, when additional vehicle
kilometers are added, the service frequency increases
and the passenger wait time decreases. Therefore,
when additional buses were required to accommodate
the new passengers gained as a result of the various
actions in a scenario, an additional decrease in wait
time was taken into account and the concomitant num -
ber of new passengers attracted by the additional ser-
vice improvement was estimated. The amount of energy
required for the additional transit vehicle kilometers
was calculated on the basis of the existing fuel economy
of each transit system. The net energy savings for each
strategy and scenario were determined by subtracting
the additional energy required by the transit system from
that saved by the reduction in vehicle kilometers of auto-
mobile travel.

Some of the more important limitations that should be
considered when the results of the analysis are reviewed are

1. Data voids, which often required estimating the
necessary values based on available information and judg-
ment;

2. Model limitations, such as the inability to predict
changes in attitude and other intangibles; and

3. The means employed by new riders to gain access
to transit service, which was not analyzed but could add
to the new total energy use if an automobile were used.

ANALYSIS OF INDIVIDUAL
STRATEGIES

The actual evaluation of the energy savings made pos-
sible through actions to induce mode shifts began with an
analysis of individual transportation strategies. This
analysis weighed the effects of each individual strategy,
identified the strategies that exhibited significant energy-
saving potential, and then grouped these strategies in
suitable alternative scenarios. Estimates of the poten-
tial energy savings of individual strategies were made
only for San Diego and Chicago and were based on a less
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detailed analysis thanthe subsequent scenario evaluations.

The effect of individually applied strategies may differ
substantially from their combined effect in scenario
groupings. For example, when excess (walk and wait)
time is reduced, transit riders are attracted to the sys-
tem, but there is little or no net impact on energy use
because of the large corresponding increase in the num -
ber of transit vehicle kilometers required. When this
action is combined with other actions, however, the ad-
ditional transit vehicle kilometers may prove to serve
the purpose of carrying passengers attracted to transit
by other actions in the scenario. In such a case, a de-
crease in excess time contributes to the benefit of the
total scenario.

In San Diego, the current excess capacity of the bus
system was such that additional bus kilometers were not
needed to handle peak loads unless the increase in peak-
period riders caused by a mode-shift strategy exceeded
3100 persons. Few individual strategies were found to
be so effective as to require additional bus kilometers
except when an increase in service was inherent in the
strategy. This is not to say that additional bus kilo-
meters would not be required when two or more strat-
egies are combined; many of the scenario evaluations
showed a need for substantial additional service.

The key findings of the San Diego analysis of individ-
ual strategies were as follows:

1. It would be more effective to institute improve-
ments to both radial and circumferential bus routes con-
currently than to either configuration alone.

2. It would be more productive in terms of energy
savings to decrease all bus running times by applying
traffic engineering improvements and bus priority and
other measures than to implement a comprehensive ex-
press bus system to serve longer trips. This finding is
a function of the low density of the San Diego central
business district (CBD), the fact that express bus service
would not improve service to local riders, and the extra
bus kilometers and energy that would be required to pro-
vide the total service.

3. Alternative fare structures established within the
constraint of a single average fare show no significant
potential for increased ridership nor for decreased en-
ergy use related to changes in the ridership mix. How-
ever, overall decreases in bus fares would be effective
in inducing mode shifts.

4. Strategies whose effectiveness depends on penal-
izing automobile travel achieve about twice as much en-
ergy saving per transit passenger gained as do strate-
gies designed to induce new ridership by enhancing tran-
sit because the only new transit riders obtained through
disincentives are previous automobile drivers or auto-
mobile passengers.

5. The effect of percentage increases in existing
parking fees would be less in San Diego than correspon-
ding percentage increases in gasoline cost, probably be-
cause of the current low parking cost in the CBD and the
lack of parking charges outside the CBD. However, a
universal parking surcharge (or equivalent automobile
toll) in the CBD and the central city would have strong
potential for inducing mode shifts.

In the following table, representative, quantitative
estimates of mode shifts and energy savings are given
for the strategies that proved to be among the more pro-
ductive in San Diego (1 m® of gasoline = 6.3 bbl).

Gasoline
Increase Equivalent of
in Transit  Net Energy
Strategy Use (%) Saved (m?%/d)
Decrease excess time
By 5 percent 12.4 1.1
By 15 percent 42.6 3.5
Decrease bus running time
By 5 percent 6.2 2.2
By 10 percent 12.9 4.8
Decrease transit fare
By $0.05 5.2 1.7
By $0.10 10.6 35
Increase gasoline cost
By 25 percent 5.6 37
By 100 percent 248 15.3
Central city-CBD parking surcharge
$0.72 15.0 7.9
$1.44 38.8 21.6

The net energy savings should be compared with a total
automobile energy use in the San Diego area of approxi-
mately 5247 m%d (33 000 bbl/d) of gasoline.

The energy savings attributed to the automobile
disincentive strategies account only for the impact of
traveler diversion from automobile to transit. Automo-
bile disincentives will also cause curtailment of less es-
sential trips and increased participation in car pools.
No attempt was made in this study to quantify these ad-
ditional energy-saving impacts.

The analysis of individual strategies in San Diego was
of significant value in weeding out the less productive
strategies. An investigation was also made of the ef-
fectiveness of individual strategies in Chicago, an ur-
banized area in which travel characteristics are quite
different.

The one major difference between the evaluation re-
sults for individual strategies for San Diego and Chicago
was that, when bus and rail service was increased to re-
duce excess time throughout the Chicago metropolitan
area, there was a loss of transportation energy. This
finding, which was not totally unexpected because of the
already extensive transit service in the city of Chicago,
demonstrates that there exists a point of diminishing
returns if transit service is intensified under present
conditions (if no other strategies are imposed).

In the analysis of bus-service increases in Chicago,
estimated energy losses occurred mostly in the central
city. A separate test of decreasing bus excess time was
made only in the suburbs, and it was found that slight
energy savings could be expected from this action.

The results for the Chicago central city do not neces-
sarily eliminate the feasibility of changes in the level of
bus service as a potential energy-saving action. It was
pointed out earlier that, when combined with other strat-
egies, service increases may meet a need for addition-
al capacity. Nevertheless, in view of the Chicago re-
sults, the scenarios subsequently tested were adjusted
to include differential application (to the city versus the
suburbs) of any additional bus service required to meet
capacity needs.

All of the remaining individual strategies examined
for Chicago showed transit ridership increases and en-
ergy savings similar to those in the San Diego tests, al-
though the absolute changes were greater and, for the
most part, the percentage changes were less. In view
of the greater reliance on transit in metropolitan Chi-
cago, these results were expected.

ANALYSIS OF SCENARIOS

The knowledge gained in the preliminary analysis of in-
dividual strategies was essential to the development of
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Decrease Increase in Decrease Decrease Daily Reduction in
Decrease in Increase  Parking Cost in in Increase  Daily Reduction Kilometers Total
in Transit in ($) Transit Transit in Additional in of Daily Automobile
Transit Running Gasoline Excess Wait Transit Passenger Automobile Automobile  Gasoline  Energy
City and Fare Time Cost Central Time Time Use Trips Travel Travel Saved Saved
Scenario (#) #*) (#) CBD City (%) (%) (%) (linked) (km ) (%) (m?) %)
Albuguerque
1 10 5 25 - = 5 — 34 3 200 9 815 0.14 1.6 0.11
2 20 10 25 —_ - 15 — 99 9 200 26 709 0.39 3.8 0.27
3 20 10 100 0.70 1.00 15 S 162 15 000 50 523 0.73 8.7 0.60
4 - -_ 100 0.70 1.00 — — 25 2 300 11 424 0.16 2.4 0.16
San Diego
10 5 25 —_ — 5 20 68 47 700 120 675 0.48 14.3 0.27
2 20 10 25 - — 15 40 184 127 400 302 331 1.19 25.4 0.50
3 20 10 100 0.70 1.00 15 67.5 426 295 900 753 173 2.96 65.2 1.24
4 — ] 100 0.70 1.00 — 50 144 100 300 239 258 0.94 20.7 0.40
Baltimore
1 10 5 25 -_ — 5 30 66 165 300 493 157 2.37 41,3 1.35
2 20 10 25 1.00 — 35 128 319 400 946 575 4,55 106.5 2.58
3 20 10 100 2.00 1.00 15 55 256 639 600 2 067 565 9.95 259.1 6.25
4 = - 100 2.00 1.00 50 121 302 500 1 043 276 5.02 139.9 3.34
Chicago
1 10 5 25 — — 5 5 50° 26 437 200 1948 338 3,05 120.8 0.92
2 20 10 25 1.00 — 15 —*, 55" o8 963 600 4 335 451 6.79 265.5 2.02
3 20 10 100 2.00 1.00 15 25°, 65" 106 1763 100 8 319 656 13.03 699.4 5,31
4 — — 100 2.00 1.00 - 35°, 60° 64 1 077 600 6 089 100 9 53 4,53

602.5

Note: 1 km =0.62 mile; 1 m*® = 6.3 bbl
“City. ®Suburb

the four scenarios examined in the course of this study.
These scenarios were structured to include the entire
range of possible actions—from those requiring minimal
government intervention to those that would require sig-
nificant federal and local government input as well as
the imposition of substantial cost penalities on the aver-
age automobile driver. These scenarios included the
following actions:

Decrease transit fare,

Decrease transit running time,
Increase gasoline cost,

Increase selected parking costs,
Decrease transit excess time, and
Decrease transit wait time.

SO WODN

Scenario 1 requires the least intervention and incorpo-
rates trends that to some extent are already evident.
Scenario 2 requires that there be substantial modifica-
tion and enhancement of transit service but can still be
considered a strategy of "carrots' in that few disincen-
tives are imposed on automobile travel. Scenario 3 re-
quires the same carrots in terms of transit service en-
hancements as scenario 2 but adds bigger "sticks' in
the form of substantial disincentives to automobile
travel. Scenario 4 differs from the other three in that it
includes no carrots other than the decrease in transit
wait time that would be required to provide any neces-
sary additional capacity; it relies entirely on disincen-
tives to automobile travel identical to those included in
scenario 3 to achieve mode shifts.

These four scenarios were applied in each of the rep-
resentative urbanized areas. In general, each scenario
is similar for all areas. However, the scenarios were
not exactly the same for each area in the degree of their
application. An explicit description of the scenarios
evaluated in each representative area, as well as infor-
mation on the corresponding reductions in automobile
travel and energy savings, is given in Table 2.

Albuquerque

As shown by the estimates given in Table 2, the poten-
tial energy-saving effects of the four scenarios in the
Albuquerque urbanized area were disappointingly slight.
Even scenario 3, which would cause a projected increase
of 162 percent in transit ridership, would achieve only

a 0.6 percent decrease in energy use and a 0.7 percent
reduction in automobile travel. The three less intensive
scenarios would cause only a 0.1 to 0.3 percent decrease
in energy use, a 0.1 to 0.4 percent decrease in automo-
bile travel, and a 25 to 99 percent increase in transit
ridership.

In this type of city, current transit ridership is so
small that even an astronomical increase in transit rid-
ership will have little effect on total automobile travel.
It is difficult to provide good, convenient transit service
to cities such as Albuquerque, which have low popula-
tion densities. Because there is little congestion on Al-
buquerque’s extensive road network, transit travel in
that city cannot be highly competitive. Downtown areas
are normally a major source of transit trips, but the
Albuquerque CBD is neither strong nor extensively de-
veloped.

There is enough excess capacity in the present Albu-
querque transit operation to accommodate all of the rid-
ers who would be attracted to the system by any of the
four scenarios. Only those increases in service explic-
itly called for in scenario actions would be required.

As the test results for scenario 4 show (Table 2), large
increases in gasoline cost and parking surcharges are
relatively ineffective in encouraging transit ridership.
The structure of the city of Albuquerque and of its pres-
ent transportation system does not allow transit ser-
vice to provide a viable alternative to the automobile.

San Diego

San Diego represents U.S. cities that have moderate
transit use. Of the four representative cities examined,
San Diego exhibits the highest percentage increase in
transit use attributable to the various mode-shift strat-
egies. Implementation in San Diego of the substantial
actions in scenario 3 would result in an estimated in-
crease in transit ridership of over 400 percent, energy
savings of 1.2 percent, and a reduction in automobile
travel of nearly 3 percent. The more moderate actions
in scenarios 1 and 2 would achieve between 68 and 184
percent ridership increases and between 0.3 and 0.5
percent reductions in energy use respectively.

Cities in this category tend to have enough of a
transit-service base for transit improvements to show
a high potential for attracting riders. At the same time,
however, they retain a total ridership low enough for
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transit improvements to have only a slight impact on
energy conservation in urbanized areas. Like cities in
the group represented by Albuquerque (although not to as
extreme a degree), cities represented by San Diego have
a relatively low population density, and the CBD is typi-
cally not a dominant focus of travel.

Major elements of the San Diego transit system cur-
rently operate well below capacity. A number of new
riders could be added to the system before additional
buses would be required. These new passengers, who
would fully use the excess capacity available in the tran-
sit system, would produce larger energy savings than
would any additional new riders who would make it nec-
essary to operate additional vehicles.

Automobile disincentives, when tested alone in sce-
nario 4, showed as much potential for saving trans-
portation energy through inducing mode shifts as did the
full package of transit enhancements included in scenario
2 without the automobile disincentives. Neither tran-
sit enhancements nor automobile disincentives showed
much potential for reducing transportation fuel use in
the San Diego area. In both scenarios 2 and 4, energy
savings were estimated at less than 0.05 percent, which
illustrates the limitations of transit as an alternative to
the automobile in San Diego and similar cities.

Baltimore

Baltimore was used to represent cities that have rela-
tively high patronage of an all-bus transit system. As
in the analyses of other representative cities, scenario
3 exhibited the greatest energy-saving impacts, showing
a potential ridership increase of approximately 250 per-
cent, or some 640 000 riders/d. The shift to transit
would result in a 6.2 percent reduction in automobile
energy requirements and just short of a 10 percent re-
duction in automobile travel. Scenario 1, which has the
least potential impact, would yield a 66 percent increase
in transit use, or some 165 300 additional riders, and
an energy reduction of 1.4 percent and a reduction of
2.4 percent in vehicle kilometers traveled.

Baltimore has many characteristics that cities like
San Diego and Albuquerque lack, which serve to make
it supportive of extensive transit travel. These include
a strong and well-developed CBD, significant highway
congestion, and other qualities common to older and
more densely populated urbanized areas. In cities of
this type, transit has a much better chance of competing
with the automobile for discretionary ridership. Because
of this, those actions that were shown to be relatively
ineffective in Albuquerque or San Diego would have a
much greater impact in the Baltimore metropolitan area.
The current Baltimore transit system is also sufficiently
effective that automobile disincentives alone (scenario 4)
could work to save more energy than could be saved by
the scenarios oriented primarily toward transit-service
enhancements (scenarios 1 and 2),

Chicago

Chicago was used to represent the major urbanized areas
in the United States that have relatively extensive rail
rapid and commuter rail systems. In the Chicago area,
scenario 3 would double transit ridership, or add some
1.8 million daily transit users. This shift in mode use is
accompanied by savings of 5.3 percent for current trans-
portation energy use and 13 percent for automobile
travel. Of the scenarios that concentrate on transit
service enhancements without major automobile disin-
centives, scenario 1 would save 0.9 and 3 percent and
scenario 2 would save 2 and 6.8 percent in energy and

vehicle kilometers of travel respectively.

Characteristics supportive of heavy transit use are
quite pronounced in the city group represented by Chi-
cago. The extensive existing transit use in these cities
makes it difficult to achieve the large percentage in-
creases in transit ridership demonstrated in the other
representative cities. On the other hand, a mere 10
percent increase in ridership in Chicago would account
for more transit trips than would a doubling of transit
use in San Diego. Thus, the impact on automobile use
would be more noticeable.

In the Chicago estimates of scenario impacts, the
automobile disincentives of scenario 4 would produce
nearly as much in estimated energy savings as would
a combination of the strategies with the major transit
enhancements of scenario 3. Thus, it appears that
automobile disincentives work more efficiently toward
decreasing energy use than do transit enhancements in
cities that have preexisting, extensively developed tran-
sit systems. These cities can be contrasted with cities
that have less extensive transit operations, in which both
carrots and sticks are needed to promote mode shifts. On
the other hand, when the medium scenario estimates were
constructed to exclude the more onerous automobile -
disincentive strategies, none of the representative cities
exhibited energy savings in excess of 2.6 percent of
transportation fuel consumption for the urbanized area.
In the smaller cities, expected savings without major
sticks were well under 1 percent.

National Energy Savings

The analysis of potential energy savings for the repre-
sentative cities, although noteworthy in itself, also pro-
vides the quantitative groundwork for an analysis of po-
tential energy savings at the national level. Data de-
rived for the representative cities were expanded and
weighted to represent possible national annual energy
savings for each scenario. The expected annual energy
savings represent the national energy savings for pas-
senger transportation in urbanized areas only.

Energy savings for the representative cities were cal-
culated for an average weekday, and these figures were
converted to annual estimates through multiplication by
a series of annualization factors: 345 for overall kilo-
meters of travel by automobile and energy used, 290 for
additional transit ridership as well as kilometers of
travel by automobile and energy saved. and 300 for addi-
tional annual kilometers of transit travel and the energy
that would be required.

The procedure chosen in this study to estimate na-
tional energy savings is relatively simple. The popula-
tion and total vehicle kilometers of travel for urbanized
areas were determined for each city group by using data
from the 1970 census and the 1974 National Transporta-
tion Study. The cubic meters of gasoline required for
travel in urbanized areas by each group were determined
at a rate of 0.0002 m®/vehicle'km (0.0013 bbl/vehicle
mile), which is equivalent to the previously derived
average for urban areas of 7.2 MJ /vehiclekm (10 950
Btu/vehicle mile). The percentage reductions in annual
vehicle kilometers and gasoline as determined for each
scenario and representative city were applied to the
vehicle kilometers traveled and gasoline used for the
appropriate city group to obtain the nationwide energy
savings. As before, high, medium, and low estimates
were calculated.

Medium estimates of reductions in vehicle kilometers
of travel and energy use for the four scenarios by city
group are given in Tables 3 and 4. City groups 3 and 4,
those in which the greatest transit use occurs, clearly



Table 3. Medium national estimates of
impacts of four scenarios: vehicle

Vehicle Kilometers for Four Scenarios
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kilometers saved per year. 1 2 3 4
City Number Number Number Number
Group (000 000s) Percent (000 000s) Percent (000 000s) Percent (000 000s) Percent
1 182 0.12 492 0.32 933 0.61 211, 0.14
2 594 0.40 1 490 1.00 3710 2.49 1179 0.79
3 5 027 1.99 9 649 3.83 21 076 8,37 10 635 4.22
4 4 299 2.56 9 566 5,70 18 355 10.95 13 434 8.01
Total or
average 10 102 1.40 21 197 2.94 44 074 6.12 25 459 3.53
Note: 1km = 0.6 mile
Table 4. Medium national estimates of ]
. i Energy [or Four Scenarios
impacts of four scenarios: energy saved
per year. 1 2 k! 4
City Gasoline Gasoline Gasoline Gasoline
Group (m®) Percent (m*) Percent {m*) Percent (m*) Percent
1 29 0.09 89 0.22 160 0.51 44 0.14
2 69 0.22 119 0.39 305 0.99 97 0.31
3 563 1.08 1046 2.01 2564 4,94 1388 2.67
4 250 0.72 542 1.57 1465 4.24 484 3.70
Total or
average 911 0.61 1777 1.20 4494 3.03 2013 1.89
Note: 1m® =6.3 bbl
Table 5. Total natlona_l estlma?es of Vehicle Kilometers for Four Scenarios
impacts of four scenarios: vehicle _ - 3
kilometers saved per year. 1 2 3 4
Number Number Number Number
Estimate (000 000s) Percent (000 000s) Percent (000 000s) Percent (000 000s) Percent
High 14 244 1.98 28 170 3.91 59 501 8.24 31 644 4,38
Medium 10 101 1.40 21197 2.94 44 075 6.12 24 655 3.53
Low 6 792 0.94 14 355 2.01 33 081 4.59 20 135 2.80
Note: 1km = 0.6 mile. R B
_Table 6. Total natlonql estimates of Enetigy.for Foir Sceiaiios B B
impacts of four scenarios: energy saved =
per year. 1 2 3 4
Gasoline Gasoline Gasoline Gasoline
Estimate (m”) Percent (m®) Percent (m?) Percent (m*) Percent
High 1242 0.84 2397 1.61 5980 4.03 3488 2,35
Medium 811 0.61 17 1.20 4494 3.03 2808 1.89
Low 628 0.43 1198 0.81 3470 2.34 2286 1.54
Note: 1 m?=6.3 bbl,
show the highest potential for reducing vehicle kilome- CONCLUSIONS

ters of travel and saving energy. Although these two
groups account for only 63 percent of the urban area
population and 58 percent of automobile travel and gaso-
line use, they would contribute 89 to 94 percent of the
expected reduction in automobile travel and 89 to 95 per-
cent of the gasoline savings expected in all urbanized
areas.

Tables 5 and 6, which merge all city groups together
for total national estimates, give high, medium, and low
estimates of reductions in vehicle kilometers of travel
and energy savings for each of the four scenarios. Sce-
nario 3, which produces a 3.0 percent reduction in energy
use for passenger transportation in urbanized areas, is
seen to be more than half again as effective as scenario
4, Scenario 3 is almost twice as effective as scenario 2
in reducing vehicle kilometers of travel and energy use,
and scenario 2 is in turn about twice as effective as sce-
nario 1. Scenario 1 combined with elements of scenario
3 would be the most likely candidate for initial imple-
mentation.

The estimates presented here show that a reduction in the
amount of energy used for personal transportation can be
realized through actions designed to shift persons from
the automobile to mass transit but that it is extremely
difficult to conserve large quantities of energy in this
way. The potential short-term fuel savings attainable
from shifts to transit range from less than 1 percent up
to a maximum of 3 or possibly 4 percent of national,
urban area fuel consumption for person travel. The
maximum reductions would involve twofold to threefold
and greater transit ridership increases in individual
cities, with corresponding transit subsidy increases.

Transit fare reductions, decreased running time, in-
creased service coverage and frequency, and automobile
disincentives all serve to increase transit ridership
and, in most instances, to eonserve energy. However,
the energy savings that result from individually applied
policy actions are less than those that result from ap-
propriate joint applications of policy.

It should be noted that automobile-disincentive strat-
egies will not only generate the energy savings esti-
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mated in this study for mode shifts to transit at the least
added cost to the transit agency but will also cause ad-
ditional energy conservation attributable to increased
car and van pooling, shortened trip lengths, and trip
elimination.

Increased coverage and frequency of transit service
are particularly effective in inducing mode shifts; this,
however, is the one otherwise useful strategy that,
when applied alone under the wrong circumstances, can
increase net energy consumption. To conserve energy,
increased coverage and frequency are best provided in
connection with fare reductions, decreased running time,
or automobile disincentives.

Of course, improvements to transit systems offer
benefits in addition to the relatively small energy sav-
ings obtained. The potential for reducing vehicle kilo-
meters of automobile travel in today's urban areas is
twice as great as the total energy-saving potential; it
ranges from 1 or 2 percent up to a maximum of 6 or pos-
sibly 8 percent for the highest impact group of mode-
shift strategies examined.
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Rail Rapid Transit and Energy:

The Adverse Effects

Charles A. Lave, Department of Economics and Institute of
Transportation Studies, University of California, Irvine

Because it is generally believed that transportation energy can be saved
by diverting people from automobiles to rail transit, the United States is
now building or planning a number of multi-billion-dollar rail systems.
These new-generation rail systems were examined and found to be a net
user of energy. The two main points prompting this conclusion are that
(a) the energy invested in building a rail system is enormous and thus
difficult to repay and (b) the possible savings in operating energy are
small, or even negative, because most rail passengers are diverted from
buses and buses are more energy efficient than modern rail systems. The
analysis was done for San Francisco’s Bay Area Rapid Transit (BART)
system, but evidence is cited to show that the results are typical for other
modern rail systems as well. To the extent that BART is atypical, it ap-
pears to be atypically efficient. The analysis takes into account the re-
duced demand for automobiles and buses because their passengers are
diverted to rail and then calculates the energy saved because these con-
ventional vehicles are not built or driven and the roads on which they
would travel are not constructed. It is concluded that even radical im-
provements in automobile diversion, rail patronage, and load factors
would not significantly alter the results.

This paper examines the overall energy impact of mod-
ern rail transit systems and concludes that they are en-
ergy users. Although the analysis is done for a single
example, the San Francisco Bay Area Rapid Transit
(BART) system, it is shown that the conclusions are
probably general. These conclusions are the result of
two main points: (a) that the energy required to build a
rail system is enormous and thus hard to repay and (b)
that the possible savings in operating energy are small,
or even negative, because most rail passengers are di-
verted from buses rather than from automobiles and

buses are much more energy efficient than modern rail
systems.

First, calculating the energy required to build BART
and the amount of energy saved by building fewer kilo-
meters of freeway as a result of the diversion of auto-
mobile and bus users to rail transit yields the net energy
investment. This net tigure would be essentially the
same even if a doubling of the diversion figures were
assumed. Next, energy figures are developed for auto-
mobile, bus, and rail operation that take into account the
energy required to build the vehicle as well as to operate
it. Finally, the length of time it would take to repay the
net energy invested in constructing the system is calcu-
lated by using various assumptions about BART patron-
age. Under most of these assumptions the BART system
can never repay the energy investment.

Had this analysis been done several years ago, it
would have assessed the BART system in terms of the
dollars of social cost rather than the units of energy ex-
pended. However, since the oil crisis focused attention
on energy, many people have begun to discount financial
analyses of alternative transportation systems by claim-
ing that dollars do not matter—only energy matters,

Many economists may find the analysis that follows
strange because it uses energy as the measure of all
things. But, because a dispute over ways of measuring
social cost would only compound the transportation is-
sues, the joule—an energy measure—is used as a basis
for assessing the effectiveness of BART.

The literature on energy use in transportation has
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Table 1. Former travel

s Calculated Calculated
mode of current rail Formerly Formerly Fraction Fraction
passengers for three systems. Formerly  Formerly Used Did Not of Former of Former

Used Used Other Make Automobile  Automobile
Bus Automobile Modes Trip Users Drivers
System (9) (9 (9 (4) (9) (2)
BART 44.6 38.7 1.6 15.2 46.5 33.7
Lindenwold Line (Philadelphia) 49 38 0 13 43.7 28
South Shore MBTA extension (Boston) 52 29 3 16 35.8 N.A.

been preoccupied with the question of operating energy.
In the case of modern rail transit systems, however,
careful attention must be given to the energy investment
required to build the system in the first place. This en-
ergy requirement is so large compared with the number
of people the system transports that it is one of the most
important factors in determining the overall energy ef-
ficiency of rail transit.

The construction of a rail transit system has both
negative and positive effects on energy use in transpor-
tation. The negative effect is the enormous amount of
energy needed to build the system. The positive effect
is that, as the system diverts people from automobiles
and buses, there is less need for highways.

ENERGY USED TO BUILD A RAIL
TRANSIT SYSTEM

In constant 1974 dollars, BART cost $2.28 billion (§_,
p. 163), of which $161 million was for transit vehicles.
Healy and Dick (6, p. 25) analyzed the energy expendi-
ture on BART when it was about half completed (classi-
fying expenditures by input-output table categories and
then using the known energy weights for each category)
and concluded that the average conversion ratio was
81.9 MJ/dollar (22.7 kW +h/dollar). Hirst (7, p. 23),
using a different method and other data, estimated es-
sentially the same conversion ratio. The total energy
invested in BART can be calculated as follows (1 MJ =
0.28 kW +h):
($2.28 billion - $0.161 billion) x 81.9 MJ/dollar = 174 PJ (1)
The cost of BART, in constant 1974 dollars, amounts
to $20.0 million/km ($32.1 million/mile) of system, The
average projected cost, in constant 1974 dollars, of three
other systems now under construction—Boston's Massa-
chusetts Bay Transportation Authority (MBTA), Atlanta's
Metropolitan Atlanta Rapid Transit Authority (MARTA),
and Metro in Washington, D.C.—is $21.4 million/km
($34.4 million/mile) of system (3, p. 163). Because the
BART figure represents an actual measurement and the
other figure is based on projections (and such projections
have been underestimated in the past), it can safely be
concluded that BART is not an unusually capital-intensive
system and thus that the amount of energy invested in
building it is not atypical of modern rail transit systems.

ENERGY SAVED BY OPERATING A
RAIL TRANSIT SYSTEM

Because a rail transit system attracts passengers from
automobiles and buses that now use highways, the need
for highway lane kilometers is reduced and the energy
saved by not building these lane kilometers should be
credited to the rail system. Table 1 gives the former
modes of travel used by BART passengers and passen-
gers of two other modern rail transit systems (3, pp. 108,
110, 136, 137; 8, p. 17). The large fraction of commuters
now using the system who had made no trip before cre-
ates a problem for the analysis. Some of these people

represent a irip-generation effect of the rail system: Be-
cause long-distance commuting is now easier and more
luxurious, people are encouraged to move farther from
the city to find better housing. These additional kilo-
meters of travel should be treated as net energy loss;
they are the waste encouraged by the rail system. (The
average observed BART trip length is 40 percent longer
than was forecast, and there is evidence that this trip-
generation, energy-wasting effect is substantial.) How-
ever, some of the people who had not formerly made the
trip simply represent the normal effects of changing jobs
and housing in this mobile society. Because it is not
known how people who formerly made no trip should be
divided between the normal-mobility and the trip-
generation hypotheses, the assumption most favorable

to rail transit is made: These people are treated as
representing normal mobility and are simply divided
proportionately between bus and automobile. The small
number of people who formerly used other modes are
apportioned in the same way.

The calculated fraction of current rail passengers
who formerly used the automobile ranges from a high of
46.5 percent for BART to a low of 35.8 percent for MBTA.,
(Because BART has been unusually successful in this
dimension, the results of the calculations are biased in
favor of the energy effectiveness of rail systems.) Not
all of the people who formerly commuted by automobile
were drivers, however; some were passengers. That
is, the rail system is diverting some of its passengers
from car pools, which represents a net energy loss. As
passengers, these people used no extra energy and cre-
ated no extra demand for automobiles or highways, and
now, on the rail system at rush hour, they create a de-
mand for more transit cars and more operating energy.
The calculated fraction of former automobile drivers
adjusts the calculated fraction of former automobile
users to reflect this; for example, only 33.7 percent of
the people who currently ride BART were formerly auto-
mobile drivers.

BART ridership in 1975 was 127 000/d, and it was not
growing (3, p. 71). If this is rounded off to 130 000
trips/d, it can then be calculated that BART removed
43 800 automobile trips or 21 900 automobiles/d (or
33.7 percent of 130 000) from the highways. Not all of
these 43 800 trips represent reduced demand for high-
ways, however. It is only at rush hour that highways
operate at capacity; at any other time, the presence or
absence of an additional automobile does not affect con-
gestion. Because highways are constructed to meet
peak-hour loads, they have excess capacity in off-peak
periods and it is only the reduction in peak-hour traffic
that reduces the need to invest energy in highways. Fifty-
nine percent of BART daily traffic occurs each day dur-
ing the four peak hours (3, p. 86). If the average BART
trip is 20.9 km (12.9 miles) and highway capacity is
2000 automobiles/lane +h (4, p. 304), putting these fig-
ures together results in the following (1 km =0.62
mile):

(0.59 x 43 800 peak-h automobile trips/d x 20.9 km/trip)
(4 h/peak x 2000 automobiles/lane-h) = 67.5 lane-km

of highway 2)
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where 0.59 is the peak factor. That is, BART diverts
enough people from automobiles to reduce highway ca-
pacity needs by 67.5 lane «km (42 lane miles).

BART also attracts passengers from buses, and buses
too are highway users. The bus capacity of a highway is
1200 buses/laneh (4, p. 304). The average number of
passengers per bus on the San Bernardino express bus
service is 44 (1_0, p. A-26), but, because San Francisco
service may not be this efficient, the estimate used here
is 25. Thus,

(0.59 x 0.535 x 130 000 trips/d x 20.9 km/trip)
+ (25 people/bus x 1200 buses/lane'h x 4 h/peak) = 7.15 lane’km  (3)

where 0,535 is the BART bus fraction. Thus, by reduc-
ing the number of automobiles and buses on the highway
during peak hours, BART saves a total of 74.7 lane «km
(46.5 lane miles) of highway.

Keeler (9, p. 28) estimates the average cost of build-
ing a lane kilometer of freeway in California as $0.789
million for an urban central-city site and $0.258 million
for an urban-suburban site. BART is about evenly di-
vided between these two kinds of sites. Calculating an
average of these two figures, converted into constant
1974 dollars, results in $0.579 million/lane +km ($0.932
million/lane mile) for construction costs. Using an
energy conversion ratio of 118 MJ/dollar (32.8 kW +h/
dollar) (1, p. 870) gives

74.7 lane’km x $0.579 million x 118 MJ/dollar = 5.1 PJ “)

That is, BART diverts enough buses and automobiles
from the highways to reduce the necessary highway en-
ergy investment by 5.1 PJ (1.4 billion kW +h). Subtract-
ing this from the total construction energy of 174 PJ
(48.1 billion kW h) gives a net energy investment in
BART of 169 PJ (46.7 billion kW «h).

This figure for net energy investment is quite robust
with respect to changes in the underlying assumptions.
If BART daily patronage were to double and thus divert
more automobiles and buses from the highways and re-
duce the number of lane kilometers of highway needed,
the net energy investment would decrease by only 3.5
percent. Similarly, if BART were somehow to become
so attractive that 100 percent of its passengers came
from automobiles, the decrease in lane kilometers of
highway needed would only be enough to reduce the net
energy investment by 5.9 percent. That is, the net en-
ergy investment in building the system is so large that
no conceivable change in patronage is going to affect it
significantly.

VEHICLE OPERATING ENERGY

To simplify some of the calculations, a nonstandard def-
inition of operating energy is used: The energy required
to build the vehicle is added to the energy required to
operate it, and thus the invested energy is treated as a
variable cost. This is justified by the fact that the de-
cision to purchase or replace a vehicle is a relatively
flexible one and the decision to use a vehicle once it is
purchased is even more flexible. The vehicle is treated
here as though it had a given, innate number of kilo-
meters of service, and the vehicle user is treated as
making a decision about the time rate of use of these
kilometers of service. Thus, a stock of invested con-
struction energy becomes a flow of vehicle services, and

Vehicle operating energy
per kilometer = vehicle consumption energy per
kilometer + (vehicle construction
energy + vehicle lifetime kilometers) (5)

Because energy consumption estimates in the litera-
ture vary widely and generally give little information as
to their derivation, the assumptions, the figures, and
the derivation used here are made as explicit as possible
in Table 2. The main focus of the table is operating
power per passenger kilometer, and it is worth com-
menting on the sensitivity of these figures to the inter-
mediate assumptions. Automobile kilometers per liter
and service lifetime are both taken, as national averages,
from census data and are presumably reliable (they are
certainly of plausible size); average occupancy is also
taken from census data and is supported by recent ob-
servation of automobile occupancy on the San Francisco-
Oakland Bay Bridge (12) and in the Caldecott Tunnel (13).
Power consumption and average occupancy data for BART
are actual measurements. They are similar to data for
the Lindenwold Line, for which marginal power consump-
tion is 66.MJ (18.3 kW +h) and average occupancy is 22
passengers/vehicle (2, p. 1). Service lifetime for BART
is a guess, from a single source, but either doubling or
halving it would change the final figures by only 1 per-
cent, Bus fuel efficiency and occupancy are national
averages; the lifetime figures are taken from a single
source, but doubling or halving them would change the
final figures by only 3 percent. Some idea of the sensi-
tivity of automobile energy to vehicle size can be gained
by comnaring the twa different antomohile categories in
Table 2. Because automobile manufacturers are under
congressional mandate to produce automobiles that aver-
age 11,7 km/L (27.5 miles/gal) (sales-weighted average)
by 1985 (8, p. 15), data for the 907-kg (2000-1b) automo-
bile will probably be more accurate than data for the av-

Table 2. Vehicle operating energy.

Energy
Used to Marginal Total
Construct Operating Operating Average Operating
Passenger- Service Power per Power per Number of Power per
Carrying Life of Vehicle Vehicle Passengers Passenger
Vehicle* Vehicle® Kilometer® Kilometer per Kilometer®
Vehicle (MJ) (km) (MJ) (M) Vehicle* (MJ)
Average
automobile' 139 000 180 000 6.26 7.09 1.3 5.44
Future
automobile® 75 600 180 000 3.19 3.64 1,3 2.79
BART 4 430 000 4 800 000 65.5 66.6 21.4 3.11
Bus (diesel)" 1 080 000 1 600 000 21.2 21.8 1.5 1.90

Notes: 1 MJ = 0,28 kW-h; 1 km = 0,62 mile; 1kg=221b; 1 L = 0.26 gal; 1 km/L = 2,35 miles/gal
For energy data, 37,3 MJ/L (10.36 kW'h/L) of gas and 41.2 MJ/L {11.44 kW-h/L) of diesel are used, which includes energy
lost in the refining process {5, p. 14}. Electrical energy is computed as power-plant-source energy

(4, p. 300; 5, p. 14).

(4, pp. 303-304; 10, p, 8)
(4, p. 302; 11).

910, 12, 13).

©Vehicle-construction energy plus marginal enaf gy
1633 kg (3600 Ib) and 5.95 km/L (14 milen/gal).
9907 kg (2000 Ib) and 11.7 km/L (27,5 miles/gal}
11,94 km/L (4.5 miles/gal).



Table 3. Sensitivity analysis of results: time required to repay BART
energy investiment.

Years to Repay

5.95-km/L 11.7-km/L
Automobile Automobile
Situation Efficiency Efficiency

Current BART (130 000 trips/d, 30 percent 535 Never; more

load factor, 46.5 percent of passengers energy
from automobiles) wasted each
year
Current but with 75 percent of passengers 163 Never; more
from automobiles energy
wasted each
year
Current but with 50 percent load factor 139 502
Current but with 260 000 trips/d 266 Never; more
energy
wasted each
year
Ideal (260 000 trips/d, 50 percent load
factor, 75 percent of passengers from
automobiles) 44 168

Note: 1km/L = 2.35 miles/gal

erage automobile in projecting the lifetime energy char-
acteristics of a system like BART.

IMPACT OF OVERALL SYSTEM

By using the estimates for net energy invested in BART
and the energy required to operate the system, an over-
all evaluation of the system's energy characteristics can
be formulated. First, current energy use per year is
calculated as follows:

130 000 trips/d x 20.9 km/trip x 260 d/year = 706 million
passenger'km/year (6)

706 million passenger-km/year x 3.1 MJ = 2.2 PJ/year @))

for operation with the BART system. What it would have
cost to produce the same number of yearly passenger
kilometers if 46.5 percent of these people had used auto-
mobiles and 53.5 percent had used the bus (the pro-BART
figures given in Table 1) can alsobe calculated, as follows:

0.465 (706 million) x 5.4 MJ
+0.535 (706 million) x 1.9 MY = 2.5 PJ/year (8)

to operate without the BART system. That is, because
of BART, 0.32 PJ/year (87 million kW «h/year) of op-
erating energy are saved. If the energy investment in
building the system, 169 PJ (46.7 billion kW +h), is di-
vided by the energy saving per year, it will take 535
years of operation before the initial energy investment
is repaid.

Thus, an overall evaluation of the effects of BART
that takes into account the energy saved by building fewer
lane kilometers of highway and the energy saved by build-
ing fewer automobiles and buses indicates that the energy
invested in BART is so enormous and the yearly oper-
ating energy savings are so small that it will take 535
years even to repay the initial investment, much less to
save any energy. Even this figure is based on the as-
sumption that the efficiency of automobiles will continue
at 5.95 km/L (14 miles/gal) for the next 535 years.

If it is assumed that the congressionally mandated
11.7-km/L (27.5-miles/gal) average is fulfilled (which
is reasonable because such vehicles do exist), then BART
actually wastes operating energy. A simple, weighted
average of the energy efficiencies for automobile and bus
shows that
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46.5 percent (2.8 MJ) + 53.5 percent (1.9 MJ) = 2.3 MJ/
passenger-km 9)

That is, the automobile-bus combination of modes re-
quires 2.3 MJ/passenger -km (1 kW «h/passenger-mile),
but BART requires 3.1 MJ/passenger «km (1.4 kW :h/
passenger-mile). This means that shutting BART down
altogether would save 0.6 PJ (160 million kW +h) of op-
erating energy per year,

SENSITIVITY ANALYSIS

The results calculated above are clearly surprising in
view of the conventional wisdom about rail transit. Are
they believable ? Perhaps the best way to examine their
credibility is to compute their dependence on the assump-
tions made in the analysis. Table 3 gives the results of
such a sensitivity test, which radically changes each of
the five key assumptions and then recomputes the num-
ber of years it would take to repay the invested energy.

If the automobile-diversion percentage could somehow
be increased to 75 percent, the payback period would
still be 163 years given the current (unlikely) automobile
efficiency and would become infinite given the probable
future automobile efficiency. But BART already has the
highest automobile-diversion percentage among the mod-
ern transit systems, and an increase to 75 percent seems
essentially impossible.

The current load factor for BART is about average
for the United States. No system has ever achieved a
50 percent load factor or is likely to do so, given the
need to run trains both with and against traffic and dur-
ing both peak and off-peak hours. But even were this
possible, the payback periods would still be 139 and 502
years.

A doubling of current patronage is not likely to occur,
given that patronage has been essentially constant since
the opening of the trans-Bay tubes. In any case, this
hypothetical change only lowers the payback period to
266 years.

Finally, in a situation referred to as the transit ideal,
all of these essentially impossible changes have come to
pass. Even so, and even with the 5.95-km/L (14-miles/
gal) automobile, the payback period would still be 44
years. As an internal rate of return this would be equiv-
alent to an investment that paid 1.5 percent per annum.
But even this figure is far too optimistic, for any com-
bination of circumstances that could double patronage,
divert 75 percent of automobile trips, and persuade pas-
sengers to put up with the peak-load crowding implied by
a 50 percent average load factor would have to produce
a universal demand for an efficient, 11.7-km/L (27.5-
miles/gal) automobile, Thus, even in the ideal situation,
there would be a 168-year payback period.

SUMMARY AND CONCLUSIONS

Rail transit, examined from the perspective of energy
use, was clearly found to be an inefficient mode of trans-
portation. Although the analysis was done in terms of a
single example—BART—cited evidence shows that the re-
sults are typical of modern rail transit systems; in fact,
to the extent that BART is atypical of rail transit, it is
probably atypically efficient.

These conclusions are the result of a relatively broad
analysis of the BART system that takes into account the
reduction in the number of automobiles and buses caused
by passenger diversion to BART and the effects of energy
saved by not building or driving those conventional vehi-
cles and not constructing the roads on which they travel.
Furthermore, the conclusions are robust in that even
radical improvements in rail patronage, load factors,
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and automobile diversion do not significantly alter the
results.
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Discussion

E., L. Tennyson, Pennsylvania Department of Trans-
portation

Lave has assembled his data from a collection of refer-

ences to which he applied ratios of energy consumption
to dollar values of construction and kilometer rates for
operation. He then calculated alternatives in the same
way, using the ratio of automobiles and buses that made
up the former modes of Bay Area Rapid Transit (BART)
passengers. He then tested the results against varia-
tions in use to show that the conclusions were not sensi-
tive to wide fluctuations and found that, based on the as-
sumed data, (a) BART would save so little energy that it
would take 535 years to recover the energy invested in
it and (b) even if automobile efficiency could be increased
as mandated by Congress, BART would be a waste of
energy.

This is not a valid conclusion. Unlikely values were
assigned for highway construction costs, transit load
factors, and other elements of the study. More real-
istic values will produce far different and much more
likely conclusions.

ENERGY INVESTMENT IN TRANSIT
CONSTRUCTION

Two aspects of energy investment in transit construction
must be considered. One is the cost of energy to con~
struct BART, and the other is the cost of constructing
alternative transportation capacity. Lave uses an esti-
mated BART construction-energy cost of 81.9 MJ/dollar
(77 600 Btu/dollar). This figure appears high. In 1974,
the year calculated, the cost of 81.9 MJ of energy was
$0.215 on the dollar of total cost (1 MJ = 948 Btu):

81.9 MJ/dollar + 41 MJ/L = 2 L/dollar of cost x $0.107/L = $0.215/

dollar  (10)
Labor input can be approximated at 70 percent of con-
struction cost. Material and land, excluding energy,
make up approximately 20 percent of construction
cost (14):

2000 employees x 5 years
x $10.70/h ~ $307 000 000 = 70 percent + 20 percent for
material + 10 percent for energy (11)

10 percent + 21.5 percent x 81.9 MI = 38 MJ (12)
Allowing for some variation in the estimate, it appears
obvious that the energy used to construct rail rapid tran-
sit could not be much more than 36 to 40 MJ/dollar

(34 120 to 37 912 Btu/dollar) of construction cost. BART
construction-energy cost is more likely to be 84 PJ than
the 174 PJ used by Lave:

($2.28 x 10° - $0.161 x 10°) x 40 MJ/dollar = 84 PJ (13)
CONSTRUCTION ENERGY SAVED

BY RAIL TRANSIT

To calculate the energy saved by rail transit, the energy
cost of alternative highway capacity for the likely split
between automobiles and buses must be calculated. Lave
calculated this split in Table 1 based on data for BART,
the Lindenwold Line, and the Massachusetts Bay Trans-
portation Authority. Table 1 is in error. Table 4 du-
plicates the format of Table 1 but corrects Lave's fig-
ures. For example, Table 1 reports zero percentage of
passengers on the Lindenwold Line who formerly used
other modes. This is not the actual or reported fact.
Only 36 percent of Lindenwold passengers formerly used
the bus. Eleven percent used commuter trains stopping
at Haddonfield or the shuttle subway to Camden and a
feeder bus beyond. This changes the automobile-bus
split to 52 to 48 percent and exceeds the rate of trip at-
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Table 4. Former travel mode

- Calculated Calculated
of current rail passengers. Formerly Formerly Fraction Fraction
Formerly Used Did Not of Former of Former
Formerly Used Other Make Automobile Automobile
Used Bus Automobile Modes Trip Users Drivers
System (4) 9) (¢) (9 (9 (9
BART 43 39 3 15 48 36.5
Lindenwold Line (Philadelphia) 36 40 11 13 52 35
South Shore MBTA extension (Boston) 52 29 3 16 36 24
Riverside Line (Boston) 4 46 35 15 68 49

traction found in preliminary BART experience. Lave
assumes BART has the highest trip attraction, but this
too is in error. Lave uses only the trans-Bay
automobile-diversion data (46.5 percent), whereas most
BART riders are local to either side of the Bay (58.5
percent) where much higher diversion from automobiles
occurs (42.6 percent versus 35 percent) (15, p. 13; 186,
p. 195). Overall BART automobile diversions should
be used.

A July 1967 route map of the Massachusetts Bay
Transportation Authority (MBTA) shows that the 52 per-
cent of passengers on the South Shore extension who
formerly used buses were basically feeder-bus riders
to Ashmont or Fields Corner rapid transit stations; thus,
they were for the most part already rail riders. A few
buses ran all the way through. On the west edge of
Boston, when the Riverside trolley line was inaugurated
through Newton, 18 000 passengers/d were attracted.
About 1200 were formerly railroad commuter riders,
and 2400 were Middlesex and Boston bus riders (17, p.
124). The balance of 80 percent came from automobiles
and new trips, primarily from automobiles. Conversely,
when the Chicago, Aurora and Elgin Railroad, a third-
rail commuter line, was abandoned, it was carrying
12 500 passengers/d. The Leyden Motor Coach Line
replaced it (18, pp. II-14 and II-38). Because only 1250
passengers used the buses, the service was soon aban-
doned. The ability of the bus to hold rail passengers
was only 10 percent. Inthe BART case, however, where
there is a toll bridge across a significant water barrier
plus a long tradition of rail commuting, the bus alterna-
tive does unusually well. San Francisco has one of the
highest transit ridership rates in the nation.

The nation's commuter rail lines have declined only
25 percent since the era of the 6-d workweek, and the
older rail rapid transit lines have declined 40 percent
in passengers carried. In contrast, city bus lines have
lost 71 percent of their riders in spite of expansion, and
suburban bus lines have lost 74 percent (19, p. 30; 20,
p. 30). The basic point is that, at best, buses could not
be expected to carry more than 52 percent of BART
riders because the trans-Bay bus service is already
one of the best in the nation (21, p. 6).

The transit peak is much sharper than are the calcu-
lated average 2-h morning and evening highway peak
periods. BART carries 25 000 riders in a single peak
hour (22, p. 9) of whom 48 percent have been found to be
diverted from automobiles. My personal observation
has resulted in the following calculation: (10 trains x
2 directions x 8 cars x 140 passengers) + (5 trains x
2 directions x 4 cars x 70 passengers). If 48 percent
of these are diverted from automobiles, this would re-
quire the movement of 9000 automobiles/h at an ob-
served occupancy rate for divertible peak-hour com-
muters of 1.3 passengers/automobile. At 2000 vehicles/
lane-h on the freeway, the movement would require 4%
more lanes, but additional local street capacity would
also be needed to deliver the added traffic to parking
areas. Assuming only 15 percent of the added move-
ment on local streets, this would require 13% more

lanes over 3.14 km (1.95 miles) (23, p. 316), as follows
(1 km = 0.62 mile):

667 vehicles/lane'h = 9000 vehicles/h = 13% lanes x (0.15 x 21 km) (14)

The freeways would require 17.8 km (11.05 miles)
[20.93 - 3.14 = 17.8 (13 - 1,95 = 11.05)] x 4% lanes or
80 lane «km (61.7 lane miles) of freeway.

Freeways in heavily developed urban centers cannot
be built for $0.579 million/lane +km ($1 million/lane
mile) as Lave assumes, particularly where bridges,
subways, or elevated structures are required. If rights-
of-way were available, BART could have used them in-
stead of doing its own costly construction. Using the
cost per lane kilometer of urban Interstate transfer
highways typical of the rail transit alternative results
in a construction cost of approximately $6.2 million/km
($10 million/mile). Local streets could probably be
widened for $0.579 million/km so that the total dollar
and energy cost would be 80 lane «+km x $6.2 million =
$496 million; 13% lanes x 3.14 km X $0.579 million =
$24.6 million; and highway and street capacity worth
$520.6 million % 118 MJ/dollar (111 840 Btu/dollar) =
61.4 PJ (58.2 x 10** Btu).

To this must be added the cost of additional downtown
parking. If one uses Lave's 23 725 automobile round
trips, 59 percent of which are rush-hour commuter
trips and the rest of which turn over twice daily,

18 861 parking spaces would be required at a dollar
cost of $94.3 million and an energy investment of 3.8
PJ (3.6 x 10" Btu), at the energy-per-dollar rate for
complex structures [40 MJ/dollar (37 912 Btu/dollar)].

Buses for the BART riders who do not drive automo-
biles will also require highway space, but buses cannot
serve passengers at the assumed rate of 1200/lane «h.
This is a theoretical figure for constant motion with no
stops. To pick up or discharge passengers, only 120
buses/lane +h can be moved at even minimal speed.
Terminal expansion would be needed for even this num-
ber of buses. To avoid terminal cost, I assume that
curb stops for 120 buses/h will require 1.67 lanes in
each direction, except at the 10-km (6.2-mile) Bay
crossing where there are no stops and where one lane
each way would be adequate. In all, 56 more lane kilo-
meters (35.4 lane miles) will be needed for buses at
$0.579 million/lane «km ($1 million/lane mile), for a
total of $32.4 million. Because of the Bay Bridge, there
would be no low suburban costs. Infact, some freeway-
level costs are likely.

If energy costs 118 MJ/dollar, the construction of
highway capacity for buses to equal present BART oper-
ation would require 3.8 PJ (3.6 x 10** Btu). However,
BART is using only 60 percent of its cars and 75 percent
of its routes because of initial electronic difficulties.
When these problems are solved and all lines commence
operation, BART may carry 33 percent more people for
the same construction energy. This will require a 33
percent further increase in the relative energy cost of
the highway alternative. Total highway construction en-
ergy would then approximate 69 PJ.
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VEHICLE OPERATING ENERGY

Actual rail transit experience has revealed operating en-
ergy requirements of 15.6 MJ/car -km (14 785 Btu/car-
mile) and 6.7 MJ (6350 Btu) for station lighting and other
auxiliary uses. (For the highway alternative, no energy
consumption was calculated for parking lots for automo-
bile commuters, traffic controls, highway lighting, or
bus-terminal operation.) BART expects its expensive
choppers to recover and return 20 percent of its energy,
but this can be ignored as experimental. The proven
figures show that BART operating energy will be about
22,3 MJ/car «km (21 136 Btu/car-mile), not the 65.5 MJ/
km (62 081 Btu/car-mile given in Table 2. This will re-
duce the comparable operating power per passenger
kilometer to 2.2 MJ (3271 Btu/passenger-mile). Even
this figure could be much improved if BART inaugurated
service on the Richmond-San Francisco line to dilute the
low efficiency of the Fremont-Richmond line, which
shares its passengers between QOakland and Fremont
with the heavier San Francisco line. Operating power
for BART would thus be

707 million passenger-km/year

x 1.05 MJ/passengerkm = 740 million MJ (15)

Operating power without BART would be

0.48 (707 million) x 5.4 MJ/passenger'km
+0.52 (707 million) x 1.9 MJ/passenger‘km = 3.3 PJ/year (16)
Setting BART power-system losses against added
lighting requirements for highway lanes, bus stations,
and bus garages, BART would save 2.6 PJ/year (2.5 x
10** Btu/year) in operating energy. If 15.76 PJ (14.9 x
10? Btu) are added for BART construction, the energy
invested in BART will be recovered in 6 years, well
within the life expectancy of BART facilities:
15.76 PJ+ 2.6 PJ = 6 years 17
Because BART is not yet operating all of its routes
and because its car fleet is not yet operating at conven-
tional efficiency (22, p. 6), no effort will be made to
compare BART with proposed future automobile effi-
ciency, particularly because BART's energy-recovery
system is not assumed to be working either.

SUMMARY

Not only can the energy invested in BART be recovered
during its lifetime, but also the type of energy BART
uses is far superior to present bus and automobile en-
ergy, which must come from foreign petroleum and

must be burned in congested, heavily populated areas,
BART energy can come from water, coal, nuclear power,
or oil and can be burned at a controlled site where it will
not impinge on the local population. In the future, BART
energy should also be much less costly per joule than
foreign petroleum.
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Transit

W. H. T. Holden, Daniel, Mann, Johnson, and
Mendenhall, Los Angeles

There is a growing concern today about energy efficiency
in all aspects of our existence. Because some degree
of mobility is essential to everybody, the energy con-
sumed has become a matter of concern. At the same
time, another nonrenewable resource should also be
considered, one that is ignored by some authors of
papers in this field: time. The necessity of consider-
ing a trade-off between the loss of time and increases in
the consumption of energy to reduce time loss is es-
pecially apparent in the case of long-distance travel, in
which air travel, in spite of its well-known high con-
sumption of energy, has largely replaced the use of land
transport.

The two modes considered today for providing urban
mobility by means of public transit systems are bus and
rail rapid transit. The bus system entails minimal
capital costs but involves high operating costs because
the productivity of platform labor is severely limited by
the single-unit vehicle per operator. Rail systems in-
volve higher capital costs but show lower total costs at
sufficiently high volumes.

Many of the conclusions expressed in Lave's paper
on rail transit and energy are erroneous. My analysis,
which differs in its methods, is based on the following
data (1 MJ = 948 Btu):

Megajoules
Specific per
FLeI Gravity Kilogram
Automobile gasoline 0.739 48.85
Diesel fuel 0.904 42.51

If 3.8 L (1 gal) of gasoline converts to 136.9 MJ (129 829
Btu) of energy, then for the automobile the following can
be calculated (1 km/L = 2.35 miles/gal and 1 MJ/km =
1526 Btu/mile):

Megajoules per Passenger Kilometer

Kilometers

per Liter 1 Passenger 2 Passengers 3 Passengers 4 Passengers
4.25 8.51 4.26 2.84 2.13

6.38 5.70 2.85 1.90 1.43
8.51 4.26 2.13 1.42 1.07

10.64 3.41 1.70 1.13 0.85

12.76 2.84 1.42 0.97 0.71

These figures are shown graphically in Figure 1,
The following April 1976 data were furnished by the
New York City Transit Authority (NYCTA) (25) for the



Figure 1. Automobile energy consumption.
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case of the standard diesel-engine transit bus (1 km =
0.62 mile, 1 L = 0.26 gal, and 1 L/km = 0.43 gal/mile):

Fuel Liters

Consumed per
Division Bus Kilometers Bus Hours (L} Kilometer
Brooklyn 4 892 559 414 968 3344739 0.68
Staten Island 1625 638 82 339 812159 0.50
Queens 1977 608 136 018 1194175 0.60
Manhattan 489 661 52783 326 819 0.68

Data of the Southern California Regional Transportation
District show a figure of 0.50 L/km (0.213 gal/mile).
Although there is some variation with operating speed
(bus kilometers per bus hour), a conservative value of
0.5 L/km (0.21 gal/mile) will be used, equivalent to
2.22 bus -km/MJ (0.0014 bug-mile/Btu). Data for the
average load, or passenger kilometers per bus kilo-
meter, are available only for the Manhattan Division of
NYCTA, for which a brochure issued by the Tri-State
Regional Planning Commission gives an average trip
length of 4.84 km (3 miles) (24). The number of passen-
gers carried in that period of April 1976 was 2 599 000;
an estimate of 12 579 000 passenger «km (7 797 000
passenger-miles) gives an average load of 25.68; thus,
energy per passenger kilometer is 1.12 MJ (1065 Btu).

For rapid transit operation, nonpropulsion energy
must be separated from that actually used by the trac-
tion motors. Unfortunately, this is not usually done in
reports of operating results.

The energy for propulsion is a function of maximum
speed and of station spacing. The kinetic energy stored
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in the moving train is a quadratic function of maximum
speed and is divided by station interval to express it in
terms of distance. Some part of this energy can be re-
covered by regenerative braking, by energy storage in
on-board flywheels, or by the use of line profiles dipped
between stations. A second component of propulsion
energy is the amount needed to overcome train resis-
tance. This is a cubic function of maximum speed.
Like kinetic energy, it is proportional to train mass for
the linear and constant terms of the train-resistance
force; the quadratic function is proportional to area of
cross section. No attempt is made here to evaluate
these quantities, but they are pointed out to indicate that
values for different types of functions may differ widely.
NYCTA has separated propulsion energy from other
uses according to fiscal year (26) (1 TJ = 277 000 kW sh,
1 MJ =0.28 kW+h, and 1 km =0,62 mile):

Fiscal Year

Item 1975 1974
Total terajoules purchased 7390 7408
Terajoules lost in transmission

and conversion to direct current 508 516
Terajoules of alternating current

for lighting, signals, shops, and

other uses 801 805
Terajoules of direct current used

for operation of cars 6061 6068
Megajoules per car kilometer 12.3 11.7

Car kilometers 487 515282 511583777

It should be noted that in 1975 the larger R-44 cars
came into service. Car kilometers were thus reduced,
but—because of the greater weight and speed of these
cars—energy per car kilometer increased. The average
operating speed of the New York City Rapid Transit Sys-
tem is rather low—29.5 km/h (18.3 mph)—corresponding
to the short intervals between stations.

Haikalis of the Tri-State Regional Planning Commis-
sion has estimated average trip length on the New York
system as 11.3 km (7 miles) so that the average load
figure is 24.91. Megajoules per car kilometer are 12.31
(19 449 Btu/mile); energy per passenger kilometer is
0.493 MJ (754 Btu/passenger-mile). This, based on an
overall efficiency of 34 percent, equals 2.3 MJ (2218
Btu) from fuel at a generating station, This appears to
assume that all energy is provided by fossil-fuel gener-
ating stations. Buf some energy currently comes from
nuclear-fission stations, and this fraction is expected
to increase. Hydropower stations also carry some frac-
tion of the total load. K is certain that in the more dis-
tant future other energy sources will be used, such as
geothermal, solar, and fusion energy and other means
not yet developed.

A more questionable item in the energy picture is the
energy required for construction. In the paper by Lave,
reference is made to the work of Healy (6) and Hirst (7)
in which the dollar value of energy appears to be 1 MJ =
$0.012 (1 kW-h = $0.044). There seems to be little
relation between this and the actual cost of power. The
dollars-to-energy conversion is erroneous. Further-
more, the life of many fixed works of a rapid transit
system is indefinite. The London subway tunnels are
more than 100 years old. The life of the iron elevated
structures of 80 years ago is much less—about 50 years—
but the life of a masonry or concrete structure may be
very long. Some Roman aqueducts that are over 2000
years old could still carry a railroad track. In any case,
inferring that the energy required to build can be de-
termined by converting dollars to energy units is not a
valid method of estimating construction energy. It must
be recognized, however, that the funds invested in fixed
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works represent a fixed cost of the system. This can be
evaluated on an annual percentage rate. Currently, 8
percent appears suitable. Equipment should be evalu-
ated differently because it has a shorter life. There are
also fixed costs of operation, which are independent of
volume. But, in energy considerations, these costs
seem irrelevant. The unit of output of the transportation
system for passengers is taken to be the passenger kilo-
meter.

Several analyses have been published recently in
which the BART system is used as an example of modern
rapid transit. In view of the many problems and the low
availability of equipment experienced on this system,
BART cannot be considered typical. Operation is still
somewhat less than sufficiently reliable, and this ap-

pears to be a factor in the lower than expected patronage.

Until its operational problems are overcome, the BART
system is not a valid base for any general conclusions.
For this reason, and because of the greater availability
of detailed operations data, this discussion is based
largely on New York data. At the same time, it must
be noted that in many respects the New York operation
does not take account of many advances in technology.

Finally, it should be noted that regenerative braking
or energy storage can effect a 40 percent reduction in
energy consumption with no sacrifice in performance.
This lowers the energy at the generating station to 1.42
MJ /passenger -km (0,63 kW -h/passenger-mile). The
automobile mode of travel can attain equally low values
only at numbers of passengers per automobile that are
difficult to achieve, and in New York the rather low
schedule speed of rapid transit is still faster in Man-
hattan than automobile travel,
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Lave's paper expresses some rather categorical conclu-
sions about the energy requirements of rapid transit
compared with those of freeways. Before accepting these
conclusions one must examine for reasonableness and
validity the assumptions, the parameter relations, the
methodology, and the general approach used. If any one
or several of these are found to be suspect, the possible
effect on the results must be determined.

METHODOLOGY

Lave compares two quite different alternatives—rapid
transit versus bus and automobile on freeway—without
considering such items as

1. Level of service (speed, comfort, and depend-
ability;

2. Differences in land requirements;

3. Environmental impacts (noise, air pollution, and
community disruption);

4, Potential for growth (reserve capacity);

5, Differences in the location of the facility that

cause differences in accessibility and differences in the
required investment of energy;

6. Differences in terminal facilities (stations, bus
stops, and parking garages); and

7. Differences in the prerequisites for using the sys-
tem (for most automobile users, access to an automobile
and a license to drive).

Although there are major differences between the two
alternatives in all of these areas, these differences have
been largely or totally ignored.

Lave's study also seems to be based on combinations
of averages for many parameters. In many cases the
distribution functions on which these averages are based
are not independent of one another; the combined aver-
ages can thus be misleading. It is also true in trans-
portation that these averages are not only mode specific
but also time and location specific. They must therefore
be used very carefully in analyses.

Lave's methodology compares the full energy invest-
ment of the BART alternative with the marginal energy
investment for freeways to handle BART's present rider-
ghip (the study ignores the pogcsibility that the marginal
energy investment per freeway lane could be higher than
the average for the entire system).

In Table 5, Lave's approach is used, but the full en-
ergy investment in BART is compared with the full en-
ergy investment required to provide a freeway of the
same capacity. If Lave's energy-investment ratios are
correct, it seems impressive that equivalent transporta-
tion can be provided by BART in about 14 percent of the
space, about 2 percent of the downtown terminal area,
and at only about 58 percent greater energy investment,
In addition, 21 000 persons/h is only approximately 67
percent of BART's potential maximum capacity.

BASIC ASSUMPTIONS AND
PARAMETER RELATIONS

Lave's study uses three basic assumptions:

1, The energy investment in facilities, which is a
continuous linear function of the number of lane kilo-
meters, has no constant term, and depends only on the
mode and the general location;

2. The lane kilometers saved through diversion of
trips to BART, which can be computed by a relation that
can be restated as follows:

LM = aP,, L,,,/NT,C,, (18)
where

LM = lane kilometers saved,
o = percentage of trips in peak hours,
P, = total trips per day diverted from mode m,
L. = average trip length,
N = number of persons per vehicle,
T, = total number of peak hours (four), and
C, = highway capacity (vehicles per lane hour); and

3. Empirical estimates of energy consumption per
vehicle kilometer.

Lave gives unique numbers for energy investment
per lane kilometer for both rapid transit and freeways
and throughout his paper allows no variation in these
numbers. This procedure is correct only if the follow-
ing conditions exist:

1. The numbers are extremely accurate and con-
stant (very little variance),



Table 5. Comparison of energy investment for BART and freeway
alternative.

Item BART Freeway
One-way capacity, persons/h 21 000® 22 400°
Total tracks or lanes, two ways 2* 14°
Minimum width,* m 7.3 51.2
Average speed, km/h 72¢ 48°
Maximum running speed, km/h 112¢ 4g¢
Typical location of facility Through Between
population developed
centers areas
Downtown terminal space required, hm? 1.65° 78¢
Energy required,” TJ 173 000 110 000

Note: 1m =3.3ft; 1 km/h=0.62 mph; 1 hm? = 2,6 acres; 1 TJ = 948 million Btu,

270 personsfautomobile, 10-car trains, 2-min headways, one track each way.

2000 vehiclesflaneh over entire fresway length for long, sustained periods of time; 1.6
persons/automobile.

©3.6 m/track or lanw, no shoulders, medians, interchanges, or stations,

9dpresantly achieved values.

“Level of sarvice E (27, p. 264).

¥ 6-m plattarm depth each side, 213-m length, four stations.

92.8 m?fautomobile, 1.6 passengers/automobile.

hBased on Lave's duta.

2. The numbers resulting from the studies (6,7 re-
quire few assumptions or else are insensitive to the as-
sumptions made,

3. The energy investment is constant for every lane
kilometer added (i.e., the high initial increment) and
economies and diseconomies of scale do not exist (in the
real world they can be highly significant),

4, Construction conditions are uniform throughout
the region, and

5. The cost of building a bridge across the San
Francisco Bay (six lanes in the peak direction at 1.6
persons/automobile and 2000 vehicles/h) is already in-
cluded in the average of $0.579 million/lane -km ($0.932
million/lane mile) (Lave uses a number that is based
on a 50 percent weighting each of urban and rural free-
way construction in California).

In regard to lane kilometers saved through diversion
of trips to BART, the equations Lave uses for determin-
ing the number of lane kilometers needed to satisfy a
given highway demand (Equations 2 and 3) would never
be used by a highway engineer for planning purposes be-
cause they are extremely restrictive. That is, they
implicitly assume the following:

1. The time distribution of trips during the peak
hours is uniform. The correct procedure for this analy-
sis should use the methods explained in the Highway
Capacity Manual (27).

2. The additional lane kilometers needed are re-
versible (taking total trips and dividing by 4 h necessarily
implies the use in both peaks of any lane built). Revers-
ible lanes, although economical, are difficult to design
and operate and have therefore been used at only a few
locations in the United States.

3. Lanes can be added in noninteger amounts. This
is particularly unrealistic when the spatial distribution
of flows is nonuniform.

4, The addition of more lane kilometers to the system
includes the provision of expanded interchange capacity
at all affected interchanges.

5. The highway capacity is fixed at 2000 vehicles/
lane «h.

6. The bus flow rate will be 1200 buses/lane +h. This
far exceeds any currently observable value. The High-
way Capacity Manual (27) gives 690, and the highest
achieved value at the present time is that for the Lincoln
Tunnel approach—490 buses/lane +h (28).

7. The average bus occupancy is only 25 persons/
bus during the peak,

the p
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8. Ample station capacity has been provided along
the route for the buses (184 berths are required for the
station that handles the 490 buses/h in New York).

Equations 2 and 3 will obviously yield extremely low
estimates (probably the lower bound) of the number of
lane kilometers required to just cover the present BART
load. It would be easy to challenge Lave's conclusions
by assuming different numerical values. His approach
is unsound inasmuch as it requires implicit acceptance
not only of his general approach and methodology but also
of his parameter relations.

Lave's analysis of vehicle energy consumption ap-
pears to be generally correct in that he includes the en-
ergy required to construct the vehicle and takes account
of the efficiency of the electric power plant. His use,
however, of energy per passenger kilometer as a com-
mon unit can be very misleading because it masks many
things including seating design, vehicle weight, and
changes in load factor. Such a number, although inter-
esting and necessary, is not a constant but rather a vari-
able that is highly sensitive to many factors.

CONCLUSION

Because many aspects in the approach, methodology,
assumptions, and parameter relations used by Lave are
questionable, his conclusions may be misleading. His
posture that the comparison of energy investment among
alternatives should be done on an absolute basis without
consideration of the nature and quality of the product
(transportation system performance and its impacts)
would lead to incorrect conclusions if applied to any
investment decisions, as it did in Lave's comparison

of rapid transit and freeways.

Estimating the errors in the numerical analyses pre-
sented by Lave can only be done by adopting a correct
methodology. Studies by others (28, 29) as well as nu-
merous estimates performed in planning actual trans-
portation systems indicate that Lave's findings are not
realistic.
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Lave's conclusions challenge not only the conventional
wisdom that assumes that rail transit is an energy-
efficient mode of transportation but-also the conclusions
reached by other knowledgeable analysts. Bezdek and
Hannon (1) have concluded that energy savings would re-
sult from a diversion of funds from highways to rail
transit, and Fels (4) has shown that rail rapid systems
are lower in their consumption of energy than are
automobiles. The analysis presented here produces a
similar conclusion: BART is an energy-saving form of
transportation.

Lave's analysis is faulty in several important aspects.
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1. BART and highway capital costs are inflated to
1974 price levels although the factor used to convert
dollars to joules is based on the energy intensity of the
dollar in 1963.

2. An inappropriate conversion factor is used to
equate BART construction costs with energy require-
ments.

3. A completely erroneous estimate of the costs of
a highway alternative to BART is used.

4, Total BART requirements for operating energy
are compared with an incomplete estimate of the oper-
ating costs of highway-based modes.

5. The comparison of highway and BART operating
costs is further biased against BART by the use of an
incorrect pre-BART modal-split factor for BART pa-
tronage.

Lave also asserts that the energy use of newly gen-
erated travel on the BART system should be charged
only to BART rather than to the highway system. Obvi-
ously, the encouragement and service provided for such
new trips are matters of transportation planning policy,
and their costs should be properly allocated.

ENERGY COSTS OF CONSTRUCTING
BART

Three estimates of the energy cost of BART construction
are shown here and discussed below:

1. Lave's estimate: 174 PJ (48.1 billion kW +h or
16.4 x 10" Btu),

2. The estimate used to illustrate the first case in
this analysis: 74.1 PJ (7.03 x 10" Btu), and

3. The estimate used to illustrate the second case in
this analysis, which is considered to be the more appro-
priate measure: 41 PJ (3.89 x 10** Btu),

The first estimate is based on BART construction
costs inflated to 1974 dollars and on a factor for con-
verting dollars to energy requirements derived by Healy
(6, p. 32). Because Healy's conversion factor measures
the energy intensity of 1963 dollars, its application to
costs inflated to 1974 dollars provides, to a large de-
gree, a measure of price inflation that bears little re-
lation to the actual energy costs of building BART.

The second estimate also uses Healy's conversion
factor but represents BART construction costs in con-
stant 1963 dollars. Healy himself has recognized and
cautioned that his conversion factor is somewhat erro-
neous and misleading even when applied to constant 1963
dollars of expenditure. The factor was derived on the
basis of current dollar costs for each economic sector
of expenditure for building the BART system. The over-
whelming majority of BART costs were incurred after
1963, the reference year for measuring the energy in-
tensity of the dollar, and thus the actual energy require-
ment shown is inflated.

The third estimate is based on a conversion factor of
dollars to joules developed by Bezdek and Hannon (1, p.
670) and on BART construction costs of $902 million
(1963 dollars). This estimate is realistic for the pur-
poses of this comparison and is compatible with the con-
version factor used to estimate the energy cost of high-
way construction, which was also developed by Bezdek
and Hannon.

ENERGY COST OF CONSTRUCTING AN
ALTERNATIVE HIGHWAY SYSTEM

Lave's analysis is negligent in its failure to consider
that (a) highways must be built to support peak travel in

two different directions during the day rather than in the
single direction on which his costs are based, (b) any
truly alternative highway system would parallel BART
in extent and reach, (c) any highway built to support
automobile and bus traffic would be built according to
specifications for carrying trucks and would therefore
incur the full costs derived by Keeler and others (9, p.
28), (d) high energy-cost premiums must be paid for
constructing highway access through the East Bay hillg
and across the San Francisco Bay, and (e) parking facil-
ities must be constructed in the San Francisco and Oak-
land central business districts (CBDs) to handle the ad-
ditional influx of automobiles.

One analysis of the costs of a highway system parallel
and equivalent to BART has allocated $1.28 billion in
1974 dollars of highway construction costs to the patron-
age now carried on BART (31). Converting these con-
struction costs to 1963 dollars by using the Engineering
News Record building construction cost index and using
a figure of 118.4 MJ/dollar (112 200 Btu/dollar), we
calculate a construction energy cost of 80.6 PJ (76.4 %
10" Btu), which is greater than either of the acceptable
estimated energy costs for constructing BART. Parking-
structure costs would add another 3.4 PJ (3.2 x 10 Btu).

We have also computed highway costs for two cases
by using Lave's approach of measuring incremental high-
way requirements. The first case is the typical Novem-
ber 1976 BART demand pattern with a daily patronage
level of 131 151 trips, which includes 20 997 trips in the
single evening peak hour. (Average weekday patronage
for 1976 was approximately 131 300/d for the current
three-route service levels, and the annual growth rate
of daytime patronage is statistically significant at 4.2
percent/year,) The second case is based on a realistic
projection of BART patronage in 1981 of 185 000 trips/d
with 36 000 trips in the peak hour. Service in 1981 will
be provided on four routes and headways will be de-
creased from 12 to 8 min; additional peak-period service
will be provided on the busy Concord-to-San Francisco
route.

The incremental requirements for constructing urban
highways in the Oakland and San Francisco CBDs and
suburban highways in the remaining BART service area,
according to BART origin-destination trip patterns, are
given in Table 6. Construction costs were derived from
total highway construction costs given by Keeler and
others (9). Trans-Bay crossing requirements, derived
from estimates of costs for the proposed Southern Cross-
ing of the Ray (31, p. 3), are $27.04 million (10623 dol-
lars) for a single lane to span the Bay. Berkeley Hills
tunnel costs, derived from actual BART construction
costs for drilling and boring 5.3 km (3.3 miles) of double
tube, are $24.01 million (1963 dollars). Parking-
structure costs are based on costs for downtown San
Francisco's Firth and Mission Street garage (32, p. 125)
and on an estimate of the 3-h peak-period requirement
for automobile spaces.

Alternative automobile and bus patronage is allocated
by using 1976 pre-BART modal-split factors for BART
patronage, which have been developed from a May 1976
survey of BART patrons that showed that approximately
46,5 percent of pre-BART peak-period trips to the San
Francisco CBD have been diverted from buses. Peak-
hour modal-split figures generated from this source
were used on a segment-to~segment basis to determine
highway requirements. A highway lane capacity of 2000
automobiles/lane «h or 1250 buses/lane «h is used.
Modal-split data for the entire day, for all patrons,
show that 56.5 percent of the BART patrons who previ-
ously used either automobiles or buses had used auto-
mobiles, This factor was used to determine alternative
highway operating costs (Table 7) even though a larger



Table 6. Incremental construction
costs for highway alternative
to BART.

Table 7. Operating energy costs
for BART and for highway
alternative.

Table 8. BART energy-payback
periods versus automobile
efficiencies.
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Total Total
Requirements Construction Energy
for Both Costs Costs
Condition Directions ($000 000s)* (PJ)
Current BART demand (131 300 trips/d)
Urban highways 20.5 lane +km 11.18° 1.832
Urban-suburban fringe highways 122.6 lane +km 21.88° 2.59
Berkeley Hills tunnel 2.3 lanes 217.56 2.26°
Trans-Bay crossing 3.5 lanes 95.45 11.30
CBD parking structures 12 672 spaces 28.70 1.98°
Total 184.717 19.45
Projected 1981 four-route service
demand (185 000 trips/d)
Urban highways 34.9 lane «+km 19® 2.25
Urban-suburban fringe highways 208.5 lane +km 3797 1.41
Berkeley Hills tunnel 3.1 lanes 37.21 2:57°
Trans-Bay crossing 5 lanes 135.19 16
CBD parking structures 21 675 spaces 49.09 3.39¢
Total 277.71 28.62

Notes: 1PJ =948 billion Btu; 1 km = 0.62 mile
Unless otherwise noted, a conversion factor of 118.4 MJ (112 200 Btu) per constant 1963 dollar is used.

?Constant 1963 dollars

bCosts (9, p. 28) converted to constant 1963 dollars of $544 130/lane km {$875 694/lane mile} of urban high-
way and $178 432/lane'km {$287 159/lane mile) of urban-suburban highway.,

SBART conversion factor of 81.9 MJ/dollar {77 605 Btu/dollar} (30),

9Facility construction factor of 69 MJ/dollar (65 400 Btu/dollar) {1, p. 670)

Operating Energy (kJ/passenger -km)

Total Annual

Stations Operating
Construction and Vehicle Energy
System Option of Vehicle* Propulsion Maintenance Total (pD)
BART
Current three routes with
723 495 000 passenger +km/year 43 1721 698 2462 1.78
Upper bound on four routes
with 1 019 583 000 passenger km/year 43 1488 511 2042 2.08
Lower bound on four routes with
1 019 583 000 passenger +km/year 43 1349 465 1857 1.89
Highway
Average automobile and bus
Automobile (6.1 km/L) 604 4685° 1071° 6360
Bus (2.3 km/L)* 58 1532 564 2155
Average® 4531
723 495 000 passenger -km/year 3.28
1 019 583 000 passenger +km/year 4,62
Future automobile and bus
Automobile (11.7 km /L) 335 2454 570° 3359
Bus (2.3 km/L) 58 1532 564 2155
Average® 2835
723 495 000 passenger «km/year 2.05
1 019 583 000 passenger «km/year 2.89

Notes: 1 kJ/km = 1.563 Btu or 0.000 45 kW h/mile; 1 PJ = 948 billion Btu or 277 million kW'h; 1 km = 0,62 mile; 1 km/L = 2.35 miles/gal.
Occupancies (passenger kilometers per vehicle kilometer} are 21.4 for BART, 1.3 for automobile, and 11.5 for bus.

2Data given by Fels (4, p. 300) convertd by using 3.6 MJ/kw h; conversion inefficiencies were already included.

®Including total refining costs in conversion of 37.3 MJ/L {133 800 Btu/gal} for gasoline and 41.2 MJ/L {147 800 Btu/gal) for diesel,

©Average conversion of 76.24 MJ/dollar (72 260 Btu/dollar) (7, p. 22) and $0.019/vehicle*km ($0.03/vehicle mile} {or 23 percent of propulsion cost)
for automobile maintenance and tires and $0.087/vehicle-km ($0.014/vehicle mile) for bus.

9Diesel efficiency of Alameda-Contra Costa County Transit.

€56.5 percent automobile, 43.5 percent bus.

Payback Period (in years)

Versus
Construction
Energy Factor 6.1-km/L 11.7-km/L
Condition Used Automobile Automobile
Current BART demand of 131 300 trips/d Healy 36.5 -
and operating energy of 2462 kJ/passenger -km
(723 495 000 passenger -km/year Bezdek and Hannon 14.4 -
Projected 1981 four-route BART service
(185 000 trips/d and 1 019 583 000 passenger :km/year)
2042-kJ/passenger «km operating energy Healy 17.9 56.3
Bezdek and Hannon 4.9 15.3
1857-kJ/passenger -km operating energy Healy 16.7 45,6
Bezdek and Hannon 4.6 12.4

Note: 1kJ=0.948 Btu; 1 km = 0.62 mile; 1 km/L = 2,35 miles/gal.

2Comparison with the 11.7-km/L {27.5-miles/gal) automobile is not appropriate because BART will be in four-route service with a minimum of
1 019 583 000 passenger-km/year {633 538 000 passenger-miles/year) by 1981, The on-the-road automobile is not likely to approach this
average gasoline consumption until well after introduction of 11.7-km/L automobiles, in 1985 or later. Using the Healy factor gives 202.2
years and using the Bezdek and Hannon factor gives 79.7 years for these cases.
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proportion of the longer trips would be associated with
the automobile, which consumes more energy.

OPERATING ENERGY REQUIREMENTS
OF BART AND ALTERNATIVE
HIGHWAY-BASED MODES

The total operating energy requirement for BART and
the portion of that requirement represented by traction
energy are given in Table 7. This analysis uses a Cal-
ifornia Department of Transportation conversion ratio
of 2.07 J of energy used per joule of electrical output
(7095 Btu/kW +h) to reflect the efficiency of hydroelectric
power sources in California. Lave's calculation com-
pares the total energy use of BART, including mainte-
nance and station energy use, with thetraction energy re-
quirements of other modes of transportation. Any com-
parison that ignores the energy required to operate and
maintain highways, parking facilities, and garages and
at the same time includes those energy costs for BART
is biased against rail transit. This analysis makes some
conservative assumptions—also given in Table 7—about
the energy costs of these items.

Data in Table 8, which uses the construction energy
factors of Healy (30) and Bezdek and Hannon (1), clearly
show that BART energy construction costs will be paid
back from operating energy savings within a period of a
few years. Even the worst cases used for each assump-
tion about automobile energy consumption show payback
periods shorter than those estimated by Lave for the
ideal transit situation.
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Aunghor'g L. loenmre
First, my paper was explicitly an energy analysis,
nothing more, There are many possible reasons why
some given city might want to build a rail transit sys-
tem, and saving energy is only one of them. If a prop-
erly done benefit/cost analysis of these other factors
shows that a rail system is justified, then the slightly
adverse energy consequences may, of course, be ignored.
In the following comments, I take up the points of each
discussant in order.

REPLY TO TENNYSON

Energy Conversion

Based on input-output analysis, I use a figure of 81.9
MJ/dollar (77 600 Btu/dollar) to calculate the amount of
energy represented by a dollar of construction. Tenny-
son converts this into a gasoline equivalent by using the
retail price of gasoline and the known energy per liter
and concludes that my energy-per-dollar conversion
factor is equivalent to $0.215 worth of gasoline for every
dollar of construction and, therefore, my conversion
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factor must be wrong because $0.215 is too high a ratio.
But this is not the way that input-output analysis
works. Those 81.9 MJ were put in at the source, not at
the point of final consumption. Tennyson's calculation
based on gasoline price is not relevant because the en-
ergy did not come from gasoline but from considerably
cheaper energy sources at the origin of manufacture,

Diversion From Automobile Mode

Contrary to Tennyson's statement, I did not take my di-
version figures exclusively from the trans-Bay link and
ignore East Bay travel. The official BART impact re-
port (3, p. 108) gives a detailed breakdown of prior mode
for all three parts of the BART line. When these figures
are weighted by the latest total patronage data (3, p. 71),
they yield exactly the data in the BART line entry in
Table 1. Furthermore, Tennyson's data and mine are
in this case essentially identical.

Tennyson says that my 49 percent bus figure for
Lindenwold actually represents the total of both former
bus and former train passengers. This is true, but my
only point was that the majority of the passengers were

drawn from other public transit, which is still correct.

Peak-Hour Duration

My 4-h-peak figure comes from the official BART im-
pact report (3, p. 86). Tennyson's 2-h figure comes,
as he says, from "personal observation,' as does his
9000-automobiles/h figure. In any event, I show below
that his resultant lane-kilometer figure does not affect
the outcome of my analysis.

Freeway Costs

Tennyson says that urban freeways cost $6.2 million/
lane+km ($10 million/lane mile) to build but cites no
evidence for this. I used $0.787 million/lane -km ($1,2
million/lane mile), which comes from a careful Univer-
sity of California, Berkeley, study of actual construction
experience in California (9, p. 28). National figures
from official publications of the Urban Mass Transporta-
tion Administration (83, p. 1V-19) reveal a cost (in 1973
dollars) of $0.707 million/lane +km ($1.1 million/lane
mile) for CBD construction in cities of 500 000 to

1 000 000 population.

Tennyson requires parking structures for all automobiles
diverted by BART. Surely there must be some surplus
capacity in existing structures, and surely not all the
excess people should be put into parking structures.
After all, they were not all going to the high-density

San Francisco CBD. Many could have been served by
ordinary parking lots. Calculating the cost of such park-
ing structures, however, does not affect my results.

The 1970 cost of a three-level parking structure was
$1550 /space (33, p. IV-24), which is $2260 in 1974 dol-
lars (Engineering News Record construction index),

This amounts to $42.7 million for Tennyson's 18 861
spaces. After this is converted into energy by using the
very conservative highway coefficient, the amount of en-
ergy required to build parking structures turns out to be
only 3 percent as large as the amount of energy neces-
sary to build BART. Clearly 3 percent should not be a
source of great concern, and in any event even this fig-
ure requires extreme assumptions about necessary
parking-structure spaces.



Bus Capacity

I use 1200 buses/lane +h, the appropriate figure (4, p.
304) for a freeway, which is the kind of highway BART
replaces. Tennyson uses 120 buses/lane+h, which is ap-
propriate for constantly picking up and discharging pas-
sengers on a city street, As an alternative way of ex-
amining Tennyson's figure, the resultant passenger ca-
pacity would be 120 x 11,5 passengers/bus = 1380
passengers/lane +h compared to that for an all-
automobile highway, which is 2000 cars % 1.6 passen-
gers/automobile = 3200 passengers/lane+h. (Both the
bus and automobile load factors are national averages,)
That is, using Tennyson's suggested figures for bus
capacity results in automobiles carrying more than
twice as many people as buses on a lane of highway,
which is clearly wrong.

Station Operating Energy

The difference here is that I included the energy used to
heat, light, and air condition the BART stations and
Tennyson wants to use traction energy only. Tennyson
argues that the energy used for street lighting and traffic
controls is the automobile analog of BART station energy
and that, because I do not add the cost of lighting and
signals to the operation of automobiles, I should not add
the cost of stations to BART. There are three problems
with this argument.

First, even if there were no automobiles at all,
street lighting would still be needed for reasons of pub-
lic safety (all of the new automobile-restricted zones
still use such lighting). Traffic signals too would still
be needed for public transit vehicles, police cars, and
fire engines.

Second, Tennyson's argument does not distinguish be-
tween marginal effects and average effects. Energy used
for street lighting and traffic signals cannot be counted
against automobiles at the average rate because the mar-
ginal cost of accommodating additional vehicles is es-
sentially zero. In more direct terms, what street lights
and traffic signals should we turn off because BART has
attracted some former automobile drivers ?

Third, before a project is undertaken, all of its costs
are marginal costs. The decision to build BART was a
decision to incur large yearly energy costs to operate
stations. A decision to terminate BART operations
(which I am not advoeating) would be a decision to save
these station operating expenses. These energy costs
are directly caused by BART and must be charged
against it.

Future Energy Efficiency of BART

The most optimistic figures I have seen for possible im-
provement of BART energy efficiency show a possible
future 25 percent energy-consumption improvement (3,
p. 50). Meanwhile, Congress has mandated that auto-
mobile efficiency be increased by 100 percent by 1985,
and the automobile companies are complying. In other
words, BART may possibly improve by 25 percent, if

it can double its present ridership, while automobiles
will definitely improve by 100 percent. Future changes
thus work in the direction of greatly decreasing the rela-
tive energy efficiency of BART.

Significance of Changes in Overall Results

Although I have shown that Tennyson's figures for extra
lane kilometers of highway and for extra parking struc-
tures are not justifiable, if I accepted them and recalcu-
lated my results, would it matter ? I have already shown
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that Tennyson's parking structures amount to only 3 per-
cent of the energy cost of BART. As to the differences
in highway figures, I calculated a BART-caused savings
of 74.8 freeway lane «-km (46.5 lane miles) and Tennyson
calculated 99.3 lane -km (61.6 lane miles). Using his
figure would raise my energy estimates by only one per-
centage point. That is, my original calculation showed
that the kilometers of freeway construction replaced be-
cause of building BART amounted to an energy saving
that was only 3 percent as large as the energy cost of
building BART. Even if [ use Tennyson's figures, this
estimate would be raised to only 7 percent; thus, my
overall conclusion would not be affected.

REPLY TO HOLDEN
Value of Time

The value-of-time concept, on which I did some of the
pioneer work with regard to behavioral measures (34),
does not seem to be operating in favor of BART. The
reason BART attracts so few people out of automobiles is
that it is not faster than automobiles for most trips. It is
not even faster than express buses for most trips: Their
patronage has been growing while BART patronage on
parallel routes has been relatively stable, In addition,
Holden does not indicate how this value of time is to be
incorporated in my energy analysis.

Transit Operating Energy

First, it is irrelevant to compare the energy efficiency
of the New York subway system with that of BART. All
the literature in the field points out that the older sub-
ways operate in denser areas with higher load factors
and lower vehicle acceleration and that they use much
less energy on station amenities. Second, the BART
energy figures are baged on actual measured energy
consumption over a long period of operation (3, p. 50; 35),
and they are nearly identical to figures for the Linden-
wold Line (2)

Construction Energy

Holden's position is the reverse of Tennyson's. Holden
takes the construction/energy ratio, 81.9 MJ/dollar
(22.7 kW +h/dollar), too literally, dividing $1 by 81.9 MJ
(22.7 kW +h) to compute that 1 MJ = $0.012 (1 kW+h =
$0.04). He then concludes that the energy conversion
concept must be erroneous. Because it is the concept
that is the subject of disagreement, I will substitute a
simpler example of the same concept, namely, the en-
ergy represented in a ton of steel. Holden's argument
would then be as follows: Claimed energy necessary to
make 1 Mg of steel x current home cost of delivered
electrical power # selling price of 1 Mg of steel. That
is, because Holden observes that the two sides of the
equation are not equal, the concept must be wrong. The
problem with this analysis is that (a) energy is not the
only input used to produce steel and the other inputs have
prices too and (b) furthermore, the energy represented
by the ton of steel was put in at low cost and high effi-
ciency in the furnace where the steel originated.

REPLY TO LIST

Importance of Energy Considerations

List makes the point that my analysis assumes only en-
ergy considerations are important. First, my reply to
Holden concerning the value of time is relevant here.
Second, for the record, I agree that there are many
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things a transit system might be called on to do other
than to save energy. My paper is explicitly an energy
analysis.

BART Energy Investment Versus
Marginal Freeway Energy
Investment

The comparison I made between the full energy invest-
ment in BART and the marginal energy investment needed
to handle BART passengers via freeway expansion is the
correct one for an energy analysis. If you are trying to
make a decision to build a new, heavy rail system, you
should balance the cost of building the whole rail system
against the cost of accommodating the same number of
people on highways—that is, the marginal cost of adding
a rail system versus the marginal cost of adding new
saighway capacity.

List's suggested method of doing the calculation does
not give the appropriate numbers. He says (a) BART
could carry 21 000 passengers/h, (b) it would take 14
highway lanes to carry this many people, (c) BART is
114 km (71 miles) long, and, therefore, (d) 14 x 114 =
1596 lane «km of freeway (994 lane miles) needed to re-
place BART. There are two serious problems with this
calculation:

1. It assumes that 100 percent of BART passengers
come from automobiles. We now know that more than
half come from buses; therefore, the 14-lane require-
ment is far too large.

2. There is no need for 14 lanes of freeway over the
entire 114-km BART length, Traffic builds up slowly
and only reaches 21 000 passengers/h on one small
stretch of BART.

Alternatively, the traffic on the 1596 km of freeway
that List says are needed can be compared with the load
carried by BART. According to Kabel of the California
Department of Transportation, one freeway lane in an
urbanarea canbe expectedto carry about 18 000 people/d.
(This figure is much lower than its capacity—48 000
automobiles/d; it is an expected-use figure for a corri-
dor with enough traffic to justify a rail system.) Using
the average BART trip length of 21 km (13 miles) and
List's figure of 1.6 passengers/automobile gives 2.2
million person trips/d as the expected use of List's
BART-equivalent highway system. But, in fact, BART
itself carries only 013 million pergan trips/d.  There-
fore, the supposedly minimum necessary amount of high-
way would be used for 17 times as many trips as BART
carries.

As an alternative way of looking at this, List says
that it would take a 14-lane freeway parallel to BART to
serve the people that BART serves. But before BART
was built, no place along the route had 14 lanes of free-
way. How did those commuters manage to get to work
before BART? Furthermore, once BART was opened
and somehow diverted 14 lanes of traffic from the ex-
isting highway system, why did not someone notice and
write about the newly empty freeway space?

List's calculations of required terminal space and
freeway width are subject to the same problems men-
tioned above.

Use of Unique Parameters

It is true that I used the best single estimate I could find
for each parameter. However, I performed a tough

sensitivity analysis on the final results, which is an al-
ternative procedure for accomplishing List's goal here,

Other Issues

List states that I ignore the cost of a bridge across the
Bay. My reply to Usowicz and Hawley, which follows,
is relevant here. List then makes a number of points
that I do not have the space to deal with here. Even if
I accept his points, however, it makes a difference of
only three to six percentage points in the energy analysis.
List ends with the statement that other studies dis-
pute my results, and he cites two of them, neither of
which is an analysis of BART. These non-BART studies
cannot be analyzed here. But, if the weighing of authori-
ties is relevant, I must point out that the recently com-
pleted analyses by the Congressional Budget Office (36)
make an even stronger case than I do in my paper against
energy saving by modern rail transit systems.

REPLY TO USOWICZ AND HAWLEY

First, Usowicz and Hawley also cite two studies that are
not analyses of BART to show that other analysts contra-
dict my findings. I deal with this in my reply to List and
in my comments elsewhere on this type of analysis (ﬂ).

Energy-Conversion Factor

Usowicz and Hawley point out that my energy conversion
ratio (in joules per dollar) is based on 1963 data, but my
construction costs are in 1974 dollars. They advocate
deflating all costs back to 1963 dollars by using a
construction-cost deflator. This procedure would only
be valid if the energy intensity of construction processes
had remained constant between 1963 and 1974; that is,
they are assuming that the energy used per real unit of
output was constant. In fact, this assumption is contra-
dicted by most of what has happened since the industrial
revolution. One of the main reasons that output per unit
of manpower has risen is that capital and energy are
always being substituted for labor and thus increasing
the ratio of energy to output. That is, inflation is work-
ing one way, and the change in technology is working the
other. But which is dominant ?

In 1963, average highway construction consumed 117
MJ/dollar (32.4 kW «h/dollar) of construction cost, and
by 1967 this had risen to 124 MJ/dollar (34,3 kW +h/dol-
lar), in current dollars, according to a detailed input-
output analysis done by the University of Illinois (38).

In other words, despite inflation of 18.8 percent over
thoge 4 yearg, the energy per current dollar had gone
up, not down,

For this period, the only one that has been analyzed
by input-output techniques, the Usowicz and Hawley pro-
cedure would have understated energy costs by 25.1 per-
cent, Furthermore, not only is their suggested pro-
cedure contradicted by the evidence on the increased en-
ergy intensity of technology, but itis also inconsistently
applied in their own paper, They use the largest de-
flator, 1.89 ($1705/$902), for BART costs and a much
smaller deflator, 1,45 ($1296/$876), for urban freeway
costs, [All of these figures are taken from English (32).]
That is, by using an inconsistent deflator, they overstate
the relative construction-cost ratio. Finally, even if
their procedure is used, it still gives an energy payback
time of about 240 years: Both transit and highway costs
have to be deflated, and so the 30:1 cost ratio still dom-
inates the outcome. As to the proper 1963 energy-per-
dollar conversion to use, 1 used the estimate of Healy
and Dick (6), the only one based on actual BART ex-
perience.

In summary, then, (a) the only available evidence in-
dicates that the suggested deflator procedure is inappro-
priate; (b) when Usowicz and Hawley apply it in their own



work, they do so inconsistently in a way that greatly
favors BART; and (c) even if the procedure is used, it
does not alter the conclusion of my analysis.

Highway Costs

Usowicz and Hawley cite English's estimate (32) for the
cost of a BART-equivalent highway system. But the
English estimate used average daily modal split for the
United States rather than the peak-hour BART modal split
and average bus load factors rather than peak-hour load
factors. English ends up needing 914 lane -km (568 lane
miles) of highway to replace the 114-km (71-mile) BART
system. In fact the replacement highway system would
carry about ten times as many people as does BART.
(My calculations in reply to List on relative energy in-
vestment for BART and for highway apply here.)

In Table 6, Usowicz and Hawley calculate the incre-
mental size of a highway system to replace BART. Their
major costs are for a bridge crossing and a tunnel, Both
figures are far too high, According to the official BART
impact report (3, p. xv), BART has reduced the total
daily traffic over the Bay Bridge by 6000 to 10 000 ve-
hicles. We know that 53 percent of BART patronage oc-
curs during the 4 peak h, which means that BART
reduced peak-hour traffic by 885 to 1475 vehicles/h.
BART's net effect, in other words, was to reduce bridge
needs by less than one lane, but in Table 6 Usowicz and
Hawley assume it will take a 3,5-lane bridge to replace
BART. This is too much by a factor of about four. (I
am, of course, assuming a reversible lane such as the
one on the Golden Gate Bridge.) Nor is the cost of a
bridge as large as Usowicz and Hawley say. The best
source of alternative data here is the projected cost of
the Southern Crossing of the San Francisco Bay: $144
million (January 1972 dollars) for an eight-lane bridge,
which is only $18 million/lane,

Concerning the question of tunnel replacement, pa-
tronage through the entire tunnel line is only 29 percent
as much as trans-Bay patronage, which indicates that
(at most) BART replaced 250 to 430 vehicle trips/h
through the tunnel during peak hours. This is, of
course, much less than the capacity of a single highway
lane, and yet Usowicz and Hawley base their calculations
on using a 2.3-lane highway tunnel to replace BART.

They then take up the need for parking structures and
considerably overstate the cost and need for these (I
have dealt with this issue in my reply to Tennyson).

In summary, under the most extreme possible as-
sumptions, if I change my analysis to accommodate
Usowicz and Hawley, it would make a difference of only
three to seven percentage points in my calculation.

BART Modal Split

Usowicz and Hawley based all of their calculations on
the assumption that 56.5 percent of current BART pas-
sengers were derived from automobiles. They seem to
have assumed that all nonbus people must have come
from automobiles. The former mode of current BART
passengers was 44.6 percent from buses, only 38.7 per-
cent from automobiles, and 1.6 percent from other
modes; 15,2 percent had never made the trip before (3,
pp. 71, 108, 110, 136, 137). The consequence of their
assumption is that Usowicz and Hawley considerably
overstate the number of highway lane kilometers neces-
sary to replace BART and considerably underestimate
the fuel efficiency of alternative modes.

Energy Conversion Efficiency

In their section on operating energy requirements,
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Usowicz and Hawley use an energy conversion constant
of 2,07 J/J (7095 Btu/kW-h). This is, in fact, the av-
erage conversion efficiency in California. About 29 per-
cent of its electricity comes from hydroelectric sources.
But there have been no new hydroelectric sources for
some years, The marginal megajoules in California,
the megajoules that BART consumes, come from fossil
fuels with an overall efficiency of only 29.1 percent (site
plus transmission loss), which yields a conversion of
3.5 J% (11 753 Btu/kW- h). That is, the appropriate
constant is 65 percent higher than the one used by
Usowicz and Hawley, and BART energy consumption is
increased accordingly.

Nonpropulsion Energy

In footnote c of Table 7, Usowicz and Hawley cite Hirst's
23 percent figure (7, p. 22) and then go on to calculate
the cost as $0.019/km ($0.03/mile) for automobiles,
But, in fact, 23 percent of propulsion costs is only
$0.0059 /km {0.23 [$0.158/L ($0.042/gal) + 6.11 km/L
(14.35 miles/gal)] = $0.0059}. I think the use of these
nonpropulsion energy costs for automobiles is question-
able in the first place (see my reply to Tennyson regard-
ing station operating energy). In addition, a mathemat-
ical mistake has caused the estimates to be three times
too big.

Finally, if Usowicz and Hawley want to assess such
a cost against automobiles and buses, then they must
assess it against BART also. In a recent calculation of
BART energy consumption done by the Stanford Research
Institute (SR for the Energy Research and Development
Administration (39), the energy content of current non-
system operating costs is estimated as 4.01 MJ/pas-
senger -km (6120 Btu/passenger-mile). This is four
times larger than the corresponding consumption figure
for automobiles given in Table 7 by Usowicz and Hawley;
BART energy consumption is nine times greater than the
corrected figure for automobiles in Table 7. Further-
more, the SRI calculation of system operating energy is
3.97 MJ/passenger «km (6060 Btu/passenger-mile), which
is almost twice as large as the Usowicz and Hawley fig-
ure. An alternative estimate of this figure is provided by
Sherret of the BART evaluation team (35). He shows that
the actual, measured energy consumption of BART last
year was 3.53 MJ/passenger -km (5387 Btu/passenger-
mile), a figure that is almost as large as the SRI esti-
mate and is considerably larger than the 2.46 MJ/
passenger «km (3754 Btu/passenger-mile) that is the
basis of the Usowicz and Hawley calculations.

TRIP-CREATION EFFECTS

In an effort to simplify the original analysis, I made a
deliberate decision to work at a somewhat abstract level;
for example, I did not do a specific analysis of exactly
where the highways that would replace BART would have
to be located or of the detailed costs of highway widening
(which accounts for most of the eriticism). To compen-
sate for this deliberate lack of detail I did a conservative
analysis that always used the assumptions most favorable
to BART; for example, I assumed that no trip-creation
effects were caused by BART. I also performed a tough
sensitivity analysis at the end of the paper to demonstrate
that my overall conclusions were valid no matter what
was assumed about the future. A ''perfect'' analysis
might well demonstrate that BART can repay its con-
struction energy in, say, 205.7 years instead of 535,
but the conclusion would still remain the same. Further-
more, a perfect analysis is much more likely to show an
infinite payback period, which I demonstrate below.

One of my major conservative assumptions about
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BART was that it had not created any new trips. Such
an assumption defies logic. By making distant suburbs
more easily and comfortably accessible, BART obviously
encourages people to live farther from their jobs in the
city. Such an assumption also defies the empirical evi-
dence: The average BART trip is 40 percent longer than
had been anticipated by its planners, and the largest
growth of patronage has been at the most distant sta-
tions (20).

Assuming that BART has created no new trips also
contradicts the results of on-board surveys done shortly
after each BART route was opened, which show an over-
all trip-creation effect of 15.2 percent (Table 1). Ac-
cording to the on-board surveys, 15.2 percent of the pas-
sengers indicated that they had never made the trip be-
fore. In my paper Iignored these people. If they are
to be counted in explicifly, the simplest way to do so is
to make a 15.2 percent reduction in the BART load fac-
tor in Table 2, which increases energy intensity to 3.67
MJ passenger «km (1.65 kW +h/passenger-mile). Making
the conservative assumptionthat all of the 1.6 percent who
formerly used other modes should be added to those who
formerly used automobiles, I calculate that the diversion
mode split would be 47.5 percent automobile/52.5 percent
bus. Given the energy intensities in Table 2, it is easy
to calculate that, on their former combination of modes,
these people had an average energy use of 3.59 MJ/pas-
senger -km (1.62 kW +h/passenger-mile). Thus, they use
more energy now than they did before. It can be seen,
therefore, that moving even this one assumption closer
to reality would show that BART can never repay its in-
vested energy. The same thing would happen if I were
to use more realistic figures for gasoline consumption.
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Energy-Crisis Travel Behavior and
the Transportation Planning Process

Thomas M. Corsi, College of Business and Management, University of Maryland

Milton E. Harvey, Kent State University

This study investigated the adjustment strategies adopted by individual
households in response to situations of real and potential fuel shortages
and higher prices. It also determined the attitudes of individual house-
holds toward regional policies to deal with existing or prospective trans-
portation facilities and costs. The study used a mail questionnaire dis-
tributed in November 1975 to a random sampling of households in
southeastern Wisconsin. The results suggest that the transportation plan-
ning process needs substantial revision only under conditions of exces-
sive fuel-price increases or restricted fuel availability. Moderate and
gradual increases in fuel prices are unlikely to bring about significant
modifications in the travel patterns of households.

During the post-World War II era, American cities phys-
ically expanded as the total population increased, and
individual households, encouraged by the relatively in-
expensive price of automobiles and fuel, began to locate
in single-family homes in suburban areas. The avail-
ability of the automobile for the typical American family
also enabled families to locate at greater distances from
employment locations (5, 6). At the same time, federal,
state, county, and local governments made massive fi-
nancial commitments to the construction and mainte-

nance of highway facilities. The post-World War II era
has witnessed the near completion of a 68 383-km

(42 500-mile) Interstate highway system as well as
thousands of miles of urban expressways and suburban
roads. The much improved highway network allowed
trucking firms to become major transporters of manu-
factured goods and large factories to locate on the urban
periphery to take advantage of lower land costs and
larger available tracts of land (1,2, 4).

The net result of these interacting factors is what is
commonly referred to as urban sprawl. In many Ameri-
can cities, location is not dependent on distance from
major activities but on total commuting time from place
to place by the family automobile. This increasing re-
liance on the automobile has meant a commensurate in-
crease in gasoline consumption for urban travel. Present
estimates indicate that urban automobile travel consumes
about 40 percent of the total energy used in the transpor-
tation sector or 10 percent of the nation's energy con-
sumption.

The 1973 Arab embargo on shipments of crude oil to
the United States was the first in a series of events that



ended the cheap and abundant supply of gasoline to

the American household. In 1973 the Organization of
Petroleum Exporting Countries also substantially in-
creased the price of crude oil. Although the embargo
was subsequently lifted, the higher prices of gasoline
remained. These events meant that many individual
households had to develop strategies for coping with the
situation. Such strategies may be designed to solve
either specific transportation problems or a set of trans-
portation problems. The aim of this study is to investi-
gate three major aspects of such strategies devised by
households during the period of the energy crisis: (a)
the adjustment strategies adopted by individual house-
holds in response to situations of real and potential fuel
shortages and higher fuel prices, (b) the attitudes of in-
dividual households toward regional policies that may be
considered for dealing with existing or prospective trans-
portation facilities and costs, and (c) the policy implica-
tions of the basic findings.

CONCEPT OF HOUSEHOLD
ADJUSTMENT

Given the rigid budget constraint under which the aver-
age household operates and the fact that most of the en-
tries in the monthly budget list are fixed, the period of
the fuel crisis between 1973 and 1975 must have created
situations of stress for many households. One such area
of stress is the overcoming of the problem of distance to
work, recreation, and shopping.

The literature on stress theory asserts that when
stress results in a stress-strain conversion, a stress
situation exists and the individual has fo devise strat-
egies either to remove the cause of stress or to reduce
the situation to more manageable levels. Whatever their
goals are, households select from a finite set of alterna-
tives. This selection is largely influenced by the house-
hold's socioeconomic attributes and the nature and the
intensity of the information available to that household.

In this study, the types of alternatives available to house-
holds can be described as behavioral and distance-related
strategies. These strategies can be categorized as
follows (3):

Type of

Strategy Change Activity Change

Journey to work  Change mode

Purchase additional, smaller
automobile

Trade in larger for smaller
automobile

Sell automobile and do not
replace it

Postpone purchase of second
automobile

Purchase motorcycle

Combine shopping trips

Combine shopping and other
trips

Use public transportation for
vacation and other
recreation

Car pool

Relocate residence

Quit job

Shop closer to home

Move closer to shopping area

Make fewer shopping trips

Cancel long-distance vacation

Take shorter distance
vacation

a Behavior

b Behavior  Shopping

& Behavior Recreation

d Distance Journey to work

e Distance Shopping

f Distance Recreation

In a set of households, individual households that ex-
perimented with combinations of these strategies could
be identified. They ranged from households that adopted
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one strategy in either the distance or the behavior cate-
gory to households that combined two or more strategies
in one category or the other or both categories. The
two remaining groups of sample households were those
who selected all strategies and those who chose none.

One of the hypotheses proposed and tested in this
paper is the null hypothesis (H,) that there are no
variations in the number and combination of strate-
gies preferred by households for coping with the
transportation effects of the energy crisis. The
proposition that the types of strategies adopted are
influenced by the socioeconomic attributes of house-
holds is also tested. The following appear to constitute
a reasonable set of discriminating variables for the
analysis: (a) income, (b) household size, (c) automobile
ownership (size and number), (d) household employment
characteristics, (e) distance to work, (f) household loca-
tion, (g) age of household members, and (h) educational
level of the household head. The particular strategy
adopted by a household is a function of the complex in-
teractions among these variables.

When a situation causes stress to a large part of the
population, institutional attempts to reduce or remove
the causes of stress become necessary. Such attempts
are here called planning policies. In the formulation and
selection of such policies, the attitudes of households to
the policies must be known. That might lead to the se-
lection of some policies, the rejection of some, and, in
some cases, to the identification of a new set of potential
policies. This paper attempts to determine household
attitudes toward various planning policies for energy-
crisis conditions.

STUDY QUESTIONNAIRE

Planners from the Southeastern Wisconsin Regional
Planning Commission (SEWRPC) consulted and assisted
in developing a questionnaire to determine how shortages
and higher prices of gasoline have influenced the travel
habits and patterns of households in the past and may in-
fluence them in the future. Some of the questions used -
in that survey are used to investigate the research ques-
tions posed here.

The questionnaire was mailed during November 1975
to a random sample of 9881 households in the southeast-
ern Wisconsin region (which includes the counties of
Washington, Ozaukee, Waukesha, Milwaukee, Walworth,
Racine, and Kenosha), and 1461 usable returns (or 14.6
percent of the total) were received. The highest returns
came from the predominately suburban counties of
Ozaukee (20.7 percent) and Waukesha (20.9 percent), in
which the majority of household heads were employed in
professional occupations, were middle~-aged, and owned
two or more vehicles. These occupational, locational,
and demographic biases in the survey are understandable
because households with these attributes generally have
extensive, diversified travel patterns that would be seri-
ously affected by changes in gasoline price and availa-
bility.

PATTERNS AND DETERMINANTS OF
HOUSEHOLD STRATEGIES

The questionnaire asked respondents to list the types of
transportation strategies they used during the fuel crisis
and what strategies they might use if there were a future
fuel scarcity and if the price of gasoline were increased
by $0.05/L ($0.20/gal). Table 1 gives the combinations
of strategy selections that characterized the response
groups in the sample.
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Table 1. Response groups formulated by pattern of strategy

selection.
Strategy Selection
Response
Group® a b c d e f
1 No No No No No No
2 No Yes No No No No
3 Yes No No No No No
4 Yes Yes No No No No
5 No No Yes No No No
6 No Yes Yes No No No
1 Yes No Yes No No No
8 Yes Yes Yes No No No
9 No No No No Yes No
10 No Yes No No Yes No
11 Yes No No No Yes No
12 Yes Yes No No Yes No
13 No No Yes No Yes No
14 No Yes Yes No Yes No
15 Yes No Yes No Yes No
16 Yes Yes Yes No Yes No
17 Yes Yes No Yes Yes No
18 No Yes No No No Yes
19 Yeés Yes No No No Yes
20 Yes Yes Yes No No Yes
21 No No No No No Yes
22 No No No No Yes Yes
23 Yes No No No No Yes
24 No Yes No No Yes Yes
25 Yes No No No Yes Yes
26 Yes Yes No No Yes Yes
27 No Yes Yes No Yes Yes
28 Yes No Yes No Yes Yes
29 Yes Yes Yes No Yes Yes
30 Yes Yes No Yes Yes Yes
31 Yes Yes Yes Yes Yes Yes
32 Yes Yes Yes Yes Yes No

¢ Response groups with less than 10 observations are not included in the table,

Table 2. Regional percentage distribution of response
groups for actual and future energy-crisis conditions.

Regional Percentage Distribution

Future Crisis Condition

1973 Restricted
Response to Higher Fuel Fuel
Group 1975 Prices Availability
1 9.172 4,928 2.738
2 3.286 1,848 0.890
3 3.012 1,369 1.711
4 2.533 0.890 0.753
5 1.437 0.958 -
6 1.369 0.890 0.890
7 0.684 0.890 0.753
8 1.095 1.437 1.300
9 2.190 1.095 0.684
10 8.556 3.560 2.122
11 1.848 1.369 1.164
12 7.529 4.312 2.533
13 1,437 1.164 0.890
14 4.928 2.7138 2.190
15 1,232 1.848 1,848
16 5.955 7.187 9.582
17 0.753 - -
18 1.369 0.890 -
19 1.437 1.574 1.027
20 - 1.027 0.753
21 0.890 - -
22 1.437 0.753 -
23 0.958 - -
24 7.734 4,244 2.396
25 1.780 2.053 1.437
26 10.268 8.419 7.118
27 3.901 5.544 3.833
28 — 1.437 1.027
29 6.434 29.911 38.809
30 1.095 0.753 1.232
31 0.753 2.190 6,776
32 - - 0.890
Groups with <10
observations 4.928 4,722 4.654
Total 100 100 100

1973-1975 Period

The basic pattern of behavior change during the energy-~
crisis period is summarized in the data given in Tables
2, 3, and 4. These data indicate certain basic tendencies.

1. Over 75 percent of the sampled households made
multiple adjustments in travel behavior. The most com-
mon strategy involved some combination of distance-
related and behavioral changes in travel. Some house-
holds combined changes in the journey to work with
changes in recreation and shopping. Across all cate-
gories of households, however (Table 3), the most im-
portant method of coping with the crisis is always that
involving both types of modifications.

2. Households preferred an adjustment strategy of
careful retreat, making changes that caused the least
disruption to their precrisis travel patterns and putting
off hard decisions that would involve major changes. For
example, approximately 70 percent made one or more
of the following changes in shopping behavior: combined
several shopping trips, combined shopping trips with
other trips, made fewer shopping trips, and shopped at

Table 3. Regional percentage distribution of households by
number and mix of strategies selected for actual and future
energy-crisis conditions.

Regional Percentage Distribution

Future Crisis Condition

Restricted

Number and Mix of 1973 to Higher Fuel Fuel
Strategies Selected 1975 Prices Availability
One

a 3.012 1.369 1,711

b 3.286 1.848 0.890

c 1.437 0.958 -

d = - =

e 2,190 1.095 0.684

f 0.890 - -
Total 10.815 5.270 3.285
Two

ab, ac, bc 4,586 2.670 2.396

de, df, ef 1,437 0.753 -

Both categories 14,168 6,983 4.176
Total 20,191 10.406 6.572
Three

abe 1.095 1.437 1,300

def — - -

Both categories 24.640 16.769 11.431
Total 25,735 18.206 12.1731
Four 20.877 23.614 22,313
Five 7.529 30.664 40.931
All 0.753 2.190 6.7176
None 9.172 4,928 2.738
Groups with <10

observations 4,928 4,772 4.654

Total sample 100 100 100

Table 4. Actual and intended behavior change of sample
households by strategy category.

Percentage Making at Least One Change

Future Crisis Condition

1973 to Higher Fuel Restricted Fuel
Strategy 1975 Prices Availability
a 49.56 68.65 80.29
b 71.87 79.81 85.01
c 32.58 60.03 72.01
d 5.40 5.41 10.75
e 71.04 81.04 86.72
f 41,34 62.22 67.76




Table 5. Actual and intended work-trip transportation mode of all
wage earners in sample.

Future Crisis Condition

Restricted
November Higher Fuel Fuel Avail-
Transportation Mode 1975 (% Prices (%) ability (%)
Automobile
Driver 68.6 63.4 45.7
Passenger in family
automobile 9.5 3.3 3.6
Automobile and bus 2.5 2.1 2.8
Car pool 7.2 13.2 17.7
Bus 5.0 6.1 10.1
Motorcycle 0.2 0.9 2.6
Bicycle 0.5 1,5 2.5
Walk 5.7 1.2 8.4
Other 0.7 2.2 6.7

stores closer to home, It should be noted that the first
two strategies constitute behavior changes and the last
two are distance changes.

3. Besides reducing the frequency of trips and chang-
ing the places visited, approximately 50 percent of the
sample households made one or more of the following
adjustments: purchased an additional automobile that was
smaller than automobiles already owned, traded in a
larger for a smaller automobile, sold one automobile and
did not replace it, postponed purcHase of a second auto-
mobile, purchased a motorcycle, and shifted mode for
the journey to work. These adjustments are all behav-
ioral journey-to-work changes. In approximately 20
percent of the households, at least one wage earner
made a shift in the mode used for the journey to work.

4. Over 40 percent of the households made changes
in recreation travel. Canceling plans for a long-
distance vacation and faking vacations of shorter dis-
tances were more frequent adjustments than was using
public transportation for vacations because such an ad-
justment involved a higher out-of-pocket cost, especially
for households with children.

5. Residential relocation as a response to the fuel
crisis was rare. Only 5 percent of the households moved
closer to their place of employment.

6. Nine percent of the respondents are households
who indicated no change in their travel behavior.

Future Crisis

Investigating what households did during the 1973-1975
period may give an indication of what they will do in fu-
ture fuel-crisis situations, but it is not a sufficient basis
for formulating policies for the future. Therefore,
households were asked to suggest which strategies they
might use in two future situations: (a) if the price of
gasoline were increased by $0.05/L ($0.20/gal) but no
limit were placed on its availability and (b) if gasoline
per driver were restricted to 30 L/week (8 gal/week)
but the price remained at current levels. These restric-
tions would last for at least 5 years. The basic findings
for these future situations are also given in Tables 2, 3,
and 4. In comparison with the 1973-1975 situation,

1. Households are more likely to adopt multiple ad-
justment strategies in the future. The economic and
psychological effects suffered by many households during
the energy crisis and the associated flood of information
about fuel conservation may have contributed to the de-
cision of many households to cope with such emergencies
in the future by experimenting with several strategies.

2. In the two future conditions of higher prices and
restricted fuel availability, more than three-fourths of
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the respondents would modify their shopping behavior by
using both kinds of strategies.

3. Approximately 68 and 80 percent respectively said
they would make one of the following adjustments under
a situation of gasoline price increases or restricted fuel
availability: purchase an additional, smaller automobile;
trade in a larger for a smaller automobile; sell one auto-
mobile and not replace it; postpone purchase of a second
automobile; purchase a motorcycle; and shift the mode
for the journey to work.

4. According to the respondents, an increase in the
price of gasoline of $0.05/L ($0,20/gal) would have a
substantially less severe mode-shift impact on the jour-
ney to work than would gasoline rationing (Table 5).

More households would tend to use car pools and public
transportation for the journey to work under conditions
of restricted fuel availability than under conditions of
higher fuel prices.

5. Even in a future crisis, the sample households
would be very reluctant to move closer to their jobs.
Only 5.4 percent and 10.8 percent of households in the
sample said they might relocate their residences in the
two future crisis situations.

SOCIOECONOMIC AND LOCATIONAL
FACTORS OF HOUSEHOLD
ADJUSTMENT

1973-1975 Period

The following significant relations were found between
household adjustment patterns and the attributes of
households:

1. Households with younger heads were more likely
than households with older heads to change their journey-
to-work behavior, to make distance-related shopping
changes, and to relocate closer to employment. In gen-
eral, younger households are more flexible in their
travel patterns and less likely to be tied to a particular
residential location. They are usually renters and are
more likely than homeowners to change residential loca-
tion in response to higher fuel prices.

2. Behavioral shopping changes, distance-related
recreation changes, car pooling, the purchase of a new
small automobile, and the trade-in of a larger automo-
bile for a smaller automobile were more common among
middle-income households, possibly because of the less
diverse travel patterns of low-income households. In
contrast, higher income households (over $25 000/year)
do not need to adjust because of higher gasoline prices.

3. Individuals with certain occupations had a tendency
to respond in similar ways to the higher fuel prices that
occurred between 1973 and 1975. Sales workers were
more likely to make a change in their recreation behavior
(involving the use of public transportation) than were
craftsmen, foremen, and operatives. Behavioral rec-
reation changes are generally less likely for a blue-
collar homeowner with a large family than they are for
a high-income sales worker who can afford the expense
of a vacation on public transportation. Clerical workers
were the group most likely to move closer to places of
employment between 1973 and 1975. Many clerical
household heads are nonhomeowners and thus better able
to relocate in response to higher fuel prices than are
professionals or managers, who are likely to be home-
owners. Professionals, managers, and blue-collar
workers who were most likely to work either in a cen-
tral location or in establishments that have a large num-
ber of employees have the highest car-pooling rates.
Sales persons were the group with the highest percentage
of households purchasing a smaller automobile, which in-
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dicates that sales persons tend to maintain precrisis
travel patterns by purchasing a more fuel-efficient auto-
mobile,

4. Households with one or two children made more
adjustments in shopping than childless households or
households with more than two children, possibly be-
cause larger families may have made the necessary dis-
tance and behavior adjustments in shopping before the
crisis occurred. Because many childless households
often have two wage earners, the need for shopping ad-
justments may not be critical.

5. Geographic location influenced households' use of
car pooling and other distance-related journey-to-work
adjustments. Car pooling was highest among residents
of Waukesha County and then among residents of the ex-
urban counties of Walworth, Ozaukee, and Washington.

Future Crisis

The most important similarities and dissimilarities in
the way in which household attributes may have affected
adjustment patterns between 1973 and 1975 and the way
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fuel cost and restricted quantity of fuel can be sum-
marized as follows:

1. Younger households may again make more be-
havioral changes in recreation travel and more distance-
related changes in the journey to work and in shopping
than do older households.

2. In a future situation of restricted fuel availability,
sales workers will be more likely to make behavioral
recreation changes than will craftsmen and operatives.
If the quantity of gasoline is restricted, clerical workers
will be more likely to change their journey-to-work be-
havior than will professional and managerial groups.

3. In a future fuel crisis, families with one or two
children are more likely to make changes in their shop-~
ping patterns than are childless families or those with
more than two children. This was also true of the 1973-
1975 period.

The basic patterns that emerged from an analysis of
future household adjustments are similar to those that
emerged from an analysis of behavioral change between
1973 and 1975. Although in certain cases the number of
significant contributing variables was greater for the
two future categories than it was for behavior between
contributed significantly to the explanation of intended
behavioral changes in future crisis situations.

HOUSEHOLD ATTRIBUTES AND
ATTITUDES TOWARD PUBLIC
POLICY

The questionnaire also investigated the attitudes of the
sample population toward certain potential public poli-
cies. The major policy areas examined were (a) gaso-
line price levels, (b) freeway construction, (¢) bus trans-
portation costs, (d) public subsidy for bus transportation,
and (e) fuel conservation measures. An analysis of the
responses to these five types of policies indicates that
households prefer those policy alternatives that minimize
costs or maximize benefits to themselves, that they seek
to maintain current travel patterns at current prices, and
that they are most willing to accept policy changes that
will adversely affect groups other than themselves. Op-
position is greatest to policy alternatives that increase
costs or threaten to disrupt current travel patterns.

Gasoline Price Levels

Households were asked to determine a gasoline price
threshold beyond which they would make significant
changes in their travel patterns. Approximately 30 per-
cent cited $0.21/L ($0.80/gal) or more. Only 9.9 per-
cent of the households stated that a gasoline price level
of $0.13 to $0.15/L ($0.50 to $0.59 /gal)—the actual
level of gasoline prices at the time of the survey—would
bring about significant changes in travel patterns. The
results suggest that high-income households or house-
holds with wage earners in certain occupation groups
(sales workers, managers, officers, proprietors) have
very high gasoline price thresholds. In contrast, low-
income households or households in which wage earners
are craftsmen, foremen, operatives, and workers and
laborers employed in private homes have very low gaso-
line price thresholds.

Freeway Construction

Approximately 65 percent of the respondents felt either
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that it should be completed and expanded. More than 27
percent believed that the construction of freeways should
be stopped. Suburban households that rely heavily on
the automobile and need to shorten lengthy work trips
were more likely to support additional freeway construc-
tion than were low-income households or those in which
heads of households were older.

Bus Transportation Costs

Approximately 70 percent of the respondents believed
that public transportation costs should be shared between
the rider and a combination of federal, state, and local
support. About 25 percent believed that transportation
costs should be assumed entirely by the rider. House-
holds opposed to public financing of bus systems are
more likely to be high-income, suburban households to
whom bus service is not currently available. In spite of
the fact that only a small percentage of households in the
study region use the bus system on a day-to-day basis,
substantial support exists for the maintenance of a bus
system.

Local Sources of Public Subsidy
for Bus Transportation )

The questionnaire tested attitudes on the sources of local
funds for a public transportation subsidy. The specific
local sources considered were taxes on property, sales,
income, and vehicles. Only 6.8 percent of the respon-
dents believed that local subsidy funds should come from
a local property tax. In contrast, 28.9 percent felt that
a local sales tax should be used to collect the transpor-
tation subsidy and 18 percent preferred the local income
tax. The highest percentage of households (31.3 percent)
favored a local vehicle tax. Fifteen percent of the re-
spondents did not favor any of the stated local sources.
In fact, many households in this group were opposed to
the use of any local funds for a public transportation
subsidy.

A review of the attributes of particular household
groups indicates that support for the use of a local in-
come tax was highest among low-income groups (those
least affected by increases) and lowest among high-
income groups (those most affected by increases). Sup-
port for the use of a local vehicle tax was greatest among
younger households and lowest among households in
Waukesha County, the most automobile-dependent county
in the region. In general, greater regional support was



found for either a local sales tax or a local vehicle tax
than for a local property tax or a local income tax.

Measures to Increase Fuel Conservation

Respondents were asked to list their first, second, third,
and fourth choices among a series of policy suggestions
designed to increase the conservation of gasoline. The
four specific policy choices were (a) place a higher tax
on a liter of gasoline, (b) place a higher registration fee
on large than on small automobiles, (c) ration gasoline,
and (d) offer free or reduced-fare bus transportation.
Among the 1445 respondents identified by geographic
location, the policy indicated by the most respondents
(approximately 36 percent) as first choice was a higher
registration fee for larger automobiles. Logically, this
policy represents the least threat to existing travel pat-
terns and costs. Once the higher fee is assessed, the ac-
tion in no way restricts the amount of driving an individ-
ual may do. The next mostpopular policy action—the first
choice of 27 percent of the households—was free or
reduced-fare bus transportation. Again, this type of
action represents no basic threat to the current travel
patterns of individual households. The two policy alter-
natives that pose a threat to either the cost of travel or
the amount of driving done by households were least pre-
ferred: Only 17 percent gave gasoline rationing as their
first choice, and 14 percent gave higher gasoline taxes.
The pattern of household attitudes toward the four
policy alternatives is clear: Households give greater
support to the policy alternatives that have the least ad-
verse impact on them. They will support policy alterna-
tives that do not interfere with current travel patterns
or do not adversely affect them economically. Thus,
gasoline rationing, for example, would be extremely un-
popular. Low-income households would, however, pre-
fer gasoline rationing to substantial increases in gaso-
line prices that would restrict their travel patterns but
would not affect the travel patterns of high-income house-
holds.

POLICY IMPLICATIONS OF
THE RESULTS

In 1972, SEWRPC conducted a home interview survey to
provide the data base for a reevaluation of transportation
and land-use plans that were first developed on the basis
of 1963 data. The results of the energy-use survey are
discussed below in relation to the procedures used in the
SEWRPC plan reevaluation report (7) in developing trans-
portation models for the future: trip generation, trip
distribution, modal split, and traffic assignment.

Trip Generation

SEWRPC estimated both trip production and trip attrac-
tion in the region. Trip-production rates were analyzed
and forecast by using the disaggregate technique of
cross-classification analysis. Trip-generation rates
were explained on the basis of the two independent var-
jables—household size and automobile availability—

that were best able to account for variations in trip-
production rates. Trip attractions were analyzed and
forecast by means of multiple regression based on land
uses in the various zones of the region. Trip-generation
rates were developed and projected for the following
types of trips: home-based work, home-based shopping,
home-based other (including personal business, medical-
dental, social-eating, and recreation), and non-home-
based trips. Trip-generation rates were calculated for
four subregional units: the urban areas of Milwaukee,
Racine, and Kenosha and all other areas in the region.

35

According to the SEWRPC report (7)

3

Separate models for each trip purpose were developed for these four
areas because analysis of regional household trip-making as surveyed
in 1963 and 1972 indicated substantial differences in trip frequency
between urban and rural areas within the Region and between urban
areas of different sizes within the Region.

The urban areas of the region had higher trip-generation
rates than did the rural areas.

The significant findings of the energy-use survey in
relation to trip generation are as follows:

1. The basic pattern of higher trip-generation rates
in urban areas remains essentially unchanged in the two
future fuel-crisis situations. The study showed that
adjustments, especially in shopping and the journey to
work, were fewer in Milwaukee County than in the ex-
urban counties of Walworth, Washington, and Ozaukee.

2. The figures for the proportion of people working
at home varied slightly from SEWRPC data for the two
future alternatives. In general, individuals would con-
tinue to go to work, though possibly by a different mode.
Under conditions of restricted fuel availability, however,
a small percentage of wage earners said they might quit
their jobs rather than continue the long commuting jour-
ney. Thus, overall trip-generation data for the home-
based work trip analyzed for the region by SEWRPC
would be affected only slightly by the future restricted
availability of fuel.

3. The energy-use survey suggests substantial
changes in shopping behavior under the suggested future
crisis conditions. One of the major findings is that trip-
generation rates may be reduced, Distance-related vari-
ations in shopping changes may be evident in future
crises. A lower percentage of households in Milwaukee
County said that they would change shopping behavior
than did households in Racine, Kenosha, Waukesha,
and the exurban counties of Washington, Walworth, and
Ozaukee. Furthermore, shopping changes would in-
crease as the number of automobiles in the household in-
creased. Such a change would also be higher among
households with one or two children than among childless
households. In short, trip-generation rates for shopping
may decline significantly in either of the alternative fu-
ture situations. As a result, the data used in the
SEWRPC trip-generation tables may need to be re-
evaluated.

Trip Distribution

The results of the energy-use survey indicate that sig-
nificant changes may be made in the distribution of work
and shopping trips. The basic findings include the fol-
lowing:

1. The energy crisis did not cause a significant
amount of residential relocation as a way to reduce the
journey to work. Even under future conditions of higher
prices and restricted fuel availability, sample households
indicated they were very reluctant to move their places
of residence closer to their jobs. Thus, regional lines
that connect trip ends and their associated trip-length
distribution for the journey to work should remain es-
sentially unchanged.

2. In future crises, shopping trips and patterns would
be modified. Many households indicated that they would
shop at stores closer to home, which implies that
smaller neighborhood shopping areas may increase
their traffic and therefore their customers at the ex-
pense of regional shopping malls. Thus, the 1963-1972
pattern of increase in the mean distance for shopping
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trips, attributed by SEWRPC to the increased construc-
tion of regional shopping malls, may change during fu-
ture fuel crises.

Mode Choice and Automobile Occupancy

The results of the energy-use survey also suggest that
in future fuel crises changes can be expected in choice
of mode for the work trip. An additional $0.05/L
($0.20/gal) increase in the price of gasoline, for ex-
ample, would effect some mode change in the journey to
work. But this effect is substantially less than what
might occur under gasoline rationing.

In November 1975, approximately 68 percent of wage
earners were automobile drivers. If fuel prices in-
creased, over 63 percent would continue to be automo-
bile drivers. The most important effect of higher fuel
prices would be a decrease in the percentage of wage
earners who are passengers in family automobiles—from
9.5 to 3.3 percent—and an increase in the percentage of
wage earners who are car poolers—from 7.2 to 13.2
percent. In November 1975, 16.7 percent of wage earn-
ers were either passengers in family automobiles or car
poolers. Higher prices would change this only slightly,
to 16.5 percent. Increased car pooling in response to
higher fuel prices might bring about greater automobile
occupancy if wage earners who ordinarily ride as pas-
sengers in family automobiles obtained additional riders
for the journey to work. Increased automobile occupancy,
of course, would affect vehicle trips in the region (per-
son trips divided by automobile occupancy) and thus pos-
sibly influence the traffic-assignment models.

Changes in the journey to work would be far more sub-
stantial if fuel availability were restricted. According
to the energy survey, the percentage of wage earners
who are automobile drivers would decline from the cur-
rent level of 68.6 to about 45.7 percent. Car pooling
would increase from the current 7.2 to 17.7 percent and
bus ridership from 5 to 10.1 percent.

Traffic Assignment

Traffic assignment is the assignment of trips to an ex-
isting or proposed transportation network. The travel
changes predicted in the energy-use survey are bound

to reduce the number of trips (especially automobile
trips) that can be assigned to the transportation network.
Nevertheless, the assignment process would remain un-
changed; nothing in the study suggested that the basic
rationale for choosing a route between an origin and a
destination (i.e., a minimum time path) would be changed.
In view of the findings of the survey, however, planners
now have the basis for testing the sensitivity of their
traffic-assignment models. If fewer trips are loaded
onto the system, certain proposed freeway links may no
longer be needed. Test runs could determine the amount

of trip reduction required to reduce the need to con-
struct specific freeway links. In short, the energy-use
survey provides a basis for checking the sensitivity of
traffic-assignment results to various future conditions.

SUMMARY

The results of this study suggest that the transportation
planning process needs substantial revision only under
conditions of excessive fuel price increases or restricted
fuel availability. Moderate and gradual increases in fuel
prices are unlikely to cause significant modifications in
household travel patterns.
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Maximum Potential Energy Savings
Resulting From a Cessation of
Federal Aid to Urban Highway

Construction

William B. Tye, Milene Henley, and Michael J. Kinnucan, Charles River Associates,

Cambridge, Massachusetts

Evidence indicates that a cessation of federal capital assistance to urban
highway construction would not contribute significantly to the conser-
vation of energy used for urban highway travel. The effect of such a
policy would be weakened by four factors: (a) Additional facilities built
with federal grants would not significantly affect highway capacity; (b)
federal grants have not been as effective in stimulating urban highway
construction as their matching requirements would suggest; (c) off-peak
travel, which constitutes most of the total urban vehicle kilometers of
travel, would not be significantly affected; and (d) increased congestion
would reduce vehicle operating efficiency and thus increase energy con-
sumption. Direct actions to reduce the demand for vehicle travel in
metropolitan areas and to improve the fuel efficiency of automobiles
will be much more effective than indirect programs such as attempts to
restrict highway capacity.

Federal capital grants and other related policies have
an effect on the size of the transportation sector and
the allocation of demand among modes. Because the
transportation sector is a major source of demand for
energy, especially for petroleum products, considera-
tions of energy conservation must enter into the deter-
mination of federal policies on capital grants to trans-
portation and other related policies.

A recent analysis by Charles River Associates of the
impact of federal capital-grant policies (1) concen~
trated on the energy consequences of federal programs
that were judged to have the greatest potential for af-
fecting energy consumption. This paper focuses on an
analysis of federal aid to urban highway construction.
Limitations of space preclude an analysis here of the
other programs, but the Charles River Associates
analysis produced results for other programs similar
to those for the urban highway program.

The reduction in urban highway construction that
would result from the elimination of future federal aid
to highway construction has three potential effects on
energy consumption:

1. Energy consumed in building highways would be
reduced.

2. The resulting reduction in urban highway capacity,
by decreasing the peak-period performance characteris-
tics of highways, would lead to a reduction in demand
and therefore in peak-period vehicle kilometers
traveled. This reduction would lower total fuel con-
sumption by automobiles if the demand were not merely
diverted to the off-peak.

3. Increases in peak-period congestion brought
about by the deterioration of the highway system would
raise fuel consumption per vehicle kilometer driven.

This paper deals primarily with the change in auto-
mobile fuel consumption. The direction of the net over-
all change in fuel consumption in response to a reduc-
tion in highway capacity depends on the comparative
percentage reduction in vehicle kilometers traveled

and the percentage increase in fuel consumption per
vehicle kilometer.

This paper uses a sensitivity analysis to evaluate public
policy. Rather than producing a ''best estimate' of
energy savings, it makes simplifying assumptions
favorable to energy savings. For example, the addi-
tional energy consumption caused by increased high-
way congestion is not considered. If the resulting energy
savings under these assumptions are not appreciable,
it is reasonable to assume that energy policy should
concentrate on other options.

The maximum potential energy savings that would
result from cessation of federal aid to urban highway
construction were estimated by using upper bound as-
sumptions on the reduction in urban highway peak-
period travel caused by a given reduction in urban high-
way capacity, Even when these extreme assumptions
are used, calculations show only a 1.3 percent nation-
wide reduction in 1989 urban automobile energy con-
sumption in response to an elimination of the entire
urban federal-aid highway program between 1974 and
1989. An analysis by Charles River Associates (1),
which was expanded by Toder (4), made a best estimate
of energy impact that considered the net effect of energy
losses and savings. Reducing urban highway capacity,
according to this analysis, would lead to a slight in-
crease in automobile fuel consumption because the
energy loss caused by inereased congestion would more
than offset the energy savings caused by reduced travel.

The findings imply that decisions on the magnitude
of federal capital grants to highways should be based
on considerations other than direct effects on fuel con-
sumption. The problem of the high fuel consumption
that results from automobile travel on congested high-
ways can best be attacked by more direct measures,
such as congestion tolls or other highway-entry con-
trols, in selected urban areas that are characterized
by the most severe congestion, and improved automobile
fuel efficiency, if higher fuel prices are ruled out as a
policy alternative.

REVIEW OF PAST RESEARCH ON
EFFECTS OF FEDERAL AID ON
HIGHWAY CONSTRUCTION

Sherman Model

Sherman (2), in a study sponsored by the U.S. Depart-
ment of Transportation, studied the effects of federal
highway grants on state highway expenditures based on
data from each of the 48 contiguous states over a 14-
year period from 1957 through 1970. Sherman con-
ducted separate analyses for the three categories of
federal-aid highway grants: Interstate, primary, and
gecondary,
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Interstate System

Although the federal assistance program for the Inter-
state highway system caused a decrease in expenditures
on non-Interstate highway systems, it apparently
created an incentive for the states to inerease their
total highway expenditures. According to Sherman's
estimates, long-run total state capital expenditures
(including the federal portion) on the Interstate system
increased by $1.57 for each incremental dollar of federal
aid for Interstate highway construction. To some ex-
tent, this increase was at the expense of other highway
systems; capital expenditures for primary-system
roads dropped by $0.05 and those for secondary-system
roads by $0.03 for each dollar of federal aid. Capital
expenditures on non-federal-aid roads increased by
$0.03, however, so that net state capital expenditures
on all categories of roads increased by $1,52 for every
dollar of federal Interstate aid. Total highway ex-
penditures including maintenance and other miscel-
laneous expenses increased somewhat more, by $1.62
for every dollar of federal aid received,

Primary System

Primary-system grants were less successful than In-
terstate grants at stimulating highway investment., Al-
though matching requirements call for states to put up
a dollar of their own funds for each dollar of primary-
system aid received, Sherman's model indicates that a
$1 inerease in primary-system grants actually in-
creased total state capital expenditures for the system
(both federal and state shares) by only $1.72, More-
over, primary-system grants had a depressing effect
on all other categories of highway expenditures. The
sum of the effects on all categories of expenditures in-
dicates a negligible change in total highway expendi-
tures. Investment in total highway infrastructure did
increase but by only $1.04 for every dollar of federal
aid. The net impact of these grants thus appears to be
to cause states to substitute funds within their highway
programs—that is, increase primary-system invest-
ment at the expense of other highway programs and
presumably use the federal funds to reduce state high-
way taxes.

Secondary System

The same general pattern of effects emerges for
secondary-system grants as for primary-system grants
except that this program, overall, stimulated the aided
system in particular and total capital investment in
general even less. The net impact of federal grants on

total highway expenditures again appears to be negligible.

Even within the aided category, a dollar increase in
federal aid caused an increase in state capital expendi-
tures of only $1.04, The effect on capital expenditures
for all categories of highways was even less: Each
dollar of federal aid increased state expenditures by
only $0.63. Sherman's results indicate that states

used secondary-system grants in the same way they
used primary-system grants—primarily to reduce taxes
earmarked for highway expenditures—and that the slight
stimulation to secondary-system expenditures came at
the expense of other highway expenditures.

Summary of Past Findings

Although the effect of each of the federal-aid grant pro-
grams during the study years was to increase state
capital expenditures for the aided highway system in
particular and for all highway systems in general, only

the Interstate grants stimulated total highway expendi-
tures. Because increases in capital expenditures on

the non-Interstate systems reflected decreases in other,
noncapital expenditures without substantially affecting
states' total highway expenditures, these findings suggest
that ending federal aid may cause both (a) a diversion

of state funds away from construction to other highway
expenditures and (b) an increase in total state commit-
ments to highway expenditures that will make up for
much of the lost federal aid.

EFFECTS ON STATE URBAN
HIGHWAY CONSTRUCTION
AND ENERGY CONSUMPTION
OF ENDING FEDERAL AID

Estimating the effects of a cessation of federal aid to
urban highway construction from 1974 to 1989 involves
three steps:

1. Estimate the effects on state urban highway ex-
penditures from 1974 to 1989,

2. Apply this estimate to reagonable agsumptions
about the mix and the capacity of highways to be built by
1989 and calculate the reduced highway capacity, and

3. Estimate the effect of that reduced capacity on
urban highway travel and energy consumption,

Effect of Cessation of Federal Aid on
Highway Expenditures

Sherman's findings may be used to determine the im-
pact on eapital expenditures for urban highways of end-
ing federal aid. Under existing federal funding pro-
grams, state and local governments would be granted
$11.08 billion of federal aid for urban segments of the
Interstate system from 1972 through 1979 (1, 3) and
$17.6 billion for other urban highways from 1974 to
1989, Sherman's results indicate that states would re-
duce their total capital expenditures (federal and state
portions) for urban highways by $0.87 (a weighted aver-
age of $0.63 and $1.04) for every dollar of primary-
and secondary-system aid lost and by $1.52 for every
dollar of Interstate aid lost. These figures yield the
following total reduction in capital expenditures over
the 1974-1989 period (in constant 1973 dollars):

($11.08 billion x $1.52) +($17.6 billion x $0.87) = $32.15 billion (1)

Effect of Reduced Highway Expenditures
on Highway Construction

The cost per kilometer of urban highway construction
must be estimated if the dollar decrease in capital ex-
penditures for urban highways is to be converted into an
estimate of the resultant decrease in kilometers of
urban highway construction. In 1973, the total ex-
penditure by all levels of government for the construc-
tion of federally assisted urban highways was $1.56
million/km ($2,5 million/mile), including the cost of
capital improvements to existing facilities as well as
the costs of entirely new facilities (3, p. 259). If the
mix of urban highways built or improved in the 1974~
1989 period is assumed to be the same as that in 1973,
then the failure to spend $32.15 billion over that period
represents at most ($32.15 billion + $1.56 million/km) =
20 605 km (13 861 miles) of urban highways that will
not be built by 1989 as a result of the elimination of
federal aid to urban highway construction.
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Table 1. Increase in peak-hour traffic flow on urban highways

by 1989 as result of federal aid to urban highway construction. Assunied Capacity Additional gi:&e?gﬁr
Average (vehicles Kilometers Additional
Number per hour (new and Kilometers®
Highway Type of Lanes® per lane)’ improved) (vehicle'km)
Divided
Full access control 7 1700 5979 71 150 100
Partial access control 6 1350 698 5 656 230
No access control 5.5 1000 2 817 15 495 700
Undivided
Four or more lanes 5 850 3076 13 074 700
Three lanes 3 850 404 1029 945
Two lanes 2 850 7 718 13 121 280
Total 20 693 119 530 000

Note: 1km =0.62 mile.

2 Selected to represent upper bound.
b |ntermediate figures based on several surveys because of variance in capacity estimates for different types of

highways.

¢ Average number of lanes x capacity x additional kilometers,

Effect of Reduced Highway Capacity on
Urban Highway Travel

In attempting to predict the effect of reduced highway
capacity on urban highway travel, the issue is how much
new travel demand would be created by the new facilities
that could be built with the hishway aid. Consider two
extreme examples of peak-hour demand response to

new highways:

1. No new vehicle kilometers of travel may be gen-
erated by the new facilities. The only effect of im-
proved highway services during peak hours is a narrow-
ing of the peak as more people find that they can make
their trips at the same time. In this extreme case,
some off-peak travel shifts to the peak periods but
there are no new trips. The result may be a net energy
savings attributable to the new facilities if a reduction
in peak-hour congestion occurs that is not offset by the
increased congestion experienced by diverted traffic.

2. Increased service levels during peak periods
may divert riders from transit and otherwise generate
a significant number of new or longer trips rather than
merely shift demand from the off-peak. In this case,
the construction of new highways could be the more
energy-saving option only if more energy is consumed
without the new highways (because of congestion) than
is consumed in the case of improved service levels
(because of generated traffic).

If it is assumed that peak-hour levels of service are
those primarily affected and that during the peak any
new facilities are filled to capacity by new travel, an
upper bound effect on urban highway travel of a cessa-~
tion of federal aid to urban highway construction can be
estimated, Specifically, the facilities that would be
created by a continuation of federal grants are assumed
to be used to capacity in one direction during the two
morning and two evening peak hours of each workday,
and all traffic served by the additional capacity is as-
sumed to be new traffic generated by construction of
these federally aided facilities. Because of the special
assumptions of 2-h morning and evening peaks, com-
plete capacity utilization on all new facilities, and
entirely new traffic, this estimate should represent
an extreme upper bound. Although some additional
increased traffic may be expected because of im-
proved off-peak service, it is not likely to be large
relative to the generated peak demand.

Table 1 gives the estimated kilometers of various
types of highways that would be built with federal aid
during the 1974-1989 period as well as the average num-

ber of lanes assumed for each type of facility and the
capacity of that facility., Capacity figures are instru-
mental in converting incremental kilometers of highway
into incremental vehicle kilometers of travel. The
Highway Capacity Manual defines capacity as '"the maxi-
mum number of vehicles per unit of time that can be
handled by a particular roadway component under the
prevailing conditions" (5, p. 1). Maximum average
speed and average density (vehicles per lane kilometer)
on the highway depend on capacity and may be used to
derive vehicle kilometers traveled per unit of time on

a given facility; that is,

(km/h):(v/lkm) = [(vkm/lkm)/h] = (v/h)/1 )}
where
km = kilometers,
h = hours,
v = vehicles,
1 = lanes,
lkm = lane kilometers, and

vkm = vehicle kilometers,

Additional kilometers of highway in Table 1 were
derived by deducting the 4142 km (2574 miles) of urban
Interstate highways to be built as of 1973 (4, p. 221)
from the total 20 693 km (12 861 miles) of highways
that would be built as a result of federal aid and as-
suming that the remaining 16 551 km (10 287 miles)
would be divided among the various types of highways
in the same proportion as are the existing kilometers
of non-Interstate, federal-aid primary and urban sys-
tems (4, pp. 245-246). The 4142 km of Interstate high-
ways were then similarly divided among highway cate-
gories according to existing highway kilometers (4, p.
264), Data by number of lanes and degree of access
control are not available for kilometers of federal-aid
secondary highways. Thus, the figures for additional
kilometers may be concentrated too heavily in the high-~
performance highway categories, which may result in
an overestimate of increased capacity.

The number of vehicle kilometers traveled in both
directions on each type of highway given in Table 1,
during each hour of complete capacity utilization, can
be obtained by multiplying lane~capacity figures for
each type of highway by the number of lane kilometers
for each type. That is,

[(v/h)/1] 1+ km = km/ 3)

The sum of vehicle kilometers traveled on each type of
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highway yields total vehicle kilometers traveled per
hour of complete capacity utilization on all additional
kilometers of highway.

If it is assumed that 20 percent of the additional
kilometers of highway comprise entirely new facilities
and the remaining 80 percent are capital improvements
to old facilities that increase capacity by 20 percent
(i.e., new vehicle kilometers of travel are 16 percent
of total vehicle kilometers of travel after the improve-
ment), then new peak-hour vehicle kilometers of travel
would be 20 percent of the total traveled on all additional
kilometers of highway plus 16 percent of the remaining
80 percent, or

"4 % 119 530 000 km = 39 445 000 km @

Multiplying this total by two (4 peak hours per day
with one-way full-capacity utilization) and by 250 for
the number of workdays per year (260 weekdays minus
10 holidays) gives 19.7 billion km (12,4 billion miles),
an annual total of new vehicle kilometers of travel at-
tributable to the continuation of federal aid to urban
highway construction by 1989, This figure represents
1.3 percent of the projected 1572.6 billion vehicle kilo-
meters of travel on urbanized-area highways in 1989
(p‘_, p. V-15), If the effects of increased congestion on
automobile fuel efficiency are ignored, the effect on
energy consumption can be assumed to be of a similar
magnitude,

Sensitivity Tests

Estimated Effect on Highway
Capacity of Cessation of
Federal Aid

Because the sample period used by Sherman (2) ends in
1970, his results cannot be brought to bear directly on
the numerous significant changes in the federal-aid
highway program since that time. The upward revision
of the primary- and secondary-system matching ratios
in fiscal 1974, the creation of the urban system in 1970
and of three new general highway programs in 1973,
and the availability beginning in 1974 of highway funds
for mass transit improvements all represent structural
changes in the program relative to the period Sherman
analyzed. These and other considerations probably
cause actual energy savings to be less than forecasts
based on Sherman's analysis.

There is some question whether Sherman's findings
on the effects of small increases in federal funding may
be validly applied to a large decrease. The analysis
assumed that the average and marginal effects are the
same, i.e., that the relationship is linear so that the
first and last federal dollars have the same impact. The
actual impact on highway construction of such a large
diminution of federal funds would likely be substan-
tially less than the effects of the small changes used in
Sherman's analysis. The cessation of federal aid would
have to cause a substantial decline in the level of ser-
vice of automobile travel if it were to appreciably affect
travel demand. Such a decline in highway service
levels would cause considerable pressure on state and
local governments to make up for the loss of federal
funding, especially if the federal gasoline tax were also
reduced.

Sherman's model did not consider separately the ef-
fects of federal aid on urban and rural highways but
assumed that urban and rural effects are the same and
that the analysis results apply equally well to both urban
and rural highways. The general deemphasis on rural
and the increased emphasis on urban transportation re-

flected in the Federal-Aid Highway Act of 1973, how-
ever, may reflect changing priorities of state and local
governments. If the reduction in urban highway ca-
pacity estimated here resulted in a large increase in
peak-hour congestion, state and local governments
might be pressured to make up for the loss of federal
funding by shifting funds from rural to urban highway
projects. On the other hand, increased resistance to
new highway developments from urban environmen-
talists might more than compensate for the increased
pressure from highway users. In both cases the esti-
mated reduction in urban vehicle kilometers of travel
would be toolarge, inthe first case because the reduction
in urban highway capacity resulting from an end of
federal aid would not be as great as that assumed here
and in the second case because the highways would not
be built even if federal aid continued.

Since 1970 the federal-aid highway program has been
relaxed considerably to permit restricted use of high-
way funds for mass transit improvements. For example,
since fiscal 1974, under certain conditions states may
exchange Highway Trust Fund money allocated for a
nonessential segment of the Interstate system in an
urbanized area of more than 50 000 population for an
equal amount from general funds to be used for the
construction or purchase of facilities for public trans-
portation. Although the construction and operation of
mass transportation facilities also consume energy,
this mode is, under certain occupancy and operating
conditions, more energy efficient than the private auto-
mobile. The extent to which these new provisions will
be applied is difficult to predict. However, to the extent
that they would be applied, the energy savings resulting
from a cessation of federal aid to urban highways would
be reduced.

Another consideration that may prevent the energy
savings that would result from a cessation of federal
aid from being as large as might otherwise be expected
is the possibility that large maintenance expenses may
consume an inordinately large portion of highway capital
expenditures. If federal highway grants have in the past
caused an overcapitalization of the highway system at
the expense of noncapital needs such as maintenance,
these delayed expenses may catch up and create severe
pressures for eliminating the requirement that federal
funds be used for construction. In the future, the
stimulating effect of federal aid may be considerably
reduced because the states can no longer neglect non-
capital expenditures. Again, to the extent ta which
these expenditures represent money that would not be
spent on new highway construction in any case, the esti-
mates of the reduction in highway capacity and energy
consumption are too high.

Some of the evidence cited by Sherman suggests that
the federal-aid program had virtually no impact on
states' decisions to invest in highways: Namely, states
spent more than the minimum required to qualify for
the maximum aid available. Matching requirements do
not necessarily ensure that the recipients will spend
more than they otherwise would have on the subsidized
program because recipients can merely substitute
federal funds for funds they would have spent anyway.
For example, with a 50 percent matching ratio, the
recipients’ incremental investment per incremental
dollar of federal aid should fall between zero and $2.00.

Because states are required to put up only $0.11 for
every dollar of federal aid received under the Interstate
program (specifically, $0.10 for every $0.90), the
rational maximum by which states should increase In-
terstate capital expenditures in response to an additional
dollar of federal aid is $1.11. Sherman estimated that
the actual increase was $1.52. Sherman's finding that



states actually provided more than the minimally re-
quired matching funds may contradict the conclusion
that the program stimulated state investments because
the cost of incremental highways could not have been
affected by the grants.

One explanation is that federal highway grants do not
cover all costs associated with building highways. This
qualification would be particularly important for the
limited-access Interstate system, for which a signif-
icant number of kilometers of feeder and access streets
may be required to complement the main system. Be-
cause accounting procedures are not standardized,
many states may include these expenses as well as
others associated with capital maintenance activities
in their cost figures for Interstate highway construction.

Providing further evidence for this hypothesis, Sher-
man estimated the responses to the level of federal
funding of short-run, project-selection decisions within
a fixed budget as well as long-run, expenditure-level
decisions. He found that, in the short-run allocation
process, states allocated exactly the requisite amount,
or $1.11, to Interstate construction projects for every
dollar of federal grant money received for Interstate
construction. It seems possible that the greater state
capital expenditures on the Interstate system in relation
to the level of federal funding may in the long run be ac-
counted for by state expenditures complementary to the
federally assisted portion of Interstate system con-
struction,

The paradox is that Sherman's empirical results in-
dicate that states not only spent more than the minimum
amount required to receive the federal aid (which im-
plies that additional construction may not have been
stimulated by the aid program because states paid the
full cost of additional facilities) but also shifted funds to
favor the aided program. One explanation for this
economically irrational decision is the '"bias effect'":
The mere offer of aid will cause more to be spent on the
aided program than can be explained by the economic
incentives of the grant alone.

Estimated Effect of Reduced Highway
Capacity on Urban Highway Travel
and Energy Consumption

Several factors may cause the actual energy savings
resulting from a cessation of federal aid to be less than
the upper bound estimate.

1. Many federal-aid highway expenditures, partic-
ularly those in smaller cities, would not appreciably
affect urban highway congestion and travel demand both
because some of the new facilities will not be used to
capacity even in the peak hours and because some of the
investments would not be for the high-volume facilities
assumed in the calculations.

2. Many of the peak-hour trips served by the new
facilities are likely to be diverted from the off-peak
rather than to represent entirely new trips or trips
diverted from mass transit. Scheduling a trip to avoid
rush-hour traffic is probably more common than giving
up the trip altogether. The likelihood that ending the
federal program will cause trips to be diverted totransit
is reduced by the fact that the level of bus service will
also suffer during the peaks. According to preliminary
figures of the American Public Transit Association
(7, p. 16), buses carried approximately 71 percent of
total transit passenger traffic in the United States in
1974 and 69.7 percent in 1973.

3. Conserving energy by restricting highway capacity
and service levels involves an inherent contradiction:

If the decline in highway performance is severe enough
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to discourage trip making, it will adversely affect the
energy efficiency of automobiles by creating high con-
gestion levels.

4, If the peak-hour automobile trips eliminated be-
cause of reduced federal aid were diverted to transit,
the transit sector would use more energy.

5. Ending federal grants for urban highways would
result in severe pressures for ending federal user taxes.
States might in turn increase their taxes to keep total
user charges constant.

On the other hand, certain assumptions in the analysis
could be modified to produce somewhat higher energy
savings.

1. Total energy savings might be slightly increased
because of a saving of highway-construction energy
(though the resources conserved may be diverted to
other energy-intensive activities). Hirst (8) has esti-
mated that highway construction accounts for 6.59 per-
cent of all direct and indirect energy requirements for
automobile use and about 11,11 percent of direct energy
use (gasoline consumption by automobiles). If so, a
1.3 percent reduction in urban vehicle kilometers of
travel as a result of fewer highways would approxi-
mately equal a 1.44 percent reduction in energy use
(1.3 + 1,3 x 0.1111) if operating fuel efficiency is un-
changed and if resources not used in highway construc-
tion do not otherwise consume any energy.

2. More funds might be used for the construction of
entirely new facilities than were assumed. However,
the estimate of the reduction in vehicle kilometers of
travel on urban highways is not highly sensitive to the
assumption that only 20 percent of urban highway con-
struction represents entirely new facilities. If as
much as 50 percent of total urban highway construction
represents new facilities, 58 percent of total vehicle
kilometers of travel on all additional kilometers of
highway would be new [0.50 + (0.16 x 0.50) = 0.58], and
the total expected reduction in urban vehicle kilometers
of travel in 1989 would rise to 2.2 percent. The expected
reduction becomes as great as 3.8 percent if all highway
construction represents entirely new facilities.

3. Improved highway facilities could prompt urban
location decisions that increase travel demand by en-
couraging urban decentralization. The effect of
lengthening work trips is included in the analysis of
induced peak-hour automobile demand. Although some
off-peak, non-work-trip demand might be generated be-
cause of the effects of improved highways on residen-
tial location, initial, less than conclusive studies of the
effect of automobile level of service on trip length (9;
10; 11; 12; 13; 14, p. 5) do not show a strong impact.
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Policy Preferences for Conservation
of Transportation Energy in Case of

Fuel Shortage

Kenneth A. Brewer and Bernice H. Gray, Engineering Research Institute,

Iowa State University

The attitude and behavior of travelers during the oil embargo of the win-
ter of 1973-1974 were analyzed. Immediately after the embargo period,
questionnaires containing forced-choice pairs of combinations from a set
of 10 possible transportation-related energy-conservation policy actions
were mailed to 2323 households in regions of lowa that did not contain
a city of 50 000 or more population. Tabular analysis of the data indi-
cated that respondents overwhelmingly favored policies of uniform speed
regulation and voluntary participation and were strongly opposed to in-
creased prices as a conservation policy. Analysis of the data by means of
paired-comparison scales indicated that the aggregate sample was more
concerned about the degree of constraint and its effect on life-styles than
about the type of conservation policy (pricing versus rationing). Young
adults favored severe rationing or severe price increases less than other
groups. Persons earning high incomes favored voluntary participation
more than speed-limit regulation, and low- and middle-income groups felt
the opposite. Regions with few high-speed highways favored the 88.5-
km/h {55-mph) speed limit significantly more than did ather areas. Pub-
lic acceptance of any future transportation-related energy policy appears
to be strongly related to the perceived distribution of available transpor-
tation options.

The 0il embargo imposed by the Middle Eastern
petroleum-exporting nations from November 1973
through March 1974 created a situation in which
transportation-related energy conservation policies
could be evaluated. The embargo affected manufacturing
processes that depended on relatively cheap fuels, agri-
cultural fertilizer production, homes heated by oil, and
those portions of the power industry that used oil-fired
furnaces to generate electricity. But the impacts on
automobile transportation were the most dramatic and
pervasive. The general public, legislative and executive
governmental processes, and the market economy were
subjected to three conditions:

1. Gasoline shortage—Available gasoline supplies
were significantly short of demand in some areas, which
produced long lines at service stations;

2, Price rise—The pump price for gasoline approxi-

mately doubled in most areas during the embargo period;
and

3. Conservation debate—A highly publicized debate
developed about the various social and economic aspects
of conservation policies.

Several research activities resulted that were designed
to examine fuel consumption levels and public percep-
tion of the long- and short-term impact of policy alter-
natives (l, 2, 3). The research reported here is one such
study.

CONTEXT OF THE RESEARCH

The original research dealt with 59 Towa counties in
nine multicounty planning regions that do not contain
cities of 50 000 or more population as regional centers
(Figure 1). A random sample of 2323 households was
selected from cities ranging in size from 32 366
(Burlington, 1970 census) to 599 (Titonka, 1970 census)
to individual rural residences to represent the approxi-
mately 1 200 000 persons residing in the 59 counties.

A questionnaire designed to determine individual
preferences for policy alternatives and other data to be
correlated with the preferences was initially mailed to
all sample households. The first mailing was followed
up with a postcard—a combination reminder-thank you—
7 d later. A second mailing to all nonresponding house-
holds about a month later and subsequent telephone con-
tacts brought the total returns to 1837 questionnaires
(83.7 percent of the original sample). A total of 1398
questionnaires were completed and analyzed. Deceased
persons and untraceable bad addresses accounted for
127 questionnaires, and 3.8 percent of the households
refused to participate in the survey. The response rate
is attributed to the systematic approach to both the de-
sign of the questionnaire and to distribution procedures
as well as extensive media efforts to keep the public in-



Figure 1. Nine multicounty lowa study regions (unshaded areas),
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formed of the survey content and the results. These
details of the survey are reported elsewhere (é, 5, ﬁ).

FORMAT OF SURVEY QUESTIONNAIRE

A trade-off strategy was used to estimate a preference
for one fuel conservation policy over another by the
forced-choice method of paired comparisons (7). It is
difficult for persons or households to relate an existing
value system to an unknown and untried transportation
alternative. Questions that require direct valuation—
such as, If a bus came to your door and was fare-free,
would you ride it? —have in the past overestimated the
willingness of people to ride a bus. People are prone
to answer yes without comparing the trip advantages at
the origin with a potentially more efficient means of
reaching the destination. A forced-choice paired com-
parison always provides reference data for scaled rank-
ing of preferences to avoid such respondent bias.

Several factors were considered significant in estab-
lishing the format of the questionnaire items:

1. If n alternatives are presented, (n/2) (n - 1) paired
choices must be presented for a complete scale of n
factors. Thus, the total number of unique alternatives
had to be minimized to ensure a reasonable rate of co-
operation on a mailed survey questionnaire.

2. Each alternative policy should be presented at
several levels of conservation constraint. Some of the
alternatives had to be presented at a severe enough level
to involve sacrifice by all households and yet for all al-
ternatives there had to be at least a remote possibility
of implementation.

3. The range of alternatives should include price
variations, constraints on fuel availability, tax incen-
tives, intercity travel-speed constraints, and various
incentives to individual participation. Such diverse al-
ternatives would cover the public debate and experimen-
tation encountered during the embargo period, which
households were asked to use as a reference.

Transportation-related energy conservation policy al-
ternatives were then formulated in the form of con-
straints and incentives, as follows (1 L = 0.26 gal,

1 km = 0.62 mile, and 1 km/L = 2.35 miles/gal):

Constraint Policy
Gasoline price
$0.26/L D-1
$0.40/L D-2

$0.80/L D-3
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Constraint Policy
Fuel supply

75.7 L/week/household E-3

37.8 L/week/household E-4

18.9 L/week/household E-5
Travel speed

Rigidly enforced 88.5-km/h limit F-3

72-km/h limit at present enforcement level F-4

48-km/h limit at present enforcement level F-5
Incentive Policy
Individual participation

Subsidies to bus systems to encourage

increased ridership G-1

Special incentives to car pooling G-2

Voluntary reduction in household travel G-3
Tax

Automobiles with <8.5-km/L efficiency H-1

Automobiles with < 10.6-km/L efficiency H-2

These alternatives would have generated 91 separate
pairs from which survey respondents would have had to
make choices. Consultation with other researchers in-
volved in this kind of research (the mail survey) led the
staff to believe that people simply could not or would not
complete such a long list of paired choices, especially
when it was combined with other survey items. The
length of the paired-choice list was therefore reduced
by using only two gasoline-price constraints [ $0.26 and
$0.80/L ($1 and $3/gal)], two fuel-supply constraints
[37.8 and 18.9 L/week (10 and 5 gal/week)], one tax in-
centive to automobile efficiency [<8.5 km/L (<20 miles/
gal)], two intercity travel-speed constraints [ rigid
88.5-km/h (55-mph) speed limit and 72-km/h (45-mph)
speed limit], and all three incentives to individual
participation.

Further reduction in the required number of pairs was
achieved by assuming that most respondents would not
be able to perceive a significant difference between the
incentives to voluntary behavior and the other, more
drastic alternatives. Thus, no pairs comparing volun-
tary travel reduction, bus subsidies, and car-pool in-
centives were presented. A further assumption was that
all respondents sought to minimize personal costs and
maximize personal options. Therefore, it was assumed
that all persons preferred 37.7 L (10 gal) to 18.9 L. (5
gal) of gasoline per week as a ration limit, preferred to
pay $0.26 /L, ($1/gal) for gasoline rather than $0.80/L
($3/gal), and preferred a speed limit of 88.5 km/h
(55 mph) rather than 72 km/h (45 mph). This reduced
the set of paired choices to 39, and these were arranged
in random order before the questionnaires were printed.

SURVEY FINDINGS

Compatibility With Socioeconomic

Census Data

The table below compares the age, education, and house-
hold income of the sample respondents with 1970 U.S.
Census data for the survey population (8):

Percentage of

Population Percentage

Characteristic (1970 Census) of Sample
Age

14to0 18 13.3 0.2

19to 24 7.8 7.4

25 to 64 58.5 69.6

65 and over 20.4 20.0

No response 2.8
Total 100 100



44

Characteristic

Education
No school
Some grade school
Completed grade school
Some high school
Completed high school
Some college
Completed college
Trade school
No response

Total

Income
<$3000
$3000 to $4999
$5000 to $6999
$7000 to $9999
$10 000 to $24 999
$25 000 and over
No response

Total

Percentage of
Population
(1970 Census)

0.5
7.8
21.8
14.2
38.2
10.6
6.9

100
12.4
12.8
15.4
23.6
32.7

3.1

100

Percentage
of Sample

0
1.
1
1

e 3 . P

1
1
35.1
19.6
13.7

0.4

6.2

100
6.7
7.8
8.7

16.1
45.3

6.5
8.9

100

If persons 18 years old and younger are deleted from
the total 1970 population distribution, it conforms
closely to the indicated age profile of the respondents.
It was assumed that in almost all households an adult

would complete the questionnaire.

Figure 2. Preference scale for nonvoluntary

versus voluntary measures.

COMPARED WITH

Respondents to mailed-questionnaire surveys tend to
be better educated but, because a substantial proportion
of the respondents to this survey had not completed high
school or had only completed grade school, the educa-
tion bias was considered minimal. Furthermore, be-
cause of a strong correlation between education and in-
come, income was taken to be a better variable than
education in explaining variation in preferences. In-
come levels tended to be higher in 1974 than the 1970
Census indicated they were for 1969. This is partly
accounted for by the inflation that occurred between 1969
and 1974 and partly by the higher education levels within
the sample.

Overall, the sample group was sufficiently compatible
with 1970 U.S. Census information to be considered
representative of the approximately 1 200 000 persons
residing in the survey regions.

Aggregate Sample Preferences

The percentage rankings of the paired choices made on
each pair of alternatives are given below, in descending
order of preference. The table indicates average pref-
erence for each of the 10 policy alternatives over the
other 9 possible choices (n = 1398):

COMPARED WITH COMPARED WITH

VOLUNTARY BUS CARPOOL
TRAVEL REDUCTIONS (G-3) SUBSIDIES (G-1) INCENTIVES (G-2)
(n = 1351) (n = 1351) (n = 1351)
6.5 .54 854
&8.0-4 6.0 6.0
5.5+ 5.5+ 5.49»5'—51"~F-3
5.29—ig—F<d 5.34——¢—F-3
5.0 504 5.0+
4.64—4.‘;.";—G-3 4-53““5.1!.‘(3'] 4.46,‘_-_5"1V_G_2
4.0 404 404
354 354 354
3.1 A~{n—f-4 3.08-5 ¢——E-4 3,225+ 9—FE-4
2,06 28 p-j 2.94— 8 poi %,%-19 «:—E-l
— & —F- 79— §i—F-
2.79 F-4 ) =
2.5 4 2.5+ 2.5
Zetg=—mp=—H-1 2.35— §——H-1 2.37—¢—H-1
2.04- 2,0-’- 7.0
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1.5 154~ 154
1.0 1,04 10
0.5 054 0.5+
0.0 -D-3 -D-3 £
~]_-P 0.0 (]| _-D 0.0 | D3




Percentage Percentage
of Sample of Sample
Preferring Preferring

Policy Policy Policy Policy

F-3 85.2 E-4 40.7

G-3 75.3 H-1 40.3

G-1 73.9 E-5 22.7

G-2 67.9 D-1 17.4

F-4 55.1 D-3 3.9

Note that no direct comparison is made among policies
G-1, G-2, and G-3.

The respondents have in effect said that they most
prefer the current major conservation effort: the 88.5-
km/h (55-mph) speed limit. The next most preferred
alternatives were those policies that involve incentives
to individual behavior, which leave the individual free
to participate or not depending on what best suits each
person's needs, desires, and opportunities for partici-
pation—i.e., voluntary travel reduction, bus subsidies,
and car-pool incentives. These are essentially ""soft"
policies in that none requires a radical restructuring of
most life-style patterns. The remaining order and per-
centages of the preferences seem to indicate that the
respondents emphatically preferred strong regulatory
measures over greatly increased prices. (Data collected
on energy-related policy alternatives have in the past
most often been presented and analyzed in this form.)
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An analysis of the preferences by use of a paired-
comparison attitude scale reveals a somewhat different
pattern for the "hard'" policies. Figure 2 shows the
separate scales constructed for each of the voluntary-
behavior policies. The 88.5-km/h (55-mph) speed limit
was still clearly the most preferred of the alternatives
presented and voluntary travel restriction was the next
most preferred alternative in each scale. (Note that the
higher the scale value is, the more an alternative is pre-
ferred with respect to choices lower in value on the
scale.)

D-3 was the least preferred alternative, which is
consistent with the raw average preferences. However,
E-4, D-1, and F-4 were all about equally preferred,

F-4 being the least preferred of the three. This is a
reversal of the average preferences given in the table
above. Such a finding is particularly important because
tabular analysis of the preferences would ordinarily have
shown a strong tendency among respondents to indicate

a potential willingness to adopt strict governmental con-
servation measures rather than market price constraints
on consumption if large reductions in consumption were
required. The relatively high ranking of policy D-1,
with respect to all the alternatives presented to the re-
spondents except F-3 and the voluntary-behavior alter-
natives, suggests that overall the survey respondents
were no more strongly opposed to pricing than to other
options as a means of curtailing energy consumption.

Figure 3. Preference scale by income level for policies INCOME LEVEL
including bus subsidies (G-1). $0 - 9,999 $10,000-15,999 $16,000 +
(n = 537) (n = 437) (n = 278)
4.5 6.5+ 6.5
5.98-40% -3 6.0 i
5.54 5.5 559~ F-3 5.5
4.83-22F -—G-1 4.87 2F G- =
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Policy Preference by Income Level

The respondents were subdivided into subsamples by
income levels of <$10 000/year (household budgets with
little economic flexibility), $10 000 to $16 000/year
(households with the potential to have more than one
automobile), and $16 000 or more/year (households
with sufficient income to purchase alternative transpor-
tation in a crisis) to test the possible effect of income
bias on the scaling of price-related policies. Figure 3
shows that, in contrast to the total sample pattern, E-4
is now preferred to D-1 by the low- and middle-income
groups. These two groups represent about 80 percent
of the total population. If one assumes nationwide aver-
age annual travel of about 16 000 km/year/automobile
(10 000 miles/year /automobile) and current nationwide
average automobile efficiencies, 37.7 L/week (10 gal/
week) represents a driving allowance of about 10 800
km /year (6700 miles/year). A vehicle that averages
more than 8 km/L (19 miles/gal) of gasoline could be
driven approximately 16 000 km /year on 37.7 L/week.
A gasoline price of $0.26 /L ($1/gal) would have repre-
sented a doubled price at the time of the survey. The
fact that 4 policy ithat would on the average lend Lo cur-
tail travel by one-third is perceived by the vast majority
ol respondents as being more restrictive (but not greatly
more so) than a doubling of fuel prices is interesting.
The high-income scale for all three policies that in-

volve voluntary, individual participation showed an in-
teresting and important shift in the ranking of alterna-
tives. (Although Figure 3 shows only one of the three
sets of scales, all three scales were similar.) First,
the scales closed up significantly with respect to the
zero-value alternative (D-3); extremely high-priced
fuel was indicated as acceptable to such persons under
certain conditions. Second, the nationwide 88.5-km/h
(55-mph) speed limit was perceived as less desirable
than the voluntary-behavior policies. Apparently
persons with substantial incomes do not value the savings
in energy and the greater safety associated with the
lowered speed limit as much as they value their travel
time for intercity trips. This implies that public ac-
ceptance of an energy policy is related to variations in
income-related options within the population.

Policy Preference by Age Level

The total sample was factored by age to seek a measure
of the age-related effect of life-style on policy prefer-
ences. The age groups chosen were those aged 19 to 24,
to represent young households without an established
comimunity position or occupation; 25 to 64, to repre-
sent those in the primary employment years; and 65 and
older, to represent the group withdrawing from active
participation in the regular travel demands associated
with employment. Figure 4 shows preference scales by

Figure 4. Preference scale by AGE
age group for policies including 19 =24 YEARS 25 _64 YEARS 65+ YEARS
voluntary travel reduction (G-3). (n = 103) (n = 952) (n = 269)
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Figure 5. Preference scale by . y . 5 REGION : 4 . @
region for policies including 6 ! "
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age group for policy sets containing the car-pooling in-
centive. (A similar pattern existed for the other scale
groups containing voluntary measures.) The 19-to-24
age group ranked the restrictive or hard policy alterna-
tives lower than did the other age groups. Preferences
of younger persons tended to be very similar to those of
the high-income group; both groups showed no preference
for any policy that represents a constraint on household
mobility. Younger persons also considered an 18.9-L/
week (5-gal/week) ration limit almost as restrictive

as a gasoline price of $0.80/L ($3/gal).

The elderly indicated a preference pattern signifi-
cantly different from that of the total sample. They
strongly favored those policies that could be considered
to have little or no effect on the life-style of retired
persons, such as the 88.5-km/h speed limit and the
policies involving voluntary participation. The indica-
tion that elderly persons do not favor policies that will
constrain their life-style is significant for obtaining
public support for conservation policies in states in
which a large proportion of the population is over 65
(e.g., Iowa, Nebraska, and Florida).

Policy Preference by Region

The total sample was divided into subsamples by plan-
ning regions in which respondents resided. Preference
scales by region for policy sets containing the car-pool
incentive are shown in Figure 5. Region 1 consistently
showed an unusually high preference for the 88.5-km/h
(55-mph) speed limit. Region 1 is in the northwest part
of Towa where a large proportion of the highways are in
sharp curves and high-speed vehicle operation is thus
not safe or prudent. Residents in these regions thus in-
dicated a preference for a policy from which they incur
little or no penalty. Representatives of some western
states have contended that the nationwide imposition of
an 88.5-km/h speed limit is more of a penalty on their
areas than it is on the eastern part of the nation. The
variations in topography and highway networks found in
this sample indicate that these representatives may be
expressing the views of their constituents. The prefer-

ence scales do indicate that any highly restrictive and
rigidly enforced energy policy should consider regional
variations if widespread public support is needed to en-
sure policy effectiveness.

IMPLICATIONS AND CONCLUSIONS

The preferences indicated in the total sample illustrated
that, immediately after the fuel shortage associated with
the 1973-1974 oil embargo, people desired the energy
conservation policy that least affected their personal
life-style or, as an option, allowed them to decide the
conditions under which to participate. Thus, they were
most disposed to accept the already existing 88.5-km/h
speed limit or to be in favor of actions such as volun-
tary reduction of travel, car-pool incentives, and bus
subsidies. Further stratification of the total sample
indicated that young people were not at all in favor of
severe ration limits, that high-income groups preferred
policies that encouraged individual participation to the
existing 88.5-km/h speed limit, that the elderly were
strongly in favor of the 88.5-km/h speed limit over any-
thing else, and that areas without high-speed highways
preferred the 88.5-km/h speed limit. In other words,
people preferred those policies that would least affect
their life-style, and after that they preferred those
policies that were comparatively less severe in nature.
These findings suggest that, in making future policy
choices between the hard options of rationing and pricing,
the issue is not which of the two is a more acceptable
philosophy to the public but whether the resulting dis-
tribution of supply is perceived as acceptable to the
household life-style, regardless of the form the con-
servation policy takes.
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Leq Traffic Noise Prediction Method

J. J. Hajek, Ontario Ministry of Transportation and Communications

The development, accuracy, reliability, and application of the L., high-
way noise prediction method developed in Ontario are outlined. This
empirical method for predicting energy-equivalent sound levels is based
on 182 sound measurements taken near rural and urban freeways, high-
ways, and residential streets. The method is in the form of a nomograph
and can be used to predict traffic noise on both highways and residential
streets. The standard error of estimate for the L, method was about
2.24 dBA. Comparisons of measured and calculated L,q levels indi-
cated that this method is more accurate than the Revised Design Guide
method of the National Cooperative Highway Research Program. The
paper also outlines a simple method for direct prediction from annual
average daily traffic volumes of day-night A-weighted equivalent sound
levels (Lg,, ) caused by traffic noise.

The original 1974 Ontario highway noise prediction
method predicts Lio and Lso sound levels (sound levels
exceeded 10 and 50 percent of the time) for all typical
highway situations (1). The accuracy of the Lio predic-
tiocns provided by the method has been shown to be egual
to or better than the accuracy of the predictions of some
more complicated methods (g, 3). However, the original
Ontario method does not enable the prediction of energy-
equivalent sound level (L,,), which is now coming into
common use. For this reason, the method has been ex-
panded to include a simple, reliable prediction of L,,.

Some of the characteristic differences between the
L., and Lio measures and the reasons for the growing
use of L,, are as follows:

1. A recent experimental study by Pearsons and
others (4) concluded that L, correlates with annoyance
and speech interference caused by traffic noise as well
as or better than Lio. Although other studies (5, 6)
have not reached exactly the same conclusion, they have
not established a practical difference between L,, and
Lio in regard to the correlation with annoyance caused
by traffic noise. This may be explained by a very high
?orrelation between the L., and Lio levels themselves

2).
" 2. The adoption of a universal noise measure for the
measurement and evaluation of all transportation noise

sources is one of the basic requirements for transporta-
tion noise control (and noise-pollution control in general)
and for consistent and integrated analyses of transporta-
tion systems. For example, a transportation planner

should be able to compare directly the noise environment
near an expressway with the noise environment near a

railroad. This requirement cannot be met by using Ljo.

3. Units of measurement for transportation noise
should be understandable to planners, who in turn should
be able to explain the results of noise studies to the
public. L, does not appear to be more difficult to grasp
than Ljo. Both units generally use the A-weighting.

4. Because L, for any given period does not depend
on the sequence in which noise events occur, a theoreti-
cal prediction of traffic noise that uses L., is less com-
plicated than a prediction that uses Lio. This also ap-
plies to the prediction of noise from other sources, such
as railway, construction, and industrial noise.

5. L., is potentially easier to measure than Lio;
savings in instrumentation costs can be expected to re-
sult from the adoption of L,, as a universal noise mea-
surement. A relatively cheap instrument for direct L.,
measurement is becoming available.

6. The adoption of a widely recognized measurement
unit makes the studies, research, and experience of
other countries fully accessible. The trend in both the
United States (7) and Europe (§ ) is definitely toward the
use of L,,.

7. Units of sound measurement should enable easy
manipulation of measured or calculated quantities. L.,
levels emitted by different sources can be added, but
adding Lio or similar statistical measures is rather
complicated. {Direct addition of the Lio levels from two
sources may not yield the Lio of the sources operating
together.) These considerations are important in, for
example, noise analyses of joint rail and highway cor-
ridors.



DATA BASE

The original Ontario highway noise prediction method
(1) is an empirical method based on about 130 noise
measurements taken in the field by the Ontario Ministry
of Transportation and Communications (MTC), for var-
ious planning and design purposes, between 1970 and
1973, The description of these measurements (including
variables of location, traffic volume and speed, and dis-
tance) is given by Hajek (9). The L,, method used these
measurements as well as an additional set of 55 mea-
surements taken between 1973 and 1976. Most of the
additional measurements were taken in the vicinity of
nonexpressway facilities (two-lane highways and resi-
dential streets). The locations at which the L,, mea-
surements were taken and the number of observations
made at each location are given below.

Facility Observations

Urban freeways with six or more lanes

Highway 401, Etobicoke
Don Valley Parkway, North York

Total

Four-lane rural or urban freeways
Highway 401, Bay Ridges to Newcastle
Queen Elizabeth Way near Hamilton
Highway 401, Oshawa

Total
Four-lane highways

Highway 17, S.S. Marie

Highway 27 near Rexdale Boulevard

Total

Two or three-lane highways
Highway 17, Naughton-Whitefish
Highway 7, Georgetown
Highway 17 near S.S. Marie
Highway 11, South River
Highways 11, 17, 102, Thunder Bay area
Miscellaneous, Peterborough area
Miscellaneous, Caledonia
Total

Four or five-lane urban streets
Woodbine Avenue, North York
Kennedy Road, Scarborough
E. C. Row Expressway, Windsor
Total

Two or three-lane urban streets
Downsview
Caledonia
Total

All observations
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All MTC observations that satisfied the basic data
requirements of accuracy and completeness were in-
cluded in the study, with the following two exceptions:

1. At several locations where a number of observa-
tions were made at the same point, those to be included
in the study were selected randomly.

2. All observations made at traffic volumes of less
than 100 vehicles/h were rejected because in such in-
stances the background noise may dominate.

The equipment and procedures used in taking sound-
level measurements are described by Harmelink and
Hajek (10, p. 13). The microphone was located approxi-
mately 1.2 m (4 ft) above the ground. The following in-
formation was collected for all observations:

1. Traffic volumes—Highway vehicles were classified
into four categories (passenger automobiles, light two-
axle trucks and vans, heavy two- or three-axle trucks
and buses, and combination-unit trucks with three or
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more axles), and the volumes in each category were
recorded simultaneously with the sound measurements;

2. Speed—Speed of vehicular flow was either mea-
sured simultaneously with the sound measurements or
estimated by using volume-speed relations given in the
1965 Highway Capacity Manual (11) and the posted speed
limits;

3. Distance from the edge of the pavement of the first
traffic lane;

4, Road and site geometry—The grade of the highway
was below 3 percent at all locations; and

5. Weather—Weather conditions when measurements
were taken ranged from cloudy winter weather to sunny
summer weather, and ground-surface attenuation varied
according to location and seasonal conditions.

Table 1 gives average values and ranges of the vari-
ables on which the L, model is based. For example,
the distance between the edge of the pavement and the
measurement location ranged from 3.3 to 450 m (10 to
1370 ft) and averaged 74 m (226 ft).

There was some disadvantage in using these data for
research purposes because the observations were made
under a variety of conditions and rigorous attention was
not given to data accuracy. However, results based on
such wide-ranging data should be applicable to a variety
of commonly encountered situations.

L,, MODEL

A number of mathematical models that empirically relate
L., to independent variables such as distance and vehicle
flow and speed were constructed and evaluated. The fol-
lowing model for the prediction of L,, caused by highway
traffic was chosen for its accuracy and relative
simplicity:

Lo =49.5+10.2logo (Ve +6V,)-13.9 log;o D+0.21 § Q)]
where
L,, = energy-equivalent sound level during 1 h (dBA),

total volume of automobiles (highway vehicles
with four tires only) (vehicles/h),
V., = total number of trucks (highway vehicles with
six or more tires) (vehicles/h),
D = distance to the edge of the pavement of the first
traffic lane (m), and
S = average speed of traffic flow during 1 h (km/h).

\B

The nomograph shown in Figure 1 provides an example
of the use of the model as represented in Equation 1.

Statistical Evaluation

The standard error of estimate for the L,, model was
2.24 dBA. Assuming a Gaussian distribution of error,
the 2.24-dBA error suggests that in about two out of
three cases the predicted L,, levels will be within +2
dBA or that in 12 out of 13 cases the predicted values
will be within +4 dBA of the true measured values. This
applies to L,, predictions for a wide variety of roadway
situations (both highways and residential streets) and
traffic conditions.

The multiple correlation coefficient of the model was
0.94, which indicates that about 89 percent of the total
variance was explained by the model. All partial re-
gression coefficients of the model were significant at
the 0.1 percent probability level.
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Table 1. Range of variables used in L., model.

Variable

Automobile Volume Truck Volume

Trucks in Total

Distance From Speed of Traffic Measured L.,

(vehicles/h) (vehicles/h) Traffic Flow (%) Pavement Edge (m) Flow (km/h) Sound Level (dBA)
Type of
Observations Max Min Avg Max Min Avg Max  Min Avg Max Min Avg Max Min Avg Max  Min Avg
Expressway 7500 570 1636 1170 60 315 26.8 8.6 16.2 450 4 105 108 63 96 84,4 483 655
Nonexpressway 2356 86 773 368 12 105 43.9 2.3 12.0 230 3.3 41 106 24 70 73.6 49.1 62.6
All 7500 86 1214 1170 12 212 43.9 2.3 14.9 450 3.3 74 108 24 83 84.4 48.3

Note: 1 m= 3,3 ft; 1 km = 0.62 mile

Figure 1. Nomograph for prediction 30000 DISTANCE FROM 3
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Rational Behavior of the Model

According to the model, the average rate of L, atten-
uation with distance was 13.9 log D or about 4.2 dBA per
doubling of distance. This attenuation rate compares
favorably with the rate of 4.5 dBA per doubling of dis-
tance obtained for Lio sound levels (1). The figure of

4.2 dBA applies to an average ground attenuation along
roadways and an observer height 1.2 m (4 ft) above the
ground. For higher observer heights, ground-attenuation
corrections given by Hajek (1) can be used. However,

it is difficult to classify ground conditions along roadways
as sound absorbing or sound reflecting. Usually there is
a mixture of sound-reflecting surfaces (e.g., the pave-
ment itself, service roads, or driveways), sound-
absorbing surfaces (e.g., soft, moist grassland), and
"in-between'" surfaces (e.g., unpaved shoulders or hard,
dry grassland).

The traffic-volume multiplication coefficient of 6 used
in the model suggests that the sound level of an average
truck is about 8 dBA higher than the sound level of an
average automobile. This result is compatible with data
given by Foss (12). Note that, although the original traf-
fic volumes were divided into four vehicle categories,
these categories were not used in the model because spe-
cifically including them did not appreciably improve on
the statistical parameters of the model. Automobiles
and light two-axle trucks and vans (vehicles with four
tires only) were grouped in the automobile category, and
all other vehicles were grouped in the truck category.

The speeds of passenger automobiles and trucks are

Ve + 6V = 2000; Leq = 65,9 dBA

highly correlated. For this reason, only average traffic-
flow speed—defined as the average speed of all highway
vehicles over a given section of highway during 1 h—was
used in the model. According to the model, the L,  levels
change with speed at the rate of 0.21 S. This corresponds
to a 2.1-dBA increase in L,, levels for each speed in-
crease of 16 km/h (10 mph), all other variables being
constant. This rate appears to be reasonable and within
the expected range for automobiles and trucks considered
separately.

Reliability

An important characteristic of the Ontario L,, prediction
method is its empiricism. Empirical models can offer
several advantages over theoretical models:

1. Empirical models are based on a substantial num-
ber of field measurements that are normalized by the
model and thus tend to reflect average conditions, i.e.,
conditions most likely to be encountered in practice.

2. Empirical models do not need calibration. Results
of theoretical models have to be compared with measured
results, and when adjustments or corrections are needed
they may not be based on rigorous statistical analyses.
Many of the principal components of noise prediction
methods based on theoretical models (e.g., rate of at-
tenuation with distance) are essentially empirical.

3. Empirical models are easy to understand and easy
to use. Their accuracy is usually equal to or better
than the aceuracy of theoretical models (2, 3).
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51

Average Traffic Volume Distance
Traffic (vehicles/h) From L, (dBA)
Speed Pavement _
Site Type of Road Comments {km/h) Automobiles Trucks Edge (m) Measured Calculated Difference
1 Six-lane arterial Free flowing 64 2325 90 13.4 68.9 70.3 -1.6
2 Six-lane arterial Two far lanes closed 64 1068 132 15.2 67.2 67.6 -0.4
3 Four-lane arterial Stop-and-go traffic 48 2248 84 13.4 69.0 68.0 1.0
4 Four-lane arterial Stop-and-go traffic 40 3480 60 13.4 69.3 68,5 0.8
5 Eight-lane freeway Mild upgrades near lanes 89 5210 312 2101 71.5 732 -1.7
42,4 68.1 70.5 -0.6
72.8 66.6 67.3 -0.7
133.8 62.5 63.6 -1,1
6 Eight-lane freeway Microphone among trees 89 4785 - 15,2 732 5.0 -1.8
28.7 69.9 712 -1.3
59.1 66.9 66.8 0.1
120.1 60.6 62.5 1.9

Notes: 1 km = 0,62 mile; 1 m= 3.3 ft,

Data for average traffic speed were obtained by the author; calculated L., data were obtained by the Ontario L., prediction model (Equation 1);

all olher data were obtained by Wyle Laboratories {17)

A distinct advantage of theoretical models is their
structure, which enables one to analyze and quantify the
effects of the various model variables, such as the theo-
retical effect on highway noise of changes in the noise
emissions of different categories of vehicles. Thus,
theoretical models are more suitable for analyzing vari-
ous strategies of vehicle noise control. They may also
be more accurate in predicting noise when the variables
assume values well outside those in the data of empirical
models. However, empirical models can be better for
making simple, reliable predictions of traffic noise for
day-to-day planning and design purposes, which may ex-
plain their popularity in Europe (13, 14, 19).

The standard error of 2.24 dBA obtained for the L,,
prediction model compares favorably with the standard
deviation of differences between measured and predicted
sound levels of 2.5 dBA reported by Kugler (15) or with
standard deviations reported by Cohn (2) and Bradley (3)
for similar comparisons. In fact, it is possible to -
hypothesize, on the basis of these data, that the standard
deviation of differences between measured and predicted
traffic noise levels of about 2.5 dBA or slightly less is
a minimum error achievable by universal traffic noise
prediction models that use only the basic variables of
traffic-flow volume, speed, and distance. Greater ac-
curacy would require the introduction of complex en-
vironmental, topographic, and traffic-flow variables.

The measured L,, levels were also compared with
L., levels calculated by using the Revised Design Guide
(16), which resulted from a project of the National Co-
operative Highway Research Program (NCHRP Project
3-7/3). The results of this comparison were similar
to the results reported by Cohn (g) for L., measurements
made by the New York State Department of Transporta-
tion: On the average, the L., levels were overpredicted
by the Revised Design Guide by about 2.5 dBA.

As an independent check of the reliability of the On-
tario L,, prediction method, the method was used to
calculate L,, levels for a complete set of sound measure-
ments taken by Wyle Laboratories on freeways and arte-
rials in southern California (17, p. 25). A comparison
of the measured Wyle L, levels and the L,, levels pre-
dicted by the Ontario method is given in Table 2. The
average difference between the measured and predicted
levels was -0.75 dBA, and the corresponding standard
deviation was 1.0 dBA.

APPLICATION OF ONTARIO L,
PREDICTION METHOD

The Ontario method uses the basic relation between
traffic-flow density, traffic-flow speed, distance, and

the resulting L, levels established by the regression
model. The relation is defined by Equation 1 and by the
nomograph in Figure 1. Both the equation and the nomo-
graph calculate L,, levels 1.2 m (4 ft) above the ground
for a simple case of traffic flow on an infinitely long,
straight, level roadway where there are no intervening
structures between the source and the observer. If the
problem at hand involves more variables than those in-
cluded in the nomograph (such as highway grade or
intervening structures), adjustments are made in 2 way
similar to that used in the NCHRP Design Guide (18).
The step-by-step procedure for application of the On-
tario method given by Hajek (9) has recently been modi-
fied to permit use of a separate nomograph for noise-
barrier attenuation (16).

The Ontario L,, prediction model was also modified
to enable prediction of day-night A-weighted equivalent
sound levels (L4, ) by direct use of annual average daily
traffic volumes. The modified model has the following
form:

Lyn = 38.2+10.2 log,o [AADT + (T% AADT/20)]
-13.91og;,D +0.21 S )

where

L4, = equivalent A-weighted sound level during
24-h time period with a 10-dBA weighting
applied to the equivalent sound level from
10 p.m. to 7 a.m. (dBA),

AADT = annual average daily traffic (vehicles/d),

T% = average percentage of trucks during a typi-

cal day,

D = distance from the edge of the pavement (m),
and

S = average traffic speed during a typical day
(km/h).

(Highway networks are usually divided into highway sec-
tions. AADT and other traffic data are available for
each section and are updated annually.)

The L, prediction model is based on the following as-
sumptions:

1. Nighttime traffic (from 10 p.m. to 7 a.m.) repre-
sents about 10 percent of the total traffic volume. This
assumption is correct on a majority of highway sections.

2. Speed of traffic flow is fairly uniform during the
24 -h period. This assumption is incorrect on highway
sections that experience periodic traffic congestion.
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following relations apply:
Lyn=Lg+1.2=L, +8.6=L,(24) +2.8 3)
where

L, = daytime L,, (from 7:00 a.m. to 10:00 p.m.)
(aBA),
L, = nighttime L,, (from 10:00 p.m. to 7:00 a.m.)
(dBA), and
Lo (24) = 24-h L,, (dBA).

Equation 2 calculates Ly, levels 1.2 m (4 ft) above
the ground by assuming a simple case of traffic flow on
an infinitely long, straight, level roadway with no in-
tervening structures. Again, by using appropriate
corrections, it is possible to expand the L,, model
(Equation 2) to include other variables such as barriers
and pavement-surface type. The use of the L,, model
is illustrated by the nomograph shown in Figure 2.

CONCLUSIONS

1. The Ontario L,, prediction method, based on an
empirical model, provides reliable estimates of traffic
noise on both highways and residential streets.

2. The standard error of estimate of 2.24 dBA sug-
gests that in two out of three cases the L, levels pre-
dicted by the Ontario method will be within =2 dBA of the
true measured values. This applies to a wide variety of
roadway situations and traffic conditions.

3. The standard deviation of differences between
measured and predicted traffic-related noise levels of
about 2.5 dBA or slightly less appears to be a minimum
error achievable by universal traffic noise prediction
models that use only simple, conventional variables of
traffic-flow volume, speed, and distance. Greater ac-
curacy would require introduction of complex environ-
mental, topographic, and traffic-flow variables.

I am grateful to D. N. May for the review of the manu-
script and to the MTC personnel who conducted the field
noise measurements on which this report is based.
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This paper provides a comparison of three different, idealized line source
dispersion models—HIWAY, California Line Source, and CALINE2—that
predict carbon monoxide concentrations near highways. All are based
on the Gaussian dispersion equations and are compared by means of sen-
sitivity analysis and model validation. The sensitivity analysis analyzes
the dependence of normalized pollutant concentration on variations in
several independent input parameters such as stability class, wind angle
with respect to the highway, and receptor distance from the highway.
The models are validated by comparing carbon monoxide concentrations
measured near a highway with concentrations predicted by the models.

Determining the changes in air quality near proposed
highway projects often involves the use of mathematical
diffusion models g, 2,3). These models provide theo-
retical estimates of air pollution levels and their tempo-
ral and spatial variation for present and proposed condi-
tions. The model estimates are a function of meteorol-
ogy, highway geometry, and downwind receptor location.
The sensitivity of model predictions to changes in these
input parameter values can be used to evaluate the per-
formance of the diffusion models for a variety of
conditions.

The objective of this paper is to provide a comparison
of three different line source dispersion models by
means of sensitivity analysis and model validation. The

sensitivity analysis was performed for specific sets of
conditions for the three models. Field measurements
of traffic, meteorological conditions, and carbon mon-
oxide (CO) concentrations were used in the model
validation.

DESCRIPTION OF MODELS

In the HIWAY model of the U.S. Environmental Protec-
tion Agency (EPA), concentrations are calculated by the
approximation of a line source by a finite number of
evenly spaced, continuous point sources of strength
equal to the total line source strength divided by the num-
ber of sources used to simulate the line. The California
Line Source model calculates concentrations of pollu-
tants within a turbulent mixing cell above the highway as
well as at receptor points downwind. Dispersion down-
wind is dependent on atmospheric stability class. In the
case of parallel winds, the California Line Source model
accumulates pollutants within the mixing cell to account
for downwind buildup. Pollutants are then dispersed
laterally at a rate dominated by stability class.
CALINE2, a revised version of the California Line
Source model, maintains the mechanical mixing-cell
concept of the original California model. In the case of
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a "pure" crosswind (a wind angle of 90° with respect to
the roadway), the mathematical model is based on the
Gaussian infinite line source diffusion equation. In the
case of a pure parallel wind (a wind angle of 0° with
respect to the highway), the highway length is divided
into a number of area sources. Each area source is
transformed into a virtual point source, and these
sources are summed at the downwind receptor. For
wind angles other than pure crosswind or pure parallel
wind, CALINE2 assumes the wind angle has a crosswind
and a parallel wind component. The concentration down-
wind is calculated from a weighted average of the pure
crosswind and the pure parallel wind.

Major Differences

The major differences in the models are as follows:

1. The California Line Source model uses a Gaussian
line source equation, and the EPA model uses an inte-
grated point source equation. Under crosswind and par-
allel wind conditions, the California model requires sep-
arate equations for prediction; the EPA model needs only
one equation. CALINEZ2 uses the Gaussian line source
equation for the pure crosswind and an integrated point
source equation for the pure parallel wind.

2. The EPA model requires separate traffic and
emission data for each lane of highway. Both California
models use the combined total traffic volume and emis-
sion rate for all lanes, assuming that all emissions are
initially dispersed from a uniform mixing cell that ex-
tends from shoulder to shoulder of the road [medians of
<9 m (<30 ft)].

3. The EPA model uses a virtual source correction
that provides an initial vertical dispersion parameter of
g,=15m (5 ft). The California models assume a mix-
ing cell with an initial o, = 4 m (13 ft).

4. The EPA model uses dispersion coefficients that
c(liffer from the coefficients used by the California models

1,2,3).

Assumptions

The following basic assumptions are common to all three
models:

1. The mass of pollutants is conserved throughout the
downwind length of the plume. No material is lost by
reaction or by sedimentation.

2. The ground surface, when it is encountered, is a
perfect plume reflector.

3. There exists no wind shear in the vertical direc-
tion. The wind velocity used should be representative
of the average wind velocity between z¢, from the plume
centerline in the vertical sense.

4. Dispersion occurs only by turbulent diffusion,
which varies according to the atmospheric stability cate-
gories developed by Pasquill.

5. Atmospheric stability is constant within the mixing
layer that contains both sources and receptor.

6. There is no mixing of material in the x-axis (i.e.,
longitudinal mixing).

7. Emissions are from continuous sources.

8. The dispersion parameters (g,) and (o,) are useful
for modeling atmospheric dispersion over flat, grassy
terrain with no significant aerodynamic roughness or
any artificial vertical instability induced by heat-island
effects associated with urban areas.

Input Parameters

The input parameters required for the models are

1. Geometry of the highway, that is, road angle with
respect to north and road elevation (at grade, elevated,
or depressed);

2. Receptor location in both the horizontal and verti-
cal directions with respect to the road;

3. Meteorology including wind speed, wind direction
with respect to the road, and Pasquill atmospheric sta-
bility class; and

4. Pollutant emission rate from vehicles based on
traffic volume and speed, vehicle mix by age, and mix
of heavy-duty vehicles.

Model Operations

HIWAY

HIWAY simulates a highway with a finite number of point
sources, and the total contribution of all points is cal-
culated by a numerical integration of the Gaussian point
source equation over a finite length. The concentration
(x) from the line source of length (L), incremental length
(d#), and incremental emission rate (q4) is given by

x=(qﬁ/n)fLFd!2 (1

where the function (F), for stable conditions or condi-
tions in which the mixing height is greater than or equal
to 5000 m (16 500 ft), can be calculated as follows:

F = (1/270,0,) exp[-%(y/o,)?] (exp {-%[(z - H)/o,]1%}
+exp{-%[(z+ H)/o,1%}) (2)

where

o, = horizontal dispersion parameter (m),

o, = vertical dispersion parameter (m),

z = height of receptor above ground level (m), and
H = height of road above ground level (m).

fon

The value of the integral in Equation 1 is approximated
by use of the trapezodial rule. Let A% = L/N. Then the
trapezodial approximation gives

N-1
x= quz/u[wo i)+ fi] €)

i=1
where £, is evaluated from Equation 2 for 4 + AL.
California Line Source Model

In the California Line Source model, the crosswind equa-
tion generally takes the form of the Gaussian line source
equation:

C = (4.24Q/2Ko, Using) {exp - % [(z + H)/o,}2
+exp - %l(z - W)/o,]1?} (C))]

where

C = concentration of pollutant (g/m?),

Q = source emissions (g/s'm),

K = empirical coefficient = 4.24,

U = wind speed (m/s), and

¢ = angle of wind with respect to highway alignment.

For parallel winds, the estimated concentrations
within the mechanical mixing cell, where the ratio of
30.5/W is <1, can be determined from the following
equation:



{PPM} e = AQ/U) (1/K) (30.5/W) )
where
{ppm },, = concentration of pollutant within the me-

chanical mixing cell (g/m?®),

downwind concentration ratio for parallel

winds (accumulation term), defined as (CUK/

Q) (W/30.5) (2, Vol. 5, Figures 70 to 85),

30.5 = initial highway width used for the finite
element of area in developing the model for
parallel winds (m), and

W = width of roadway from edge of shoulder to

edge of shoulder (m).

A

For parallel winds, the source emission strength @)
is calculated by using the following equation:

Q = emission factor x vehicles per hour x 5.26 x 107 6)

where the numerical constant is a factor used to convert
units of the product of vehicles per hour times the emis-
sion factor to grams per second for 30.5 m (100 ft) of
highway.

To estimate ground-level pollution concentrations
away from the highway (when the wind is parallel to the
alignment), the following equation is used:

C = {ppm}pelexp- %(Y/0,)?] x hiexp - % [(z + H)/o,]?
+exp - [(z - H)/o,]?} (N

where Y is the normal distance from the receptor to the
near edge of the highway shoulder in meters.

CALINE2

In the CALINE2 model, the mathematical equation for
pure crosswinds takes the form of the Gaussian line
source equation:

Cywing = QN 210, U) {exp - 'h[(z + H)/a,]1? + exp - % [(z - H)/0,12} (8)

where C.wind represents the concentration of the pure
crosswind component in grams per cubic meter.

For pure parallel winds, the mathematical model uses
the Gaussian point source equation:

Cy = (Q/20, 0, U)[exp - %(y/0,)?] {exp - %[ (z - H)/0?]?
+exp - %hl(z + H)/o}]} 9

where C; represents the concentration of the pure par-
allel wind component in grams per cubic meter.

The highway length, which is assumed to be 0.8 km
(0.5 mile), is divided into a series of square area
sources (WXW, where W is the highway width). Each
area source is transformed into a virtual point source
by Equation 9, and these are summed at the receptor for
a cumulative concentration. A scaling factor is then
used to increase concentrations to those for a line source
8 km (5 miles) in length by stability classification (3),
as given below.

Stability Scaling Stability Scaling
Class Factor Class Factor
A 1.00 D 1.37
B 1.06 E 1.64
Cc 1.16 F 2.08

The resulting concentration for pure parallel winds can
be represented by the following formula:
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(10)

NSEG
CrarwinD = Sf( Z Cp)

where

Crarwinp = Tesulting concentration of the pure parallel
wind component (g/m®),
sf = scaling factor, and
NSEG = number of area sources in a highway length
of 0.8 km (0.5 mile).

For oblique winds, concentrations at receptor points
are calculated from a weighted average of the terms for
pure crosswind and parallel wind. The weighted average
is represented by the following equation:
an

C=5in?¢ x Cyying + €05%¢ x Cparwinp
where

C = concentration at the receptor point (mg/m3) and
¢ = wind angle with respect to the roadway (rad).

SENSITIVITY ANALYSIS
Method

The sensitivity of model predictions to changes in input
parameter values was analyzed by comparing normalized
pollutant concentration versus normal distance to the
highway edge for crosswind, parallel wind, and oblique
wind conditions. The model predictions are made for
Pasquill stability classes B and E. Stability classes A
and F were omitted because they represent extreme sta-
bility conditions.

Normalized pollutant concentration is defined for this
analysis as Cu/Q (m™), where C is the resultant down-
wind concentration in micrograms per cubic meter, u is
the mean wind speed in meters per second, and Q is the
source strength in micrograms per second. Specific
wind-angle values were chosen to represent the three
wind-angle categories: ¢ = 90° for crosswinds, 0° for
parallel winds, and 45° for oblique winds.

The highway configuration was an at-grade, two-lane
highway with a total width of 7.3 m (24 ft) and with equal
emissions from each lane. The highway length was as-
sumed to be 2000 m (6600 ft). The receptor height above
the ground was taken as 1.5 m (5 ft), and the effective
vertical mixing height (EPA model input) was set at
1000 m (3300 ft).

Discussion of Results

Figure 1 shows variation in normalized pollutant con-
centration with downwind distance under crosswind con-
ditions for all three models. The California Line Source
model and CALINE2 perform similarly, the only differ-
ence being that CALINE2 predicts 20 percent less pol-
lutant concentration for all downwind distances. [When
CALINE2 was developed, a factor of 2427 (=0.8) was
incorporated into the crosswind equation.] Generally,
HIWAY predicts higher pollutant concentrations than the
two California models for the crosswind case.

Initial concentrations (at x = 0 m) predicted by the
California models are not sensitive to stability classifi-
cation, whereas HIWAY predicts initial concentrations as
a function of stability class. The rate of dispersion for
the California models is greater than that of HIWAY
within 20 m (66 ft) of the highway. Beyond 20 m, HIWAY
has a greater rate of dispersion. Figure 2 shows nor-
malized pollutant concentration as it varies with down-
wind distance for parallel winds. HIWAY and CALINE2
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perform similarly for this case except that, although
both models predict initial pollutant concentrations as
a function of stability class, HIWAY predicts an initial
concentration that is approximately two times that pre-
dicted by CALINE2. The California Line Source model
generally predicts higher pollutant concentrations for the
parallel wind case than those predicted by HIWAY and
CALINE2.

Figure 3 shows normalized pollutant concentration
versus normal distance from the highway for oblique

Figure 1. Normalized pollutant concentration versus
normal receptor distance from road edge for
perpendicular wind conditions.
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Figure 2. Normalized pollutant concentration versus
normal receptor distance from road edge for parallel
wind conditions.
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wind conditions. The EPA model generally predicts
higher pollutant concentrations than the California
models for this case, with two exceptions: (a) For sta-
bility class E and x < 30 m (98 ft), CALINE2 predicts
higher concentrations; and (b) for stability class B and
x > 70 m (230 ft), the California Line Source model pre-
dicts higher pollutant concentrations. HIWAY and
CALINE2 predict initial pollutant concentration as a
function of stability class; the original California model
does not.

MODEL VALIDATION

Experimental Procedure

Air pollution, meteorological, and traffic measurements
were made near a major arterial in Nashville, Tennes-
see, over a 5-d period in July and an 8-d period in
August of 1973. The site was at grade; a 76-m

(250-ft), flat, grass-covered area extended north from
the road. A small hill 21 m (70 ft) high with-a gradual
slope was located 670 m (2200 ft) to the southwest.

Wind speed and direction were measured continuously
during the field investigation. During the first moni-
toring period, a single MRI wind instrument was mounted
3.7 m (12 ft) above the ground and 9.1 m (30 ft) from the
road edge. During the second monitoring period, an ad-
ditional windinstrument was mounted ataheight of 9.1 m.

CO concentrations were measured at various distances
north of the highway by using a sampling array of five
probes along a horizontal profile perpendicular to the
highway. Each of the probes was at a height of 1.5 m
(5 ft) above the ground. Air samples were pumped con-
tinuously through tubing to a sampling manifold located
at a mobile air-monitoring trailer and were analyzed
by using a nondispersive infrared (NDIR) CO analyzer.

During the second field monitoring period, large
variations in wind direction occurred. Because of this,
CO concentrations were measured on both sides of the
highway. A bag sampling network was used on the south
side of the road (9).

Figure 3. Normalized pollutant concentration versus
normal receptor distance from road edge for oblique
wind conditions.
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Accuracy in pollutant concentration measurements
was ensured by calibrating the analyzers before and after
each peak-traffic sampling period. A two-point calibra-
tion procedure was employed that used a zero and a span
gas. Before field use, linearity of the instruments was
checked in the laboratory by using span gases of differ-
ent concentrations (10). Two different procedures of
calibration—for sampling lines and instruments—were
performed in the field.

Fifteen-minute traffic counts were made by pneumatic

Table 1. Results of regression analysis comparing measured CO
concentrations and concentrations predicted by California Line
Source model.

DataSet N Mean CV (%) r M b k
0-0-0 568 1.6 70 0.51 0.38 1.10  0.84
11-0-0 4 1.8 55 0.83 0.35 0.11  2.70
12-0-0 226 1.5 64 0.65 0.69 0.62  0.84
13-0-0 298 1.7 52 0.74 1.46 0.35  0.55
11-0-1 14 3.4 24 0.92 0.35 0.96  2.06
11-0-2 30 1.1 68 0.70 0.22 0.20  3.65
12-0-1 75 2.4 48 0.64 0.60 1.15  0.84
12-0-2 151 1.0 73 0.38 0.46 0.64 0.84
13-0-1 109 2.6 43 0.68 1.33 0.65  0.57
13-0-2 189 1.2 61 0.48 1.28 0.39  0.53
0-1-0 6 1.6 29 0.96 1.25 -0.33  0.97
0-2-0 223 1.5 61 0.59 1.26 0.45  0.56
0-3-0 281 1.6 72 0.51 0.43 1,05 0.85
0-4-0 26 1.9 45 0.74 0.38 1.04  1.20
0-5-0 26 2.2 66 0.70 0.31 0.74 2.10
0-6-0 6 0.3 20 0.96 0.89 -0.34  2.54

i
|

Note: Measured background subtracted.

Table 2. Results of regression analysis comparing measured CO
concentrations and concentrations predicted by HIWAY model.

Data Set N Mean CV (%) r M b k
0-0-0 538 1.6 73 0.49 0.33 1.13 0.8
11-0-0 19 2.2 55 0.85 0.24 0.59  3.11
12-0-0 224 1.4 65 0.67 0.76 0.44 0,91
13-0-0 205 1.7 58 0.67 1.33 0.15 0.69
11-0-1 5 5.2 28 0.61 0.10 3.61 2,98
11-0-2 14 1.1 60 0.81 0.19 0.40 3.35
12-0-1 69 2.4 35 0.83 0.96 0.71  0.73
12-0-2 155 1.0 73 0.44 0.39 0.58 1.10
13-0-1 103 2.7 42 0.67 1,34 0.67  0.56
13-0-2 192 1.2 61 0.52 0.80 0.38  0.84
0-1-0 6 1.6 29 0.95 2.03 -0.45  0.64
0-2-0 207 1.6 51 0.73 1.90 -0.12  0.57
0-3-0 273 1.6 65 0.67 0.80 0.49  0.87
0-4-0 20 1.6 31 0.87 1.76 -1.40 1,16
0-5-0 26 2.2 64 0.72 0.21 0.96  2.66
0-6-0 6 0.3 29 0.91 2.63 -2.56  4.00

Note: Measured background subtracted,

Table 3. Results of regression analysis comparing measured CO
concentrations and concentrations predicted by CALINE2 model.

Data Set N Mean CV (#) r M b k
0-0-0 568 1.6 70 0.53 0.49 1.05  0.72
11-0-0 4 1.8 62 0.78 0.41 0.57 1.66
12-0-0 226 1.5 69 0.58  0.54 0.86  0.77
13-0-0 298 1.7 60 0.63 1.46 0.38  0.53
11-0-1 14 3.4 34 0.83 0.39 1,49  1.46
11-0-2 30 1.1 71 0.58 0.26 0.54 1.96
12-0-1 75 2.4 49 0.63 0.56 142 0.71
12-0-2 151 1.0 73 0.37 0.30 0.78  0.84
13-0-1 109 2.6 46 0.62 1.43 0.83  0.48
13-0-2 189 1.2 65 0.37 0.74 0.66  0.60
0-1-0 6 1.8 34 0.94  2.42 0.14  0.38
0-2-0 223 1.5 55 0.69 2.11 0.08  0.45
0-3-0 281 1.6 61 0.70 1.15 0.44  0.64
0-4-0 26 1.9 38 0.82 0.66 0.46 1.16
0-5-0 26 2.2 41 0.90  0.50 -0.49  2.45
0-6-0 6 0.3 46 0.75 0.39  -0.41  6.53

Note: Measured background subtracted.

57

counter -recorders. A separate counter was used for in-
bound and outbound traffic volumes. Average vehicle
speed was measured by timing vehicles over a known dis-
tance. The time-averaging method uses an observer who
times a randomly chosen vehicle between two easily rec-
ognizable end points. Adequate course length [>152 m
(>500 ft)] and a stopwatch provide the necessary accuracy
of measurement. The heavy-duty vehicle mix was ob-
tained by manual count.

Atmospheric stability measurements were based on
surface wind speed, insolation (strong, moderate, or
slight), percentage of cloud cover, and time of day (angle
of the sun). A hygrothermograph was used in the field
to determine temperature changes. Field estimates were
made of insolation and percentage of cloud cover. Sta-
bilities were classified in one of the six Pasquill stability
classes—A, B, C, D, E, or F—which range from ex-
tremely unstable to extremely stable (H).

Data Presentation

Tables 1, 2, and 3 present the results of the correlation
and regression analysis that compared measured ambient
CO concentrations to concentrations predicted by the
HIWAY, California Line Source, and CALINE2 models.
The raw data used for statistical analysis consisted of
568 data sets of CO concentrations measured downwind
of the highway, background concentrations measured up-
wind of the highway, and the concentration predicted by
the models. Measured versus predicted concentrations
have been evaluated according to wind angle, receptor
c(iisi):ance, and stability by using the following criteria
12).

1. Wind angles with respect to the road alignment
were separated into three categories: parallel ((° to 13°),
oblique (13° to 60°), and perpendicular (60 to 90°).

2. The distance from the sampling probe to the center
of the road is the receptor distance. The data were sep-
arated only according to those receptors at the edge of
the road shoulder or mixing cell (roadside receptor) and
those located at distances farther downwind.

3. Pasquill's six stability categories were used to
separate data subsets.

Tables 1, 2, and 3 use the following code: (a) a three-
digit coded description of the data set in which the digits
indicate wind angle [11 = parallel winds, 12 = oblique
winds, and 13 = perpendicular winds (with reference to
the road)], stability category (1=4, 2=B, 3=C,
4=D, 5=E, 6 =F), and receptor distance [1 = road-
side, 2 = downwind, to 91.4 m (300 ft) from center of
road] and 0 means all data in the category; (b) N, the
number of data points in the data set; (c) mean, the
mean measured CO concentration; (d) CV(4), the co-
efficient of variation, equal to the ratio of the standard
error of y from the regression line divided by the mean
measured concentration; (e) r, the correlation coef-
ficient; {f) M, the slope of the calculated least squares
regression line; (g) b, the intercept of the regression
line; and (h) k, the ratio of the mean predicted concen-
tration divided by the mean measured concentration.

Discussion of Results

The output of the regression analysis can be used to in-
dicate the precision and the accuracy of mathematical
model predictions when they are compared with measured
pollutant concentrations. The method of analysis uses the
correlation coefficient (r) as an index of the precision of
the association between predicted and measured concentra-
tions. Whenever the correlation coefficient is high, the
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model performs well under the conditions included in the
data set.

A second parameter (k), equal to the ratio of the aver-
age predicted pollutant concentration divided by the aver-
age measured concentration, is used as an indication of
the relative accuracy of the model. Values of k greater
than one indicate that, on the average, the model tends
to overpredict the measured concentration; k-values less
than one indicate underprediction. The size of the data
set (n) is also important and must be considered when
the significance of the values of r and k is evaluated. It
is also important to note that model accuracy is depen-
dent on precision to the extent that k-values tend to be
meaningless when correlation coefficients are quite low.

Experimental Error

Variability in the comparison of measured and predicted
concentrations results from two sources: (a) inadeguacies
of the model to predict accurately under the range of
conditions contained in a data set and (b) experimental
error. An estimate of experimental error can be made
by comparing the expected accuracy of CO measurements
to the concentrations typically observed in the field. The
sensitivity of CO analyzers, as reported by the manufac-
turers, is 0.6 mg/m® (0.5 ppm). More than half of the field
measurements of CO were less than 2.3 mg/m® (2.0 ppm).
Therefore, errors of a magnitude equal to (0.5/2.0) x

100 percent = 25 percent or greater probably occur fre-
quently in the data. Background concentrations averaged
less than 1.1 mg/m® (1 ppm); therefore, errors of 50
percent and greater probably occur in these data because
of analyzer sensitivity. Additional errors can be attrib-
uted to the use of different analyzers.

Model Performance

The overall precision of the EPA model is reflected in
the correlation coefficient, r = 0.49, which is significantly
improved when the data are separated by wind angle
(where r = 0.85 for parallel winds and r = 0.67 for per-
pendicular and oblique winds). HIWAY tends to overesti-
mate for parallel winds and underestimate for cross-
wind conditions. The parallel case overpredicts by =3.
The average accuracy of perpendicular and oblique wind
predictions ranges from 44 percent underprediction to

10 percent overprediction. Model precision tends to be
better for roadside receptors, but accuracy is better

ke
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wind receptor predictions compared to roadside-edge
receptor predictions is approximately 40 percent for
perpendicular and oblique wind conditions.

HIWAY also tends to overestimate for stable atmos-
pheric conditions and to underestimate for unstable con-
ditions. The error ranges from 43 percent underpredic-

tion for class B to 166 percent overprediction for class E.

The California Line Source model performs similarly.
The overall correlation coefficient, r = 0.51, is improved
when the data are separated by wind angle (where r =
0.83 for parallel, 0.65 for oblique, and 0.74 for
crosswind conditions). The model tends to overpredict
for parallel winds by a factor of from 2 to 3.6 and to
underpredict for oblique wind and crosswind conditions
by 16 and 45 percent respectively. Although the Califor-
nia model is generally less precise than the EPA model,
the accuracy of its roadside receptor prediction is
comparable to downwind receptor predictions for both
crosswind and oblique wind, which indicates that the
California Line Source model tends to predict the rate of
downwind dispersion rather well.

The overall precision of CALINE2 is slightly greater
than that of HIWAY and the California Line Source model,

as reflected in the correlation coefficient, r = 0.53. This
precision is improved when the data are separated by
wind angle (where r = 0.780 for parallel, 0.579 for
oblique, and 0.632 for perpendicular winds), but it is
generally less than that exhibited by the other models
for the same categories. CALINE2 tends to overpredict
for parallel winds and underpredict for oblique and per-
pendicular winds. The model overestimates by 66 per-
cent for parallel winds, which is significantly less than
the overestimates observed for the EPA model (211 per-
cent) and the California Line Source model (170 percent)
for the same case. The model underpredicts by 23 per-
cent for oblique winds and 47 percent for perpendicular
winds. In the category of atmospheric stability,
CALINE2 tends to overestimate for stable conditions and
underestimate for unstable conditions. The CALINE2
estimates range from a 56 percent underprediction for
the B stability class to a 145 percent overprediction for
the E stability class.
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Philadelphia Air Quality Control
Region: Need and Recommendations
for Revision of Transportation

Control Plan

C. Abdul Latif and Rasin K. Mufti, Delaware Valley Regional Planning Commission

The Philadelphia transportation control plan, its status and evaluation
process, and the technical background on which it was based are evalu-
ated. A summary of transportation control plan strategies is presented

as well as a review of their status and the major implementation problems
of the plan. Legal, administrative, and technical problems are found to
exist. A review and an analysis of the latest available air quality data for
the Philadelphia central business district are presented. Air quality stan-
dards were found to be based on limited studies and did not take into ac-
count time of day, frequency, or duration of high concentrations of pol-
lutants. The power of the U.S. Environmental Protection Agency to reg-
ulate the states or to require them to enforce a regulation has been ques-
tioned. A need for revising the Philadelphia plan is established, and it is
recommended that the metropolitan planning organization be involved

in the revision process. Possible strategies that could be considered in re-
vising the plan and the place of such a plan in the transportation planning
process are discussed.

Under the Clean Air Act of 1970, all states were re-
quired to submit plans for meeting the national ambient
air quality standards set by the U.S. Environmental Pro-
tection Agency (EPA) in 1971. Transportation control
measures were mandated for the air quality control re-
gions (AQCRs), areas in which controls on stationary
sources—such as power plants and other industries—
combined with federal emission standards for new auto-
mobiles were considered inadequate to ensure attainment
or maintenance of the ambient air quality standards.

The Philadelphia AQCR fell into this category. The
state of Pennsylvania submitted and later revised a state
implementation plan (SIP) that was found to be unsatis-
factory by EPA., EPA then supplemented the state-
prepared plan, producing the transportation control plan
(TCP) currently in effect for the Philadelphia region. The
TCP was published in November 1973 (4). At the time
of its promulgation it was expected to have a profound
effect on travel patterns and, thus, on the quality of the
environment and on the economic well-being of the region.

This paper discusses the following major issues con-
cerning the Philadelphia TCP, which has now been in ex-
istence for over 3 years:

1. Where does the plan stand today ?

2. Which strategies in the plan have been imple-
mented and to what extent have they succeeded in achiev-
ing their purpose ?

3. What types of problems have been encountered,
what are their sources and degree of complexity, and
how are potential solutions to be evaluated ?

4, 1Is the TCP a practicable plan? Should it continue
or should it be made more realistic through revision?

SUMMARY OF TRANSPORTATION
CONTROL STRATEGIES

The primary goal of the SIP and the TCP was to achieve
within the Philadelphia region by May 31, 1976, the pri-
mary and secondary standards for ambient air quality
for several pollutants including carbon monoxide (CO).

A reduction of 55.5 percent in CO emissions over the
1971 level was estimated to be necessary. A concur-
rent result of the successful implementation of the TCP
would have been a reduction of about 36.3 percent in the
level of hydrocarbons (HC) over the level of the base
year, which would go a long way toward achieving a tar-
geted HC reduction of 54.7 percent.

Detailed strategies were promulgated by EPA in the
following broad categories:

1. Measures to reduce the emission rates of indi-
vidual vehicles (automobiles and trucks) and thereby re-
duce the rate and the quantity of emissions, and

2. Measures to reduce vehicle kilometers of travel,
particularly by low-occupancy vehicles (automobiles),
to reduce the level of emissions.

Measures to Reduce Emission Rates

Federal Motor Vehicle Control Program

The single most important measure in the emission-
reduction category is the federal motor vehicle control
program (FMVCP) for vehicles produced in model year
1968 and after. Although the program is not technically
a part of the TCP, the resulting reduction of pollution
is a necessary input to the TCP.

This program, in its original form, envisaged the
introduction of technological changes in the design of
automobile engines that would, by the year 1975, re-
duce the level of CO and unburnt HC emissions from
automobile exhaust by more than 90 percent from the
pre-1968 level. This measure was expected to contrib-
ute to about 44 percent of the CO reduction and 22.7 per-
cent of the HC reduction prescribed by the TCP. For a
number of reasons, the major automobile manufacturers
have not adhered to this time schedule, and the final
compliance date is now likely to be extended to 1981 or
later.

The result of this postponement is that the emission
reductions called for in this program cannot be accom-
plished by 1977 or even by 1980. Although interim emis-
sion standards are still in effect for vehicles manufac-
tured after 1968, they have not had considerable impact
on ambient air quality. In addition, the recent years of
economic recession in the United States have resulted in
somewhat restricted production and distribution of new
automobiles. This factor may also have affected the
impact of the lower interim emission rates of newer
model automobiles: Many users have retained the older
models beyond their customary service life for economic
reasons.

Vehicle Inspection and Maintenance
Program

A program of strict vehicle inspection was introduced
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that was designed to induce compliance with the require-
ments of corrective maintenance and thus to reduce the
rate of CO and HC emissions. The reductions attribut-
able to this program were estimated to be on the order
of 4.2 and 1.9 percent for CO and HC respectively.

The Pennsylvania Department of Transportation has
recently published proposed voluntary regulations for
vehicle inspection and maintenance. These regulations
are awaiting fiscal and legislative approval, which is not
expected for some time.

Retrofit Devices on Pre-1968 Vehicle
Models

Pre-1968 vehicle models that had no antipollution de-
vices were required to be fitted with appropriate de-
vices (called air-bleed to intake manifold) to bring
down their emission rates. This step was estimated

to account for a 4.8 percent reduction in CO and a nom-
inal 0.7 percent reduction in HC. Again, this strategy
has not been put into practice.

Although the installation of such devices was origi-
nally considered administratively feasible, many prob-
lems were encountered in its implementation. Some of
the reasons for nonimplementation are (a) a lack of
proven effectiveness for any particular device, (b) prob-
lems of manpower training and workshop resources for
the installation and upkeep of the devices, (¢) the number
of devices that would have to be procured for the older
fleet of automobiles involved, (d) the purchasing cost in-
volved, and (e) the equity of requiring such devices.

QOlder model automobiles are owned by those who can
least afford a newer model; the retrofit device is there-
fore a highly regressive requirement. EPA has not in-
sisted on the implementation of this measure anywhere
in the country. The effect of nonimplementation is of
course significant because an expected 4.8 percent re-
duction in CO emissions is unrealized.

Measures to Reduce Vehicle Kilometers
of Travel

Strategies addressed to reducing vehicle kilometers of
travel in the Philadelphia AQCR are the core of the Phil-
adelphia TCP. Although the number of strategies and
the range of possibilities in this category are large, the
actual reduction attributable to these measures is rela-
tively insignificant (EPA estimated that these strategies
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CO and HC emissions respectively). The following mea-
sures designed to reduce vehicle kilometers of travel

were included in the TCP:

1. Management of parking by subjecting all new park-
ing facilities for more than 50 automobiles to the re-
quirement of written approval by EPA (the lower limit
has been raised to 250 spaces);

2. Limitation of public parking on streets and high-
ways, particularly those where exclusive bus lanes or
trolley lanes are established;

3. Introduction and encouragement of computer-
matched car-pool systems for all establishments with
more than 100 employees;

4. Formation and maintenance of exclusive bus and
trolley lanes on certain routes in Philadelphia such as
CBD-Ben Franklin Bridge and Roosevelt Boulevard be-
tween Grant Avenue and the Huntingdon Park exit as well
as on specified CBD streets (with accompanying parking
restrictions) and outside the CBD (during morning and
evening peaks);

5. Creation of exclusive bus lanes on West Chester
Pike, I-95, and the Schuylkill Expressway;

6. Establishment of at least 40 km (25 miles) of bike-
ways in the CBD; and

7. Introduction of transit-use incentives by employers
who provide more than 700 parking spaces, such as re-
strictions on the number of parking spaces, increased
parking fees for automobile users who drive alone, and
encouragement of the use of spaces by car poolers and
van poolers.

These strategies were expected to shift transportation
mode choice in favor of mass transit. The increased
mass transit ridership would in turn further improve the
quality of service (by reducing headways) and increase
the transit share of trips. The reduction of vehicle kilo-
meters of travel, with the associated reduction in
highway speeds, would improve air quality as well as
reduce energy consumption.

Implementation of strategies in the categories of re-
duction of vehicle kilometers of travel and traffic-flow
improvements has been partly successful. In general,
progress was made in implementing those strategies
that were the responsibility of the state or the local
authorities in the Philadelphia AQCR, These include
the establishment of (a) bikeways, (b) a car-pool com-
puter matching system, (¢) busways between the Ben
Franklin Bridge and the Philadelphia CBD, (d) CBD bus
and trolley lanes, and (e) limited public parking on
streets where bus or trolley lanes have been established.
In addition to these measures, the city of Philadelphia
has successfully implemented the Chestnut Street Mall,
which provides for an automobile-free zone on Chestnut
Street between 6th and 18th streets.

The measures that remain to be implemented are
under the jurisdiction of either EPA (management of
parking supply) or private employers in the region (mass
transit incentives). Measures that require exclusive bus
lanes were found to be infeasible (1). Major obstacles
in the implementation of these projects include the re-
sistance of citizens to any measure that seeks to limit
travel choices without providing equally attractive alter-
natives.

TCP Impact on Air Quality Data

In spite of the partial implementation of the strategies
that form the core of the Philadelphia TCP, the real im-
pact of these measures on the level or the density of
emissions is very small. Even a complete implementa-
tion of all the measures would not have aficeted ambient
air quality to any noticeable extent in the absence of suc-
cessful measures to reduce emission rates. The total
proportion of CO reduction attributable to these mea-
sures is only 2.9 percent.

In an assessment of the real impact of partial imple-
mentation of the TCP, 1971 to 1976 hourly air quality
data from two air-monitoring stations —the Continuous
Air Monitoring Project (CAMP) and the Air Management
Service (AMS)—were reviewed. Continuous graphs of
8-h average CO concentrations were plotted and violation
periods were summarized. The number of violations
and their intensities are givenbelow (1 mg/m” = 0,87ppm):

Highest

Number of Concentration  Time of

Violations Amount  Duration  Occurrence
Year CAMP  AMS {mg/m%)  (h) of Highs
1971 13 2 23.0 il 12:00 m.n,
1972 12 4 16.8 9 4 a.m.
1973 14 12 20.2 14 2 a.m.
1974 6 3 21.3 14 2 a.m.
1975 2 3 16.8 10 3a.m.
1976

(to November} — 1 24.2 13 4 a.m.



Figure 1. Thirty highest average 1-h and 8-h CO readings at CAMP
monitoring station in 1974,
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Thus, from 1973 to 1976, when some limited elements
of the TCP were in effect for over 3 years, the air qual-
ity was in violation of the 8-h standards [8-h average
CO cencentrations not to exceed 10.3 mg/m® (9 ppm)
more than once a year]. The situation as observed
over these years does not seem to be improving; the
level and duration of the highest average concentrations
remain high.

PROBLEMS WITH EXISTING TCP

Efficacy of TCP Elements

A review of the status of the various elements of the TCP
shows that only a few of the elements of the plan have
been implemented and that these elements have a limited
chance of having a positive impact on the air quality of
the region. As discussed earlier, all of the measures
meant to reduce vehicle kilometers of travel taken to-
gether were expected to reduce CO emissions by only

2.9 percent.

Other elements of the TCP that did have promise of
reducing total emissions were those that would reduce
the emission rates of vehicles without reducing the level
of travel. These elements of the TCP, which are within
the jurisdiction of state and local authorities, encom-
passed the most unpopular—or unrealizable—elements.
Even if the FMVCP is eliminated, the expected emis-
sions reduction attributed to vehicle inspection and main-
tenance and retrofit devices on older automobile models—
a significant 9 percent reduction in CO—remains unreal-
ized because of technological, economic, and adminis-
trative factors.

Attitudinal, Institutional, and Legal
Problems

The attitudinal problems of the Philadelphia plan were
the result of apparent philosophical gaps between EPA
staff and the staffs of other transportation agencies that
stemmed from an attitude of distrust between environ-
mentalists on one side and transportation planners and
engineers on the other. The institutional problems grew
out of the absence within EPA of the framework and the

61

expertise to deal with transportation plans and strategies.
The situation in these two areas, however, has greatly
improved since the inception of the TCP,

Legally, EPA had no authoritative position from
which to deal with local governments. Its authority
stems from the 1970 Clean Air Amendments, which en-
titled the agency to deal only with state governments,
using the federal interstate commerce power (on the as-
sumption that air pollution fell under interstate com-
merce), This limited EPA's direct (legal or regulatory)
involvement with communities and political jurisdictions
affected by the TCP.

A more complex legal problem arises from court de-
cisions in several cases involving EPA and transportation
control plans. Common to all these cases is a challenge
to the power of EPA to force the states to enact and en-
force specific transportation controls. Although the de-
cisions in these cases vary considerably, they have
hindered EPA's ability to implement the TCP, particu-
larly in Maryland and California.

Technical Problems

The four major types of technical problems are those
pertaining to ambient air quality standards, air pollution
monitoring, implementation of the FMVCP, and various
elements of the TCP.

Ambient Air Quality Standards

In the 1970 Clean Air Act, Congress called for the es-
tablishment of performance standards governing ambient
air quality. EPA was assigned this task, which means
that the agency was left to quantify the relationship be-
tween ambient air quality and the state of the public health
and welfare. Based on a study undertaken by the U.S.
Department of Health, Education and Welfare (2), EPA
fixed the following standards for CO: 1-h concentration
not to exceed 40.3 mg/m® (35 ppm) more than once a
year and 8-h average concentration not to exceed 10.3
mg,/m? (9 ppm) more than once a year.

The establishment of these standards has given rise
to considerable controversy, and the debate still con~
tinues. Some believe the standards to be very stringent;
others consider them adequate. Nevertheless, the stan-
dards appear to be oversimplified, supported by only
limited theoretical and experimental data.

Figure 1 shows the 30 highest 1-h and 8-h average
CO concentrations at the Philadelphia CAMP station
during 1974. The figure suggests that a curve repre-
senting CO concentrations in descending order resembles
a decaying exponential distribution. The density in such
distribution tends to decline very sharply at the beginning
and then levels off. Everyone is aware of the serious
nature of air pollution, but the safety margin in the con-
centration standards, the infrequency of and the long
periods between high pollutant concentrations, and the
human ability to compensate during nonexposure time
indicate that a more relaxed stance on the number of
permissible violations of standards should be investi-
gated.

Air Pollution Monitoring

Air pollution data collected by monitoring stations are
inadequate for several reasons:

1. There are a limited number of monitoring sta-
tions, and the number varies depending on the pollutant
being monitored. Until 1974 there were only three sta-
tions monitoring CO in the Philadelphia area, one of
which is in the CBD (CAMP),
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2. Although the stations monitor continuously, all of
them experience some gaps in data, and significant por-
tions of the data provided are ruled invalid.

3. No clear standards exist in relation to height,
distance from the roadway, and general location of the
equipment (measurements are extremely sensitive to
these factors).

4. Partly as a result of the lack of clear standards,
it is not uncommon to find CO concentrations reading
higher in the outlying section of the city than in the CBD
because, although the traffic may be of decidedly lower
density, the monitoring equipment is more sensitive to
location factors.

5. A major problem seems to exist with the technique
by which 8-h average concentrations are calculated, es-
pecially the number and the duration of each violation of
the standards and the highest numerical value assignable
to each violation. EPA must prescribe the averaging
method in clear, specific, and well-documented terms.

Federal Motor Vehicle Control Program

Another problem that has legal as well as technical as-
pects involves the FMVCP. The unresolved points are
intermediate motor vehicle emission standards and the
final date established for attainment of the mandated 30
percent reduction of emissions from pre-1968 vehicles.
Several versions of an amendment to the Clean Air Act
are circulating in Congress, and they all include a de-
ferral of the established date from its latest revised
date of 1977 to 1981 or later.

The FMVCP is the most important strategy for re-
ducing emissions. It was expected to contribute over
40 percent of the 55 percent required CO reduction in
the Philadelphia SIP. However, there are major prob-
lems associated with this program in that the vehicles
already in use are emitting more pollution than the re-
spective model-year emissions mandated for them.
Lack of adequate maintenance is among the reasons for
these excessive emissions.

Inadequacies of Plan

Several problems and inadequacies exist with the trans-
portation control plan in general and with specific strat-
egies in particular, at least partly because of the ex-
tremely short statutory deadlines imposed on EPA by
the Clean Air Act of 1970. These inadequacies include
the following:

1. No evaluation was made of the social and economic
costs of implementing the TCP, nor was the plan evalu-
ated for its effect on areas beyond the immediate vicinity
of the facilities included in the plan.

2. The strategies seem to have been selected ran-
domly without any regard to their regional applicability.
An example is the selection of exclusive bus lanes par-
allel to commuter rail routes (the Philadelphia-Paoli
corridor). Another example is the application of the
transit-use incentive to employers who provide more
than 700 parking spaces: No employer in the Philadel-
phia CBD is in this category.

3. The compliance schedule for most of the strategies
concentrates on implementation without time for feasi-
bility analysis or study of alternatives.

ALTERNATIVE TCP

From the list of problems summarized above it can be
concluded that the Philadelphia TCP requires a major
overhaul. The need is serious enough to suggest the de-
velopment of a totally new plan, built on current ex-

perience but based on a more refined process. The re-
finements, although primarily technical, require more

than technical changes. They are very much related to
the attitudinal, institutional, legal, organizational, and
other types of problems outlined earlier.

In the attitudinal and institutional areas, EPA has
taken many forward steps. Its relationship with other
agencies, particularly those in the transportation field,
has markedly improved. Through better staffing and
internal reorganization, EPA has begun to deal with
transportation questions more effectively. Its re-
gional staff has recognized many of the local problems
inherent in the TCP and has transmitted these problems
to policy makers in Washington.

In the legal area, amendment of the Clean Air Act is
required to clarify the intent of Congress in granting
EPA its regulatory power as well as the extent to which
EPA or the federal government as a whole can sanction
the action (or inaction) of a state or local government
with respect to pollution control.

Involvement of Metropolitan Planning
Organizations

Amendments to the Clean Air Act are needed to ensure
that transportation control strategies are developed and
adopted by local, regional, and state governments rather
than promulgated by EPA. This, among other things,
would reduce the likelihood that legally controversial
strategies would be adopted.

The thinking of lawmakers is already moving along
these lines. A 1976 Senate version of the Clean Air
Amendments (8) requires the metropolitan planning or-
ganizations (MPOs) to carry out the task of defining
transportation controls in conjunction with the overall
planning process. Both this Senate version and a House
versgion of the measure (H.R. 10498) provide the state
with a 2-year period from the date of the amendment to
complete and adopt a new TCP.

The thinking of the U.S. Department of Transportation
and others is also on these lines. In a 1975 position
paper issued by the Intermodal Planning Group for Fed-
eral Highway Administration Region 3, it has been rather
strongly suggested that the planning of control measures
should be done by the MPO because any transportation
measures developed outside the 3-C planning process
are not likely to have the technical and community sup~
port needed to ensure implementation. The position
paper recommends that (a) when revising the state im-
plementation plan, the responsible state air pollution
control agencies should delegate to the MPO the respon-
sibility and financial support to plan the transportation
controls necessary to attain national ambient air quality
standards; and (b) no measures should be included in the
TCP unless they are also included in the transportation
system management elements (TSME). In addition, a
stronger emphasis is being placed on short-range plan-
ning in transportation, through TSME (7). Under TSME,
short-range needs are to be filled by making more effi-
cient use of existing transportation resources without
making major changes in the facilities or adding new fa-
cilities. The applicable federal regulation requires that
the transportation plans of the MPO be consistent with
environmental and energy objectives and that these plans
be coordinated with air quality planning.

TCP and the Transportation Planning
Process

A much more important need for revision in the TCP
process is in the area of planning. The region can no
longer afford to keep different plan elements separate



from each other. Transportation control strategies
must be made an integral part of the regional plans and
the planning process and not merely a remedial measure.
Environmental considerations should be as much a part
of the plan and the planning process as are other selected
concerns and goals. The TCP as currently understood
may in this context be only an interim measure to be re-
placed by a transportation plan prepared with all objec-
tives, including environmental objectives, in mind.

The Delaware Valley Regional Planning Commission
(DVRPC) has already included environmental concerns
in the planning process for the year 2000 plan (9). In
fact, environmental objectives are being addressed even
at the sketch-planning level. By including environmental
concerns in the planning process, the 3-C process is not
only being extended but is also being made more respon-
sive,

An implementable and politically and socially work-
able transportation control plan is necessary for reasons
other than air quality concerns. Involving the local con-
stituencies of DVRPC and interested citizens in the prep-
aration of the TCP is therefore very important. A suc-
cessful TCP process may be instrumental in bringing to
the attention of the public the necessity of modifying its
automobile travel habits. The TCP will also help to pro-
mote energy efficiency as well as to maintain air quality
once the standards have been met.

Technical Changes Required

Several technical changes, reevaluations, or refinements
in the TCP are necessary, including those discussed
below.

Reevaluation of Ambient Air Quality
Standards

In view of the difficulty of determining compliance or de-
fining strategies based on a single value, an alternative
standard is required that takes into account frequency,
duration, and time of day of high pollutant concentrations
and that admits the probability of the occurrence of more
than one value above the stated concentration. In such a
standard, a statistical relation accounting for the rele-
vant parameter (frequency, duration, time) of the mea-
sured concentration above the permissible level would
replace the single permissible exceedence. The 8-h CO
standards could conceivably be lowered below 10.3 mg/m?®
(9 ppm) and the manner in which the standard could be
exceeded could be stipulated.

Establishment of Monitoring Criteria
and Program

The city of Philadelphia and the state of Pennsylvania
have taken steps toward establishing detailed monitoring
criteria and a broadly based monitoring program for
both air pollution and such transportation characteristics
as vehicle kilometers of travel and speed. The number
of continuous monitoring stations in the city increased
from 3 in 1971 to 11 in 1974; 3 more were added in the
suburbs of the region in late 1975. What remains to be
achieved is proper maintenance and calibration of the
equipment and accurate and consistent data interpreta-
tion.

Revisions of Basic TCP Assumptions

An important basis for revisions in the TCP is changes

in the state of knowledge about certain basic but key fac-
tors and, to some extent, changes in the state of the art.
Examples of the first kind include revisions in the basic
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emissions factors for automobiles and trucks. When the
original TCP was prepared, these factors depended only
on the model year of the vehicle; a speed adjustment
curve was used for different types of vehicles. Later
investigations have made it necessary to include the ef-
fects of cold starts and ambient temperatures in the cal-
culation of emissions factors (5). The effect of this
change is most likely to be evident in the CBD at the p.m.
peak because of the relatively high percentage of travel
that could qualify as cold starts. Different emissions
factors may have to be used for other areas depending
on the nature and volume of traffic.

Additional changes are necessary so that the plan will
reflect the level of travel in various parts of the region
instead of only travel in the CBD. Thus, it may no longer
be valid to speak of a given percentage reduction in ve-
hicle kilometers of travel or emissions except in terms
of regional totals. It may be much more meaningful to
attempt to specify the maximum daily vehicle kilometers
of travel and the corresponding level of emissions (yearly
or daily) that are consistent with the standards if the
worst meterological conditions occur simultaneously.

In addition, the actual or forecast amount of travel and
emissions (as well as expected ambient concentrations)
should also be calculated so that remedial measures can
be initiated under emergency conditions (3).

URBAN GOALS AND CANDIDATE
STRATEGIES FOR A REVISED TCP

Urban Goals

A large number of strategies responsive to selected
planning goals and objectives have recently been com-
piled under the joint sponsorship of EPA, the Federal
Energy Administration, and the Urban Mass Transpor-
tation Administration (6). That study presents three
major sets of urban goals and systematically presents
various strategies that could be used to achieve those
goals. Of course, not all of these strategies can be uni-
formly applicable to all urban areas and not all of them’
would qualify to be labeled as TCP. Some of the strat-
egies have far-reaching social and economic conse-
quences on the national or even the global level, for ex-
ample, design of the nonpolluting engine and introduction
of non-petroleum-fueled engines. (Action is already be-
ing taken in both categories.)

Many of the other strategies discussed here may be
unpopular because they would tend to restrict the mo-
bility and the mode choice that people have been ac-
customed to getting from the automobile., These strat-
egies are directed toward reducing vehicle kilometers
of travel and restricting automobile access. A great
deal of effort will have to be expended on educating the
public before these strategies can be effective. What-
ever strategies and measures are selected, successful
implementation would need positive commitment from
all levels of government in the Philadelphia region, from
the federal to the local level.

Various urban goals and broad action categories that
should be fully analyzed with respect to their social and
economic implications before they are selected for in-
clusion in a revised TCP are examined below. The three
major goals are improvement of urban mobility, reduc-
tion in the rate of exhaust emissions, and conserva-
tion of energy. The various actions for mobility im-
provement and energy conservation complement the
major goal of improving air quality by helping to reduce
the amount of exhaust emissions.
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Improvement in Urban Mobility

Historically, improvements in urban mobility have been
caused by the introduction of faster means of transporta-
tion and an extensive network of highways and other
travel modes. Of course, the ever-increasing use of
the automobile and low automobile occupancy have ulti-
mately resulted in a waste of energy and increases in
pollution, congestion, delays (particularly during peak
hours), and accidents.

Major strategies for improving urban mobility should
be directed toward providing a reasonable balance be-
tween the use of the automobile and public transporta-
tion. These strategies must therefore aim at reducing
the demand for highway-related automobile use as well
as increasing transit supply and demand.

Reduction in Rate of Exhaust Emissions

Besides measures for reducing the use of the automo-
bile and thus vehicle kilometers of travel, measures will
be needed to reduce the level of automobile emissions.
Such measures do not lie within the scope of the MPO;
they must originate in the federal government, which
can Jegislate in this sphere as well as provide the ap-
propriations and the leadership for research and de-
velopment of new technology.

Although new-automobile strategies and measures
belong outside the TCP, they are an essential component
of any effort to conform to federal air quality standards.
The only jurisdictions outside the federal government
that can play a useful role in reducing automobile emis-
sions are the state governments, which can institute
more responsible inspection and maintenance policies
for vehicles already on the roads so that those vehicles
continue to perform as close to the federal standards as
possible. MPOs must be kept up to date on the state's
progress in implementation of inspection and mainte-
nance programs and control of stationary sources of
pollution.

Conservation of Energy Resources

Urban transportation is perhaps the greatest consumer
of energy. Not only are huge quantities of gasoline con-
sumed by automobiles, affecting the economy's ability
to keep pace with the rising demand for this fuel, but
also the fuel after combustion is discharged into the at-
mosphere in the form of pollutants. Any reduction in
gasoline use would favorably affect air quality.

In addition to more efficient engines, the conserva-
tion of gasoline can be effected in fwo ways: (a) by re-
ducing kilometers of travel by automobile and (b) by
concomitantly increasing the use of transit, which is
usually understood to be a more energy-efficient mode.
Rigorous studies of the effect of a more widespread use
of transit may, however, be necessary to assess the ef-
fect of a change to alternate fuels. For example, more
diesel buses on the street may raise other problems,
e.g., smoke particles. The use of high-speed transit,
such as commuter rail and light rail, will not only change
the type of fuel used but will also cause fuel fo be burned
at fixed points where energy conversion would take place.
Effects of increased emissions at those locations will,
therefore, also need to be studied.

Measures for realizing the energy objective no doubt
belong to various levels of government acting, when ap-
propriate, through the MPO. The federal and state gov-
ernment roles lie in legislating smaller vehicle size,
weight, and power, providing research and development
assistance for new propulsion technology, and providing
leadership in the development of clean energy sources

and in inspection and maintenance.

Candidate Strategies for Revised TCP

Possible strategies that should be discussed and ana-
lyzed further and incorporated in the revised TCP are
presented below. Strategies must be implementable, and
their social and economic implications should be ana-
lyzed before they are included in a revised TCP. Al-
though this group of strategies includes certain mea-
sures that are part of the existing Philadelphia TCP,
such as car pools, bus lanes, and parking restrictions,
the difference may lie in the specific application of the
measures—in how, where, and how much. Locating an
exclusive bus lane parallel to a high~speed rail corridor
may be an obviously inconsistent or ineffective measure,
but it may be quite effective in some situations. Work-
able elements of the existing TCP should be included in
the revised TCP and as part of the region's TSME. The
real point in revising the TCP should not be to replace
entirely the existing strategies but to make the planning
process more responsive and effective.

Automobile Travel

Possible strategies for improving automobile alternatives
are as follows:

1. Improve transit service by increasing its fre-
quency, quality, safety, and security;

2. Revamp the transit fare structure and include
the possibility of multizone fares and fare-free service
on CBD loops;

3. Encourage the use of bicycles and walking by pro-
viding safer roads and streets, in terms of traffic engi-
neering for the safety of both people and property; and

4, Extend transit service to the areas not currently
served, i.e., areas with latent demand but relatively low
patronage.

Vehicle Movement on Highways

Strategies for improving vehicle movement on highways
are as follows:

1. Improve the conditions of highway and street net-
works;

2. Improve traffic control measures, including in-
stallation of volume-responsive signaling, provision of
appropriate turn restrictions, and use of one-way streets
where such use is indicated;

3. Prohibit or at least strictly control on-street
parking, particularly in the CBD and on other streets
where transit routes are located;

4, Monitor instantaneous conditions of traffic con-
gestion during peak hours and in situations that involve
delay caused by traffic accidents and introduce ramp
metering and the posting of alternate routes for highway
uses;

5. Where possible, and where so indicated, introduce
special bus lanes that may also be used by car poolers
(bus-activated signals may be installed); and

6. Introduce more and new transit service in heavily
traveled corridors and other areas of service (CBD loops,
shuttles, airport service).

Reduction of Automobile Use

Strategies designed to reduce the use of automobiles are
as follows:



1. Introduce and encourage car, van, and bus pools
and other shared-ride programs;

2. Revamp working hours (staggered work hours,
staggered workdays, flextime);

3. Rationalize parking policy in congested areas by
such actions as providing parking facilities at the fringes
of critical areas where they interface with public trans-
portation and manipulating parking fees;

4, Introduce incentives to the use of public transpor-
tation (by such measures as reimbursement of transit
costs and free or subsidized travel) for use by employers
located in critical areas; and

5. Examine and recommend entry and exit points in
heavily traveled areas such as the CBD by designating
one-way streets and specified points of entry and exit,
more turning restrictions, and more automobile-free
streets such as the Chestnut Street Mall.

Vehicle Inspection and Maintenance
Programs

Periodic checkup and repair of antipollution devices, in
accordance with model-year specifications, should be
required.

Energy Efficiency of Vehicles

Strategies for improving the energy efficiency of vehicles
are as follows:

1. Introduce more efficient passenger pickup and
drop-off by public transportation vehicles by introducing
appropriately spaced stops and

2. Introduce one-way collection of tolls on toll bridges
to expedite the processing of vehicles, improve speed,
reduce emissions, and save energy.

CONCLUSIONS

The Clean Air Act, the creation of the U.S. Environ-
mental Protection Agency, and subsequent EPA regula-
tions for clean air are long-overdue responses to the
concerns of various segments of society, Like many
other responses to public pressure, the act, the agency,
and the regulations were all formulated with a certain
degree of expediency, which gave rise fo many legal,
administrative, and technical problems, The legal prob-
lems involve a challenge to EPA's regulatory powers,
the administrative problems are manifested by the lack
of a clear definition of EPA's powers and responsibili-
ties, and the technical problems are inherent in the
rather hastily generated regulations. Lack of public
acceptance further aggravated the problem.

The need for a revision of the TCP is the most ob-
vious conclusion of this paper. However, that revision
perhaps should be extended beyond the TCP to the SIP
and possibly to the air quality standards and the Clean
Air Act. The Clean Air Act is currently being amended.
It is hoped that the amendment will clarify some of the
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otherwise ambiguous provisions. The national ambient
air quality standards are the subject of much debate, and
the need still exists for more comprehensive standards
that include a multiplicity of pollution factors (level,
duration, time of day) and better technical justification.
Revision or reformulation of a new TCP must begin with
the basic premise that it should evolve through the re-
gional comprehensive planning process with the full par-
ticipation of local governments and concerned citizen
groups.

In formulating the TCP, the MPOs must ensure not
only the total cohesiveness of the plan but also its homo-
geneity with the short- and long-range elements of the
regional transportation plan. In particular, the integra-
tion of the TCP into TSME is essential to the conduct of
the regional planning process.
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Development of Criteria for
Reserving Exclusive Bus Lanes

C. C. Miesse, U.S. Environmental Protection Agency,
Philadelphia

The reservation of an existing traffic lane for the exclusive use of buses
and car pools results in increased congestion and slower speeds on the
remaining lanes until a sufficient number of automobile drivers have
been diverted to buses. Equations are developed to determine the varia-
tion of the resultant emissions with the percentage of diversion for vari-
ous values of initial speed, number of lanes, and directional split {for
counterflow lanes). Results of the analysis indicate that minimum diver-
sion percentages exist below which carbon monoxide emission rates and
total hydrocarbon emissions are greater with than without the exclusive
bus lanes for both in-lane and counterflow configurations.

The reservation of existing traffic lanes for the exclusive
use of express buses and car pools has been proposed
and promulgated as a technique for encouraging the use
of public transit on the assumption that air quality will
be improved by a decrease in the number of private
automobiles. Various transportation agencies have
noted that implementation of this measure along specific
corridors would impede traffic to the extent that pollu-
tant concentrations may even increase; the following
analysis was therefore undertaken to quantify the antic-
ipated results, based on empirical relations between
traffic flow, average speed, and pollutant emission
rates.

The analysis is based on the following assumptions:

1. Variation of traffic flow with operating speed, for
both the peak-flow (inbound) and counterflow (outbound)
directions is determined by the volume-speed curves
given in the Highway Capacity Manual (1).

2. Variation of pollutant emission rates with average
speed is determined by equations developed by the U.S.
Environmental Protection Agency (EPA) (2).

3. Automobile drivers who have not been diverted to
buses will be evenly distributed over the remaining lanes
in such a way that the resulting total traffic density is
maintained.

4, Free-flow conditions are assumed to be such that
level of service F (1) ic not congidered excent where it
occurs because of resulting congestion in the remaining
traffic lanes.

5. Additional emissions caused by buses or car pools
that are permitted to use the exclusive lanes are disre-
garded as negligible.

6. For the counterflow bus-lane configuration, flow
in the outbound (less congested) lanes will remain con-
stant during the peak period.

NOMENCLATURE

The following terms are used in the analysis (for those
terms in the equations that are formulated in customary
units, no SI equivalents are given):

D = number of automobile drivers per mile di-
verted to buses,

E = emission rate for carbon monoxide (CO)

(g/mile-h),

composite CO emission factor (g/mile),

ane volume (traffic flow) (vehicles/h),

e =
F=1
f = £(V) = speed factor for CO emissions,

g = g(V) = speed factor for hydrocarbon (HC)
emissions,
H =total HC emissions (g),
h = composite HC emission factor (g/mile),
k = (N, = D)/N, = fraction of automobile drivers
not diverted to buses,
L = average trip length (miles),
M = number of inbound lanes,
N(M) = total traffic density for M lanes (automobiles/
mile),
= number of peak-period automobiles,
= (100 - y)/y = ratio of outbound to inbound
traffic flow,
= length of peak period (h),
= average traffic speed during peak period
(mph),
y = percentage of total traffic flow on inbound
lanes,
¢ = M/(M - 1) = ratio of number of traffic lanes
before and after reservation of bus lane,
o = before reservation of exclusive lane,

<3

1 = after reservation of exclusive lane,
— = inbound lanes after reservation of counterflow
bus lane, and
" = outbound lanes in counterflow configuration.
ANALYSIS

The effect of reserving one lane of a four-, six-, or
eight-lane highway for the exclusive use of express buses
is analyzed by using relations between traffic volume and
operating speed observed on limited-access highways
across the country and reported in the Highway Capacity
Manual (1). The typical variation of traffic volume with
operating speed, which is used as a basis for the follow-
ing equations, is shown in Figure 1. Figure 1 shows
that the traffic flow (F), lane volume in vehicles per
hour, for a design speed of 112 km/h (70 mph) can be

anpproximated hy
F=1.633V(V4-V) (1)

where V, is the design speed for the highway (112 km/h
or 70 mph in Figure 1).

Because traffic flow equals the product of speed (V)
and traffic density (N) in automobiles per mile, traffic
density for a single lane can obviously be represented by

N(1)=1.633(V4-V) (2)

For M lanes, the total traffic density is thus represented
by

N(M) =N, = 1.633M(V4-V) (2a)

In the analyses that follow, it is assumed that the
original N automobiles per mile will reduce to N - D
automobiles per mile (evenly distributed over the re-
maining inbound lanes), where D is the number of auto-
mobile drivers per mile diverted to buses. In Figure 2,
a schematic diagram of the assumed in-lane traffic
density before and after reservation of the exclusive



Figure 1. Variation of traffic volume per lane with expressway
operating speed.
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Figure 2. In-lane configuration: 20 percent diversion from
automobiles to buses.
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lane indicates an assumed 20 percent diversion for three
lanes (M = 3) in the peak-flow direction.

Emissions

Because the air quality impact of CO emissions is local
and dependent on the instantaneous emission rate, the
appropriate equation for M lanes can be written as fol-
lows:

E=FxMxexf(V)
=NM) xVxexf(V)
=1.633MV(V4 - V)elf(V)] (3)

in grams per mile per hour where e is the base emis-
sion factor and V is assumed to remain constant through
the peak period. The impact of HC emissions, however,
is regionwide and is dependent on the total emissions
during the morning peak period. The critical measure
of HC emissions is thus expressed by

H=FxMxTxLxhxg(V)
=1.633MV(Vy- V)T x L xh x g(V)
=PxLxhxg(V) 4)

in grams, where T is the time required to discharge the
reservoir of P peak-period automobiles.

In-Lane Exclusive Bus Lanes

The initial traffic density is represented by
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N, = 1.633M(70 - V) (&)

1t k = (N, - D)/N, represents the fraction of automobile
drivers who are not diverted to the express buses, then
the traffic density on the (M - 1) lanes remaining is rep-
resented by

N, =kN,
=1.633(M - 1)(70 - V)) (6)
where k is the decimal fraction of automobiles remain-

ing in the traffic lanes. Simultaneous consideration of
Equations 5 and 6 reveals that

V=70 -k¢(70 - V,) N
where
p=M/M-1) 8

Corresponding values of the CO emission rates before
and after implementation of the exclusive bus lane are
determined from Equations 3, 5, and 6, as follows:

E, = 1.633MV (70 - V,)e[f(V,)] ©®)
and

E =N, xV,xexf(V)
=k xNy xVixexf
=(k xE, x Vix §)/V,f, (10)

where the subscripts o and 1 represent conditions before
and after implementation and f, and f, represent £(V,)
and f(V,) respectively. Thus, the effectiveness of the
exclusive bus lanes with respect to CO emissions is de-
termined by the ratio

B/E, = kVifi/Vof, an

Table 1 gives the pertinent input variables and the re-
sulting emission ratios for the [ollowing factors: V, =
64 km/h (40 mph), M =3, ¢ =M/(M - 1) = 1.5, N, =
1.633 M (70 - V,) = 147, [, = £(V,) = 0.461, and g, =
g(Vo) = 0.617. The table indicates that the emission
ratios are always greater than k and exceed unity for

k > 0.96 (CO) and k > 0.86 (HC). The additional emis-
sions resulting from express buses operating in the ex-
clusive lanes were found to be less than 2 percent of the
automobile emissions and were omitted from further
consideration.

The resulting variation of the minimum percentage
diversion with the number of inbound lanes for reduction
of CO emissions (emission-reducing effectiveness equals
unity) is shown in Figure 3. The figure shows that, for
an average pre-bus-lane speed of 56 km/h (35 mph), the
installation of an exclusive bus lane will result in in-
creased CO emissions unless 8 to 10 percent of the
automobile drivers change to the transit mode.

Equations for total HC emissions, before and after
reservation of a single lane for express buses, are de-
rived from Equations 4, 5, and 6:

H, =N, x Vo xTo x Lxh x g(Vy)
=P, xLxhxg, (12)

and

H=NxV; xTyxLxhxg(Vy
=P xLxhxg (13)
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Table 1. Input variables and emission ratios for in-lane

exclusive bus lane. k Vi=70-k#(70- Vo) L =f(V))  KVify - KV\fi/Vofo kg, kg, /g
1.0 25.00 0.773 19,33 1.048 0.825 1.316
0.95 27.25 0.711 18.24 0.990 0.787 1.276
0.90 29.50 0.630 17.01 0.924 0.678 1.099
0.85 31.75 0.586 15,94 0.866 0.609 0.992
0.80 34.00 0.547 14.88 0.810 0.548 0.894
0.75 36.25 0.514 13.88 0.756 0.494 0.808
0.70 38.50 0.485 12.90 0.704 0.445 0.730
0.65 40.75 0.461 11.99 0.655 0.401 0.660

Figure 3. Minimum percentage diversion versus
number of inbound lanes for in-lane CO emissions.
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Figure 4. Minimum percentage diversion versus
number of inbound lanes for in-lane HC
emissions.
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Under the assumption of steady-state traffic densities
during the peak period, it is apparent that the traffic

densities (N) are proportional to the total numbers of
peak-period automobiles (P). Thus, P,/P, = N;/N, =k,
and Equation 13 can be expressed by

H=kxP,xLxhxg (13a)

The emission-reducing effectiveness for HC of the in-
lane exclusive bus lane is thus determined by

Hi/H, = ka/g, 14)

The pertinent variables and the resulting ratios for V, =
64 km/h (40 mph) and M = 3 are given in Table 1.
Figure 4 shows the variation of minimum percentage
diversion with the number of inbound lanes (M) for re-
duction in HC emissions. The figure shows that reduc-
tion of HC emissions requires a diversion of 14 to 30
percent of automobile drivers on a highway where the

Figure 5. Counterflow configuration: 20 percent diversion from
automobiles to buses and 60-40 directional split.
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normal peak-period speed is 56 km/h (35 mph).

Counterflow Exclusive Bus Lanes

Basic relations for the peak-flow direction in the coun-
terflow configuration (Figure 5) are equivalent or similar
to Equations 5 and 6 for the in-lane exclusive bus lanes:

Ny = kN, = 1.633M(70 - V,) (15)

where it is noted that, because the bus lane is now as-
signed to the less congested, outbound portion of the
highway, the number of inbound lanes (M) remains the
same after implementation of the exclusive lane. Simul-
taneous consideration of Equations 5 and 15 results,
therefore, in the following equation for V,:

V,=70-Kk(70 - V,) (16)

The relation of the initial outbound speed (V) to V, is
established by the directional split [y : (100 - y)7:

q=(100-y)/y amn
where y is the percentage of total traffic flow (MF, +

M'F%) in the inbound (peak-flow) lanes and M’ is the
number of outbound lanes. Therefore,

M’'F, = qQMF,, (18)
and
M'V,(70 - Vi) = qMV, (70 - V,) 19)

For M’ = M (which is assumed throughout the following
analysis),



Vi, =35{1 + v/ 1 - [4qV,(70 - V,)/4900] } (20)

Because it is assumed that neither the total number nor
the total density of outbound automobiles is altered by
the diversion of inbound automobile drivers to buses,

Ny =N,

(M - 1)(70 - V) = M(70 - V) @2n
from which

Vi=70-¢(70-V,) (22)

In Figure 5, a schematic diagram of the assumed traffic
density before and after reservation of an exclusive
counterflow bus lane indicates an assumed 20 percent
diversion for a four-lane highway with a normal direc-
tional split of 60-40. Figure 5 shows that the reserva-
tion of one of the two outbound lanes as an exclusive bus
lane results in a doubling of the lane density on the re-
maining outbound lane.

Appropriate values for CO emission rates, before
and after implementation of the exclusive counterflow
bus lanes, are determined from Equations 3, 9, 15, 19,
and 21, as follows:

E; =N xV,xexf
=k xN, xVixex{
=(k x By x V| x )/ Vof, 23)

E, =Ny x Vg xexfy
=qxNy xVyxexf,

Figure 6. Minimum percentage diversion versus
number of inbound lanes for counterflow HC
emissions.
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Table 2. Percentage diversion required to effect emissions reduction
for in-lane exclusive bus lanes.

Required Diversion (%)

Cco HC
» Two Three Four Two Three Four
(km /h) Lanes Lanes Lanes Lanes Lanes Lanes
56 10 9 8 30 18 13
64 8 4 2 27 15 10
72 5 0 0 21 11 8
80 0 0 0 15 6 4

Note: 1km =0.62 mile.
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=(qx Eq x15)/f, 24)

and

E/ =Ny x Vi xexf]
=Nox V) xexf|
=(qx E, x V{ xf])/V I, (25)

Thus, the effectiveness of counterflow exclusive bus
lanes in reducing CO emissions is determined by the
following ratio:

(Ey+ ED/(E, + Ey) = [(KVI£/V,) + (qVi £ /Vi)]/(F, +afy) (26)

Equations for total HC emissions, before and after reser-
vation of the exclusive counterflow bus lane, are derived
from Equations 4, 12, 15, and 21 on the continuing as-
sumption that the reservoirs of peak-period inbound
automobiles (P., P,) are proportional to the correspond-
ing densities,

P,/P,=Ni/N, =k Q7N

and the straightforward assumption that the ratio of the
total number of outbound automobiles to the initial num-
ber of inbound automobiles is equivalent to the ratio of
the corresponding initial flows,

P[P, =F,/F, =q (28)
Therefore,

I-'i|=131><L)<h><§|
=kxP,xLxhxg
= kH,g/2 (29)

Hy =P, xLxhxg,
=qxP, xLxhxg,
= qH, g; /8, (30)

and

H{=P xLxhxgj
=qxP,xLxhxg/
=qH.gi /e, 1)

Emission-reducing effectiveness for HC is subsequently
determined by the ratio

(H, + H))/(H, + H}) = (kg, + ag})/(2, + qg0) (32)

Figure 6 shows the variation of the minimum percentage
diversion with the number of inbound lanes for reduction
of HC emissions for a counterflow configuration in which
the normal directional split is 55-45. The figure shows
that a reduction in HC emissions requires a minimum
diversion of 15 percent for a four-lane highway with a
pre-bus-lane speed of 56 km/h (35 mph) and diversions
of 4 and 2 percent respectively for six- and eight-lane
highways.

RESULTS

In-Lane Configuration

The percentage of diversion from automobiles to transit
required to effect a reduction in pollutant emissions for
in-lane exclusive bus lanes, as determined by Equations
7, 11, and 14, is given in Table 2 for various initial-
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Table 3. Percentage diversion required to effect emissions
reduction for counterflow exclusive bus lanes.

Required Diversion (%)

co HC
Directional Vs Two Three Four Two Three Four
Split (km/h) Lanes Lanes Lanes Lanes Lanes Lanes
50-50 56 5 5 4 >35 >35 22
64 20 4 2 >35 35 18
T2 4 0 0 >35 18 10
80 0 0 0 34 9 5
55-45 56 0 0 0 15 4 2
64 0 0 0 18 4 3
72 4] 0 1] 14 4 0
80 4] 0 0 9 0 0
60-40 56 0 0 0 3 2 0
64 0 0 0 3 0 0
72 0 0 0 3 0 0
80 0 0 0 2 0 0

Note: 1 km = 0.62 mile,

Table 4. Minimum percentage diversion required to achieve significant reductions of CO and HC emissions.

Required Diversion (%)

In-Lane 50-50 Counterflow 55-45 Counterflow 60-40 Counterflow
Volume/Capacity Two Three Four Two Three Four Two Three Four Two Three Four
Ratio Lanes Lanes Lanes Lanes Lanes Lanes Lanes Lanes Lanes Lanes Lanes Lanes
Carbon monoxide
1.00 22 20 14 40 40 40 0 0 0 0 0 0
0.98 9 7 5 40 40 40 0 0 0 0 0 0
0.90 9 0 1 40 40 40 0 0 0 0 ] 0
0.80 0 40 0 ]
0.75 0 40 0 0
0.70 0 40 0 1]
Hydrocarbons
40 24 18 - - - - 10 5 6 2 (]
0.98 34 20 14 —* - - -* 20 ki 7 0 0
0.90 25 16 11 - - - - 10 0 10 0 0
0.80 6 40 0 0
0.75 10 40 10 0
0.70 20 - 40 10

®Impossible to achieve significant emission reductions at less than 50 percent diversion from automobiles.

speed values.
average initial speed =56 km/h, HC reductions require
diversions that vary from 15 to 30 percent for two in-
bound lanes and from 4 to 13 percent for four inbound
lanes. CO reductions can be achieved for highways in
which the average initial speeds exceed 72 km/h (45
mph fortwo inbound lands or 84 km/k (0 mph) for

three or more inbound lanes.

Counterflow Lane Configuration

The percentage diversion required to effect a reduction
in pollutant emissions for counterflow exclusive bus
lanes, as determined by Equations 16, 20, 22, 26, and
32, is given in Table 3 for various values of average
initial speed and directional split. The data show the
following:

1. For highways with a 50-50 directional split, re-
ductions in hydrocarbon emissions require a diversion
from the automobile mode greater than 33 percent for
half of the cases examined and an average diversion of
10 percent for the remaining cases.

2. For a highway with a directional split of 55-45,
reductions in CO emissions will occur for all cases.
HC reductions require diversions of 4 to 18 percent on
four- or six-lane highways where the speed before the
exclusive bus lane is less than 80 km/h (50 mph),

3. For a highway with a directional split of 60-40,
emission reductions will occur for all cases except for

The data show that, for highways with an

four-lane highways, where reductions in HC emissions
require a modest diversion from automobiles to transit.

Table 4 gives the minimum diversion percentages re-
quired, for various configurations and directional splits,
if CO and HC emissions are to be significantly reduced
T Aler

her marnmnn than half $ha Avaian manaantasa
Wy MOIC unall ndar viaé GiVEIsisi piricneags/.

CONCLUSIONS

Reductions in CO emissions can be achieved by means
of in-lane exclusive bus lanes where average traffic
speeds exceed 72 km/h (45 mph) and by means of coun-
terflow lanes where directional splits equal or exceed
55-45, Reductions in HC emissions can be achieved by
means of counterflow lanes if the directional split ex~
ceeds 55-45 and the percentage of people diverted from
automobiles exceeds 5 percent.
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Line Source Emissions Modeling

Lonnie E. Haefner, D. E. Lang, R. W. Meyer, J. L. Hutchins, and
Bigan Yarjani, Civil Engineering Department, Washington University

The objective of this paper is to describe the develop-
ment of the line source sorting model NETSEN II and
its use in conjunction with the automobile exhaust emis-
sions modal analysis model of the U.S. Environmental
Protection Agency (EPA) (1). Speed-profile analogies
from the Regional Air Poliution Study of the St. Louis
air quality control region (AQCR), developed for use in
the modal emissions model, are used.

MODAL EMISSIONS MODEL

The automobile exhaust emissions modal analysis model
developed by the Calspan Corporation for EPA was de-
signed to calculate the amounts of hydrocarbons (HC),
carbon monoxide (CO), and oxides of nitrogen (NO,)
emitted by individual automobiles or groups of automo-
biles stratified by age and geographic location (1). Emis-
sion rates were deduced from surveillance tests per-
formed on a test fleet of 170 automobiles in six American
cities at varying altitudes. Emissions were output for
any given second-by-second driving sequence within a
speed range of 0 and 96.8 km/h (0 and 60 mph). The
model developers recognized that the emissions response
of an automobile depends on the speed profile experienced
by its occupants as they travel from origin to destination.
The developers also recognized that different light-duty
vehicles have separate emissions responses for the same
speed, acceleration, and deceleration profiles. The
model does not treat meteorological or transport pro-
cesses. It specifically details the distribution of emis~
sions along a user-defined highway link and computes the
total CO, HC, and NO, contributions to the atmosphere
from the highway source.

The inputs into the EPA modal emissions model in-
clude both traffic and emissions data. The traffic inputs
are representative second-by-second speed profiles on
the defined line sources, the number of automobiles as-
signable to the particular speed profiles on the defined
line sources, their age distribution by model year, and
the relative altitude at which they are operated. The
emission parameters include emission-rate coefficients
that are specific to speed profiles and are either user
supplied or produced by default in the computer program
itself. Because of cost and time, unless the user has a
vehicle fleet and dynamometer testing equipment, the de-
fault emission-rate coefficients should be used. The
emission-rate coefficients supplied by the model do not
include the effects of cold starts, which generate a siz-
able portion of automobile emissions. No deterioration
factors are applied, but they are indirectly incorporated
in that the vehicle fleet used in the surveillance program
reflected age and maintenance effects.

The modal emissions model estimates actual CO and

HC emissions within 13 percent but only predicts NO,
within 80 percent. Because the model was developed for
a single vehicle fleet, its ability to reproduce emissions
from additional vehicle fleets was also tested. The
model replicated performance to within 30 percent. Al-
though this error seems significant, the input data from
the model's own original vehicle fleet could not be rep~
licated any better a second time. Both microscale and
mesoscale emission-analysis methods have this draw-
back.

The modal emissions model is capable of operating
at a truly microscale level. It allows for highly specific
analysis of the emissions effects of traffic congestion.
In using the model for this purpose, however, the user
must define the established regional highway network—
a major undertaking for a region the size of St. Louis.
In addition, second-by-second speed-profile data and
localized data on the emission response of vehicles must
be collected either in the field or by development of a
systematic scheme of speed-profile analogies for line
sources.

DESCRIPTION OF NETSEN II MODEL

The network sensitivity model NETSEN I is an updated
version of NETSEN, which was designed in an EPA study
(_2_). The updated version has additional variables and
subroutines and the ability to test for the following road-
way characteristics in defining a line source: average
daily traffic, five types of special topography, four types
of capacity alterations, eight types of sensitive land uses,
five types of activity centers, five types of progressive
movement, channelization, functional classification,

link distance, peak speed differences, truck and bus
volumes, and volume/capacity (V/C) ratio.

Definition of a Line Source

The definition of a line source hinges on the capability
of analyzing the highway network and its traffic and de-
sign attributes at varying levels of detail, and that capa-
bility depends on the availability of data and the level of
spatial refinement sought by the user for input into pol-
lution models such as the modal emissions model. Thus,
if adequate data are available, the user has a range of
capabilities, from developing a very refined set of de-
scriptors—termed ultimate line sources—to developing
a very unrefined set of descriptors—termed gross line
sources. The following basic definition of a line source
was used in the development of the NETSEN II program:
"A line source is the smallest segment of inventoried
roadway depictable with a given specific set of attributes
for the roadway' (2).
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NETSEN II was designed to allow the user to select
those links that have relevant characteristics at a level
of refinement determined by the user.

Logic

The model begins by reading control cards that define
the attributes for which the model is to test the line
sources. Next, a line source from the roadway inven-
tory link file is input into the model. The model then
begins a series of sequential tests of the line source for
the attributes previously defined in the control card. If
the line source passes all the tests, it is output for fur-
ther computation of its emissions and another line source
is read in. If the line source fails an attribute test, test-
ing of that line source ceases and the program goes back
and inputs a new line source. When all of the line
sources from the roadway inventory link file are tested,
the set of line sources that passes the tests is ready for
use in the modal emissions model.

Two specific points about NETSEN II are of major
importance:

1. The network can be tested at any relevant level of
data attributes. These levels can run from very gross
descriptions (testing for all freeway links) to a very re-
fined set of descriptors [testing for links that have a
freeway classification with, for example, average daily
traffic (ADT) of 40 000 to 45 000 vehicles/d and rolling
topography].

2. The level of attribute refinement the user chooses
to test may vary with the detail of the data available, The
level of refinement of the data may also vary according
to what the user determines is necessary for the study
of emissions. Thus, there is complete flexibility in the
behavioral aspects of the network with respect to the es-
timation of emissions.

SPEED-PROFILE ANALOGIES

A critical element in this research has been the develop-
ment of a methodology for constructing speed-profile
analogies for roadway segments for which no speed-
profile data have been collected. Development of such
analogies is necessary if the modal emissions model is
to compute emissions for the entire AQCR network.

Speed-Profile Data

A basic item of data for this research was a study of
speed characteristics for the St. Louis region conducted
by the East-West Gateway Coordinating Council under
contract to the Federal Highway Administration and EPA.
The study provided second-by-second speed data over a
variety of roadways on 16 different circuitous routes in
the St. Louis region. Each roadway segment was run a
total of 12 times. Speed-profile data existed for approx-
imately 70 to 80 percent of the total kilometers of free-
way in the St. Louis AQCR, but there were adequate
speed-profile data for only about 50 percent of the ar-
terial roadways.

Development of Methodology

Two basic approaches to analogy development were ex-
plored. The first was to attempt to construct second-
by-second speed profiles for roadway segments for which
data had not been collected by locating a segment of
roadway that has traffic-flow parameter values similar
to those of the segment in question. The traffic-flow
parameters most indicative of emissions behavior are
hourly volume, V/C ratio, average speed, and acceler-

ation noise (defined as the standard deviation of velocity
about the mean). Because a speed profile has an asso-
ciated average speed and acceleration noise, it would

be possible to physically construct a second-by-second
speed profile of the appropriate length for the roadway
segment without speed-profile data. But there are two
basic problems with this approach. First, the data on
which the analogy is based are not uniformly available
and, if they were available, would probably not be ap-
plicable to peak-hour, worst case conditions. Second,
the analogy between the segment with speed-profile data
and the segment without speed-profile data is made on
the basis of parameters such as peak-hour average speed
and V/C ratio, but a single speed profile is only a single
sample from some supposedly stable distribution of pos-
sible profiles on a segment. There does not appear to
be any direct means of aggregating numerous speed-
profile samples over the same segment. When this
problem is combined with the problem of specifying
what constitutes a peak-hour average speed or V/C ratio,
the technique loses much of its desirability.

The second technique explored, and the one ultimately
uged for arriving at analegisy, bepins by cress clagsity-
ing every line source segment in the entire network by
three relevant and available indicators of traffic-flow
quality: ADT, V/C ratio, and functional class of road-
way. These three parameters imply much of the oper-
ational nature of a particular roadway segment. For
purposes of this research, four appropriate ADT ranges
were selected for each of three functional classes. In
addition, four ranges of V/C ratio were selected that
yielded 48 discrete roadway classifications; coupling
these classifications with the use of peak and off-peak
descriptors increased the number of possible classes of
roadway operation to 96. For each of the 48 possible
roadway classifications, a segment was sought for which
plausible speed-profile data existed. In actuality, only
29 of the 48 classes currently exist in the St. Louis
AQCR network. Two speed profiles were selected for
each of these 29 base segments—one that represented
off-peak operating conditions and one that represented
peak-hour operating conditions.

Peak and off-peak speed profiles for each segment
were run through the modal emissions model with a
reasonable vehicle mix to arrive at unadjusted emission
rates for each of the two profiles and for each of the 29
roadway classes. These rates were then adjusted for an
ambient temperature of 29°C (85°F) and 10 percent cold

ocpcration by using EPA adjustment factors (3).
emissions computation software, a set of line sources
that pass the parameter tests of NETSEN II are checked
to see which of the possible roadway classes they are
contained in, and the appropriate emission rate is ap-
plied for the hour of interest.

This second methodology allows the use of appropriate
traffic-engineering and emissions inputs to the emissions
computation process but makes full use of available data.
Based on the number of desired categories for each of
the parameters, the classification scheme can be as re-
fined as the user desires and the data will allow.
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EMISSIONS SOFTWARE SYSTEM AND
EXAMPLE OUTPUT

The software system designed to compute emissions for
line sources consists of three basic programs. The first
is the network sorting model, NETSEN II, the inputs to
which consist of appropriate user control cards for se-
lection of line sources and the network roadway inven-
tory. The output of NETSEN II is a set of line sources
that meet specified characteristics. These line sources
are then passed to the ECOMP program, which computes



the line source emissions by using these outputted line
sources as the first input.

The second input to the ECOMP program is the emis-
sion rates computed by the modal emissions model. The
modal emissions program uses the emission coefficients
supplied by the model and the peak and off-peak profiles
from each of the 29 roadway segments identified as rep-
resentative of each of the analogy classes. The results
of the modal emissions program are adjusted for 20 per-
cent cold operation and an ambient temperature of 25°C
(75°F) and are used as input in the ECOMP program for
light-duty vehicles. The ECOMP program uses different
modal emission rates for peak and off-peak operations.

The third set of inputs to the ECOMP program is the
emission factors for trucks, which are computed from
EPA publication AP-42 (3). For light-duty trucks,
heavy-duty gasoline-powered vehicles, and heavy-duty
diesel-powered vehicles, separate emission factors were
determined for calendar year 1975 (3) by using an aver-
age speed of 48 km/h (30 mph), an ambient temperature
of 25°C, and, for light-duty trucks, 10 percent cold op-
eration, These emission rates were applied to hourly
volumes for these three classes of trucks based on an
assumed distribution among all vehicles of 5 percent
light-duty, 4 percent heavy-duty diesel-powered, and
1 percent heavy-duty gasoline-powered trucks.

The fourth input to the ECOMP program is a control
card to determine the total percentage of all trucks, the
hours of the day for which emissions data are desired,
and whether or not emissions are to be added to the grid
totals or stored separately as hourly totals. Emissions
of SO, and particulates were computed by ECOMP based
on emission rates for each of the four types of vehicles
for the appropriate hourly volumes under consideration.
These SO; and particulate rates were taken from EPA
publication AP-42 (3).

The outputs from the ECOMP program consist of three
possible types. First, the program outputs on theprinter
an hourly summary for each line source that consists of
geographic information, roadway volumes, functional
roadway class, and emissions totals for the five types
of pollutant. The second type of output is similar to the
first except that it is stored on tape for later use. The
third type of output is the totaling of all line source emis-
sions for each grid. The last two outputs are optional
and may be specified by the user.

In a freeway example that used NETSEN II, the line
sources located by the program were freeways with ADTs
in the range of 60 000 to 80 000 and V/C ratios in the
range of 0.60 to 0.90. Fifty-seven line sources repre-
senting 49.2 km (30.5 miles) of roadway and 3.5 million
vehicle +km (2.2 million vehicle miles) of travel fit this
description. The ECOMP program computed total emis-
sions for this set of line sources for the hours of 4:00 to
6:00 p.m., which resulted in 271.8 kg of HC, 4397.1 kg
of CO, 367.9 kg of NO,, 14.8 kg of SOz, and 36 kg of par-
ticulates.

Another example consisted of all line sources that
were principal arterials with ADTs in the range of 10 000
to 20 000 and with V/C ratios in the range of 0.30 to 0,60,
These specifications resulted in 114 line sources repre-
senting 81.9 km (50.8 miles) of roadway and 1.04 million
vehicle +km (0.6 million vehicle miles) of travel. The
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emissions for this set of line sources were computed for
the 8:00 to 9:00 a.m. period and resulted in 97 kg of HC,
1334.1 kg of CO, 247.3 kg of NO,, 2.6 kg of SO, and 6.4
kg of particulates.

CONCLUSIONS AND RECOMMENDATIONS

The data analysis and modeling efforts of the project \
yielded several tangible outputs:

1. The updated and refined version of the NETSEN
model, NETSEN II, which is capable of defining line
sources at any level of data refinement and inputting
such line sources to a variety of emissions models, in
this particular case of integrating with the modal emis-
sions model by using the speed profile as the key linking
variable;

2. Development of a truly microscale emissions es-
timation model, which allows emissions to be analyzed
as a function of highly localized traffic operating condi-
tions and roadway descriptions, through integration of
NETSEN II and the modal emissions model;

3. The ability to develop accurate analogies of speed-
profile and emission characteristics for links that do not
possess speed-profile field data (these analogies are
built by appropriate analysis of cross-classified links
possessing speed-profile data, over a range of ADT,
V/C ratio, and functional class); and thus

4, An exhaustive and accurate statement of emis-
sions obtained from line sources in the St. Louis AQCR
[encompassing sources, descriptions, attributes, and
total emissions for CO, HC, NO,, SO., and particulates
from 2209 km (1370 miles) of roadway].

The following areas require further research:

1. Very refined measurement of second-by-second
speed profiles for an exhaustive set of geometric design-
traffic operations combinations, such as one-way streets,
progressive signalization systems, links crossing inter-
sections with channelized or signalized turn lanes (i.e.,
development of a '"case book'' of speed-profile typology,
possibly for cities of varying size and urban character-
istics, much as the Highway Capacity Manual classifies
conditions for design and capacity analysis); and

2. The potential capability for studying speed-profile
and emission characteristics by using speed and delay-
related traffic-flow theories such as those for accelera-
tion noise, freeway shock-wave phenomena, and queuing.
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Abridgment

Use of Traffic Simulation in Analysis
of Carbon Monoxide Pollution

Stephen L. Cohen, Office of Research, Federal Highway Administration

One of the serious problems facing traffic engineers,
from an operations and planning standpoint, is the re-
quirement that certain standards for carbon monoxide
(CO) concentrations be met. The problem of predicting
traffic-generated CO concentrations near streets and
highways is particularly important for meeting these
standards. From the planning viewpoint, the question is
what the effect will be on air quality if land use near a
traffic facility is changed in such a way as to increase
the traffic burden on the facility. From the operations
viewpoint, the question is what the effect will be on air
quality if changes are made in a traffic facility (e.g.,
more lanes or a computer-controlled signal system).

The standard approach is to consider the traffic fa-
cility, in the case of an arterial or a freeway, as a line
source of pollution or, in the case of urban networks, as
a set of line sources. A dispersion model is then applied
to predict CO concentrations at various distances down-
wind from the line source. An example of such a model
is the HIWAY model of the U.S. Environmental Protec-
tion Agency (1), which is based on the principle of
Gaussian dispersion. But the HIWAY model has a seri-
ous shortcoming: It assumes that the strength of the
emissions from the line source is constant along its
length. This assumption means that the line source has
a constant emission profile. Although this is a fairly
good assumption for uninterrupted flow conditions, it is
totally inadequate in interrupted flow conditions such as
those caused by traffic signalization.

In a number of papers, Patterson (_2_, 3) has investi-
gated the use of traffic queuing models at signalized in-
tersections in an attempt to estimate the nonconstant
emission profiles caused by stop-and-go traffic at the
stop line. Although subject to the limitations described
below, Patterson's work indicates that the queuing pro-
cess is a copious source of CO near the stop line. As
the author points out, the reason is not that CO emissions
are high during low speed and idling—they are in fact
aboui ihe same as during higher speed operations {(4)—
but that the amount of time spent near the stop line is
much greater than the amount of time spent near mid-
block. Thus, most CO will be emitted near the stop
line while automobiles are stopped for a red light, and
the result is that the emissions profile will be sharply
peaked at the stop line and fall off rapidly toward mid-
block, leading, under most wind conditions, to a similar
nonuniformity in pollution levels between stop line and
midblock.

There are, however, some limitations in Patterson's
approach. The queuing models considered assume either
constant or uniformly distributed arrivals to and depar-
tures from the queue. These assumptions are often vio-
lated in the field. Examples include right turn on red,
unprotected left turns, pedestrian blockages of left- or
right-turning traffic, buses dwelling at nearside stops,
and platooned arrivals. The inclusion of such effects
requires a much more comprehensive model.

UTCS-1 NETWORK SIMULATION MODEL

The UTCS-1 model (5) is a microscopic traffic-
simulation model that was developed for the purpose of

comparing traffic-control strategies in a laboratory, or
controlled, environment. The term microscopic means
that vehicles move individually through a network accord-
ing to the laws of "car-following,'" responding to signal
indications. The model is a time-scan simulation with
a time step of 1 s. Three types of vehicles are included:
a composite automobile, a heavy intracity truck, and a
transit bus. Because vehicles are moved through the
network individually, their speeds and accelerations are
known and are stored in internal arrays at the end of each
time scan. Thus, measures of effectiveness (MOESs)
such as fuel consumption and emissions, which are de-
pendent to a great extent on speed and acceleration,
could be computed if this dependence were known. These
MOESs have recently been added to the model (§) by in-
cluding a set of fuel-consumption and emissions tables
to be accessed by the mean speed and acceleration cou-
plet available at the end of each time scan. Hergenrother
of the Transportation Systems Center, Cambridge,
Massachusetts, generated the fuel-consumption tables
for the Federal Highway Administration by using a vehi-
cle simulation model he developed (7). The emissions
tables for HC, CO, and NO« were generated by Cohen
by using the EPA modal emissions model (8). Brief
descriptions of these models are given elsewhere (4).
During simulation, speed trajectory information for
each vehicle is written on a disk file, each record of
which consists of the speed, acceleration, link, link
location to the nearest 1.5 m (5 ft), and vehicle type
(automobile, truck, or bus) at the end of every time
scan. This trajectory file is then read at the end of a
subinterval or a simulation run by a special program
module that calculates fuel and emissions for each link
and for the entire network. This is done so that vehicle
types with different fuel-consumption and emissions
tables could be simulated without running the simulation
program again. For example, one could change the com-
posite automobile by including different model years or
differeit percentages Of aultoiiopbile types or both, in-
serting a new set of tables for fuel consumption and
emissions, and computing a new set of fuel-consumption
and emissions MOEs by using a trajectory file generated
by a previous simulation run.

GENERATION OF EMISSION PROFILE

The emission profile for an arterial can easily be cal-
culated if a few changes are made to the UTCS-1 fuel
module. An x-y coordinate system is set up in which
the arterial runs along the y axis. Then the y position
of each stop line on every link is determined. Since the
location of each vehicle on a link is known to the nearest
1.5 m (5 ft) with respect to the link stop line, the y loca-
tion of the vehicle is known. The arterial is divided into
3.0-m (10-ft) "bins' that represent the resolution of ve-
hicle positions. One can calculate the amount of CO
emitted in each such bin during each time scan by lo-
cating the position of each vehicle, computing its CO
emissions during the time step by accessing the CO
table with its speed-acceleration couplet, and accumu-
lating an appropriate counter corresponding to the bin
occupied by the vehicle. The resulting emission profile



is then written on a disk file (or tape) for later proces-
sing by a dispersion model.

The network shown in Figure 1—the link-node repre-
sentation of Wisconsin Avenue in Washington, D.C., be-
tween N and Porter streets—has been chosen as a dem-
onstration. The numbers along the diagram indicate
the longitudinal positions of the stop lines. Volumes
and turning movements for the a.m. peak for another
study that involved comparison of different signal

Figure 1. Wisconsin Avenue arterial network.
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Figure 2. Emission profile on link 33-34, R to Q streets.
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settings along Wisconsin Avenue were made available by
the District of Columbia Department of Highways and
Traffic.

Fifteen minutes of simulated time was run. Figure 2
is a plot of the emission profile on link 33-34. Here,
the emission rate in grams per second per meter is
plotted against longitudinal position in meters. Two
things should be pointed out. The first is that the pro-
file is greatly peaked at the stop line but falls off rapidly
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Figure 3. Pollution levels along Wisconsin Avenue between R and Q streets.
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as one approaches midblock. This was, of course, as
expected. The second point is the strange oscillating
behavior in the profile as one moves away from the stop
line. This condition is due to the fact that the vehicles
in the model occupy 6.1 m (20 ft) in the stopped queue but
the bins into which the links are divided are 3.0 m (10 ft)
long. Thus, in the standing queue, every other bin re-
ceives no emissions. Both of these factors demonstrate
the dominating effect of idling on CO emissions and point
up the inadequacy of using a constant emission profile in
computing pollution levels in an urban environment.

CALCULATION OF POLLUTION LEVELS

The HIWAY model had to be modified to make use of the
UTCS-1 computed emission profiles. The HIWAY model
computes the pollution generated by a line source and

measured at a receptor by integrating over the length of

agguming the emiggion nrofile to he con-
stant so that it may be removed from under the integral
sign. Thus, pollution levels, aside from a constant
value, are completely determined by meterological ef-
fects. The obvious change is thus merely to place emis-
sion strength back under the integral sign and appropri-
ately modify the numerical integration in the model.

The modified HIWAY model was then used with an
emission profile generated as described in the previous
section. One run was made with receptors downwind,
3.0 m (10 ft) from the curb and at a height above the
ground of 0.5 m (1.6 ft). Wind speed was taken to be 1
m/s (3.3 ft/s) and wind angle to be 265° (blowing from
the north). Receptors were placed along links 33-34
and 34-33 with 1.5-m (5-ft) spacing near the stop lines
and 6.1-m (20-ft) spacing at midblock locations. The
results are shown in Figure 3, in which pollution levels
are plotted against longitudinal position.

The major feature of interest is that the pollution
levels behave similarly to the emission levels in that
they are much higher at the stop line. Note, however,
that the oscillating behavior is not present in the pol-
lution levels, which indicates that the HIWAY model is
insensitive to the choice of 3.0-m (10-ft) bins.
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CONCLUSIONS

This work demonstrates that the emission profile is
necessary for the prediction of pollution levels in urban
areas and that the UTCS-1 model is a useful tool for gen-
erating such profiles under a wide variety of conditions.
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