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Energy Conservation Potential of Staggered Work Hours

JAMES M. WITKOWSKI AND WILLIAM C. TAYLOR

Research was performed to evaluate the potential of staggered work hours to
reduce work-trip fuel ption and to eval the relation between the
size and lacation of the participating work force and the level of fuel savings.
The spatial organization of a hypothetical urban area was generated by using
data from the literature and a computer simulation program designed to dis-
tribute population and employment activities throughout the urban area, By
using this distribution and a defined transportation network, the program
then generated the work-trip travel pattern and computed the transportation
fuel requi 1ts for aut, bile work trips and daily transit service. A base
case was generated and used as the basis for comparison of the alternative poli-
cies. Several alternative temporal distributions of work travel were used to
simulate the effect of staggered-work-hour programs, Tests were designed to
determine the effect on the reduction in fuel consumption of the magnitude
and location of the work force participating in the staggered-work-hour pro-
grams. The simulation results indi d that staggered-work-hour programs
can significantly reduce bile work-trip gasoli ption. The ef-
fectiveness of the staggered-work-hour policies was shown to be influenced by
both the number of participants in the program and the distribution of the
participants throughout the urban area. The reduction in fuel consumption
increased with the number of participating work tr The reduction also
increased as the locations of the participating employment centers became
more dispersed throughout the urban area. The staggered-work-hour programs
also showed a strong negative influence on work-trip bus ridership.

Evaluation of strategies to reduce automobile fuel
consumption in urban areas is of particular interest
to transportation planners because these trips con-
sume approximately 34 percent of the national total
transportation energy (l). These trips also account
for approximately 98 percent of the fuel consumption
for urban passenger travel and account for 92-95
percent of the total vehicle person trips (1l).

The objective of staggered- or flexible-work-hour
programs is to shift work-trip travel away from the
peak demand periods. The desired results are a
reduction in peak highway and transit system load-
ing, improved transportation levels of service, and
reductions in energy consumption and vehicle emis-
sions.

The capabilities of planners to evaluate quanti-
tatively the potential benefits of transportation
system management (TSM) actions with respect to
transportation fuel consumption are 1limited. Each
urban area exhibits its own particular character-
istics and needs. Confronted with the gquestion of
which action or combination of actions can be used
to successfully reduce gasoline consumption for
urban travel while maintaining an acceptable level
of service, the transportation planner must often
rely on national statistics for cities ambiguously
described as small, medium, or large. Whether or
not the policy actions actually yield the estimated
reduction in fuel consumption depends on the charac-
teristics of the area being studied.

Several studies (2-5) have reviewed the potential
of different TSM techniques to reduce urban conges-
tion and, subsequently, to reduce gasoline consump-
tion. In each of these studies, staggered work
hours was determined to be an effective low-cost
action to reduce congestion and gasoline consump-
tion, Another conclusion was that proper coordina-
tion of staggered work hours and transit supply
strategies could improve the effectiveness of TSM
actions (2,4). These studies did not define a rela-
tion between the size of the participating work
force and the level of fuel consumption, nor did
they indicate the magnitude of the temporal redis-
tribution of the work trips required to effect a
significant reduction in gasoline consumption.

Only a few studies (6-8) have attempted to deter-

mine the impact of staggered-work-hour programs by
simulating the redistribution of work trips during
the peak period. None of these attempted to relate
the results to reductions in energy consumption.

The goal of this study was to improve the capa-
bilities of transportation plannerd to evaluate the
short-term relation between specific TSM policies
and fuel consumption for urban work trips. This
would enable planners to assess more accurately the
potential benefits of specific policies and aid in
the selection of policies for implementation. It
would also aid in planning for future energy contin-
gencies.,

This research focused on the work-trip fuel-
conservation potential of staggered-work-hour pro-
grams. It was hypothesized that a potentially
significant reduction in transportation fuel con-
sumption for the urban work trip would result from
the implementation of a staggered-work-hour program.

The level of effectiveness of alternative work
schedules appears to be dependent on (a) the level
of participation in the work force, (b) the relative
location of the participating employment centers,
(c¢) the degree of coordination of transit scheduling
with the work-hours program, and (d) the configura-
tion of the highway network.

The effect of staggered work hours on work-trip
fuel consumption is evaluated in this research with
respect to both the size of the work force partici-
pating in the program and the location of this work
force in the urban area.

SIMULATION PROCESS

The primary requirements of the modeling system for
this research were the following:

1. The capability to simulate modal choice as a
function of the elements of travel time and cost,
such as in-vehicle travel time, walk time, and, for
transit passengers, waiting time (for automobile
travel, it was important that travel time be related
to highway congestion levels);

2. The capability to estimate energy consumption
for both automobile and transit travel;

3. The capability to model the effects of stag-
gered work hours on highway congestion and mode
choice (the model had to be capable of simulating
work travel over several distinct time elements so
that the sensitivity of fuel consumption to the
proportion of travelers during each time element
could be tested).

The modeling system used is shown schematically
in Figure 1. This system was adapted from the MOD3
modeling procedure used by Peskin and Schofer (9).
MOD3 is a large-scale computer model that simulates
the spatial development of an urban area, forecasts
the passenger travel that takes place during a
single day, and computes the energy consumption
resulting from that travel., 1In effect, the model
combines the elements of land use distribution,
modal choice, and network assignment with an energy
consumption module for work trips. Modal choice is
estimated by using a binary logit formulation. The
details of the structure of MOD3 are contained in
the work by Peskin and Schofer (9). Details of the
modifications to the program required for this re-
search are contained in an earlier report (10).

The broken flow line in Figure 1 represents the



Figure 1. Basic requirements of modeling systems.
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feedback mechanism necessary to evaluate the impacts
of traffic congestion on modal choice, network as-
signment, and energy consumption. The capability to
evaluate the impacts of congestion or reductions in
congestion was the heart of the modeling system. It
was assumed that the overall patterns of work-trip
travel demand were fixed and were unaffected by
fluctuations in the cost or time required for
travel. The results were interpreted as reflecting
the short-term impacts that might be experienced in
a situation where changes in 1living patterns were
not immediately possible. The impacts on work-trip
travel were confined to mode and route selection,

This research involved the simulation of the
activity distribution and travel patterns for a
hypothetical city. The overall evaluation procedure
is shown schematically in Fiqure 2. The procedure
consisted of the generation and evaluation of a base
case and the evaluation of several staggered-work-
hour programs in relation to base-case energy con-
sumption. The dashed line in Figure 2 represents
the feedback from policy evaluation to alternative
policy selection.

City Characteristics

A concentric ring design slightly elongated along
two of the major travel corridors was selected as
the structure of the hypothetical city. The 52-zone
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Figure 2. Overall simulation procedure.
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structure is shown in Figure 3., The four central
zones represent a central business district (CBD)
with a total area of 1 mile?. The CBD was sur-
rounded by four concentric rings of development that
had progressively increasing zone sizes toward the
petiphery. The total land area was approximately
100 miles?, Total population for the test area
was 100 000 and total employment was 40 000.

Population and service employment were distrib-
uted among the zones by using MOD3. The following
table gives some of the input data required to
describe the base activity pattern for the study
area:

Item Value
Persons working at home (%) 2.3
Value of travel time for work trips (§) 5.00
Price of gasoline per gallon ($) 1.00
Automobile occupancy rate for work trips 1.3
(persons/vehicle)
Automobiles owned per household 1.3
Parking cost per day ($)
CBD
Work trips 2.50
Nonwork trips 1.00
Ring 2
work trips 1.25
Nonwork trips .50
Elsewhere 0.00
Number of transit routes 12
Peak-period transit frequency of service 3
(buses/h)
Transit bus trips per day on each route 43
Transit fare ($) 0:35
Transit transfer fare ($) 0.00
Population/employment ratio 2.5

Figure 4 shows the resultant employment distribution
as generated by MOD3.
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Figure 3. Zonal structure of simulated urban area.

Figure 4. Total employment per zone for simulated

urban area.
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The highway network used in the simulation is lated. fTrip interchanges were multiplied by a fac-
shown in Fiqure 5. The network was a grid pattern tor of two to represent morning and evening peak-
and consisted solely of arterial streets connecting period travel. The sum of the energy consumed
zone centroids. Local streets were assumed to during these five time elements represented the
handle intrazonal trips and therefore are not de- total for both peak periods.
picted. The vast majority of the highway network The peak travel period was specified to have a
consisted of two-way Llinks; the exceptions were length of 2.5 h and was divided into five half-hour
those one-way links connecting the CBD zones. Free- periods. Half-hour time periods were selected for
way links were omitted from the city structure three basic reasons:

for cities of the size simulated, there are
usually few, if any, freeway links used for intra-
urban travel. It was assumed that 90 percent of the
specified link capacity was available for work trips
during the peak period and that an average of 50
percent of traffic-signal cycle time was green on
each arterial.

The transit network,

since,

also shown in Fiqure 5, is
representative of urban bus routes in U.S. cities in
terms of route spacing and average link speeds. The
focal point of the network was the CBD, and the net-
work was designed so that each 2zone had access to
transit. All routes began and ended at the city
periphery. Where possible, the use of multiple
routes serving any single zone was avoided to en-
hance the capability of monitoring changes in inter-
zonal transit ridership that resulted from individ-
ual policy alternatives.

Peak-Period Travel

To facilitate the testing of staggered-work-hour
programs, the total evening peak travel period was
segmented into five discrete time elements and the
work-trip travel for each time element was simu-

1. Half-hour periods are adequate to describe
the peaking characteristics of urban work travel.
Simulating more time periocds of a shorter duration
would have resulted in only a small increase in
descriptive capability at a substantial increase in
computer costs.

2. O'Malley and Selinger (ll) stressed that a
travel time period shift of at least 30 min was
necessary with a staggered-work-hour program to
obtain a definite change in commuting habits.

3. The use of half-hour time periods eliminated
the potential problem of vehicles from different
time periods interacting on the network. This con-
dition could not be accounted for by MOD3.

The base~case temporal distribution of evening
work travel is shown in Figure 6 for computer run
1. The general shape of the distribution is similar
to the distributions found in studies of urban work
trips (7,11), although the peaking characteristic of
the base case is slightly less exaggerated than that
found in the literature. It was found that loading
the simulated network with more than 50 percent of
the total work trips during a half-hour period re-
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Figure 6. Staggered-work-hour simulation runs.

Temporal Temporal
Distribution for Distribution
Zones Involved: for All Zones:
Run Zones Percent Time Period Time Period
No. Involved Participation 1 2 3 4 5 1 2 3 4 5
1 ALL Base Case —— s - - - .10 .19 .50 = oK
Al ALL 60 .20 .20 .20 .20 .20 .20 .20 +-20. 20 .20
A2 1-4 10 .10 + 175 .45 . 175 .10 .10 #153 .494 .153 .10
A3 1-4 30 £125 .20 +39 .20 =125 .103 :156 .482 .156 .103]
A4 1-4 50 w175 .20 25 .20 175 .109 .156 .470 »1.56 .109|
A5 1-4 60 .20 .20 £ 20 .20 .20 o112 256, .464 .156 < 112
A6 1-12 10 .10 «LTD .45 » 125 .10 .10 .161 .478 .161 .10
A7 1-12 30 s125 .20 35 .20 125 +111 <172 .434 #172 1172
AB 1-12 50 175 .20 22D 2. 20, <175 e133 5172 .390 3172 «133
A9 112 60 .20 .20 .20 .20 20 .144 172 .368 172 .144
Al0 1-28 10 .10 w175 .45 +175 .10 .10 .170 .460 .170 210
All 1-28 30 2125 520 230 .20 .125 .120 .190 . 380 +-1.90 . 120
Al2 1-28 50 sl 15 .20 25 .20 - 175 .160 .190 . 300 .190 .160
al3 1-28 60 .20 .20 .20 .20 .20 .180 .190 . 260 .190 .180
Al4 1-48 10 .10 pdd D .45 175 .10 .10 .174 .452 .174 .10
AlS 1-48 30 xb:25 .20 €35 .20 125 .124 .198 +»356 .198 .124
Al6 1-48 50 .175 .20 25 .20 *a175 .172 .198 . 260 .198 .172
Al?7 1-48 60 .20 .20 .20 .20 .20 .197 . 198 .210 .198 .19
Bl ALL NA 5112 .156 .464 .156 2112
B2 ALL NA .133 .172 .390 122 .133
B3 ALL NA .144 sl 42 . 368 2172 .142
B4 ALL NA .160 .190 . 300 .190 .160
BS ALL NA .109 .156 .470 .156 .109
€1 6,10,14,
15;16,;17,
22,23,24,
25,30,31,
32,3339,
40,41,42,
43,49,51 10 10 .20 .45 +15 .10
8,12,13
18,19,20,
21,26,27,
28,3435,
36.,.37,38;
44,45,46,
47,48,50,
52 10 .10 15 .45 .20 .10
1,2, 3,
4,5,7,
9,11 10 .10 ;175 .45 .175 .45 .10 .175 .45 .175 .10
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sulted in unrealistically high levels of congestion.

The highway congestion index (HCI) was used as a
measure of average network congestion. The HCI is
the mean of all the congestion indices computed for
each link of the network. The congestion index for
each link is defined as the ratio of the link free-
flow travel speed to the 1link travel speed when
adjusted by the 1link volume of traffic. As the
level of congestion increases, so does the HCI.

Policy Analysis

Staggered-work-hour policies were designed to eval-
uate the relations between both the magnitude of the
participating work force and the 1level of urban
work-trip fuel consumption. These policies were
divided into two groups:

1. Group A--shift travelers away from the peak
half-hour in increments of 10, 30, 50, and 60 per-
cent of the peak half-hour demand and vary the zones
involved; and

2. Group B--ppply the total temporal distribu-
tion of work travel resulting from group A policies
to all of the zones in the study area.

The

Group A policies served a dual purpose.

first was to evaluate the relation between the mag-
nitude of the participating work force and work-trip
fuel consumption. The basic test structure was to
shift work travelers away from the peak half-hour
period incrementally and evaluate the change in fuel
consumption resulting from the temporal shift.
Trips were shifted to the time periods immediately
adjacent to the peak half-hour in equal amounts
until the adjacent time periods each contained
approximately 20 percent of the work trips originat-
ing from the zones involved in the staggered-work-
hour program. Additional shifts from the peak half-
hour were made in equal amounts to the half-hour
periods beginning one hour before and after the
beginning of the peak half-hour period. For ex-
ample, as shown in Figure 6 for run A2, a total of
10 percent of the peak half-hour trips originating
from zones 1-4 were shifted to the adjacent time
periods 2 and 4., Areawide, 49.4 percent of the
total work trips still occurred during the peak
half-hour for this run, where all zones except zones
1-4 maintained the base temporal travel distribu-
tion. Similarly, for run A3, 30 percent of the work
trips originating in zones 1-4 during the peak half-
hour were shifted to other time periods. This was
continued until a uniform temporal distribution of
work travel was created for the participating zones.
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The second purpose of group A policies was to
test the impact of the location of the participants
on fuel consumption. The simulation began with only
the CBD zones (zcnes 1-4) participating (runs A2-A5)
and progressed outward from the CBD, adding adjacent
rings of zones to the stagqgered-work-hour program in
successive program runs. For example, in Figure 6,
run A8 involved the distribution of a total of 50
percent of peak half-hour trips to other time peri-
ods for zones 1-12 (rings 1 and 2). Areawide, this
resulted in 39 percent of the work trips being made
during the peak half-hour compared with 50 percent
for the base case.

The purpose of policy group B was to test the
impact of concentrating the staggered-work-hour
program in selected zones as opposed to dispersing
the same overall temporal distribution of trips over
all zones. For five cases (runs B1-B5), the overall
temporal distribution of work travel that resulted
from the staggered-work-hour simulations for se-
lected group A policies (runs A4, A5, A8, A9, and
Al2) was applied to 2all =zones. For example, as
shown in Figure 6, the overall temporal distribution
for run B5 is the same as that generated for run
A4, For run B5, all zones had the travel distribu-
tion specified in Fiqure 6, whereas in run A4 all
zones except zones 1l-4 had the base temporal trip
distribution shown for run 1.

A variation of the staggered-work-hour policies
was designed to coordinate the staggered-work-hour
shift along selected transit corridors. This is
policy group C. The purpose of this variation was
to enhance the influence of the transit system on
work travelers involved in the variable-work-hour
program.

For run Cl, 10 percent of the travelers originat-
ing in the zones along the five transit routes that
traverse a general east-west direction were shifted
from time period 3 (the peak half-hour) to time
period 2, The same percentage of travelers origi-
nating in zones along the five transit routes that
traverse a general north-south direction were
shifted from time period 3 to time period 4. 2Zones
that had transit routes along both major corridors
(zones 1-4, 5, 7, 9, and 11) were given a 5 percent
shift of peak half-hour travelers to both time
periods 2 and 4. This run is also described in
Figure 6. The policy structure described for run Cl
was also used in later experiments as a basis for
comparing the results of combined staggered-work-
hour and transit policies.

POLICY EFFECTS ON FUEL CONSUMPTION

The total work-trip energy calculation contained
data on transit fuel consumption for an entire day's
travel. Since transit energy consumption is com-
puted by MOD3 as a daily total, the contribution of
transit enerqgy consumption from each individual time
element cannot be specified. However, this is not a
major drawback in the analysis because the daily
transit energy consumption was only 3 percent of the
combined energy consumption for daily transit and
automobile work trips.

The results of the simulation of the staggered-
work-hour programs on automobile work-trip and daily
transit energy consumption (hereafter referred to as
total energy consumption) are shown in Figure 7.
The results show that there is a strong relation
between the percentage of work travelers shifting
away from the peak half-hour period and the per-
centage decrease in total energy consumption. The
smooth curve shown was manually fitted to the data
and represents the approximate relation between
work-trip travel-time shift and potential enerqgy
savings., This relation asymptotically approaches a
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12.2 percent energy savings for work travel at the
point where the temporal distribution of work travel
is uniform over the length of the peak period.

The curve in Figure 7 indicates that the poten-
tial for energy savings from staggered-work-~hour
programs appears higher than the 1 percent savings
indicated by previous research (3). For example, a
10 percent shift of work travelers away from the
peak half-hour resulted in a 4 percent savings in
enerqgy. A 10 percent shift appears to be a real-
istic goal for such a program based on earlier
studies (6,11).

The results also indicate that a greater savings
in energy can be realized through a staggered-work-
hour program that covers a dispersed area of influ-
ence rather than being concentrated in a small
area. For example, in Figure 7, the data points
marked by the symbol "+" represent group B poli-
cies. Group B peolicies have the same total number
of participants in the staggered-work-hour program
as specific group A policies. However, group B
policies are applied to the entire urban area
whereas those in group A are concentrated. 1In four
of five simulations, the citywide program resulted
in a greater reduction in enerqgy consumption than
the associated program in a more concentrated area.
The magnitude of the difference between the group A
and group B policies decreases as the total area of
participation for group A policies increases.

The influence of a dispersed program compared
with a concentrated program is more clearly shown in
Figure 8. Here, the curves represent the trend of
energy consumption versus percentage of traveler
shift for each successive ring of zones added to the
program. As successive rings of zones were included
in the staggered-work-hour program, the trend was
for a greater reduction in energy use for a given
percentage shift in travelers from the peak half-
hour. This difference became less pronounced as a
larger percentage of travelers participated in the
program. However, there was virtually no change in
energy consumption with increased participation in
staggered work hours when the program was concen-
trated in the CBD (ring 1).

The anomaly of the relation between staggered-
work-hour participation and energy use for the CBD
can best be explained by the fact that the majority
of the simulated work trips to these 2zones were
relatively short in length (generally only to the
second or third ring) and were routed over only a
few highway links. 1In addition, the highway links
within the CBD were relatively uncongested. The
combination of short trips and uncongested 1links
resulted in no change in energy consumption. This
result is consistent with the literature, which sug-
gests that the effect of a concentrated program on
congestion is lost within approximately 2 miles of
the program location (8,12).

Similar results were obtained when congestion was
treated as the dependent variable. All staggered-
work-hour programs tested had a direct impact on
highway congestion except those policies concen-
trated in the CBD zones, as shown in Figure 9. The
percentage reduction 1in congestion resulting from
staggered-work-hour policies increased as the pro-
gram became more dispersed and included more zones.
The maximum decrease in mean network congestion
(based on the HCI) was approximately 44 percent,

The relation between highway congestion and
energy consumption generated by the simulation is
shown in Equation 1. This regression relation ex-
hibits a strong linear tendency, resulting in an
r? value of 0.97 (using the data from all of the
simulation runs):

y=0.20+0.27x 6D}
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Figure 7. Impact of staggered-work-hour
policies on total energy consumption.
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where § is the estimate of the percentage reduction The regression analysis resulted in an r? value
in tectal energy consumption and x is the percentage of 0.91, which indicates good 1linear correlation.

decrease in the weighted mean HCI. The maximum
reduction in energy consumption was approximately 12
percent for a reduction of 44 percent in the HCI.

The reduction in the HCI would have resulted in
an even greater decrease in energy consumption had a
modal shift to automobile travel not occurred as a
result of the decrease in network congestion. The
relation between the percentage change in bus rider-
ship and the percentage change in the HCI generated
by all of the simulation runs can be expressed by
the following linear regression equation:

y=-0.65+0.21x 2

where § is the percentage change in bus ridership and
x is the percentage change in the weighted mean HCI.

This result indicates that a decrease in congestion
due to the implementation of a staggered-work-hour
program would have a negative impact on work-trip
bus ridership unless steps were taken to deter the
modal shift. The possibility still exists that dur-
ing an energy shortage transit ridership would in-
crease even with the implementation of a staggered-
work-hour program. Under conditions of normal fuel
availability, this does not appear likely.
Automobile work trips were affected by the reduc-
tion in congestion resulting from the staggered work
hours. The parameters most affected by the stag-
gered-work-hour policies were automobile work-trip
time and speed. Pigure 10 shows the relation be-
tween the percentage of work travel shifted during
the peak half-hour period and the decrease in auto-
mobile work-trip travel time. The family of curves
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again suggests that concentrating these programs in
a small area (the CBD) is less effective than a more
dispersed approach. There is a distinct advantage
in reduced work-trip travel time through the imple-
mentation of staggered-work~hour programs. The
amount of the decrease in travel time depends on
both the location of the program and the number of
participants.

Figure 9. Impact of staggered-work-hour
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The relation between the reduction in mean auto-
mobile work-trip travel time and the savings in
energy resulting from the simulated staggered-work-
hour programs is as follows:

y=0.02 +0.74x (©)

where § is the percentage decrease in total energy
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consumption work trips and x is the percentage de-
crease in mean automobile work-trip travel time.
The r? value for this relation was 0.96.

SUMMARY

For the activity pattern simulated by this research,
it has been shown that staggered-work-hour programs
can reduce highway network congestion and hence
reduce automobile work-trip energy consumption. The
reduction in total energy consumption (automobile
work trips plus daily transit) was a maximum of
approximately 12 percent with a uniform temporal
distribution of work trips. A more realistic goal
of a 4 percent reduction in total energy could be
achieved with only a 10 percent shift in work
travelers away from the peak period.

However, the effectiveness of a variable-work-
hour program also depended on the location of the
program. It has been shown through simulation that
concentrating the program in a small area, such as
the CBD, was less effective (approximately 85 per-
cent) in reducing energy consumption than a program
that involved the same number of travelers working
at locations that were evenly dispersed over the
urban area. This result is consistent with other
research efforts (8,12) that have indicated that the
effectiveness of a staggered-work-hour program was
lost within approximately 2 miles of the workplace.

Under the conditions simulated, staggered-work-
hour programs had a negative impact on work-trip
transit ridership. The decrease in congestion
during the peak half-hour period resulted in a pro-
portional decrease in automobile travel time, which
in turn resulted in a modal shift to the automo-
bile. A 10 percent shift in travelers from the peak
half-hour resulted in a 12-17 percent change in the
HCI, depending on the location of the staggered-
work-hour program. This resulted in a 2-3 percent
decrease in work-trip bus ridership. The maximum
decrease in transit ridership was approximately 9
percent as a result of the uniform temporal distri-
bution of work travel.

This research study involved several limitations
that may restrict the application of the results.
The limitations stem primarily from the simulation
technique and its scope of application. Details of
these limitations are contained in earlier reports
(9,10).

A hypothetical urban structure was used for the
simulation. The shape and size of the area simu-
lated may have had an impact on policy effective-
ness. This possibility was not investigated in the
study. Whether or not the policies tested would be
more or less effective for a larger urban area, or
in an area that had a different spatial distribution
of population and employment, is unknown.

The relation between policy effectiveness and
alternative transportation infrastructures also
remains to be investigated. Changes in the highway
network structure or the addition of expressways may
alter policy effectiveness., This may also be true
for alterations in the transit network structure,
such as changes in route configuration or the addi-
tion of a rapid transit system. Changes in transit
supply and efforts to coordinate supply changes with
the staggered-work-hour program could also affect
the results.

The algorithm for transit fuel consumption did
not explicitly consider the number of transit stops
per mile or the effect of highway congestion on
transit speed. These considerations could alter
work-trip modal choice, although the direction of
this impact is unknown.

Planning for energy contingencies is a complex
process. The evaluation of many policy alternatives
is necessary for each individual urban area. The
results of this research indicated that staggered-
work-hour programs could be a valuable tool in
reducing work-trip enerqy demand and should be given
consideration as an operationally inexpensive method
of reducing gasoline consumption.

The high potential for energy savings through
implementation of staggered work hours indicated by
this study suggests that further research should be
done to expand on these results, This should be
done with the objective of answering the questions
raised by the limitations of the research, to
further expand the modeling system, and to test
other TSM policy alternatives individually and in
combination.
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Energy Impacts of Transportation System Improvements

ERIC ZIERING, JOY L. BENHAM, TIMOTHY TARDIFF, AND DANIEL BRAND

A quick-response methodology for estimating the energy impacts of transpor-
tation system capital and operational improvements is presented. The method
considers both energy cansumed by vehicles and #nergy consumed in the con-
struction and maintenance of facilities. Unlike many earlier energy impact
estimation procedures, this methodology explicitly considers induced and di-
verted travel resulting from a transportation improvement and the effect of
this travel on the level of service of transportation facilities. Application of the

manual methodology takes less than 4 h and uses readily available data. The re-

sults are very sensitive to baseline aperating conditions on the facilities that

are affocted by an improvement. The methodology was applied to 20 sample
projects and produced results that were freq ly intuitive, Highway
expansion and new construction sometimes result in increased engrgy consump-
tion both because vehigle fuel economy generally decreases at speeds above 35
mph and because of the energy consumed by induced travel. However, because
the fuel ption of g 1 travel is extremely high, projects that elimi-
nate stop-and-go conditions frequently reduce gy ption in spite of
induced travel and in spite of the energy consumed in constructing and main-
taining the expanded facility. Ramp metering and traffic signal improvements
are generally effective in reducing energy consumption.

This paper describes quick-response methods for
evaluating the energy impacts of transportation
projects. The procedures were developed for the
California Energy Commission (CEC) to evaluate proj-
ects considered for inclusion in the California
State Transportation Improvement Program (STIP).
The STIP is a five-year programming document that
sets priorities for the allocation of state trans-
portation funds among candidate projects. The STIP
is reviewed and updated on an annual basis by the
California Transportation Commission (CTC). The
annual update is based on recommendations provided
by the state and regional offices of the California
Department of Transportation (Caltrans) and by re-
gional planning agencies. Project rankings are
based on a wide variety of technical and nontech-
nical factors, including project cost, expected
benefits (e.g., reduced delay or congestion, reduced
travel time, improved facility use, and improved
safety), and eguity (frequently based on the distri-
bution of highly ranked projects by political juris-
diction and/or geographic location).

One benefit that is frequently stressed by proj-
ect proponents is the potential reduction in energy
consumption that will result from a proposed proj-
ect. For the most part, these benefits are not
rigorously justified. The energy impact assessment
method described in this paper consists of an incre-
mental, elasticity-based set of models that enables
a technician or transportation planner to determine
the net change in energy consumption that will occur
as a result of a candidate STIP project.

The development of the energy impact estimation
procedures was the product of a joint agreement be-
tween Caltrans and the CEC. This cooperative ven-
ture is intended to increase the ability of Caltrans
and the CEC to respond to the energy concerns repre-
sented by the CEC, The estimation procedures were
developed to conform to several important specifica-
tions:

1. The method is quick response so that a large
number of projects can be evaluated; a typical proj-
ect analysis takes from 2 to 4 h to complete.

2. The procedures make extensive use of standard
existing project data sources. This ensures that
projects can be analyzed quickly and facilitates
comparisons between projects because the variability
that might result from incompatible data sources is
eliminated.

3. The procedures handle a wide range of project
types, from extensive new freeway construction to
TSM pricing or marketing strategies. Both transit
and highway projects can be analyzed. The proce-
dures can also be used to estimate the impacts of
various combinations of project types [e.g., express
bus service on a new reserved high-occupancy-vehicle
(HOV) lane]. This is critical because only rarely
is a project implemented in total isolation from
other transportation system changes.

SOURCES OF ENERGY CONSUMPTION

The energy impact assessment procedures calculate
the effect of a proposed project on the following
three broad areas of energy consumption:

1. Energy consumed by moving vehicles;

2, Energy consumed in the construction or imple-
mentation of a facility or project; and

3. Additional energy consumed in the yearly
maintenance of an improved or expanded facility.

Simplified procedures for estimating the second
and third areas of energy impacts have been devel-
oped by Apostoles, Shoemaker, and Shirley (1). How-
ever, quick-response procedures for calculating the
first category of energy consumption (vehicle energy
impacts) have been inadeguate for the reasons de-
scribed below.

When a project is implemented, there are three
sources of change in vehicle energy consumption:

1. Vehicles currently traveling on the facility
or facilities to be improved may experience changes
in their speed and traffic-flow characteristics.
Usually, travel speeds will be increased, delays and
idling time will be reduced, and/or congested stop-
and-go traffic will be relieved. These changes will
affect the energy consumption characteristics of the
vehicles themselves.

2. An improvement on one facility may divert
traffic from other facilities of the same mode. A
new highway bypass will attract vehicles from an
existing arterial; a new transit route may draw
patronage away £from other routes that have similar
service areas. Because the level-of-service charac-
teristics (e.g., travel speed) of the competing
routes may be different, this diverted travel can
result in a change in energy consumption.

3. A transportation improvement may induce new
travel. These new trips represent entirely new
travel dgenerated as a result of increased accessi-
bility between points served by the improved facil-
ity. These new trips consume additional energy and
therefore affect total energy consumption.

Several earlier procedures for estimating energy
impacts (1,2) deal with the first of these three
sources of change in vehicle energy consumption.
These other methods do not, however, consider the
level of induced and diverted travel and the impact
of this travel on the level of service of affected
facilities. The procedures described here explic-
itly calculate these impacts. Trips diverted away
from a particular facility or mode result in a net
energy savings for this facility or mode; trips in-
duced on or diverted to a facility incur energy
costs on that facility. Equilibration is performed
on all affected facilities to account for supply and
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demand
results.

interaction to ensure the accuracy of the

OVERVIEW OF METHOD

A simplified view of the structure of the method is
shown schematically in Figure 1. The first step is
to identify those trips that will be affected by a
given improvement. These trips may be on one or
more highway facilities and on one or several tran-
sit routes. 1In this critical step of the process,
the analyst must exercise careful judgment to iden-
tify facilities that may be in competition with the
facility that is being improved.

Current-year affected travel is then factored to
the future planning year to account for long-term
changes in population and vehicle operating cost.
Then, the future baseline level of service, travel
time, and energy consumption are calculated for the
affected trips on the network without the given im-
provement (the STIP project).

At this point in the process, the impact of the
STIP project on the level of service that is pro-
vided to affected trips is calculated. By comparing
the baseline and "build" travel times and applying
the appropriate diversion factors and elasticities,
diverted travel and induced travel are computed.
However, the change in traffic volume may signifi-
cantly affect travel time; if so, iteration takes
place until travel time and traffic volume reach
equilibrium.

The energy consumed by moving vehicles is then
estimated (based on the new traffic volumes, vehicle
speeds, and flow characteristics) and combined with
construction energy estimates to vyield the total

AL

energy impact for the project. One early finding of
this study was that the energy consumed in the main-
tenance of a new or improved facility is negligible
compared with vehicle and construction energy. For
this reason, it has been omitted from the analyses
reported here.

MODEL OUTPUT

The new impact estimation procedure forecasts the
change in energy consumption in a given target year
that results from the construction or implementation
of the STIP project. The target year may be any
year desired by the analyst (e.g., the year of proj-
ect construction or 20 years after construction).
Two sets of energy estimates are produced. The
first is a baseline or no-build forecast of the
energy consumed in the target year on the "affected"
facilities in the existing network ({(this is not
usually the same as the current-year energy consump-
tion due to changes in population and automobile
technology over time). The second is a "build"
forecast of energy consumed in the same target year
with the added improvement in the transportation
infrastructure, Therefore, the two estimates are
not before-and-after estimates but rather with-and-
without estimates.

Life-cycle energy impacts can also be calculated
by using the impact procedures and simply calculat-
ing the energy impacts at several time periods in
the life span of the project and interpolating for
intermediate years. Though the change in energy
consumption may be somewhat nonlinear over time, by
selecting several time points the total change in
energy consumption can be calculated quite accu-

Figure 1. Overview of energy impact assessment method,
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rately. Note that, when calculating 1life-cycle
energy impacts, the analyst may want to discount
energy flows over time (just as an economist dis-
counts future costs and revenues in evaluating major
investments). Discounting of energy flows is appro-
priate in congidering the "value" or economic worth
of energy consumed rather than simply the amount of
energy used,

Note that, because the model treats individual
trips as the behavioral unit of travel, it estimates
the total energy consumed by these trips, including
those portions of trips that take place both on and
off the affected facilities, It does not produce
estimates of total energy consumed on the new or
improved facility (or facilities) or on specific
segments of facilities.

The construction energy impact estimates apply to
the complete STIP project. These cannot be directly
compared with the vehicle energy impacts because
vehicle impacts are calculated for a given year. By
dividing total construction energy by the project
life, an undiscounted estimate of annual construc-
tion energy can be developed and compared with vehi-
cle energy impacts.

VARIABLES ENTERING INTO IMPACT ASSESSMENT PROCEDURES

The impact assessment procedures are sensitive to a
wide variety of wvariables. This section of the
paper briefly describes these variables and how they
are accounted for in the models. A full discussion
of the structure of the models and detailed descrip-
tions of the model egquations are given elsewhere (9).

Estimates of fuel consumption are based heavily
on previous work by Apostolos, Shoemaker, and
Shirley (1l); Tardiff, Benham, and Greene (3); and
Claffey (4). These estimates are sensitive to the
following variables:

1. The vehicle mix on the facility (automobiles,
buses, and trucks);

2. Long-term changes 1in automobile and truck
fleet fuel economy;

3. Average vehicle operating speed under both
congested and uncongested conditions, both on and
off the facility:;

4, The incidence and effect of stop-and-go traf-
fic conditions; and

5. Energy consumed during delays at signals and
metered ramps.

Estimates of highway capacity and speed are based
on methods outlined in the 1965 Highway Capacity
Manual (5) and updated in Transportation Research
Circular 212 (6). These methods are used heavily by
Caltrans in the calculation of various performance
indexes (7,8). Highway capacity and speed are a
function of the following variables:

1. Facility size and type;

2. Design speed;

3. Grades, geometrics, and sight-distance re-
strictions (for two-lane roads) ;

4, Vehicle mix (automobiles versus trucks); and

5. Effects of traffic signals.

The fuel efficiency of vehicles declines dramat-
ically as volume exceeds capacity (i.e., congestion
occurs) and average speeds decline precipitously.
Fuel efficiency also declines rapidly as vehicle
speeds exceed 30 mph for automobiles and diesel
trucks and 35 mph for gasoline trucks (see Figure
2). Congestion, however, occurs only during certain
times of the day. The impact estimation procedures,
using empirical data from the Los Angeles area,
calculate the percentage of traffic that experiences
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congestion on the basis of the relation shown in
Figure 3. This allows the separate calculations of
travel cpeedes and fuel economy and consumption dur-—
ing the "congested" and “uncongested" portions of
the day, ensuring sensitivity to the markedly dif-
ferent vehicle performance and energy consumption
characteristics of these two periods.

Long-term changes in population are accounted for
by factoring current-year travel to the baseline
year by using county or smaller-area population
forecasts. County-by-county data on average trip
length are also used, Similarly, the effects of
long-term changes in automobile operating cost are
included by applying the appropriate direct and
cross elasticities of automobile and transit travel
with respect to automobile operating cost. (Elas-
ticities used in the initial application of the
method in California are given in Table 1, which was
developed by Charles River Associates.)

As discussed earlier, the impact estimation pro-
cedure incorporates induced and diverted travel.
Induced travel is calculated by using travel-time
direct and cross elasticities (Table 1), whereas
diverted travel is calculated by using travel-time-
based proporticnal assignment. The level of induced
travel is, of course, based on the change in total
trip travel time rather than on the travel time on
some segment of a trip. Trips are divided into
on- and off-facility portions. Off-facility speeds
are based on existing speeds for urban and rural
local traffic. Default values can be used for these
speeds with minimal loss of accuracy in the typical
case when detailed speed data are not available,
Differences between urban and rural areas are also
accounted for through the use of larger rural
operating-cost and travel-time elasticities (Table
1) and the longer average trip lengths generally
observed for rural areas.

Changes in transit travel are sensitive to a
variety of variables, including changes in automo-
bile operating cost and travel time. Induced tran-
sit travel results from project-related changes in
transit travel time and wait time. The energy con-
sumption of the automobile 1leg of park-and-ride
trips is included explicitly (including cold-start
factors for automobile fuel economy). In addition,
when modal shifts occur between automobile and tran-
sit, average automobile occupancy factors are used
to egquate transit average daily passengers with
automobile ADT.

IMPACT ESTIMATION WORKSHEETS

Fifteen different worksheets are available for use
in the manual impact estimation procedure. Some of
these worksheets (input data, travel time estima-
tion, and project summary sheets) are filled out, at
least in part, for all types of projects. Others
are used only for specific types of projects. The
complete set of available worksheets is described in
detail elsewhere (9). The worksheets guide the
technician or analyst step by step through the im-
pact estimation process. Intermediate calculations
and results are accessible, so that the sources of
changes in energy consumption can be identified and
discussed. Therefore, the methodology is highly
transparent and user oriented. The analyst can also
input special knowledge he or she may have concern-
ing the project or its impact area by entering
travel speeds, traffic volumes, or other known vari-
ables. In addition, the analyst can repeat the im-
pact estimation procedure by using different esti-
mates of selected input parameters to measure the
sensitivity of the results.



Transportation Research Record 870

RESULTS: ENERGY IMPACTS OF SELECTED PROJECTS

The energy impacts of 20 proposed STIP projects were
calculated for the target year of 1999. They in-
cluded a wide range of project types, including
major and minor highway improvements, transit ser-
vice changes, bicycle zone construction, new free-
ways, HOV lanes, and ramp metering. This section
presents and discusses the results of four repre-
sentative project analyses.

Figure 2. Fuel consumed at constant speeds by automobiles and tractor-
semitrailer trucks.
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US-101, Ventura County

Alternative 1

US-101 in Ventura County is currently a congested
four-lane freeway. Under alternative 1, an 18.9-
mile segment of the facility is expanded to six
lanes, all of which are open to general traffic at
all times of the day.

The data given in Table 2 show that a significant
decrease (9.2 percent) in vehicle energy consumption
results from the proposed project. Because the
project reduces congestion, the average trip travel
time of affected trips is reduced by 2.2 min (this
is the travel time both on and off the freeway for
those trips using the improved section). This re-
sults in an induced travel of 5.8 percent of the
private-vehicle vehicle miles of travel (VMT) in the
target vyear (1999). However, because the travel
speed on the currently congested facility is in-
creased to free-flow conditions, average fuel
economy improves (Figure 2), ‘Therefore, in spite of
significant 1induced travel, total vehicle energy
consumption decreases as a result of this particular
project. The construction energy impacts of the
project are insignificant compared with the energy
consumption of private vehicles.

Alternative 2

Alternative 2 involves the same basic construction
as the preceding project, but the six-lane facility
will be operated with a reserved with-flow HOV lane
and ramp metering during congested periods in both
directions. Meters are Jlocated at all entrance
ramps, and ramp bypasses are provided for HOVs.

The results of the energy impact analysis indi-
cate that a smaller reduction in vehicle energy con-
sumption results from this project alternative (see
Table 3). Energy consumed by moving wvehicles is
reduced by 4.0 percent, and 10.0 percent of the
absolute amount of this savings is offset by the
energy consumed by vehicles idling at the metered
ramps.

The reduction in vehicle fuel consumption results
once again from the improved fuel economy of for-
merly congested traffic that now operates under less
congested conditions as a result of ramp metering.
Average trip travel times decrease slightly; the
increased freeway speed in this case is partly off-
set by the delays experienced at the metered ramps.
Induced travel of 3.3 percent results from this

Table 1. Travel demand elasticities.

Elasticity
Urban Rural
Type Site Site
ADT direct elasticity with respect to
Automobile operating cost -0.35 -0.50
Automobile travel time -0.40 -0.68
Daily transit passengers direct elasticity with respect to
Bus travel time -0.25 NA
Bus wait time? NA
<5 min -0.13
=5 min -0.20
Daily transit passengers cross elasticity with respect to
Automaobile operating cost +0.15 NA
Automobile travel time +0.08 NA

Note: ADT = average daily traffic,

1t s pssumed that average wail time is equal to half the headway for transit headways of
<10 min. For longer headways, the elasticity value provided here was derived from o
bus frequency clusticity of +0.20. 1t Is expressed as o wait-time elusticity only to facili-
tate the use of the stundardized worksheets for all ranges of bus headways.
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Table 2. Energy impact summary results: US-101, Ventura County,
alternative 1,

Post Change

Item Baseline Project (‘%)
Private-vehicle VMT per day (000 000s) 2.74 2.90 +5.8
Private-vehicle fuel economy (miles/gal) 22.6 26.3 +16.4
Average trip time (min) 16.65 14.45 -13.2
Energy consumed (10" ?Btu)

Moving vehicles 5.54 5.03 -9.2

Idling vehicles 0 0

Note: Total project construction energy = 1.00x1012 Btu; annualized project construc-

tion energy (undiscounted) = 0.04x1012 Bru.

Table 3. Energy impact summary results: US-101, Ventura County,
alternative 2.

Post Change

Item Baseline Project (%)
Private-vehicle VMT per day (000 000s) 2.74 2.83 +3.3
Private-vehicle fuel economy (miles/gal) 22,6 2542 Lila R
Average trip time (min) 16.65 15.86 -a.7
Energy consumed (1012 Btu)

Moving vehicles 5.54 5:32 -4.0

Idling vehicles 0 0.02 oo
Note: Total prujeet construction energy = 1.00x 1012 Btu; annualized project consiruc-

tion energy (undiscounted) = 0.04x1012 Bru.

Table 4. Energy impact summary results: CA-39, Los Angeles County.

Post Change

Item Baseline  Project (%)
Private-vehicle VMT per day (000s) 144.3 147.7 +2.3
Private-vehicle fuel economy (miles/gal) 22.9 30.7 +34.1
Average trip time (min) 21.83 21.05 =3.6
Energy consumed (10° Btu)

Moving vehicles 245.7 213.9 -12.9

idling vehicles 46.6 6.0 -87.1

Note: Total project construetion energy = 5.5x109 Btu; annualized project construc-
tion energy (undiscounted) = 1.1x109 Btu.

project., The new HOV lane by itself increases ca-
pacity and results in a small amount of induced
VMT. Thus, in this case the effect of the HOV lane
is to increase, rather than decrease, energy con-
sumption.

The construction energy impact 1s essentially
identical to alternative 1 of the project. Under
the second alternative, the annualized construction
energy increase (which in the former project was
dominated by the vehicle energy savings) offsets
about one-fifth of the vehicle energy savings.

CA-39, Los Angeles County

CA-39 in Los Angeles is a 3.4-mile highway segment
that contains 13 signalized intersections. These
signals were designed to be interconnected, but the
existing control equipment is unreliable. The pro-
posed project is the replacement of existing equip-
ment with new signals and controllers.

In the baseline case, it was assumed that the 13
signals (each with 50 percent green time) functioned
essentially independently--i.e., with no intercon-
nection. Therefore, every vehicle had roughly a 50
percent chance of having to stop at each signal. 1In
the "build" case, the signals are assumed to be per-
fectly interconnected. Therefore, no vehicle stops
more than once except under congested conditions
when interconnection breaks down and the signals are
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again conservatively assumed to operate inde-
pendently.

Significant energy savings result from the proj-
ect (see Table 4). Idling is reduced substantially
so that energy consumed by idling is reduced by more
than 85 percent. Equivalent absolute energy savings
(though smaller in percentage terms) result from a
return to continuous-flow conditions for nearly all
uncongested travel, and there is a resulting im-
provement in fuel economy. These energy savings
occur in spite of induced travel of 2.3 percent that
results from a 3.6 percent reduction in average trip
travel time.

The total construction energy is 1less than 10
percent of the annual energy savings resulting from
this project. This is clearly a project that offers
significant energy savings, as well as many other
travel-related benefits such as reduced delay.

CA-99, Merced County

CA-9% in Merced County is a four-lane rural express-
way running through the city of Livingston, Cal-
ifornia. Within the 6.l-mile project limits, there
are one signalized intersection, five other at-grade
intersections, and numerous "T-intersections". Sev-
eral sections have no shoulders. The existing fa-
cility has a very high proportion of heavy truck
traffic. The proposed project involves the con-
struction of a four-lane, limited-access bypass near
the existing alignment. The existing facility would
remain to serve local traffic.

This project was analyzed by treating the exist-
ing CA-99 and the new bypass as competing facili-
ties. Traffic was allocated between the two facili-
ties on the basis of relative travel times on the
two routes, It was assumed that all heavy-truck
traffic would use the bypass (a negligible amount of
this traffic is local traffic). Signal delays and
idling time were calculated in a manner similar to
that used for the CA-39 project in Los Angeles, ex-—
cept that the effects of the signal on cross-street
traffic were also considered.

The results of the energy impact analysis given
in Table 5 indicate that the combined vehicle energy
consumption of affected vehicles on the old and new
facilities increases by almost 40 percent as a re-
sult of the proposed project. This large increase
stems primarily from two sources:

1. High speeds on the bypass result in a net
decrease of 7.5 percent in average trip travel time,
which in turn generates induced travel of 4.7 per-
cent.

2. For the traffic using the bypass, the average
on-facility speed increased from 32.5 mph to nearly
65.0 mph, which results in markedly increased fuel
consumption (Figure 2). This effect is even more
pronounced because of the high percentage of heavy-
truck traffic, whose fuel economy declines even more
rapidly at high speeds than that of automobiles.

In addition to the increases in vehicle energy,
the construction energy for the new facility is sub-
stantial--equivalent, in this case, to the total
energy consumed in three years by all vehicles on
the existing facility. This is clearly a project
that has negative energy impacts associated with the
benefits of reduced travel time, increased capacity,
and improved safety conditions.

DISCUSSION OF RESULTS

The energy impact estimation techniques presented in
this paper were used to analyze a total of 20 Cal-
ifornia STIP projects and project variations. From
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Table 5. Energy impact summary results: CA-99, Merced County.

Post Change

Item Baseline Project (%)
Private-vehicle VMT per day? (000s) 151.0 158.1 +4.7
Private-vehicle fuel economy® (miles/gal) 29.9 22.1 -26.0
Average trip time? (min) 19.69 18,22 -7.5
Energy consumed?® (10° Btu)

Moving vehicles 230.3 326.1 +41.6

Idling vehicles 4.2 1.6 -61.9

Note: Total project construction energy = 917.5x102 Btu; annualized project construc-
tion energy (undiscounted) = 36,7x109 Btu.

8Data are based on affected trips made by vehicles on both old and new facilities.

these sample projects, a number of interesting con-
clusions can be drawn about the typical energy im-
pacts of various classifications of projects. Some
of these results are counterintuitive and contrary
to commonly accepted conclusions concerning the
energy impacts of projects. These results are sum-—
marized below:

1. Highway widening or bypass projects can
either increase or decrease vehicle energy consump-
tion. Energy is generally saved as long as the im-
provement is on a congested facility and is small
enough just to allow stable traffic conditions. As
the capacity improvement allows speeds to exceed
about 35 mph, vehicle fuel economy decreases and
additional traffic is induced. Both of these fac-
tors increase overall energy consumption.

2, STIP projects that are primarily safety re-
lated, such as two-way left-turn lanes and shoulder
improvements, have negligible energy impacts.

3. Ramp-metering projects yield energy savings
when implemented under congested conditions. Above
baseline speeds of about 35 mph, ramp metering tends
to increase energy consumption. In most cases, ramp
delays reduce the amount of induced new travel.

4, Traffic-signal improvements along corridors
are effective energy savers, as are all projects
that relieve stop-and-go traffic conditions. The
effectiveness of signal improvements decreases, how-
ever, as the existing level of congestion in-
creases, This is because signal interconnection has
decreasing benefits under saturated conditions.

RECOMMENDATIONS FOR FURTHER DEVELOPMENT

With relatively simple modifications, the impact
estimation procedures described here could be auto-
mated for application on a hand-held calculator or a
small minicomputer. This would reduce the length of
time needed to evaluate a project from 2-4 h down to
less than 15 min. Automating the procedures has
five primary benefits:

1. Equilibration of induced and diverted travel
could be performed to much stricter tolerances.

2, Faster turnaround time would allow the an-
alyst to make more estimates while wvarying project
and input parameters as a check for sensitivity.

3. The fuel consumption characteristics of a
greater number of vehicle types (e.g., small and
medium trucks) could be considered.

4, Estimation of life-cycle energy impact would
become available without imposing a great time
burden on the analyst.

5. The 1likelihood of human error would be re-
duced.
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As described earlier, most of the components of
the quick-response method of assessing energy im=
pacts have been derived from existing complex models
or modeling systems. However, the method for deriv-
ing the VMT impact of HOV lanes is based on a very
limited number of empirical observations. Ongoing
work on HOV lane impacts (10,11) is significantly
improving the state of the art in modeling these
impacts and should be incorporated into the existing
set of impact estimation procedures.

Energy consumption data are based on a 1971 re-
port (4) that used road tests of vehicles from model
years 1960 through 1968, Overall fuel economy
levels have, of course, been factored up so that
fleetwide average fuel economy matches current and
projected levels. However, the effect of average
speed on fuel economy may have changed somewhat in
recent years as automobile engines and bodies have
been redesigned to be more fuel efficient. This
raises the possibility that the curve shown in Fig-
ure 2 may not be appropriate for the current vehicle
fleet. On the other hand, there is some recent evi-
dence that the basic shape of the curve in Figure 2,
including the speed of minimum fuel consumption, is
in fact appropriate for newer cars (12). This prob-
lem is not specific to the project. Inadequate at-
tention has been paid to this problem in the recent
literature, and significant new research in this
area is critically needed.
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Transit Use and Energy Crises: Experience and Possibilities

DANIEL K. BOYLE

A representative sample of 66 urbanized areas is used to examine the relation
betwean gasoline supply and transit ridership during the second and third
quarters of 1979. An overview of the effect of the 1979 gasoline shortfall on
transit ridership indicates that ridership increased by 5.1 percent in the time
frame of the study over the corresponding period in 1978, The largest percent-
age increases in ridership wore seen in western U.S. urbanized areas and small
urbanized areas, Cross elasticities of transit ridership with respect to gasoline
supply are calculated for various categories broken down by region and system
size. The measure used for this calculation is arc elasticity. Cross elasticities
vary from -0.45 for large systems in the Northeast to -4.99 for small systems
in the West, and the cross elasticity for the entire sample is found to be -0.75.
The role of transit in alleviating the impact of the 1979 energy crisis is found to
be minor: Gasoline savings due to transit patronage increases amounted to less
than 5 percent of the decrease in gasoline sales. Methods of calculating rider-
ship increases and gasoline savings attributable to transit for a variety of energy
futures are developed, The Its indi that transit cannot he expected to
play a major role in a future energy emergency.

As energy efficiency became a newly discovered con-
cern in the wake of the 1973-1974 energy crisis,
transit ridership trends rose for the first time in
a generation. The 1979 crisis did not catch America
completely by surprise: Transit systems around the
country were generally in sounder shape than in
1973, thanks in part to an infusion of federal money
in the form of operating assistance as well as cap-
ital grants. The 1979 energy crisis resulted in a
further growth in transit ridership.

This paper is intended to assess the relation be-
tween transit ridership and energy supply in the
1979 crisis. The relation is important in both di-
rections. Of direct concern is the effect of a
gasoline shortfall on transit ridership, but also
investigated is the degree to which transit can
soften the impact of a gasoline shortfall by provid-
ing an alternative means of transportation and
thereby preventing some of the loss of mobility that
would otherwise occur. Many studies (1-7) have ex-
amined the first part of this problem, but none has
focused directly on the second part.

DATA AND PROCEDURES

This study uses a sample of 66 U.S. urbanized areas
to examine the relation between gasoline supply and
transit ridership during the second and third quar-
ters of 1979. Selection of urbanized areas for the
sample was guided primarily by the availability of
data for ridership and gasoline supply. Data were
also collected for other factors such as population
size and density, service and fare levels, gasoline
price, region of the country, and transit system
size. These other factors were analyzed to deter-—
mine whether any factor showed a relation with
either gasoline supply or transit ridership and
whether any factor affected the supply-ridership
relation.

A word on the measurement of the key variables
involved is in order. Data on ridership and gaso-
line supply were obtained by month and aggregated
both by quarter and by the entire six-month period.
Comparison with the corresponding time period in
1978 determined changes in ridership and supply.
Ridership data were obtained from the American Pub-
lic Transit Association (APTA) (8), and monthly
gasoline sales by state were available from the Fed-
eral Highway Administration (FHWA) (9). These were
apportioned to urbanized areas within each state by
use of the ratio of daily vehicle miles of travel

(DVMT) in a given urbanized area to statewide DVMT
(10) . This approach assumes that gasoline sales and
shortfalls are distributed within each state in the
same proportion as DVMT. Sources for other vari-
ables may be found in the literature (10-12 and
various issues of the 0Oil and Gas Journal).

Two further notes on data sources should be
made. Gasoline prices in neighboring urbanized
areas were remarkably similar, and an average of
neighboring prices was used where the information
was not available for a given urbanized area. 1In
addition, total transit VMT was not available for
all urbanized areas, and so system size was measured
by peak-hour vehicle reguirement. This presents no
problem since, where transit VMT was available, its
correlation with peak-hour vehicle regquirement was
very high.

The time frame of the study consists of the sec-
ond and third quarters of 1979 and comparisons with
the corresponding time period of 1978 to determine
changes. In larger urbanized areas, all operators
are considered part of the same overall transit
system.

IMPACT OF 1979 CRISIS ON TRANSIT USE

In the second quarter of 1979, transit ridership
rose by 3.3 percent over 1978. In the third quar-
ter, as the impact of the gasoline shortfall hit
home, ridership increased by 6.7 percent., The in-
crease in ridership for both the second and third
quarters was 5.1 percent.

Data given in Table 1 (8) show that transit
ridership grew at a much faster pace on transit sys-
tems in the West. As Table 2 (8, 11) indicates,
small urbanized areas experienced greater percentage
changes in ridership than did large urbanized
areas. Table 3 (8, 11) indicates that, when size of
transit system replaces population, virtually the
same relation holds: Smaller systems show dgreater
percentage increases in ridership. BAn interesting
exception is that the smallest systems rank below
moderately small systems in percentage change in
ridership. This suggests that there may be a mini-
mum base system size necessary for optimal growth in
transit ridership during an energy crisis.

Tables 1-3 indicate that small systems and sys-—
tems in the West showed the greatest percentage in-
creases in transit ridership during the 1979 energy
crisis. Ridership levels are lowest on small systems
and on systems in the West (Table 1), and so there
is more room for growth. In addition, population
growth in the West may have accelerated ridership
increases.

Data given in Table 4 (8-10) show no clear rela-
tion between percentage changes in gasoline supply
and ridership. The trends of percentage changes in
ridership with increasing percentage shortfalls are
opposite in the second and third quarters. Attempts
to find a suppressor variable affecting the supply-
ridership relation were unsuccessful, nor did a
clear relation emerge when the time frame was ex-
panded to include both quarters. Given the different
responses of urbanized areas of different sizes and
in different regions, it seemed appropriate to take
size and region into account in analyzing the sup-
ply-ridership relation. This approach is used in
the following section.

Other variables for which data were collected are
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Table 1. Percentage change in ridership by region for 1978-1979.
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Table 5. Cross elasticities of transit ridership with respect to gasoline supply.

Change in Ridership (%)

Mean Monthly

No. of Second Third Ridership
Region Systems Quarter Quarter (000s)
Northeast 13 2.4 6.0 11633
South 24 2.5 6.0 1725
North Central 16 5.0 6.3 4180
West 13 13.7 15.8 1275
Total 66 3.7 6.7 4183

Table 2. Percentage change in ridership by urbanized-area population,

Change in Ridership (%)

No. of Second Third
Urbanized-Area Population Systems Quarter Quarter
>1 000 000 12 3.1 6.0
500 000 to 1 000 000 12 7.2 9.6
250 000 to 500 000 11 5.5 10.9
100 000 to 250 000 22 8.4 12.9
<100 000 =49, 24.1 18.0
Total 66 3.7 6.7

Table 3. Percentage change in ridership by size of system.

Change in Ridership (%)

Peak Requirement No. of Second Third
(no. of buses) Systems Quarter Quarter
>200 + rail 5 3.2 5.8
>200, bus only 16 4.5 8.5

80 to 200 11 6.1 10.8
40 to 80 18 10.0 12.9
<40 16 6.9 1.7
Total 66 3.7 6.7

Table 4. Percentage change in ridership by percentage change in gasoline supply.

Second Quarter Third Quarter

Supply

Decrease No, of Change in No. of Change in
(%) Systems Ridership (%) Systems Ridership (%)
>9 4 11.0 15 5.9

7to9 13 2:9 12 6.3

Sto7 13 2.3 17 12.3

3to5 21 11.6 11 L2

<3 i3 8.2 11 8.2

Total 66 8.7 66 6.7

not of particular use in this analysis. The range
of percentage changes in gasoline price was too nar-
row to yield significant results. Urbanized areas
in the midrange of population density showed the
greatest percentage increases in ridership. Rider-
ship changes vary directly with service changes, but
it is difficult to determine whether service changes
preceded or followed ridership changes in 1979.
Fare changes, as might be expected, tend to hold
down ridership increases.

In general, size of system and region were sa-
lient wvariables in determining the impact of the
1979 energy crisis on transit use. These two vari-
ables are taken into account in the examination of
the supply-ridership relation in the next section.

No. of Cross

Region System Size Systems Elasticity
Northeast Large 8 -0.45
Small .5 -3.40
Total 13 -0.48
South Large 10 -0.87
Small 14 -0.98
Total 24 -0.90
North Central Large 5 -0.66
Small 1l -1.57
Total 16 -0.69
West Large 6 -2.55
Small _7 -4.99
Total 13 -2.79
All regions Large 29 -0.68
Small 37 =2.11
Total 66 -0.75

CROSS ELASTICITIES OF TRANSIT RIDERSHIP WITH RESPECT
TO GASOLINE SUPPLY

Cross elasticity measures the sensitivity of the de-
mand for a particular product to changes in the
characteristics of some other product. In this
case, what is being measured is the sensitivity of
transit ridership to changes in gasoline supply.
Transit systems are categorized by system size
{large or small, with a peak-hour requirement of 100
vehicles as the dividing line) and by region. Within
each category, an aggregate approach is used to mea-
sure the changes in ridership and gasoline supply
over the six-month period (including both quarters)
in 1979 compared with the same time period in 1978.
Arc elasticity, which has emerged in the transporta-
tion literature as the preferred measure of elastic-
ity (13-15), is used to measure the cross elastici-
ties of transit ridership with respect to gasoline

supply. The cross elasticity for the category of
system size i and region j is

&j = (10gR7g; - 10gR73;;)/(108G79ij - 108G7s;;) (1
where Ry is the sum of riders on transit systems

of size i in region j in year x and Ggy4 is the
sum of gasoline sales in urbanized areas with tran-
sit systems of size i in region j in year x.

Table 5 gives the cross elasticities derived from
the above calculations. The response of ridership
to gasoline supply is much more elastic in western
urbanized areas than in other regions of the coun-
try. In every region, small systems show greater
cross elasticities (in terms of absolute value) than
large systems.

The difference in cross elasticity by system size
is particularly pronounced in the Northeast. How-
ever, a majority of the small transit systems
sampled in the Northeast are in Pennsylvania, where
an unexplained discrepancy in gasoline data masks
the severity of the gasoline shortfall and so exag-
gerates the calculated cross elasticity. The dif-
ference between small and large systems 1in the
Northeast 1is therefore also exaggerated. In the
South, on the other hand, the difference is very
small. Many of the small systems in the South
actually lost riders in the second and third quar-
ters of 1979; of the 10 systems that lost ridership,
7 were small systems in the South. This was bal-

anced somewhat by the relatively minor gasoline
shortfalls in southern urbanized areas in the
sample. Nonetheless, the South is the only region

in which ridership was relatively inelastic with re-
spect to gasoline supply for small systems.
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In general, the relation between transit rider-
ship and gasoline supply is inelastic except in the
West: Cross elasticities range from -0.48 in the
Northeast to =2.79 in the West., The same pattern
holds for large systems: Cross elasticities range
from =-0.45 in the Northeast to =2.55 in the West.
Among small systems, the relation is elastic except
in the South: Cross elasticities range from -0.98
in the South to -4.99 in the West. The cross elas-
ticity for the entire sample is =-0.75.

It has been suggested that transit systems in the
West have excess capacity and so have a greater
ability to respond to a crisis situation (16). This
might explain the greater cross elasticities in the
West, It is possible that small systems have more
flexibility than large systems and so are also more
able to respond to a crisis. By this line of rea-
soning, system capacity and flexibility are the im-
portant factors affecting the cross elasticity of
transit ridership with respect to gasoline supply.

Several other studies have attempted to gauge the
effect of a gasoline supply decrease on transit
ridership. Sacco and Hajj (4) suggest that a 10-15
percent decrease in supply would result in a short-
term transit ridership increase of 5-7 percent,
which implies a cross elasticity of approximately
-0.5. Carlson (7) reports a 1979 ridership increase
of 10 percent matching a peak gasoline shortage of
10 percent, implying a cross elasticity of approxi-
mately -1,0. Navin (5) estimates increases in down-
town work trips by transit for Minneapolis and north
suburban Chicago that correspond to 10 and 25 per-
cent decreases in supply. The implied cross elas-
ticities in Navin's study range from =-1.69 to
-4.45, An ongoing project at the New York State De-
partment of Transportation (NYSDOT) (17) vyields a
preliminary cross elasticity of -0.21 for urbanized
areas in New York State. Horowitz (6) models re-
sponses to various gasoline allocation plans for a
15 percent gasoline shortfall. Transit ridership
rises by 20-40 percent, which implies a range of
cross elasticities from -1.33 to -2.07. 1Interest-
ingly, in Horowitz' model the smallest increase in
transit ridership occurs in the scenario where gaso-
line price is highest, and the largest increase oc-
curs in the non-price-based scenario. A National
Cooperative Highway Research Program report (1) tiles
future gasoline supply to future gasoline price,
thus making it difficult to extract a ridership-sup-
ply cross elasticity from the model. If price is ig-
nored as a factor, in accordance with the assumption
that gasoline price has little short-term impact on
transit ridership, the implied cross elasticity of
ridership with respect to gasoline supply is in the
range of -2,26 to -3,05 for the work-trip model and
-0.95 to -1.37 overall.

The cross elasticities of Table 5 are within the
range found in this review of the literature. This
range indicates the likelihood that there is no one
firmly established figure and so supports the
separate~category approach taken in Table 5.

EFFECT OF INCREASED TRANSIT USE ON 1979 CRISIS

The role of transit in the 1979 energy crisis can be
determined by calculating the energy savings result-
ing from ridership increases and comparing these
savings with the gasoline shortfall in each ur-
banized area. Results are aggregated by region and
by size of urbanized area; complete results are
given by Boyle (18).

For the purposes of this analysis, it is assumed
that all "new" transit riders accounting for the
ridership increases are former automobile users and
that there is no use of the "car 1left home".
Clearly, these are optimistic assumptions that tend
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to overestimate the energy-saving role of transit.
Given these assumptions, the number of cars left at
home due to modal shifts can be obtained by dividing
the ridership increase for each urbanized area by an
average automobile occupancy of 1.6 persons/automo-
bile. 'The number of cars left home can then be
multiplied by the average trip length to obtain the
vehicle miles not traveled, or "saved", by transit.
Several sources were consulted to determine average
trip length (19-23); the figure finally chosen is
9.0 miles. This is a somewhat liberal estimate. It
can be justified by the assumption that the impact
of a gasoline crisis is felt most strongly by those
who make the longest trips and so the average trip
length of those diverted to transit is greater than
the overall average trip length.

The formula for computing VMT saved by transit in
urbanized areas is as follows:

VMT,; = (AR;/1.6) - 9.0 ©)

This can be converted to galions of gasoline saved
by transit by dividing by the average fleet effi-
ciency in miles per gallon. This figure is avail-
able by state through the year 1977 (24), and fleet
efficiencies for New York State have been calculated
by NYSDOT through 1979, An average 1979 fleet ef-
ficiency for a given urbanized area can be computed
as follows:

MPG; ;9799 =MPG; 977 - (MPGny1970/MPGN Y 977) (©)]

The formula for gasoline savings S in urbanized area
i is then

S; = VMT;/MPGy; 979 = [(AR}/1.6)/MPGyy 7] - 9.0 O

Note that S; is gasoline savings due to transit.
These savings can be compared with the total reduc-
tion in gasoline use in the urbanized area and also
to the urbanized-area gasoline consumption in the
second and third quarters of 1978.

Tables 6 and 7 (8-11, 24) present mean savings
due to transit as a percentage of reduction in gaso-
line use and of 1978 consumption, aggregated by re-
gion and size of urbanized area. Overall, gasoline
savings due to transit total only 4.4 percent of the
reduction in gasoline use and 0.3 percent of 1978
consumption. It can be seen from Table 6 that in-
creased transit use contributed most to gasoline
savings in the West and the Northeast (if the Penn-
sylvania cases in which there is an unexplained
discrepancy in the data on gasoline sales are ex-
cluded, the mean percentage savings for the North-
east drops to 5.5 percent). Data given in Table 7
show that the proportion of energy savings due to
transit is highest in the largest urbanized areas.

Tables 6 and 7 suggest that transit did not play
a major role in the energy conservation effort.
Other factors, such as increased fleet efficiency,
actual reduction in travel, formation of carpools,
or trip chaining, must account for the bulk of
energy savings.

The conclusion that the role of transit in al-
leviating the 1979 energy crisis was minor is
reached under the optimistic assumptions that all
new transit riders came from automobiles and that
cars left at home were not used. Barring unforeseen
changes in the operation of transit systems, transit
may be expected to play a minor role in any future
energy emergency.

FUTURE SCENARIOS: TRANSIT RIDERSHIP AND
ENERGY SAVINGS

The methods and results developed and obtained thus
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Table 6. Gasoline savings accounted for by transit ridership increases by region.
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Reduction in Sales

April-September 1978

Mean Gallons

No. of Saved by Mean Gallons Due to Mean Gallons Reduction Due

Region Systems Transit (000s) (000s) Transit (%) Used (000s) to Transit (%)
Northeast 13 1143 17 240 6.6 211421 0.5

South 24 161 5 709 2.8 127 808 0.1

North Central 16 566 18 587 3.0 248 350 0.2

West 13 392 6 505 6.0 135 399 0.3

Total 66 498 11320 4.4 174 319 0.3

Table 7. Gasoli ing d for by transit ridership increase by size of urbanized area.

Reduction in Sales

April-September 1978

Mean Gallons

No. of Saved by Mean Gallons Due to Mean Gallons Reduction Due
Population Systems Transit (000s) (000s) Transit (%) Used (000s) to Transit (%)
>1 000 000 12 2069 40 746 5.1 574 612 0.4
500 000 to 1 000 000 12 369 9488 3.9 187 407 0.2
250 000 to 500 000 11 158 6952 2.3 107 297 0.1
100 000 to 250 000 22 65 2538 2.6 44 068 0.1
<100 000 9 47 1331 3.5 23455 0.2
Total 66 498 11320 4.4 174 319 0.3

far may be used in several ways to address future
scenarios. One use is to derive a factor for ad-
justing ridership forecasts in the event of a future
energy shortfall. Another use is to predict rider-
ship response and energy savings due to transit in
various energy situations.

A basic problem in forecasting is the emergence
of variables considered unimportant or unpredictable
at the time of the forecast as significant factors
affecting the dependent variable at a later time.
Hartgen (25) has shown that the original forecast
can be updated in such a situation by use of an ad-
justment factor that takes the newly important vari-
able into account. This approach can be applied to
transit ridership forecasts. A factor for ridership
increase in response to a gasoline shortfall can be
computed by use of the cross elasticities in Table 5:

Fij =1+ [e;; - (g/100)] (5)
where
Fij = a factor to apply to ridership forecasts

for an urbanized area in region j and with
system size i,
ejj = cross elasticity of ridership with respect
to gasoline supply for an urbanized area
with system size i and in region j, and
g = percentage change in gasoline supply for the
urbanized area.

The original forecast of ridership can be multiplied
by this factor to account for the effect of the
gasoline shortfall on ridership. Original forecasts
for years subsequent to a gasoline shortfall can
also be adjusted by use of the factor.

Predicting ridership response and energy savings
due to transit in various energy futures is also
possible, but it is necessary to know something
about the short-term price-ridership relation. Other
studies have indicated 1little short-term relation
between gasoline price and transit ridership (2-4,
26, 27). Navin (5) has noted that a 5 percent gaso-
line shortfall has the same impact on transit rider-
ship as a doubling of gasoline price. Erlbaum and
Koeppel (17) estimate the cross elasticity of rider-

ship with respect to gasoline supply as -0.21 and
with respect to gasoline price as 0.01 for urbanized
areas in New York State. Both studies imply that
the cross elasticity with respect to supply is of a
magnitude 20 times greater than the cross elasticity
with respect to price. A rough estimate of price
cross elasticity can be obtained by multiplying the
supply cross elasticity by -0.05. This price cross
elasticity can then be used to calculate ridership
changes for various price increases in a no-short-
fall situation.

The supply cross elasticities were calculated in
a period when there was a 30 percent price increase.
These supply cross elasticities at the 30 percent
price-increase level cannot be broken down into sup-
ply-only and price-only cross elasticities because
the method of estimating price cross elasticity is
noniterative. However, the no-shortfall price cross
elasticities can be used to obtain the proportion of
percentage change in ridership attributable to price
at the 30 percent price-increase level. This pro-
portion can then be adjusted to reflect different
price increase levels. In mathematical terms,

Tps = fags - { [1 - (p/30)] - (r30,0/30,5)} (6)

where r .8 is the percentage change in ridership
corresponding to percentage changes in gasoline
price (p) and supply (s).

This formula can be used to estimate the percent-
age change in ridership for various energy futures.
An example is provided in Table 8, which gives per-
centage ridership increases and gasoline savings due
to transit for the scenario involving a 15 percent
shortfall and a 30 percent price increase. It is as-
sumed in this example that base transit ridership in
1985 is 6 percent higher than in 1979 (a conserva-
tive assumption given post-1973 trends) and the base
gasoline consumption in 1985 is 6.5 percent lower
than in 1979, in line with predictions for New York
State (25).

Table 8 indicates that the role of transit in al-
leviating a future crisis is likely to be minor, as
it was in 1979. A more detailed analysis, including
other scenarios, is given elsewhere (18). The de-
tailed analysis reveals that, although price has
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Table 8. Effect of 15 percent shortfall and 30 percent price increase in 1985,

System Increase in Toansit Encrgy Savings Due
Region Size Ridership (%) to Transit (%)
Northeast Large 6.8 Sl

Small 51.0 10.9
South Large 134 3.4

Small 14.7 0.8
North central Large 9.9 2.7

Small 23.6 15
West Large 38.3 5.8

Small 74.9 8.1

some effect on transit ridership in a no-shortfall
situation, the price effect is negligible in a
shortfall situation.

SUMMARY AND CONCLUSIONS

Transit ridership for the sample of 66 urbanized
areas rose by 5.1 percent in the second and third
quarters of 1979 compared with the same time period
in 1978. For the second quarter alone, ridership
rose by 3.7 percent; the ridership increase for the
third quarter was 6.7 percent. Small urbanized
areas and urbanized areas in the West showed the
largest percentage increases in ridership.

The cross elasticity of transit ridership with
respect to gasoline supply ranges from =-0.45 for
large systems in the Northeast to -4.99 for small
systems in the West. The overall cross elasticity
for the entire sample is =-0.75. The calculated
cross elasticities are within the range of those
found in or extracted from other studies. Small
systems and systems in the West show the most elas-—
tic response. In general, however, transit rider-
ship is relatively inelastic with respect to gaso-
line supply.

Transit played a relatively minor role in al-
leviating the impact of the 1979 energy crisis. Even
with the assumptions that all new riders switched
from automobile to transit and left their cars at
home unused, the gasoline savings due to increased
transit patronage amounted to less than 5 percent of
the decrease in gasoline sales. Transit contributes
most to energy savings in the Northeast and the West
and in very large urbanized areas.

Methods of calculating energy savings and rider-
ship increases for future energy scenarios have been
developed. The results indicate that the role of
transit in alleviating a future crisis is likely to
be minor.

Although it is not the purpose of this paper to
examine in detail the reasons for the role of tran-
sit in alleviating the 1979 energy crisis, it ap-
pears that transit systems do not have the capacity
to absorb large numbers of riders in a short-term
situation. Even if ridership increases (and, there-
fore, energy savings due to transit) were doubled,
the role of transit would still have been relatively
minor, accounting for less than 10 percent of the
drop in gasoline sales. Actions to encourage tran-
sit use should be part of energy contingency plans,
but it must be recognized that other actions will
shoulder most of the burden in alleviating a future
enerqgy shortfall.
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Indirect Energy Considerations of Park-and-Ride Lots

LAWRENCE C. COOPER

The expenditure of energy to construct and operate a park-and-ride lot is seldom
weighed against the motor fuel savings generated by the park-and-ride service,
An initial attempt to establish this relation is presented. A procedure is devel-
oped to estimate the indirect energy requirements of a prototype park-and-ride
lot based on lot size and the fuel savings incurred by various lot usage scenarios.
From this, the number of years required for lot fuel savings to account for indi-
rect energy expenditures is determined. The impact on fuel savings of lot opera-
tional variables, such as distance to the CBD, bus load factor, and fuel-efficiency
rates, is examined. This analysis of energy expenditures and savings is then ap-
plied to existing park-and-ride lots in the Dallas-Fort Worth area. It is concluded
that indirect energy expenditures are significant enough to warrant considera-
tion in the transportation planning process. It is noted that the indirect energy
costs can be accounted for in less than 10 years for most park-and-ride projects.
This payback period is significant because it represents the point in time at
which energy vation truly

The establishment of park-and-ride lots served by
express transit operations is generally considered
by urban transportation planners and policymakers to
be an effective way of conserving energy as well as
reducing air pollution and traffic congestion. By
leaving their automobiles at specially designated

lots and riding transit to the central business
district (CBD) or other destinations, commuters,
theoretically at least, will use less fuel for
transportation.

Spurred by recent petroleum shortfalls, planners
and local officials have accelerated the planning
and construction of park-and-ride lots as a trans-
portation system management technique. Often not
considered in the evaluation of park-and-ride ser-
vices as energy savers, however, is the fact that
the development and construction of these lots and
services also entail the expenditure of energy. For
instance, fuel is consumed by the vehicles used in
lot construction and materials hauling. The materi-
als themselves require enerqgy from mining or manu-
facturing processes, and the construction of the lot
consumes energy. The enerqy used in these types of
activities is termed "indirect" enerqy (1, p. 5), or
energy "implementation costs" (2, p. 5). It has
been estimated that indirect transportation energy
consumption accounts for more than 40 percent of all
transportation-related energy use in the United

States. The question that then arises is how long
it will take for direct fuel savings from the park-
and-ride operations to repay the energy expenditure
of costs involved in their establishment. This is
important because the point where operational energy
savings exceed the energy expended in lot construc-
tion is the point at which energy conservation
begins.

Because the practice of making estimates of in-
direct energy use is not well established, such
energy costs are seldom considered in the planning
of park-and-ride services (as well as other trans-
portation projects). The following discussion is an
initial investigation of this energy accounting
question that, it is hoped, will lead to more con-
sideration of total energy impacts of transportation
projects.

This paper first describes a "typical" park-and-
ride lot and its operation as used in this analy-
sis. The indirect and direct energy savings and
costs related to this prototype park-and-ride lot
are identified and examined. Next, the impact of
variations in park-and-ride lot operations and char-
acteristics on energy savings and the payback time
of indirect energy expenditures is analyzed through
the use of a simple computer program. Finally, this
energy savings/cost analysis approach is applied to
an examination of existing lots in the Dallas-Fort
Worth area.

PARK-AND-RIDE SCENARIO

The assumed characteristics of the prototype park-
and-ride lot operations examined here are based
largely on data from actual lot operations in the
Dallas-Fort Worth area. A recent study (3) of these
lots identified and quantified such variables as
local bus ridership, lot size, service area, and
distance to the CBD for typical park-and-ride opera-
tions in the area.

The basic lot itself was considered to consist of
an asphalt-covered parking area, a reinforced-
concrete bus loading 2zone, and a simple passenger
shelter. Express bus service was assumed to be
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Table 1. Indirect energy consumption factors for a

Material
park-and-ride lot with 500-car capacity. Energy Consumption (Btu 000 000s)
Amounl
Component Type (tons) Production Hauling Construction Total
Loading zone Portland cement 262 1983 20 343 2 346
Aggregate 130 9 10 23 42
Lime 16 96 - 8 105
Total 2088 31 374 2493
Car parking area Asphalt 1716 837 170 11119 12126
Aggregate 4688 328 352 825 1505
Lime 703 4218 =53 366 4637
Total 5383 575 12310 18 268
Total indirect 7471 606 12 684 20 761%

3Equivalent to 166 400 gal of gasoline (1 gal = 125 000 Btu).

provided to the CBD or other destination at freeway
speeds. Most commuters were assumed to drive their
cars to the lot and park them all day at no charge.
Kiss-and-riders, those transit users driven to the
lot by someone else, were also considered. The
scenario here further assumed that the lot would be
served by buses because this is the principal form
of public transportation in the Dallas-Fort Worth
area at this time. These indirect and direct energy
assumptions are described in more detail below.

Indirect Enerqgy Considerations

The amount of energy consumed in the construction of
a prototype 500-space lot included energy estimates
for the production and hauling of materials (aggre-
gate, asphalt, cement, and lime) and the construc-
tion of a lot consisting of a reinforced-concrete
loading zone and an asphalt parking area. Table 1
(1,4) gives the indirect energy consumption factors
used for this lot. All energy consumption was con-
verted into equivalent gallons of gasoline for easy
comparison. This table indicates that an estimated
166 400 eguivalent gallons of gasoline of indirect
energy are consumed by thig lot., In addition, the
energy cost of a simple passenger shelter was esti-
mated to be 600 eguivalent gallons of gasoline (2).

Because the lot considered here was assumed to be
of a single, basic design, energy demands for lot
improvements, such as fencing, qutters, channeliza-
tions, signing, and landscaping, were not included
in this analysis. Information on energy costs of
such items is available if these are to be included
in the lot design (1,2). The indirect energy esti-
mates used should therefore be considered the mini-
mum for a paved lot. It was further assumed that
the buses used to provide the park-and-ride service
are taken from the existing fleet. If new buses
must be purchased, the construction energy cost of
these vehicles can be included in the indirect cost
estimates. The energy cost of a new bus has been
estimated to be 8160 equivalent gallons of gasoline
(2}, equivalent to about 5 percent of the energy
costs of the 500-space lot.

The energy used, even for this simple lot, ap-
pears to be considerable, however. The construction
of the lot with 500-vehicle capacity and shelter,
for example, would expend the egquivalent of approxi-
mately 167 000 gal of gasoline. In addition, main-
tenance costs for the lot, including resurfacing
estimated at 630 Btu/ft?/year (2), were considered.

Direct Energy Considerations

The amount of direct energy consumed by the automo-
biles and buses affected by the park-and-ride lot
was determined. The variables used in this estima-
tion process and input into the computer program are
described below.

Number of Riders

It was assumed that the size of a park-and-ride lot
would be determined directly by use; i.e., a lot
will be built at the most efficient size to accom~-
modate users. The size of the lot should be de-
signed so that 80-90 percent of the parking spaces
are occupied (5, p. III-9). For example, about 450
automobiles will be parked in a 500-space lot on an
average day. By assuming an average automobile
occupancy for travel to the lot (1.1 persons/car is
used here) and accounting for kiss~and-riders
(assumed to be 15 percent of total riders) (6, Pp.
III-5), the total number of one-way riders can be
calculated. Because of this approach, no modal-
split estimates were necessary.

Lot Distance from Home

Based on surveys of local park-and-ride users (ex-
cluding kiss-and-riders) in the Dallas-Fort Worth
area, the average distance by automobile from home
to a lot was found to be approximately 3.5 miles
(6). This distance was input to the model to esti-
mate fuel use between home and the lot.

Lot Distance from Destination

The distance of remote-lot bus service to the desti-
nation ranges from 6 to 20 miles in the Dallas-Fort
Worth area (7, p. II-4). The model examined dis-
tances of 5, 10, 15, and 20 miles from the primary
destination point.

Fuel-Efficiency Rates

An average fuel-efficiency rate for automobiles and
buses, based on local and national estimates, was
assigned to each model run. Because fuel-efficiency
rates for cold engines are significantly less than
those for warmed-up vehicles, the rate for automo-
biles was modified by accounting for the cold-start
factor (8, p. II-4). The average automobile fuel
efficiencies examined ranged from 14.7 miles/gal
(the approximate 1979 fleet) to 100 miles/gal (an
arbitrary assumed maximum potential). The fuel
efficiency of buses was also varied from the assumed
average of 6.25 miles/gal. Diesel fuel use was
converted into equivalent gallons of gasoline (1 gal
of diesel fuel is the energy equivalent of approxi-
mately 1.12 gal of gasoline).

Bus Load Factor

Differences in the bus load factor were assumed by
varying the number of buses that serve a lot while
keeping the number of riders constant. A full bus
load was assumed to be 50 persons/vehicle.



Transportation Research Record 870

Additional Assumptions

Consideration of use of the cars left home when com-
muters kiss-and-ride to the lot was also included in
this analysis. It has been estimated that 40 per-
cent of the potential savings in vehicle miles of
travel (VMT) will be lost during the day by home-
based non-work-trip use of automobiles not parked in
the lot (9). The resultant VMT saving of kiss-and-
ride patrons was adjusted by this factor; i.e., the
kiss-and-ride VMT saving equals 60 percent of the
normal work-trip VMT.

Energy Use Model

In order to speed the analysis of the numerous park-
and-ride lot scenarios examined in this study, the

Figure 1. Flow of park-and-ride energy program.
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calculations were automated. This simple computer
program basically calculated the fuel used by auto-
mobiles and buses during the park-and-ride lot
operations and then estimated the fuel that park-
and-ride patron automobiles would have consumed if
the lot did not exist. Other assumptions and fac-
tors, such as automobile cold-start factors and
energy use for lot maintenance, were also consid-
ered. The difference between the vehicle fuel use
without the lot and with the lot was then calculated.

If it was determined that the lot saved direct
energy, this annual saving was then divided into the
total indirect energy cost of the lot. This pro-
duced the payback time in years for direct energy
savings to equal the indirect energy expenditures,
This program is shown graphically in Figure 1.

FINDINGS

Because the characteristics of each individual park-
and-ride lot can vary greatly, several lot scenarios
rather than a single hypothetical 1lot were exam-
ined. It was hypothesized that variations in lot
size, lot distance to destination, number of riders,
number of buses in service, and automobile and bus
fuel efficiencies possibly had an impact on energy
savings and payback time for a park-and-ride lot.
To help determine whether these variables had a
significant impact on the energy payback time, a
sensitivity analysis of the variables was per-
formed. This analysis was performed by altering one
variable while the others were held constant. The
results of this analysis, shown in Figure 2, indi-
cated that distance to the CBD (or other destina-

tion), bus load factor, and automobile fuel-effi-
ciency rates were the most significant variables
whereas 1lot size and bus fuel efficiency were

relatively unimportant. The importance of each of
these variables is discussed in more detail below.

Distance to Destination

The distance vehicles must travel to their destina-
tion, generally the CBD, appears to have a consider-
able impact on energy savings and energy payback
time. Because of the fuel saved by automobiles not
going to the CBD, lots farther from the destination
would generally result in more energy savings and,
therefore, less time for construction energy pay-
back. For the cases examined, all variables (lot
size, load factor, etc.) except lot distance were
held constant. This analysis indicated, for ex-

ample, that the energy payback time for a 500-space
lot 5 miles from the CBD would be more than three
years whereas that for a lot 20 miles away would be
less than one year (see Figure 3).

Figure 2. Sensitivity curves for energy analysis variables.
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Figure 3. Impact of lot distance from destination.
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Figure 6. Impact of lot
size.
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Table 2. Park-and-ride lots in Dallas-Fort Worth area: 1979. energy than they do now. Fiqure 5 also shows that
the automobile fuel-efficiency rate would have to
No. of Direct increase to about 100 miles/gal before no energy
Distance  One-Way Energy Years to Pay savings would occur.
No. of to CBD Person Saved per Back Indirect The sensitivity analysis indicated that the fuel
Lot Spaces  (miles) Trips Year (gal) Energy Use efficiency of buses has a minor impact on indirect
Garland® 627 18 710 200 000 1.0 energy payback time, probably due to the relatively
{as Colinas 170 12 75 23 800 ) small proportion of direct energy use attributed to
North Central 356 11 550 38 000 3.2 bus use in comparison with automobile use. Because
Pleasant Grove 710 9 170 700 3 of the relatively small variations in bus fuel effi-
Redbird 100 7 140 6100 6.6 ciency that exist today and improvements expected in
Ridglea 150 6 85 7400 B the near future, a separate impact analysis of bus

3 combination of two lots.
Payback not included.
Joint-use lots; construction costs not applicable,

Load Factor

To estimate the impact of the bus load factor on
total energy use, lot size and number of riders were
held constant while the number of buses operating
the service varied. Largely due to the relatively
small impact of bus fuel use on total direct fuel
consumption for the 1lot, as discussed previously,
the impact of load factor on energy savings was not
as great as might have been thought. For example, a
100 percent load factor would result in a payback
time of 1.6 years, whereas doubling the number of
bus trips to reduce the load factor to 50 percent
would increase payback time to 2.5 years (see Fiqure
4). For this case, an average load factor of 22.5
percent was the point at which energy savings would
no longer occur.

Fuel Efficiency

Due to federal automobile fuel consumption guide-
lines and public desire for more fuel-efficient
automobiles, the fuel efficiency of the U.S. auto-
mobile fleet is expected to continue to improve in
the future. The impact of these improved effi-
ciencies on the energy payback time of a park-and-
ride lot was therefore investigated.

As might be expected, the analysis indicated that
park-and-ride fuel savings appear to be the greatest
when automobile fuel efficiencies are lowest. At
14.7 miles/gal for each automobile, an average park-
and-ride lot would take 1.6 years in payback time;
at a 25-mile/gal rate, this would more than double
to 3.7 years (see Figure 5).

This implies, then, that park-and-ride 1lots in
the future will have 1less potential for saving

fuel efficiency was not considered necessary.
Lot Size

The impact of varying lot sizes, assuming a similar
lot use rate, was found to have little impact on
enerqy payback time. Because it was assumed that
the size and indirect energy consumption for the bus
loading zone would be the same for all lot sizes, a
slight efficiency of size was realized (see Figure
6).

It should be noted, however, that the larger the
lot the greater is the chance for traffic congestion
to occur in and around it. This impact on energy
use was not considered here, however. Such con-
siderations should be accounted for in the design of
the lot prior to construction (5).

ANALYSIS OF DALLAS-FORT WORTH AREA LOTS

To obtain some idea of the energy efficiency of
local park-and-ride 1lots, the energy consumption
model described here was applied to several local
lots. The existing operational characteristics of
each lot (number of riders, bus trips, distance,
etc.) were input to the model, Other variables,
such as automobile and bus fuel efficiency, were the
same as those wused in the model. Construction
energy estimates, described earlier in this paper,
were made for each of the lots except in the cases
of joint-use lots (i.e., the lot was constructed for
some other purpose, such as church or shopping~-
cer.ter parking).

Of the six local lots examined, three (Garland,
North Central, and Redbird) appear to save suffi-
cient energy to justify their construction. Due
largely to low use, the Las Colinas lot does not
appear to save energy when total energy costs are
considered. A slight increase in ridership of about
15 more users daily would cause the lot to be a
fuel-saving venture. In view of the recent trend
toward ridership increases, this may have already
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occurred. Two other lots, Pleasant Grove and
Ridglea, are joint-use lots, so construction costs
could not be considered. Table 2 gives these find-
ings.

CONCLUS IONS

This paper has discussed a theoretical examination
of the energy use and potential savings of "typical”
park-and-ride lot operations and the variables most
important in determining these savings. The purpose
of this analysis was to determine to what extent
park-and-ride operations conserve energy when in-
direct energy expenditures of the 1lot are con-
sidered. If it can be shown that energy savings
from the lot operations can make up in a relatively
short time for the energy used to construct the lot,
then park-and-ride can be shown to be a truly
energy-saving concept.

The findings indicated that, in most cases, the
lot operations would save enough fuel to account for
the construction energy in a relatively short time--
less than 10 years and, in many cases, less than 3
years. It should be noted, however, that under some
operational scenarios a lot would not conserve
energy, and thus the energy payback would never be
realized. An application of the model to operating
lots in the Dallas-Fort Worth area indicated that
this energy deficit may occur in at least one case
locally. In this case, a park-and-ride lot may be
provided in order to achieve objectives other than
energy conservation.

It should also be remembered that the lots de-
scribed here are very basic sites. Many lots are
improved with landscaping, lighting, sidewalks, and
other amenities not considered here. These would
naturally entail a somewhat greater indirect energy
expenditure and, thus, a longer payback time. These
improvements would probably increase the amount of
construction energy by approximately 5-10 percent.

The study does not attempt to predict all energy-
related implications of a park-and-ride lot. Con-
siderations such as land use changes, traffic diver-
sions, and changes in automobile ownership are
beyond the scope of this study and would require far
more sophisticated analysis methods than those used
here.

Additional study and analysis of this concept
appear to be warranted in several areas. For one, a
comprehensive examination of the type of energy used
or saved is needed. For example, it may be diffi-
cult to compare electrical and natural gas energy
used to manufacture cement for concrete with gallons
of gasoline saved by commuters. If it is determined
that it is more important to save one energy type
(e.g., petroleum) than others, such factors should
be considered.

Energy considerations for the future are also an
issue here. Due to uncertain future energy sup-
plies, it may be important to expend energy now,
while it is available, in order to develop projects
that will save energy in the future. The questions
of how much energy to invest and when to invest it
are areas that need further investigation.

To summarize, this initial investigation of in-
direct energy implications of a park-and-ride lot
demonstrates that these energy costs are significant
enough to warrant consideration by planners and
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engineers, Of the variables examined, several are,
to some extent, within the realm of control by
decisionmakers. Lot distance, lot size, and bus
load factor are elements that can be altered through
the careful planning of park-and-ride lots.

The major study findings appear to be the fol-
lowing:

1. Lot distance, bus load factor, and automobile
fuel efficiency are important factors in determining
energy savings for park-and-ride lots.

2. Lot size and bus fuel efficiency are rela-
tively unimportant factors in total energy use.

3. 1Indirect energy expenditures can be accounted
for by direct energy savings in 1less than three
years of lot operation in most cases examined.

4. In some cases, park-and-ride lots contribute
to increased energy use rather than energy savings.

5. Automobile fuel-efficiency rates must be very
high, about 100 miles/gal for the prototype example,
before a park-and-ride lot becomes ineffective as an
energy-saving measure.
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Summary of International Maritime Fuel

Conservation Measures

K.M. BERTRAM, C.L. SARICKS, AND EW. GREGORY Il

A project undertaken by the Center for Transportation Research, Argonne Na-
tional Laboratory, for the U.S. Department of Energy (DOE) to develop a com-
pendium of measures for improving shipboard energy efficiency in the maritime
industry is documented. A matrix, or chart, of more than 60 fuel-savings op-
tions was developed and then refined with the of representatives of
the shipping industry, the academic community, and relevant federal agencies
convened at a DOE-sponsored workshop on maritime energy conservation in
New York City in April 1981. In addition, 10 measures were judged by work-
shop consensus to have the greatest fuel-savings potential. Among them were
the development of crew motivation for active participation in energy efficiency
improvement programs; the revision of operating practices to emphasize and
maximize the benefits of slow steaming; the application of self-polishing hull
coatings; optimization of ship trim; propeller maintenance and replacement;
and dieselization. Later, a list of the 10 most effective measures, the final
matrix with an explanatory sheet, and a roster of workshop participants were
mailed to more than 1000 ship owners and operators in U.S. foreign trade. An
important desired effect of the project is a reduction in the demand for marine
fuel at U.S. ports.

The following two hypothetical cases illustrate the
two extremes of the international commercial marine
operations spectrum:

1. A navigation company operating a fleet of
steam-powered bulk transports, tankers, and merchant
containerships anticipates a decline in the avail-
ability of bunker fuel and a significant increase in
fuel cost during the coming decade. It also deter-
mines that revenues will not be adversely affected
by reducing average port-to-port power if fuel can
be conserved by this practice. Because the largest
ships in the fleet will be most vulnerable to the
expected deterioration 1in the fuel situation, a
program to improve fleet efficiency is introduced
that concentrates initially on operations modifica-
tions in large vessels. Then, as necessary, capital
expenditures are made to improve or replace physical
plant. Over time, the smaller, lighter ships in the
line are included in the program. Given this pro-
gram structure, how should the company proceed so
that the most cost-effective improvements are imple-
mented first?

2, The owner of two tramp steamers operating
between European and North American ports bunkers
the vessels whenever possible at U.S. ports to avoid
paying the world-market fuel prices demanded else-
where. Nevertheless, increases in fuel costs are
diminishing profit potential to such an extent that
total costs will consistently exceed achievable
revenues within five years. Cash-flow conditions
preclude investing in more efficient vessels in the
short term or updating physical plant to get more
work from current fuel use. What can this owner do
to maintain the profitability of the operation?

How can an appropriate mix of fuel-saving strat-
egies be identified to suit the needs of vessel
owners and operators anxious to reduce rapidly ris-
ing energy costs of vessels designed and built when
0il was $2.00 a barrel? How should an owner or
operator be encouraged to reduce fuel use as a means
of cutting costs rather than, for example, laying
off crew? These are among the difficult questions
now facing the marine shipping industry at large.

The marine transportation sector consumes approx-
imately 3 quads (10!%) Btu/year (equivalent to

about 476 million bbl/year of residual fuel oil), or
15 percent of all transportation energy consumed
annually in the United States. Approximately 80
percent of this amount is used in U.S. foreign trade
by U0.S8. and foreign flag vessels. This paper de-
scribes a project conducted by the Center for Trans-—
portation Research at Argonne National Laboratory
(ANL) to encourage energy conservation by the oper-
ators of these vessels (both U.S., and foreign). The
project involved identifying, evaluating, summariz-
ing, and distributing useful information concerning
fuel-savings options to these operators. The infor-
mation gathered, however, is applicable to most of
the maritime industry. The project was sponsored by
the Office of Vehicle and Engine Research and De-
velopment under the U.S. Department of Energy (DOE).

METHODS

The methods used to conduct this project were as
follows (in chronological order):

1. Literature review,

2. Development of a draft matrix,

3. Conduct of a workshop and revision of the
matrix,

4, Press release and distribution of the matrix,
and

5. Report preparation and distribution.

The first four of these methods are discussed below.

Literature Review

A review of literature on fuel-savings alternatives
or options in the international maritime industry
was the starting point for this project (the words
"option" and "“alternative" are used synonymously
with the word "measure" throughout this paper be-
cause investment funding limitations are likely to
force ship owners to choose among measures). Re-

search reports, journal articles, and conference
papers were the primary documents reviewed. Propri-
etary materials concerning specific fuel-saving

equipment items were also consulted.

Development of Draft Matrix

The maritime energy efficiency measures matrix was
developed primarily by using the review of relevant
maritime industry 1literature to extract and sum-
marize the following information concerning fuel-
savings options:

1. Technical descriptions and justifications,

2. Energy savings percentages claimed in demon-
stration,

3. Estimates of fuel cost savings and payback
periods,

4. Estimates of required investment,
nance, and other costs of implementation, and

5. Advantages, disadvantages, and related infor-
mation.

mainte-

Similar information was also obtained from in-
dustry operators and consultants in regard to fuel-
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savings options that they have implemented. In many
cases, this information was used to adjust claimed
fuel-savings percentages and to update investment
costs and payback periods based on lower investment
and fuel costs in the past. These industry sources
also provided practical information lacking in the
theoretical literature concerning the advantages and
disadvantages of options.

The cost-savings estimates for each option were
calculated rather than taken directly from data
sources. Two early assumptions in the project were
that ship operators engage in energy-saving efforts
primarily to reduce costs (this assumption was con-
firmed by consensus during the workshop) and that a
range of potential cost savings covering various
ship sizes would be useful. Therefore, parametric
assumptions were made concerning representative
rates of fuel use for small and 1large vessels.
These rates were then combined with the estimated
fuel-savings percentage for each option, factored by
January 1981 New York Bunker C fuel costs. This
procedure enabled an estimated cost-savings range to
be included in the matrix for most options. How-
ever, for many measures, neither a percentage- nor
dollar-based fuel cost savings could be entered on
the matrix because those savings, though known to
exist, vary by individual ship and route traveled.
In those cases, savings were simply identified as
ship and route specific (SRS), and it was left to
matrix users to evaluate potential savings for their
particular circumstances. The same individualized
situations apply to the financial payback periods
for many options, and the SRS entry was also made in
those cases.

Another important assumption made for each fuel-
saving measure was to identify its relevant market
sector (s). This was done to enable matrix users to
focus more easily on alternatives applicable to
their ship types.

Conduct of Workshop and Revision of Matrix

An all-day Maritime Energy Conservation Workshop was
held on April 24, 1981, at Seamen's Church Institute
in New York City. A broad cross section of inter-
national maritime industry expertise was repre-
sented. The participants included five liner oper-
ators, one tanker operator, one bulk ship operator,
two university professors, one U,S. Maritime Admin-
istration (MARAD) official, two marine engineering
consultants, one naval architecture firm representa-
tive, and DOE and ANL program managers.

The 66 fuel-savings options in the draft matrix
were discussed, some were eliminated, and a few new
options were added. The revised matrix has 60 op-
tions. All changes to the draft matrix were made by
consensus, sometimes after lengthy discussion.

The meeting was taped and notes were taken by ANL
representatives so that revisions based on workshop
discussions could be made. Following the meeting,
these records were carefully reviewed and used to
revise the matrix, a copy of which was then sent to
each participant for final comments.

Additional purposes of the workshop included
obtaining the insights of participants on (a) the
level of current energy conservation activities in
the industry, (b) the prospects for future efforts
to save fuel, (c) recommendations for government
actions to facilitate improvements in maritime
energy efficiency, and (4) those options in the
matrix that have the greatest potential for reducing
the consumption of petroleum.

Press Release and Distribution of Matrix

Following the workshop, a press release concerning
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its results was sent to various maritime industry
publications. The following publications printed
the release: Journal of Commerce, Traffic World,
Maritime Reporter/Engineering News, The Naval Archi-
tect, Seaway Review, and The Motor Ship. The re-
lease included an ANL address to which requests for
matrix copies could be sent. This was done to dis-
tribute the matrix as widely as possible and to
obtain a further indication of industry interest in
energy efficiency.

Copies of the matrix were distributed to a list
of 147 BAmerican and 920 foreign ship owners and
operators compiled from Lloyd's Confidential Index.
The principal criterion for including an owner on
the list was the indication that one or more of its
registered vessels made U.S. port calls. The cover
letter stated that the reference list for the matrix
was a source of additional information concerning
the fuel-savings options and was available on re-
quest. The resulting requests provided another low-
cost measurement of industry interest. To date,
more than 100 requests for the list have been re-
ceived.

DESCRIPTION OF MATRIX

The final version of the matrix developed during
this project is presented in Table 1. The matrix as
given is the same as that distributed to ship owners
and operators except for minor editorial revisions
in format and wording. The following sections
describe the information found in each matrix column.

Fuel-Savings Measures

The energy conservation measures listed in the first
column of the matrix are categorized into seven
different types:

. Operations,
Engine improvements and fuel changes,
Ship design and operating-strateqy planning,
. Propeller and hull modifications,
. Potential engines and fuel still under de-
velopment,

6. Potential hull and propeller changes still
under development, and

7. Reintroduction of previously discarded tech-
nologies.

Ul w N

For many fuel-savings options, several suboptions
are presented. For example, many different measures
to improve ship power plant operation are delin-
eated, The list of measures in the matrix, although
comprehensive, should not be considered all-
inclusive,

Claimed Fuel Savings

Unless accompanied by footnote "d", which indicates
adjustment by workshop consensus, fuel-savings per-
centages in the second column are those claimed in
the references cited. The word "claimed" is used in
the column heading because, for many measures,
claims of savings varied, depending on the sources
cited. In addition, because each vessel and trade
route is different, workshop participants agreed
that every user of the matrix should not expect
exactly the same result. Even so, for many options,
fuel-savings estimates of workshop participants and
in references were close enough to warrant a single
number. The SRS entry was made where not even an
estimated range of savings was found or where work-
shop participants could not agree with the reference
claims and yet conceded that some savings potential
was likely.



Table 1. Maritime energy efficiency measures matrix.

Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost  Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
Claimed Fuel (000 bbl/ ($000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings® (%) year) year) Investment and Repair available) (ship types) Refrzrence and Workshop Remarks
Operations

1. Development of crew SRS SRS SRS - - - All ships Workshop participants unanimously agreed (a) this is the single most important
understanding, moti- elem'ent in an effective fuel-savings program and (b) strong front-office support
vation, cooperation, is nee ded (e.g., a specific, top-management-supported manager responsible for
and participation energy conservation, reassurances to crew concerning legality and safety of new
(preferably through opera ting procedures, positive or negative internal publicity based on perfor-

a management mance, etc.). If crew cooperation is not achieved, any measure affected by crew
program) performmance will not achieve its potential. It was agreed that crews affect plant
tuning raore than any other fuel-savings options.

2. Slow steaming
a. General speed re- 1.0-30.09 120 40-1200%  See remarks - NA All ships Effect ¢ n fleet’s ability to meet cargo volume requirements must be considered

duction 240 80-2400¢ to » void uneconomic use of less efficient ships. Requires balancing of fuel cost
s=vings, other cost increases (capital, crew), marketing considerations (weekly
sailings, etc.), and revenue losses. May require major port facility improvements.
b. Slow initial speed SRS SRS SRS 4] - NA All ships Use minimum speed that will achieve schedule early in voyage. Requires close co-
on voyages, with ordination with ship masters and convincing them of fuel- and cost-savings po-
speedup later only tentials. May not apply to time<chartered ships.
when necessary

3. Increased or reduced SRS SRS SRS 0 - NA All ships Same as 2b. Speed reduction when berthing space is not available is a similar
speeds to gain favor- strategy.
able tides while arriv-
ing at port

4, Increased use of elec- 159 (in port SRS (in SRS 0 - NA 41 steam ships  One operator claims use of these pumps as intended can save $114 000/year in
tric in-port feed only) port) fuel for a six-ship fleet but that operator confidence in reliability and safety
oumps often must be strengthened by correcting minor problems (e.g., poor plunger

packing, valve assemblies). Large, main-feed pumps are inefficient in port due
to mechanical losses and wasted (dumped) steam; electric pumps have superior
mechanical efficiency, which makes possible cycle gains and shutdown of one

boiler in port (avoids wasted steam).

5. Cargo pooling SRS SRS SRS 0 - WA Liners FMC has allowed several of these agreements (and is considering others) for U.S.
foreign commerce operators; no approval is needed for strictly non-U.S. move-
ments. Justifications include energy savings, improved vessel use, and savings in
crew costs. Senate Bill 125 would expand maritime antitrust immunity in this
area.

6. Use of smaller vessels SRS SRS SRS SRS - SRS Liners Application by many firms has usually been based on other reasons (e.g., eco-

for pickup and de- nomic); fuel savings are an incidental benefit. As a related strategy, it was sug-
livery to eliminate gested that the U.S. government consider reducing port-call requirements for
port calls subsidies.

7. Improvement of SRS - SRS - = SRS All ships Significant fuel savings can be gained by tuning steering engine, installing adaptive
steering efficiency autopilot, etc., to reduce drag on rudder.

8. Weather routing -3 to 3¢ (see 120 SRS SRS - NA All ships Prevention of cargo and hull damage due to storms is often primary motive for
(preferably with remarks) 240 SRS SRS - NA use. Can improve ship use besides saving fuel. Requires timely communications
satellite com- before and during voyage about ship schedule, speed trim, load, and weather. Co-
munications) ordination with ship captain critical to success. Claimed fuel-savings range is

workshop consensus; negative savings could result from altering ship course for
storms that do not occur, for example. Weather routing firms have documented
up to 10% fuel savings on sore voyages. Annual fuel savings were agreed to be
X . a more meaningful measure than voyage savings.
9. Satellite navigation 0.5 120 20 10-15 - 1 year All ships Improves navigation accuracy and shortens voyage length (miles). Price of satellite
. 249 40 10-15 - 1 year signal receiving equipment is < $5000 (>17 000 sets in use).
10. Satellite communica- SRS 120 SRS 65 (including in- - SRS All ships Maritime satellite terminals have several communications uses—e.g., weather rout-
tion 240 SRS stallation) - SRS ing reports, engine room data, medical emergencies, payroll requirements, ship
requisition data, cargo documents, and navigational aids. Satellite communica-
tions involving first three of these can save fuel. Recent international agreement
. ensures satellite availability through 1980s.
L. Opt1m17.at10n of shin,  2.0-4.0 120 80-160 0 . NA Containerships ~ Savings are greater than 2-4% where trim is 1-10 ft at bow, but in one case struc-
trims 240 160-320 0 - NA tural limitations allowed only even-keel operation. At least one operator is using

0L8 pI00dy Yoieassy uorjeziodsuei]
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Table 1. Continued.

Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost  Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
Claimed Fuel {000 bbl/ ($000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings® (%) Year) year) Investment and Repair available) (ship types) Reference and Workshop Remarks
Operations (continued)
10.0-25.0 120 “00-1000 250 - SRS RO/RO ships computers to determine optimum trim. Costs shown are for dense ballast mate-
240 SRS SRS - SRS rial. Extensive tests using actual vessels at varying ship speeds or at least ship
SRS 120 SRS SRS - SRS Tankers, dry model simulations are recommended prior to fleetwide implementation,
240 SRS SRS - SRS bulk ships
(ballast trip
legs only)
12. Following ocean SRS SRS - - All ships Self-explanatory.
currents
13. Improved power

plant operation

with continuous

monitoring of

a. CO flue gas and 1.5-5.0 120 56-200 80/boiler - 1 year All steam ships  Automatic trim (optimizing of fuel-air ratio) is key system feature; adjustments
combustion air 240 112400  80/boiler - 1 year are made 7 times faster than by hand. CO monitoring system has many advan-
trim control tages over oxygen monitoring systems: It red m t probl due
(automatic) to flue gas stratification by using light for measuring over entire width of uptake,

has less nuisance failures and lower response times, and can use dedicated com-
puter. CO can aiso be more effectively measured because it varies most dramat-
ically at point of optimum combustion and only occurs in nature as product of
combustion. Savings can be increased with variable-speed forced-draft Zan motor
controllers.

b. Oxygen flue gas 1.0-3.09 120 40-1 20‘;l 8/boiler - 1 year All steam ships Oxygen monitoring systems (including automatic) improve control of excess air
and combustion 240 80-240 8/boiler e 1 year to furnace, thereby improving combustion, and are less expensive than CO sys-
air trim control tems. Both a and b address the problem of excess combustion air, but -egister
(automatic) modification may be advisable to reduce excess air to around 5% if ship boilers

operate at 15% excess air.

c. New, improved 0-3.0 120 60 40 - 1 year All ships Tests show that new burner register systems (designs) considerably reduce excess
burner register 240 120 40 - Unknown air to boilers in some applications.
systems

d. Use of conden- 0.2-0.5 120 8-20 SRS - <1 year (new  All steam ships Cooler is expensive and must be supplemented by paralle! seawater-cooled unit.
sate for lube oil 240 1640 SRS - ship), 1-2 Heat recovery with condensate cooling slightly reduces low-pressure bleed
cooling or for years (retro- steam required for feed heating, thereby increasing amount of steam exhausting
ship’s evaporator fit) to condenser. Most effective with vacuum pump instead of air ejector. Caution:
(at reduced ship Care must be taken so that no leaks occur in cooler.
speeds)

e. Use of vacuum 0.2 120 8 SRS - SRS All steam ships  None.
pumps to replace 240 16 SRS - SRS
air ejectors (at
reduced power)

f. Improved plant 2-104 120 80-400% SRS - SRS All steam ships ~ Especia‘ily important during slow steaming. Fuel savings achieved by at-sea anal-
tuning, heat bal- 240 160-800¢ SRS - SRS yses to discover immediately needed operational modifications and dockside re-
ance and fuel pairs, Efficient fuel oil, SHP, and steamflow meters recommended. Tune-up
consumption in- costs are virtually nil and some useful instruments are very. low priced (e.g.,
information, and hand-‘neld instruments for performance checks).
instrumentation

g. Use of viscosity SRS SRS SRS SRS - - All oil-driven Important due to variances in fuel being supplied. Enables close control of bunker
controllers ships viscosity, which is single most important factor for good fuel atomization. Crit-

ica? for enabling other fuel-savings measures (e.g., economizers) to be effective.

h. Use of shore- SRS SRS SRS SRS - - All ships Replaces shipboard evaporator operations. May be implemented by converting
produced fresh sc:me ship tanks for water storage. Has high cost-savings potential.
water (potable
and feed)

Engine improvements and
fuel changes
1. Use of slow-speed
diesel ships
a. Retrofitted 254 120 1000¢ 13000t0 18000 - Unknown Tanker.-liner Investment costs are very rough estimates based on following cost approxima-
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Table 1. Continued.

Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost  Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
Claimed Fuel (000 bbl/ ($000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings® (%) year) year) Investment and Repair available) (ship types) Reference and Workshop Remarks
Engine improvements and
fuel changes (continued)
(installed U.S. tions: engines @ $270/SHP (foreign built), $460/SHP (U.S. built); installation
engine, 17 000 @ $10 million (liners), $5 million (tankers—steam plant need not be ripped out).
SHP) Retrofit is only recommended for relatively new ships because of long payback
10 000 to 15 000 - Unknown periods. U.S. engine-room labor pool with experience is limited; work emphasis
(installed foreign at sea and in port would change from operation to maintenance; good quality,
engine, 17 000 high-priced fuel would be required; and future fuel availability is uncertain. Main
i SHP) diesel engines do not provide ship hotel power
240 2000 21 000 to 26 000 - Unknown
(installed U.S.
engine, 34 000
SHP)
14 000 to 20 000 - Unknown
(installed foreign
engine, 34 000
SHP)
b. Newly built 254 120 1000¢ 0 - NA All ships Same as la. Also, installation costs of slow-speed diesel engines (see 1a) are
240 20004 0 - NA roughly equal to those of alternative steam turbines; therefore, no additional in-
vestment costs.
2. Use of medium-speed
diesel ships
a. Retrofitted 254 120 1000¢ 12 000 U.S. 150 SRS Tanker Same as 1a except that better-quality fuel is required and installed engine costs
9000 foreign 150 SRS (including gearbox) are about 10% less. See la for explanation of investment
240 2000¢ 19 000 U.S. 150 SRS costs. One major oil company has recently ordered 7 conversions (5 completed
13 000 foreign 150 SRS so far).
b. Newly built 25d 120 1000¢ 0 150 NA All ships Same as 1b.
240 2000 0 150 NA
3. Improvement of

steam use with

a. Dual economizer 1.5-3.54 120 60-140¢ 4009 - 3 yearsd All steam Shorter installation time than 3b—generally 2 to 6 weeks. Cycle and component
steam air heater 240 120-280% SRS - SRS turbine ships modifications are not complex. Percentage fuel savings increase as power require-
(retrofit) ments decrease. Portions of retrofit can be done during voyage port calls. Rotary

regenerative air heater using stacked plate heat exchanger can achieve similar sav-
ings at about 30% higher system cost.

b. Fluid regenerative 1.5-3.5¢ 120 60-140% 540 (2 heaters - 5 years All steam Longer installation time than 3a, but usually no more than 6 weeks. More com-
air heater installed) turbine ships plex cycle modifications. One economic analysis estimates rates of return signif-

240 120-280% 180 (2 econo- - 5 years icantly lower than 3a.
mizers)

¢. Maintained and 0.5-1.5 120 20-60 150 (est.) - SRS All steam Achieved through increased superheater surfaces or use of attemperator (steam
improved super- 240 40-120 SRS - SRS turbine ships temperature controller). Increasing temperature of steam increases its volume and
heat thermatl efficiency and reduces its moisture and resultant turbine blade erosion.

d. Alternative main 0.7-1.8 120 28-72 175 - SRS All steam Smaller, steam-driven pump (installed in addition to main feed pump and in port
feed pump for 240 56-144 250 - SRS turbine ships feed pump); usually are mechanical feed pumps directly from the turbine-genera-
reduced power tor set to take advantage of increased blade heights or arc of steam admission
operations and greater number of stages. One study found a 5-year investment payback for

this kind of pump. Electric feed pumps are also viable in most cases.

e. Single-boiler 0-3.0 120 0-120 0 - NA All steam At greatly reduced plant loads of slow steaming, using only one boiler out of two
operation during 240 0-240 0 - NA turbine ships enables that one to operate close to its normal full rating and save fuel through
slow steaming higher superheater steam temperatures. Should be implemented as a company
and in port policy; crew must often be convinced that such operation is safe and approved

by regulatory agencies, e.g., U.S. Coast Guard. Caution: Use proper procedures
in layup of boiler so that no air gets in water. Follow manufacturer’s instruc-
tions.

f. Increased num- 1.0-3.0 120 40-120 SRS - SRS All steam One author recommends 5 heaters if space is sufficient. However, workshop par-
bers of active feed- 240 80-240 SRS - SRS turbine ships ticipants agree that each new heater saves progressively less (diminishing marginal
water heaters returns) and that adding these heaters is a major cycle modification.

g. Cascaded turbine- 1.0-§ 0% 120 40-200¢ 0 - 0 (new ship) All steam For new ship, installation costs are approximately equal to those of other high-
bleed system 240 80400 0 - turbine ships and low-pressure base arrangements. Retrofits can be readily made when turbine

120 40-200¢ SRS - 4-7 years (retro- All steam is opened for other reasons. System is applicable only for operating consistently
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Table 1. Continued.

Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
Claimed Fuel (000 bbl/ ($000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings? (%) year) year) Investment and Repair available) (ship types) Reference and Workshop Remarks
Engine improvements and
fuel changes (continued)
240 80-400¢ SRS - fit, 350-200 turbine ships between 20 and 60% of design power. For retrofit installation, payback period
days at half- shortens as days per year at half-power increase. :
power)

h. Additional turbine- 0.6 120 24 SRS - SRS Steam turbine  If operating at less than full power during most of voyage, retrofit of turbine in-
bleeds for feed- 240 28 SRS - SRS ships corporating steam bypass and optimizing for lower superheat temperature and
water heating pressure achieves similar result.

i. Reduced conden-  0-1,29 120 0-48¢ 2 - <2 months All steam ships  Overcooling of main engine exhaust can be reduced by fitting copper-nickel orifice
sate subcooling 240 0-964 SRS - Unknown to reduce main circulating flow by up to 25%. Most appropriate for ships with

scoop injection because scoop is usually oversized. Caution: Special care re-
quired during use with axial or mixed-flow circulating water pumps.

4. Use of coal-fired 95 (oil only) 120 NA 3000 (see re- - 3 years (small All new ships Net potential operating cost savings of up to 28% (after deductions for capital
boilers marks) ship) costs, increased maintenance, and labor costs). Retrofit difficult, but can be

240 NA 8000 (see re- - 2 years (small done during hull conversion layup, for example. Requires 200-300% more boiler
marks) ship) volume and fuel storage and handling space. Eight new bulk carriers using these
120 NA Unknown (retro- - Unknown All ships boilers have been ordered (two were later canceled due to resale value concerns
fit) of insurance companies). Fuel availability at ports is a major concern, since most
240 NA Unknown (retro- - Unknown ports would have to retrofit for coal bunkering. Pollution regulations may re-
fit) strict coal firing to out-of-port operations. Investment costs shown are addi-
tional costs beyond those for an oil-fired plant.

5. Use of coal-oil (or 15-404 (oil 120 Unknown SRS - SRS All ships Most retrofitable alternative for using coal or petroleum by-product as a substitute
petroleum coke) only) 240 Unknown SRS - SRS for oil; slurries are pumpable, bunkerable, relatively stable (except at high tem-
slurry for steam peratures) during storage. Combustion approximates that of oil. Still under
boilers development.

6. Use of fuel-oil modi-  0-5.0¢ 120 0-200° Unknown - 2 years All ships MARAD-funded study found that heavy corrosion of fuel pumps and injectors did
fications (emulsions, 240 0-4009 Unknown - 2 years not occur with use of water-oil emulsions. Water-to-oil ratios of up to 12% did
additives) not adversely affect integral engine-mounted components. Savings are often in-

versely proportional to operating efficiency of crew and equipment. Caution:
Carefully evaluate fuel-oil modification system and its performance prior to full-
scale use,

7. Use of waste heat 7.0 120 280 Unknown - Unknown Ships with MARAD-funded study on applicability to other power plants found economic
recovery on diesel 240 560 Unknown - Unknown diesel engines merit (percent discounted cash flow) of diesels to be double that of steam
engines turbines.

8. On-board continuous NA NA NA 80-250 - 195 years All ships Primarily a cost-saving measure but reduces consumption of high-grade diesel fuel.
blending of heavy One company experienced investment payback in less than one year. Widely
and diesel fuel oil used.

9. Use of wind-assisted  15-25 120 600-1000 SRS - SRS All ships Currently being used by 1600-ton Japanese tanker. Computer coordinates engine
(primarily sail) 240 1200- SRS - SRS <40 000 and sail power. Reduced rolling results in 2-3% additional fuel saving. Weather
vessels 2000 deadweight routing is important to maximizing savings. Some analysts think sails will be

tons used only in interisland service, not in international trade due to limitations of

sail material (weight, height, and strength), bridges, and interference with cargo
handling (nontankers). MARAD study found that inverse economies of scale
exist (i.e., percentage savings are greater for smaller ships), passage time variance
is only a problem for very high-speed liner trades (>20 knots), and retrofitting
appears feasible. Detailed MARAD economic analysis planned.

Ship design and operating

strategy planning

1. Optimization of de- Unknown Unknown Unknown Unknown - - All new ships Design speeds and block coefficients should be analyzed and balanced with antici-
sign speed and pated fuel and inventory costs. Past analyses have used minimization of required
block coefficient freight rates as basis for optimization.

2. Operating strategies Unknown Unknown Unknown Unknown - - All ships These strategies can minimize fuel use (during fuel shortages) and/or maximize

maximizing use of
most-fuel-efficient
existing ships

profits (during normal times). May entail nonuse of some ships. Fuel-efficient
ships should be used at optimum speeds.
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Table 1. Continued.
Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost  Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
) Claimed Fuel (000 bbl/ ($000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings® (%) year) year) Investment and Repair  available) (ship types) Reference and Workshop Remarks
Propeller and hull modifi-
cations

1. Hull improvements

a. Dry-dock clqaning See remarks - - 65-150 - - All ships Fouling begins as soon as vessel enters water, requiring progressively more power
anfi cpnventlonal - - 65-150 - - (fuel). Underwater hull scrubbing has some short-term benefits but accelerates
painting fouling in the long term.

b. Use_ oit self- ) 2-7 . 120 80-280%  Less than la to - 2-2.5 years (1 All ships Useful if ship operates in warm waters and/or has extended periods (up to 2.5
poh§hmg, alftl- $200 more application); years) between dry-dockings. Preparatory blast-cleaning down to white metal
fouling coatings than la 1 year (2 ap- accounts for much of savings. Fuel savings are higher for large and low-speed

7 plications) ships and increase with time as self-polishing action causes hull to become
240 160-560% 75-100 (SRS) for - 2 years smoother. Widely used.
blasting, 175-
250 (SRS) for
coating

c: Use_ of self- 0.8-2.8 120 32-112 SRS - SRS All ships Research has found that cleaning and application of antifouling coatings are most
pohs_hmg coatings 240 64-224 SRS - SRS effective for this part of ship length (>40% of total potential savings can be
on first quarter of gained here). Partial cleanings can thus be cost effective when scheduling or
ship length other factors inhibit total cleaning. Some operators apply coatings only to verti-

cal sides, which foul more than flat bottom of ship.

d. Use of copper- SRS 120 SRS SRS - SRS All ships Copper-nickel is highly resistant to fouling and saltwater corrosion, but current
nickel sheathing 240 SRS SRS - SRS technology is expensive. Can be used as primary underwater hull material or as
on hull cladding over ordinary steel.

e. Repair of under- SRS SRS SRS SRS - SRS All ships Exterior plating deformation (shell indentations, bilge, keel distortions, etc.)
water hull plating should be evaluated for fuel savings as well as structural integrity requirements.
damage Even moderate underwater structural deformation increases hull resistance ap-

preciably, although there are no published guidelines. Ship owners should em-
phasize this to maintenance personnel to ensure effective and timely hull repairs.

2. Fuel-efficient propel-
lers for new ships
a. Large, slow-turning o109 120 0-400¢ SRS - 1.5-2.5 years All ships Optimal design should seek low revolutions and blade area ratio (requires appro-

propellers 240 0-8009 SRS - priate pitch of propeller). One major propeller manufacturer considers that max-
imizing propeller diameter (consistent with draught conditions) and optimizing
shaft RPM accordingly is the best propeller propulsion savings strategy.

b. Ducted or nozzle  0-8¢ 120 0-320¢ 500-1000 - 1.5-2.5 years Low-speed Propeller design must be adapted and integrated with duct design to produce opti-
propellers 240 0-6404 SRS - ships mum combination of thrust from propeller and duct for a given power. Struc-

tural security of duct in adverse conditions is of vital importance. Can be retro-
fitted.

¢. Controllable pitch -3 to 104 120 04004 SRS - SRS New geared Close to maximum efficiency can be maintained regardless of ship’s loading condi-
(CP) propellers 240 0-8009 SRS - SRS diesel ships tion. Maneuverability is improved (especially where high thrust is required at

low speed), reducing overall power requirement, but initial cost and maintenance
costs are high and reliability is low. Widely used. Shaft-driven generators can be
added. Caution: A major propeller manufacturer notes that, at designed pitch
setting, these propellers are no more efficient than fixed-pitch propellers. At
off-design pitch, CP propeller loses efficiency because diameter and pitch distri-
bution are no longer optimal. More importantly, in all conditions, high hub di-
ameter ratio with a CP propeller can reduce efficiency by 2-3%. Fixed-pitch
propellers can also be used with geared diesel engines.

3. Propeller changes for Hull fouling increases mean wake encountered by propeller, which, when com-
ships already in bined with reduced engine torque due to aging, increases power needed to main-
service tain speed. By reducing propeller diameter (it should still be as large as possible,
a. Redesigned or re- 0-104 120 0400% SRS - SRS All ships consistent with draft and aperture) or adjusting its pitch by adjusting the angles

pitched propeller 240 0-800¢ SRS - SRS of its trailing edges, less power is lost than would be lost if these adjustments

to adjust for hull
roughening, slow
steaming, deterio-
rated engine per-
formance, and/or

were not made and ship had to run at less than optimum. Increasing propeller
diameter by 7% can reduce power requirements even further than the 25-35% re-
duction due to slow-speed running, resulting in 9-10% additional fuel savings.
Caution: Must integrate into total ship propulsion system. Large drop in ship
speed due to propeller change requires new analysis of turbine efficiency.
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Table 1. Continued.

Claimed
1981 Additional 1981 Costs, If
Assumed Fuel Cost Available ($000s) Claimed
Fuel Use® Savings® Payback Assumed
Claimed Fuel (000 bbi/ (3000s/ Maintenance Period (if Market Sectors
Fuel-Savings Measure Savings® (%) year) year) Investment and Repair available) (ship types) Reference and Workshop Remarks
Propeller and hull modi-
fications (continued)
new engine gearing
arrangement or
stern design
b. Regular repair and Prevents loss of efficiency; blade roughness increases fuel consumption. Careful
repolishing of grinding and polishing very important during dry-dockings. If polishing of entire
propellers propeller is not possible, regular polishing of as much as can be accessed in port
1. Entire propeller 0.25-0.50 120 10-20 3 - 1 week All ships by trimming the ship still achieves good fuel savings. Low-cost measure (under
(during dry- 240 20-40 3 - 1 week $3000). Savings are short-term but prevent cumulative roughening of propeller.
docking) Caution: High-quality control required during polishing to avoid damage to
2. Outer part of 0.25-0.50 120 10-20 3 - 1 week All ships propeller surfaces.
propeller 240 20-40 3 - 1 week
(midway be-
tween dry-
dockings)
Potential engines and fuel
still under development
1. Adiabatic engines 25 120 1000 Unknown Unknown Unknown Ships with Adiabatic (constant heat) compression of fuel-air mixture enables operation at
240 2000 Unknown Unknown Unknown medium-speed  cylinder temperature of 1500°F. Must use exhaust heat recovery to maximize
diesel engines savings.
2. Liquefied coal and Unknown (re- 120 Unknown Unknown Unknown Unknown All ships More expensive than residual oil but may have to be used if residual oil is in short
oil shale sidual oil only) 240 Unknown Unknown Unknown Unknown supply in future.
Potential hull and propeller
changes still under develop-
ment
1. Tunnel stern Unknown - - 0 - Unknown All ships Formed by bringing afterbody down around propeller. Propulsion system effi-
ciency may increase, but tunnel stern resistance is higher than that of conven-
tional open stern due to increased surface area and frictional drag. Interrelation-
ship among these factors and their net effect on fuel consumption are unknown.
Primary use being considered is new naval construction.
2. Other hull design - - - - - - All ships Bulbous bows are a widely accepted design feature intended to reduce wavemaking
improvements resistance. Though most effective in new ship designs, they have been success-
fully applied to existing ships. They are not, however, universally applicable
even when carefully designed. Recent U.S. Navy studies found at least one case
where fuel use was less without a bulb.
3. Reaction fin (retro- Unknown - - - - - VLCCs Obtains forward thrust from rotating water inflow to propeller in reverse direction
fit device) of propeller rotation, Preliminary research found that reaction fins improve pro-
pulsion performance more effectively than nozzle propellers and consistently re-
duce power requirements. However, the quantity of savings is affected by ship
hull hydrodynamic characteristics; more study is needed.
4. Contrarotating pro-  0-13¢ 120 0-520dd SRS - Unknown New liners Advantageous on fast ships where propeller diameters are usually limited by draft
pellers 240 0-1040 SRS - Unknown structural design and high RPM. Sharing load between two propellers also
reduces cavitation and therefore erosion, vibration, and noise. Reliability is still
unproved due largely to mechanical shafting complications.
Reintroduction of previ-
ously discarded technologies
1. Contraguide rudders  Unknown - - - - - All ships Relatively inexpensive; saved up to 0.5% fuel in U.S. Liberty ships in World War

1I. Government-supported research appears warranted.

Note: SRS = ship and/or route specific (used where not even an estimated range of potential fuel savings and/or payback period was found), FMC = Federal Maritime Commission, RO/RO = roll-on/roll-off ships, SHP = ship horsepower, MARAD = U.S. Maritime
Administration, and VLCC = very large crude carriers.

;Fuel savings of options are not directly additive since each new savings will diminish the base annual fuel consumption that can be further reduced.

Fuel use rates of 120 000 and 240 000 bbl/year were sclected as representative of small and large ships, respectively. These two rates were used in calculating information in other columns.
;Ew’ed on assumed annual baseline fuel use and January 1981 Bunker C cost in New York (approximately $33/bbl). No attempt has been made to predict probable fuel cost escalations over time.
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Assumed Fuel Use

The third column of the matrix provides a simplified
parametric basis for estimating the annual dollar
fuel-cost savings implied by the claimed fuel-
savings percentages in the second column. After
discussions with workshop participants, annual fuel
consumption rates of 120 000 and 240 000 bbl/year
were selected as representative of small- and large-
ship fuel use rates, respectively. Although these
rates exclude tramp ships on the low end of the
spectrum and ultralarge crude carriers (ULCCs) on
the high end, they cover most liners and tankers.

Claimed 1981 Fuel-Cost Savings

The savings estimates given in column 4 of the
matrix were derived by multiplying the claimed fuel-
savings percentages in the second column by the
estimated annual fuel consumption wvalues in the
third column and the January 1981 Bunker C fuel cost
in New York City of $33/bbl.

The cost savings estimated in column 4 are gross,
rather than net, savings. They do not take into
account the allocations of investment costs neces-
sary to realize the savings or the higher mainte-
nance or other operating costs required by some
fuel-savings options (e.g., retrofitted medium-speed
diesel engines). Nevertheless, they do translate
energy savings into gross dollar savings, which
relate more closely to the primary business profit
motive,

Additional 1981 Costs

Two columns are included under the heading, "Addi-
tional 1981 Costs": (a) 1investment costs and (b)
maintenance and repair costs. Information proved
difficult to obtain for these columns, and so there
are many blank spaces in them. The lack of informa-
tion resulted mostly from a primary emphasis in the
literature on the energy and cost savings of the
conservation measures and not on added costs. In
addition, these costs varied so widely in some cases
that an SRS entry was made to cover the wide range,
Nevertheless, users of the matrix should realize
that added costs do accompany many of these mea-
sures. These costs must be determined for individ-
ual ships in order to calculate the payback periods
on which investment decisions are usually based.

Claimed Payback Period

The payback periods in column 7 are labeled
"claimed" because they are based on claimed fuel
savings, which often wvary by ship and trade route.
Similarly, investment, maintenance and repair, and
other additional costs required by fuel-savings
measures also vary by ship and sometimes by trade
route as well. Nevertheless, the payback periods
given, especially when less than a year or two,
should provide ship operators with useful decision-
making information, Cases in which estimates from
the literature were modified by workshop consensus
are identified in the matrix by footnote "d".

Calculations of payback period were not attempted
for the matrix primarily because, even where annual
fuel savings could be estimated, there were insuf-
ficient data on additional costs required by the
conservation measures. In addition, such calcula-
tions would be unwieldy and inappropriate for a
summary matrix because reviews of relevant confiden-
tial payback analyses revealed the need for highly
individualized (ship-specific) and detailed data, in
addition to projections of a wide range of petroleum
price escalations.
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Assumed Market Sectors

Many of the enerqgy conservation measures are ap-
plicable to all ships, but others are designed for
certain ship types (e.g., liners and tankers), ages,
sizes (e.g., less than 40 000 deadweight tons),
speeds, or engine types (e.g., steam turbine and
slow-speed diesel). Column 8 was added to help ship
operators using the matrix to focus more easily on
the measures appropriate for their vessels.,

Remarks

Important information concerning operator experi-
ences and the functions, advantages, disadvantages,
and risks of the fuel-savings options is presented
in the last column of the matrix. Many changes made
in the draft matrix during the workshop are con-
tained in this column. The column provides quali-
tative, and in some cases quantitative, information
vital to proper evaluation of the measures.

CONCLUSIONS AND RECOMMENDATIONS OF WORKSHOP

Status of Industry Fuel-Savings Efforts

Workshop participants agreed that significant prog-
ress is being made in the development of enerqgy
efficiency improvement programs in segments of the
maritime industry but that this trend is far from
universal. Although it was recognized that all
companies desire to save fuel in this era of rising
bunker costs, many operators have operating and
financial constraints that severely limit or prevent
efforts to save fuel. Difficulty in developing the
support of ship crews for operational and equipment
modifications to save fuel was identified as a par-
ticularly important constraint.

Nevertheless, the workshop consensus was that
economic considerations (i.e., high bunker costs)
are providing a major incentive to conserve fuel and
that the maritime research community and many firms
other than those represented at the workshop are
taking steps to do so. One example cited was the
Ships Operating Efficiency Panel of the Ships Tech-
nical Operations Committee, Society of Naval Archi-
tects and Marine Engineers (SNAME). Panel Chairman
James Sweeney, who was a participant in the work-
shop, noted that 90 percent of the panel's activi-
ties involves the evaluation of fuel-savings mea-
sures. He also said that the panel, composed
primarily of ship owners, has a growing 1list of
members, some of whom have as few as two ships.

Another example of growing industry interest in
improving shipboard energy efficiency is the recent
establishment by SNAME of an ad hoc Committee on
Maritime Energy Research and Development. Committee
functions include consolidating the energy conserva-
tion results of other SNAME panels, monitoring and
evaluating research on energy efficiency, and making
recommendations for needed future research. Com-
mittee Chairman David O'Neil, also a workshop par-
ticipant, is circulating the matrix developed during
this project to committee members. He indicates
that the committee will likely adopt the matrix as a

useful document that summarizes recent research
results concerning maritime energy conservation
alternatives.

The workshop consensus was that distribution of
the matrix to participants in U.S. foreign trade
will help to spread knowledge of the wide range of
alternatives available for saving marine fuel to a
broader segment of the industry than is currently
active in energy conservation.
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Table 2. Ten fuel-savings measures with highest potential.

Fuel-Savings
Measure Potential
Development of crew motivation, cooperation, and partici- Ship and route
pation (preferably with management program) specific
Slower ship speeds, as allowed by trade-offs with other <30%

operating costs and service requirements

Maintenance of hull surfaces, including use of self-polishing  <7%
coatings

Repair, adjustment, or replacement of propellers <10%

Finer engine tuning, including improvements in combustion <10%
and instrumentation

Conversion from steam to diesel engines <25%

Use of coal or coal slurries as fuel Can replace
petroleum at
large cost
savings

Improvements in ship trim <25%

Improvements in steam cycle or diesel engine <7%

Improvements in steering efficiency Ship and route

specific

Note: First measure listed is considered to have the highest potential of all. Other mea-
sures are not listed in order of importance.

Fuel-Savings Measures with Greatest Potential

After the matrix was reviewed and refined, the work-
shop participants assigned priorities to the fuel-
savings measures according to their potential. It
was decided that a list of the 10 measures consid-
ered to have the greatest potential would provide
ship owners with a useful starting point. This
list, which was agreed on by consensus, is presented
in Table 2.

The alternative unanimously agreed on as the most
important ingredient of any successful fuel-savings
program is the development of crew understanding,
motivation, cooperation, and participation. The
other nine measures could not be individually
ranked, however, despite demonstrable differences in
estimated fuel savings, because of interdependencies
and other interrelations among these measures and
because of differences in investment costs and plan-
ning horizons. Ship owners are therefore advised to
evaluate each item on this list in terms of its ap-
propriateness for their operations.

Upportunities for Government Facilitation of
Maritime Fuel Conservation

Workshop , participants were asked at the outset of
the meeting to be prepared during discussions of the
fuel-savings measures to identify opportunities for
government facilitation of energy efficiency im-
provements. As a result, four types of regulations
were identified as warranting analysis by the fed-
eral government to determine (a) the nature of their
impacts on maritime energy efficiency and (b) ways
of improving the regulatory climate for fuel-savings
measures. The areas of investigation identified
were suggested by individual workshop participants
and not by consensus because it was decided not to
request extension of workshop consensus to matters
involving complex and sensitive economic and politi-
cal issues. Nevertheless, it appears that the fol-
lowing should be subject to balanced assessment to
identify (a) potential opportunities for government
facilitation of improved maritime energy efficiency
and (b) possible related negative effects:

1. Cargo pooling,

2. Reduced port-call requirements under ship
subsidy agreements,

3. 1Increasing allowable time periods between
dry-dockings, and

4. Eliminating fuel surcharges.
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Cargo pooling is not a problem for strictly
foreign operations, but any such agreements involv-
ing U.S. operators must receive the approval of the
FMC under the Shipping Act of 1916. However, seven
shipping companies have operated between 1977 and
1981 under the Atlantic Steamship Energy Conserva-
tion Agreement approved by the FMC: Atlantic Con-
tainer Line GIE; Dart Containerline, Inc.; Farrell
Lines, Inc.,; Hapag-Lloyd AG; Sea-Land Service, Inc.;
Seatrain International, S.A.; and United States
Lines, Inc. In addition to saving fuel, cargo-
pooling agreements may make possible reductions in
crew costs, improvements in vessel utilization, and
trade route expansion for vessel operators. Bal-
anced assessment requires that antitrust considera-
tions be investigated prior to any regulatory re-
vision.

Reducing port-—call requirements under U.S. ship
subsidy agreements would be a policy change that
U.S. operators might or might not take advantage of,
depending on whether such reductions would make
sense economically. Such reductions are already
being accomplished with a system of smaller "feeder"
ships operated by nonsubsidized Sea-Land Service,
Inc. However, such systems can only be justified if
the cargo is insufficient for larger ships and there
is adequate capital to support the smaller ships.

Several workshop participants gquestioned the U.S.
Coast Guard requirement for dry-dockings of ocean-
going U.S. vessels every two years. One suggestion
was that DOE request the Coast Guard to lengthen the
standard period, given the impact of new tech-
nology. The use of self-polishing, antifouling
coatings on hulls and mechanical seals on new ship
shafts, both of which reduce major maintenance needs
and obviate a two-year cycle, was cited as a major
reason for pressing the Coast Guard to lengthen the
time between required dry-dockings.

The allowance of surcharges on freight rates that
enable fuel price increases to be passed along to
shippers was also identified as a regulatory prac-
tice that inhibits efforts to conserve fuel, since
it eliminates the need to save fuel in order to
maintain revenues after fuel costs. However, work-
shop participants acknowledge the plight of firms
whose pressing operating problems and financial
constraints impair their ability to develop energy
efficiency improvement programs. It was also noted
that firms that conserve fuel can either assess fuel
surcharges and keep the additional profits as a
reward for their efficiency or not assess the entire
surcharge and thus set rates below their competi-
tors' in an effort to generate new business.

FINAL OBSERVATIONS

This project illustrates how commonness of purpose
can be used to develop a good working relationship
among government, the research community, and in-
dustry. The major cost savings available to ship
operators through improved energy efficiency, which
is also a national goal, provided the impetus for
pooling knowledge, insights, and resources. This
experience has proved that government-sponsored
research can provide a valuable information develop-
ment function for business and that knowleddgeable
maritime industry representatives can provide gov-
ernment with an invaluable, experience-based infor-
mation evaluation function.
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sented in the matrix can be combined by operators
into a comprehensive, fleetwide energy conservation
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program. A list of references for the matrix is
also included.

Limited Trucktrain: A Concept for Energy

Conservation and Truck Productivity

ROBERT K. WHITFORD

The widespread use of turnpike double and western triple trucks constrained
to operate only on the Interstate system offers the potential not only for a re-
duction in U.S. diesel fuel consumption but also for a major increase in truck-
ing productivity. This option is based on two 40- or 45-ft trailers (doubles) or
two 27- to 30-ft trailers (triples) with axle weights maintained at the present
20 000-1b single/34 000-1b tandem level. Under this approach, the Interstate
would be modified to provide for adequate access to truck stops and to provide

parking areas or ‘corrals”’ where doubles and triples would be made up for inter-

city mo t and di bled for city delivery. Two scenarios are evaluated
for their potential in fuel savings. Fuel improvements are estimated to be about
22 percent. A turnpike double offers nearly the same energy intensity as con-
ventional trailer-on-flatcar unit trains ling at simil ds. Potential pro-
ductivity impro in trucking are so sub ial that the industry may
have to consider changes in its mode of operation. Under this scheme, about
500 trucks can do the job of 900, resulting in a reduction of drivers and capital
equipment. The road stress as expressed in terms of equivalent axle load is
slightly below that for single trucks moving the same freight. For the invest-
ment in road alterations and tractor upgrading, fuel savings equivalent to

$15 000 to $40 000/bbl/day are realized (oil shale plants require an investment
of about $35 000/bbl/day). Considering the reduced number of drivers and
tractors, dollar savings much greater than the fuel cost are achieved. The overall
benefit/cost ratio exceeds 10 for a nominal road rehabilitation cost factor,
which makes trucktrain a very attractive option. Negative factors concern high-
way safety and the potentially severe impact on the railroads.

Liquid fuel 1limitations make it imperative to ex-
plore all avenues to conserve petroleum. Although
intercity trucking consumes only about 8 percent of
the petroleum used in transportation, it needs to be
considered. The trucking community has been engaged
in near-term and longer-term efforts to improve fuel
economy (1,2). Substantial increase of truck size
and weight offers a significant opportunity for fuel
economy. The concern, of course, is to prevent any
measure from becoming counterproductive by making
trucking seem more attractive than its more energy-
efficient competitors, the railroads and barges.

The approach suggested here, which expands the
concept presented by Michael and others (3), is to
open the Interstate highway system to trucks whose
weight is close to the "bridge-formula" load limit
and whose lengths are commensurate with that limit.
Weight limitations of 20 000 1lb for a single axle
and 34 000 1b for tandem axles would be retained. A
maximum gross vehicle weight of 125 000 1lb has been
suggested. Commensurate lengths would be equivalent
to about 85 ft of cargo-carrying capacity.

The federal Interstate system would be revised to
provide numerous "trailer parking lots" or corrals.
These corrals, like those provided on the Massachu-
setts Turnpike or the New York Thruway, would be
convenient to most urban centers and major freight
depots. They would be the only locations where
doubles and triples could be made up for intercity
movement and disassembled for delivery. No doubles
or triples would be allowed to leave the Inter-
state. They would be disassembled as they passed
through the corrals, and, if desired, trailer

weights could be determined and user fees assessed
at these points.

The Interstate would also be altered to provide
ingress and egress to truck stops. These areas,
similar to the service areas on toll roads, would be
special for trucks; therefore, in the trucktrain
configuration, trucks would not use the regular
interchange ramps and local highways.

Walton and Burke (4) looked at similar truck con-
figurations (although they used 102-in width) on all
Texas highways, computing costs, energy saving, and
commodities carried. In general, their results for
energy saving are consistent with those presented
here. This study should be viewed as a "first-cut"
evaluation aimed at reviewing one option for saving
liquid petroleum versus investment to provide the
savings. Productivity gains in freight movement
offer further very significant benefits. Potential
disbenefits are considered gqualitatively.

SCENARIOS

In the present political climate, wholesale permis-
sion to operate 40-ft doubles and 27-ft triples on
the Interstate would not be granted. A major, but
not emergency, petroleum shortfall will see truckers
pressing hard for the system proposed here (because
it improves labor and capital productivity at the
same time that it reduces fuel consumption). Per-
haps the 14 western states might become the first to
allow the double or triple (100-ft-rig) approach.
For purposes of calculation of the medium scenario,
it has been assumed that 10-15 contiguous states in
the West would open their 1limits in weight and
size. Currently, the 14 continental states west of
the Mississippi account for about 31 percent of
heavy-combination truck miles.

Only under an extreme emergency would the federal
government require the Interstate highway system to
accommodate 100-ft rigs with maximum gross vehicle
weight (GwW) of 125 000 1lb. If this were to happen,
it is 1likely that this carriage would be suffi-
ciently attractive to general freight and special-
ized carriers that (except for movement of hazardous
materials) they would make a maximum effort to use
it. Private carriers, especially industries that
have their own fleets, would also find ways to use
the system. However, exempt haulers, under their
contractual arrangements, might not be free enough
or have the incentive to use such a system. Thus,
for this short analysis, the following assumptions
have been used:

1. Scenario A--No additional savings will occur
beyond those already occurring with turnpike doubles
and the present western doubles and triples.

2. Scenario B--With an additional 10 states per-
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mitting doubles and triples, it has been assumed
that about 50 percent, or an additional 15-18 per-
cent, of truck ton miles will benefit from the sav-
ings.

3. Scenario C--A federal mandate that allows
40-ft doubles and 27-ft triples on the Interstate
will mean that this type of traffic will be pre-
ferred when compared with limits on other roads. It
is estimated for the purpose of this analysis that
at least 80 percent of freight could be subject to
the benefits of the Interstate. Since there will
undoubtedly be some circuity to take advantage of
the increased productivity offered by doubles and
triples, it appears reasonable to estimate that
about 65 percent of the total traffic would shift to
movement by doubles and triples.

Using the forecast from the National Transportation
Policy Study Commission (5), Table 1 provides two

Table 1. Forecast of ton miles subject to carriage in limited-trucktrain concept
under two scenarios.

Forecast (billion ton miles)

Level of Subject to Improvement
Growth in Scenario
Freight
Year Traffic Total U.S, B (15-18%) C(65%)
1980 580 90 380
1985 | 735 110 480
2 840 140 550
1990 1 800 130 520
2 1000 160 650
1995 i 875 140 570
2 1250 200 800
2000 1 950 160 620
2 1540 250 1000

Table 2. Baseline of average truck fleet with weight limits at 80 000 Ib.
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growth levels for the freight traffic in each of the
study scenarios B and C. Scenario A is assumed as
zero and is therefore not included in the table.
The freight growth of level 2 is an average of the
medium and high forecast levels (5, Appendix Table
37), whereas level 1 1is slightly more optimistic
than the low forecast.

FUEL SAVINGS

The truck size and weight study at Purdue University
(3) provided, from currently available data, the
fuel used and the road stress caused [equivalent
18 000-1b axle loadings (EALs)] by an average fleet
carrying 14 300 tons of freight per day. Table 2
(3) identifies fleet characteristics for the present
80 000-1b GW 1limit moving 14 300 tons. [Purdue
University (3) used the 1974 Interstate Commerce
Commission (ICC) “empty/loaded" data (6) to derive
the traffic weight model. The movement of 14 300
tons in 1000 trucks with 26 percent empty was con-
sidered the median. Table 2 reflects the more re-
cent change from 73 280- to 80 000-1b GW in all
states.] Table 3 results from loading the same
amount of freight into double and triple bottoms and
calculating both gallons per mile and EAL for the
new fleet. It can be seen from Table 3 that total
GVW is considerably reduced because only 484 trucks
are needed to move 14 300 tons in the limited-
trucktrain concept compared with the 906 trucks in
Table 2, This reduction results in an anticipated
amount of road damage for this amount of freight
movement that is actually less than that for the
traffic considered in the base case (Table 2).

The fuel used by this fleet of doubles and
triples is reduced by 22 percent. The tables illus-
trate that the gasoline saved is 165.5-129.3 gal/
movement of 14 300 tons of freight for 1 mile.
[Walton (4) gives a fuel-saving improvement on In-

906-Vehicle Fleet

Avg Freight Avg Fuel

Weight per Economy Fuel
GVW Used Percentage EAL per  Truck per Truck Freight Gross Weight Consumption
{lb 000s) (lb 000s) of Fleet Truck (tons) (miles/gal) Vehicles  (tons) EALs  (1b 000 000s) (gal/mile)
20-35 29 28.7 0.2 0-3 8.0 260 89 52 7.54 32.5
35-50 45 15.5 0.5 8.5 6.2 140 1190 70 6.31 22.6
50-65 60 7.1 23 17.0 5.0 64 1 086 1473 3.84 12.8
65-75 75 16.7 2.9 24.5 4.5 151 3700 438 Lk33 33.6
75-80 80 27.4 4.1 28,0 4.1 248 6 944 1017 19.84 60.5
80-85 85 4.7 5.1 30.0 3.9 _43 _1290 219 3.65 3.8
Total 906 14 300 1943 52.50 165.5
Table 3. Increase in weight limits to 125000 Ib GVW, 20000 Ib single axle, and 34 000 Ib double axle to move 14 300 tons.

To Move 14 300 Tons

Avg EAL Freight EAL

Weight -_ per Fuel No. of _ Fuel
GVW Used Rigid Flexible Truck [conomy Trucks Freight Rigid [Flexible GVW Consumption
(Ib 000s) (Ib 000s) Truck Type  Pavement Pavement (tons) (miles/gal) inFleet (tons)  Pavement Pavement (Ib 000 000s) (gal/mile)
20-35 33 0.2 0.2 0.3 7.6 82 86 16.4 16.4 2.71 10.8
35-50 45 0.5 0.8 8.5 6.2 24 204 12.0 12.0 1.08 3.9
50-65 60 2.6 2.0 17.0 5.0 24 408 62.4 48.0 1.44 4.8
65-85 80 Semi 3.7 2.2 28.0 42 155.4 92.4 = 5

27t double 2.0 2.2 28.0 41 42 232 g 924 6136 el
85-110 105 27-It triple 4.1 4.4 36.0 3.5 100 3 600 410.0 440.0 10.5 28.0
110-125 125 27-fL triple 7,0 7.6 45.0 50 350.0 380.0 & 0.7
40-ft double 4.5 2.9 45.0 2.8 120 1% sag0 3480 2% At

Total 484 14300 1630.2 1429.2 43.7 129.3

Note: Maximum single-anxie and double-axle load = 20 000 and 34 000 Ib, respectively.
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Table 4. Fuel saved by using trucktrain.

Level of Growth Fuel Saved (bbl 000 000s/day)

in Freight
Year Traffic Scenario B Scenario C
1980 15000 62 000
1985 1 18 300 79 000
2 23 300 90 000
1990 1 21700 84 000
2 26 500 100 000
1995 1 23 300 92 000
2 32600 130 000
2000 1 26 500 97 000
2 41 700 163 000

terstate highways of 0.82 over 20 years. The ratio
for this model (129.3/165.5), suggestive of average
U.S. truck movement on the Interstate, is 0.78.]
This saving amounts to about 0.0025 gal/ton mile.
Projected fuel savings in barrels per day, using the
ton miles subjected to this system (Table 1), are
given in Table 4.

CAPITAL COSTS

The capital costs required for the limited-truck-
train option fall into four categories.

Truck Upgrading

The first area of capital costs is the upgrading of
the truck to handle the extra loads. Some tractors
already have the capability to pull the extra load.
Heavy-duty axles, larger engines, improved brakes,
etc., will be required to upgrade others. The im-
proved productivity resulting from upgrading will
more than offset these costs. In 1990, for an esti-
mated 50 000 miles/year/tractor, 50 000 heavy-duty
tractors would be needed for scenario B, and about
250 000 to 380 000 tractors for scenario C. The
heavy-duty cab is estimated to cost about $10 000 to
$15 000/tractor. Under these assumptions, the in-
vestment would amount to about $750 million for sce-
nario B and $3.5 billion for scenario C.

The investment costs for truck improvement are
related to the amount of freight subjected to the
higher loads and to the operating principles. For
example, do you keep the upgraded trucks (probably
less fuel efficient than their nonupgraded equiva-
lents) on the Interstate and meet most traffic at
the corral, or do you simply unhook the trailer(s)
at the corral and take the single trailer for fur-
ther delivery?

Interstate Upgrading

The second area of capital costs is in upgrading the
Interstate to provide for truck stops. This analy-
sis assumes that a truck stop is needed about every
40 miles and that about 600 are reguired. The in-
vestment cost considered is to provide access roads
to the stops, each of which requires the equivalent
of 1-2 miles of two-lane Interstate-type construc-
tion. At $1.5 million/mile for good freeway con-
struction, Yoder of Purdue University estimates that
$1.4 billion would be required.

Provision of Corrals and Access

The corrals used for the make-up and disassembly of
the doubles and triples must be paved and freeway
access provided. Upgrading the non-Interstate ac-
cess to some corrals may also be required. Corrals
closer together than 50-75 miles would not be ap-
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propriate and, for most areas of the country, 200
miles is a more reasonable distance between cor-
rals. These calculations assume that corrals near
intersections of two Interstates can serve both.
Two corrals will be needed in some areas where one
corral cannot serve both directions. Two-hundred
corrals for the entire country would be a conserva-
tive estimate. The cost components of each corral
break down as follows:

l. An access road to the Interstate is assumed
to represent 3 miles of two-lane road, for a cost of
$4.5 million/corral.

2. The corral itself needs to accommodate about
100 trailers at one time and will need room for
maneuverability. This will require approximately 4
acres of high-grade parking lot plus the land; at
$10/yd? of Interstate-type concrete and $150 000
for the land, this means that it will take $2 mil-
lion to construct each corral.

3. Local roads leading to the corral may need
upgrading. For many cases, it can be assumed that
the truck will enter the corral by taking the normal
entrance to the Interstate and move to the closest
corral over the Interstate. A conservative estimate
suggests that perhaps about 80 corrals will need
about 5 miles of additional high-grade, two-lane
highway to provide new or upgraded access routes,
This will increase the cost by about $600 million,
or an average of $2 million/corral.

The total investment cost is approximately $8.5
million/corral.

Road Upgrading

The fourth element of potential cost is the upgrad-
ing of roads. The EAL (measure of road damage) will
actually be somewhat less for the same freight car-
ried without the trucktrain (3). Therefore, the
only reason for added cost to upgrade will be in-
creased traffic. If traffic grows by 10 percent,
the increased traffic will require an increase in
road rehabilitation costs somewhere in the range of
0.1-0.5 g/total ton-mile of trucktrain carriage.
(Estimates of rehabilitation costs vary. The whole
area is being evaluated by the U.S. Department of
Transportation in their studies of user charges and
truck size and weight. This paper uses a rough com-
putation by assigning the total Interstate costs to
trucks.)

Investment Cost for Two Scenarios

For scenario B, some minor upgrading of the road and
truck-stop egress will be needed. Twenty corrals
are anticipated at $10 million each and 100 truck
stops at $4.5 million, which makes a maximum invest-
ment of $900 million ($650 million for road and cor-
rals plus $250 million for tractors). Implementa-
tion of scenario C will require a minimum of $§6
billion total investment.

Each investment cost for the roadway and the cor-
rals is independent of the year, except for infla-
tionary updating. It will probably take five years
to implement all the road changes, but it is reason-
able to assume that the system can be put into ef-
fect on a makeshift basis very quickly if necessary.

PRODUCTIVITY INCREASES

Implementation of the limited-trucktrain concept
will greatly improve the productivity of the line-
haul portion of trucking. Several important mea-
sures are estimated:

1. Ton-miles per dollar (up 32 percent)--The
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cost of line-haul is a function of distance and per-
centage loaded return (backhaul). Based on data
given by Suckanec (7), the costs per mile range from
about $1.20 with a 50 percent backhaul to about
$0.90 with a 100 percent backhaul for a trip of 300-
600 miles. The table below gives an estimate by
line item of the line-haul costs, which decrease
from about 7.5 to 5.67 ¢/ton-mile for trucktrain:

Truck Cost ($/mile)

Item Without Trucktrain With Trucktrain
Labor 0.45 0.62
Depreciation 0.35 0.44
Fuel 0.24 0.35
Maintenance 0.36 0.08
User costs 0.10 0.20
Total 1.20 1.70

2. Ton-miles per gallon (up 26 percent)--Based
on the traffic models of Tables 2 and 3, the energy
productivity increases by about 26 percent, from 87
to 110 ton miles, for each gallon of fuel.

3. Ton-miles per labor hour (about 40 percent
increase)--The productivity for labor includes an
allocation of stem time for assembly and disassembly
in the corrals and strictly enforced speed limits.
Strictly enforced driving times may also increase
labor hours over minimum. For example, a 400-mile
run for a single truck might take about 9 h (710
truck miles/h) whereas for a double with two drivers
it could take 13 h (1000 truck miles/h) split be-
tween the two drivers, which is an increase of 40
percent., Even allocating 8 h for the two drivers
with the double gives an improvement of about 16
percent,

4, Annual ton-miles per tractor (up 56 per-
cent) --Based on the fleet model of Tables 2 and 3,
it takes only 486 tractors to do the job formerly
done by 906. With corral time and more stringent
inspection and maintenance, tractor availability
will likely be reduced. A 20 percent increase in
tractors, which has been granted for the trucktrain,
is assumed in the productivity computation.

BENEFITS AND COSTS

Trucktrain produces significant benefits for the
highway system, trucking, and, potentially, the gen-
eral public:

1. The highway system will be better preserved
if weight limits are enforced and travel over sec-
ondary and local rural highways is reduced. The
trucks will, of course, develop a different travel
pattern. If the suggested approach generates in-
creased use of 27-ft trailers over the large number
of 40-ft trailers now involved, congestion resulting
from city pickup and delivery might be reduced.

2. Trucking, of course, benefits by achieving a
significant increase in productivity. A number of
industrial and operational adjustments will occur,
probably including the development of some special
over~the-road long-haul companies. Many more driv~
ers will be able to spend more time at home, a bene-
fit they often request (8).

3. Road conditions should improve if new mecha-
nisms are provided to enforce weight and to collect
costs. In addition to the inherently better safety
suggested by some of the western carriers, the new
mechanisms will make it possible to maintain control
of drivers who are allowed access and require them
to have extra training, insurance, and special
licenses. Safety should also improve if new travel
patterns emerge that decrease or limit travel of
combination trucks on non-Interstate highways.

Note should also be taken of the following poten-
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tial problems if a maximum shift to the suggested
system occurs:

1. Because of a reduction in the use of trac-
tors, there will be a corresponding decrease in the
number of drivers. At the present time, there are
about 2 million truck drivers in the United States
(9). Installation of scenario C could create unem-
ployment for about 30 percent, or 600 000 drivers.

2, The excessive number of unused tractors would
cause problems in the used-tractor market and could
result in the failure of companies that depend on
that market. Changing systems affects both the
sales and service industries and the large companies
that turn over their fleets every two or three
years. The productivity gains probably outweigh
this concern.

3, Truck size and weight are factors in certain
types of highway accidents. Increased disparity of
size and weight between trucks and other vehicles
could result in greater damage to the smaller vehi-
cles. The heavier trucks will have poorer accelera-
tion-deceleration capabilities (10), cause more
splash and spray (l1), and require longer passing
distance and longer stopping distance. Added brake
wear will result from increased weight (12). In
addition, even though the total number of vehicles
will be less, the impact of large numbers of double
trailers may be psychologically forbidding to the
motoring public. If the average motorist feels too
unsafe, an alternative, potentially less safe, non-
Interstate road would be chosen.

4. There will be a minimal impact on the manu-
facturers of tractors, who will experience an in-
creased demand for more substantial tractors and for
heavy-duty parts for retrofit. Increased mainte-
nance, particularly for brakes, will be required.

5. Perhaps the most significant effect will be
on the railroads. If the costs of truck transporta-
tion and the service offered by this new use of the
Interstate become very attractive, then some per-
centage of the traffic (13) will move from the more
energy-efficient rail mode to trucks. The transi-
tion from rail to truck was not guantified because
of insufficlent data and the difficulty in ade-
quately estimating the traffic that will move from
rail to truck. Hymsom (13) begins to identify some
of the possible effects of the new system but, for a
good forecast, factors such as spatial distribution
of markets, fleet mix, equipment, utilization and
availability, reduction in circuity, rate structure,
empty truck/haul ratios, intermodal coordination
{trailer on flatcar (TOFC)] potential, and average
revenue yields must be analyzed on a region-by-
region basis.

Energy intensity calculations that compare truck
and rail, especially TOFC, are quite variable. 1In
examining a number of results (14-16), a 40-ft aver-
age truck seems to vary from about 1600 to about
2200 Btu/ton-mile on line-haul. For example, where
32 loaded (16.6 tons/trailer) and 4 empty trailers
are hauled and fuel use is 4 miles/gal full and B8
miles/gal empty, an energy intensity of 2200 Btu/
ton-mile results.

For the double 40, the extra weight reduces fuel
efficiency by about 25 percent to 3 miles/gal, re-
sulting in 1400 Btu/ton-mile for the example of 16
loaded double bottoms and 2 empty doubles. The
double-bottom fleet of Table 3 shows about 22 per-
cent reduction over that of Table 2.

The standard TOFC depends on operating condi-
tions, loaded versus empty trailers, percentage use,
grade, wind, and speed. Based on a 20-car dedicated
standard flatcar (TTX) train carrying 36 trailers
(32 loaded and 4 empty) and the use of Sprint data
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Figure 1. Estimated Btu SINGLE 40 TRUCK 2200
per ton mile for TOFC
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(14) of 3.88 gal/1000 gross ton-miles, an energy
intensity of 1600 Btu/ton-mile results. Other
references show results as low as 800 Btu/ton mile
(15). Even for the consist fully loaded with 20
tons of cargo in each trailer and 3.5 gal/1000 gross
ton-miles, the energy intensity is 1130 Btu/ton-
mile. The Santa Fe "Fuel Foiler" (l10-PAK) provides
an improvement in energy intensity of 15 to 20
percent.

It is probably safe to say that TOFC thus is
about twice as energy efficient as conventional
truck and about equivalent to the double 40 con-
cept. Figure 1 shows the comparison.

The benefits of this approach considerably out-
weigh the costs, as shown below:

Billions of

Discount Dollars B/C
Rate (%) Benefits Costs Ratio
0 220 14 15.4

10 74 6.2 12
20 33 3.6 9.3

Three discount rates are identified, and 0.1 #/total
ton-mile is assumed in the simulation for road reha-
bilitation. Figure 2 shows how the B/C ratio (using
a 10 percent discount rate) varies as a higher as-
sessment is made for road rehabilitation.

CONCLUS IONS

There is no question that a trucking system such as
that described in this paper would save diesel fuel,
improve productivity, and ultimately save consumer
costs. Implementing such a system nationwide would
save more than 100 000 bbl/day, which is equivalent
to an investment of about $6 billion for synthetic
fuel plants.

Enhanced productivity for truck and better use of
tractors mean that truckers would see some or all of
the cost as being advantageous to them. The amount
can easily be raised by increasing the user charge.
Any increase in the user charge will be more than
offset by the reduction of costs per ton-mile that
will occur with reduced labor (25-40 percent) and
equipment (20-40 percent). Insurance and special
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pay to drivers of doubles will rise. Stem time will
increase as will benefits to the unemployed.

Obviously, a number of questions remain.
particular are highest priority:

Two in

1. What, in fact, will be the modal shift from
rail to truck if such a configuration is considered?

2. Can the motorist's safety concerns be over-
come?
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Potential Fuel Savings of General-Freight Carriers

Operating Under Bridge Formula B

Gross Vehicle Weight Limits

ROGER W. KOLINS

The number of gallons of diesel fuel that could be saved if 65-ft twin-trailer
operations were permitted to operate under state weight limits designated on
the basis of Bridge Formula B is estimated. This formula, developed by the
American Association of State Transportation and Highway Officials, would
only be applied to 65-ft twin-trailer operations and would permit them to
operate at up to 85 500-Ib gross vehicle weight as opposed to the arbitrary ceil-
ing of 80 000 Ib now established as the federal limit. The analysis indicates that
application of Bridge Formula B to define the gross vehicle weight limit of 65-ft
twin-trailer operations would save the United States 229 927 000 gal of diesel
fuel annually.

This paper presents an estimate of the fuel savings
that could result if Bridge Formula B, developed by
the American Association of State Highway and Trans-
portation Officials, were applied to define the
gross vehicle weight (GVW) 1limits of five-axle
trucks, as is the case in many states today (1).
Bridge Formula B would not affect the permissible
GWs of all five-axle tractor-semitrailer combina-
tions traveling under the formula's single- and tan-
dem-axle weight 1limits of 20 000 and 34 000 1lb,
respectively. Five-axle tractor-semitrailers would
still be restricted to 78 500 1lb as under current
federal vehicle weight limits. But without the
arbitrary ceiling of 80 000 1lb, now imposed by many
states, 65-ft twin-trailer combinations operating
under an uncapped Bridge Formula B would be per-
mitted to reach a GVW of 85 500 1lb, Twin-trailer
combinations would still be restricted to single-
and tandem-axle weights less than or equal to 20 000
and 34 000 lb, respectively.

If 65-ft twin trailers were permitted to operate
in all states, it is conservatively estimated that
16.34 percent of intercity truck tonnage would be
transported in twin-trailer vehicles. This fiqure
is derived under the assumption that, at minimum,
the proportion of less-than-truckload (LTL) motor
freight tonnage traveling under "cube-out" condi-
tions (in which motor carriers reach their cubic
load capacity prior to reaching the allowable GVW)
is potential twin-trailer traffic. LTL freight
tonnage has been estimated to constitute 34.4 per-
cent of all intercity motor freight tonnage (2), and
A.T. Kearney has estimated that 47.5 percent of LTL
motor-carrier trips travel under cube-out conditions
(3, p. iv-i). The 16.34 percent potential twin-
trailer freight estimate is the product of 0.344 and
0.475.

In the analysis presented in this paper, data on
carrier line-haul operations are used to develop a
probability function that, in turn, is used to
predict the average payload weights a general-
freight carrier will experience under given size and
weight limits, The method used was first developed
for presentation at the 1977 Transportation Research
‘Forum (4).

The logic or model underlying this research is as
9fbllows: The impact of liberalized size and/or
wéight limits on truck payloads is, predominantly, a
function of three factors: (a) the practical (or
loadable) trailer cubic capacity, (b) increases in
payload weight capacity, and (c) the availabillity of

freight sufficiently dense to exploit payload weight
capacities.

TRUCK-WEIGHT-LIMIT IMPACT MODEL

At any given truck size and weight limit, there is a
freight density at which both size and weight capac-
ities are fully used--the "optimal density". To the
extent that the freight hauled is less or more than
this optimum density, cubing- or weighing-out situa-
tions occur; that is, either cubiec size or weight
capacity is reached before the alternative capacity
can be fully used.

To predict the average payload change in response
to an altered weight 1limit, the probability of
weighing-out must be estimated. If it is assumed,
for illustration, that freight densities hauled by
common carriers of general freight are normally
distributed, with the optimal density for a repre-
sentative truck equaling the mean, the probability
of cubing- or weighing-out by assumption would be 50
percent, as reflected by the FE curve in Figure 1.

An increase in weight limits would produce an
increase in payload capacity and cause the optimal
density to shift in favor of denser, less frequently
encountered freight. The shift from optimal density
decreases the frequency of weighing-out by 10 per-
cent. Only when densities T to E are hauled (40
percent of the time) can the full potential of the
added capacity be exploited. When those densities
that lie between the o0ld and new optima, S and T,
are hauled, cubing-out situations will occur but
with heavier freight.

The impact of an increased weight limit over the
range from S to T, which decreases the rate of
weighing-out, may be approximated by reducing by
half the frequency with which the freight densities
occur. A factor of 0.5 appears appropriate since
tonnage lost, due to the cubic constraint, ap-
proaches zero as the density of the freight ap-

Figure 1. Truck-weight-limit impact model.
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proaches T and, conversely, the tonnage loss factor
approaches 1.0 as the density of freight approaches
S. The median effect between zero and 1.0 is 0.5.

The range of densities, F to S, bounded by cubic
limitations prior to the change in weight-limit
policy, would still be bounded after weight in-
creases are permitted. Consequently, any added
payload capacity would have no impact whatever on
the cube-out rate, hence payload consisting of
densities less than S,

For general-freight common carriers then, facing
a market where their shipments are of an LTL nature
and occur with a random frequency of densities, the
probable average payload increase, stemming from an
increase in the weight limit, will not have a one-
to-one correspondence with the increase in the
limits., In the illustration, the impact of the
weight limit increase would be, on average, only 4%
percent of the maximum potential weight increase.

To review the calculation procedures, the impact
factor of 1.0 times the probability of experiencing
a density between T and E is 40 percent (1.0 x 40),
the impact factor of 0.5 times the probability of
experiencing a density between S and T is 5 percent
(0.5 x 10), and the impact factor of zero times the
probability of experiencing the densities between F
and S, 50 percent, is =zero. In sum, the average
maximum potential weight increase would be 40 per-
cent plus 5 percent, or 45 percent.

DATA DEVELOPMENT: DISTRIBUTION OF GENERAL FREIGHT
DENSITIES

Estimation of the distribution of general-freight
densities is the first step in estimating the prob-
able payload increases dgeneral-freight common car-
riers will experience for single-trailer (a trac-
tor-semitrailer combination, 55-ft long with a 45-ft
trailer) and double-trailer (twin-trailer combina-
tion, 65-ft long with two 27-ft trailers) opera-
tions, given an increased GVW limit. The distribu-
tion of freight densities can be derived from car-
rier outbound dispatch records, where the carrier
records the following data: trailer length, weight,
and cubic capacity use and traffic-leg origin and
destination. From these data, trailer cargo density
can be computed as follows:

Trailer cargo density = P/(L) (H) (W) (U) (1)
where

P = cargo weight (1b),

L = trailer inside length,

H = loaded trailer inside height,

W = trailer inside width, and

U = cubic capacity use.

Note that the estimates of trailer cargo density
pertain to the average density of trailer cargos
rather than individual bills of lading. This aver-
aging should give the derived density distribution a
very slight leptokurtic bias.

In June 1980, 19 carriers were contacted to
obtain terminal outbound dispatch records for the
first week of July 1980. The previous study by
Kolins (4) indicated no seasonal variation in the
distribution of freight densities experienced by
general-freight common carriers. Seven carriers
provided the required data in usable form. Each of
the seven carriers had broad regional or nationwide

authority.
The seven carrier data sets comprised nearly

200 000 trailer movements. To reduce this number to
a more manageable size, a 3 percent sample of all
dispatch records was taken for each carrier accord-
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ing to its origin terminal. A computerized random
number generator program produced 6561 records, of
which 2227 were 27-ft trailer movements and 4334
were 45-ft trailer movements. The number of
trailer-movement records used from each carrier
ranged from 567 to 1719. To facilitate ease of data
manipulation and consistency among the seven data
sets, each carrier's terminals were assigned to
Census production areas (as defined by the U.S.
Bureau of the Census) nearest them.

For the seven carriers as a group, there appeared
to be no effort on the part of carriers to favor one
trailer 1length over another to receive 1light or
dense freight. Both the T-test and Kolmogorov-
Smirnov two-sample tests were used to test the
hypotheses of dissimilar means and dissimilar dis-
tributions. Both hypotheses were rejected at the
0.05 level.

Trailer cargo densities were then computed for
the 6561 trailer loads and arrayed according to
their movements between Census production areas.
Since a 45-ft trailer represents 1.67 times the

cubic capacity of a 27-ft trailer (45 = 27 =
1.666), the equipment capacities were adjusted to
reflect equivalent units. Thus, an appropriate

conversion was made to the 45-ft-trailer records so
that each density observation within the sampled
freight-movement data would represent an equivalent
unit of cargo. The sample program from the Statis-
tical Package for the Social Sciences (5) was used
to randomly sample approximately 67 percent of the
4334 freight-density observations for 45-ft
trailers, or 2882 observations. This sampled set
was then added to the original 6561 observations to
create a freight-density data base of 9443 equiva-
lent unit observations for 27-ft trailers.

STUDY REGIONS

The following Census production areas were chosen to
represent three study regions: areas 26-35, omitting
32, for the Southeast; areas 3-21 for the Northeast;
and areas 37-49, omitting 44 and 45, for the South-
west. Census production areas 24, 25, and 32 (Bal-
timore, Washington, D.C., and Louisville, respec-
tively) were omitted in order to provide clearly
defined borders between the regions. The sample
sizes for the three regions were 2262, 3546, and
2135, respectively.

The shape of the freight-density distribution
curve, as well as line-haul operating conditions,
will vary from region to region. Hence, the impact
of a given weight-limit change can be expected to
differ between regions. As a consequence, two
modifications were made to the survey data to con-
struct freight-density distribution (probability)
curves that reflect regional variations in general-
freight traffic. First, the production-area sample
sizes were normalized so that each production area
contributed the same weight or influence to the
derivation of the regional freight-density distribu-
tion curve. Second, the normalized production-area
samples were weighted to reflect their relative
output contribution to the region under examination.
The relative production-area output levels were
derived from estimates of the outbound tonnage
originating in the production areas for the weeks
ending August 16, 1980, and September 13, 1980, as
derived from data of American Trucking Associations,
Inc. (6).

IMPACT OF WEIGHT LIMITS ON TRUCK PAYLOADS
The survey freight-density data indicated that, as a

rule, LTL general-freight carriers do not frequently
experience sufficiently dense freight to make full
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use of GW limit increases from 73 280 to 80 000 1b
or 80 000 to 90 000 1lb. Table 1 gives the marginal
increases in average five-axle payload weights, by
truck type and region, derived by the truck-weight-
limit impact model, for increases in the GW 1limit
from 73 280 to 80 000 lb and from 80 000 to 90 000
1b, calculated from the following formula:

Marginal payload weight increase = M, U, (Max,, - Max,) )
where

M, = regional weight-limit increase impact
factor derived from freight-density dis-
tribution data,

U, = regional average trailer cubic capacity
utilization rate,

Max, = new maximum payload weight (GVW limit -
tare weight), and
Max, = 0ld maximum payload weight.

Table 1 also presents the maximum payloads,
optimal densities, and impact factors (M,) used.
Tare weight can be derived from the data in Table
1. The typical percentages of trailer cubic capac-
ity used (Uy) in over-the-road LTL operations for
the southeastern, northeastern, and southwestern
regions are B84, 79, and 80 percent, respectively, as
found from the survey data (l).

From the survey data, initial average payload
weights by vehicle type were also developed for
general-freight carriers operating under the 73 280-
1b weight limits in each region (4). To develop the
expected average general-freight payload and GVWs
reported in Table 2, the marginal payload increases
of Table 1 are added to the 73 280-1b weight 1limit
base payload estimate and then tare-weight estimates
are added to these.

sary to calculate the

This provides the data neces—

impact of

increased

truck

weight limits on LTL fuel productivity for general-

freight carriers.

IMPACT OF INCREASED TRUCK SIZE AND WEIGHT LIMITS ON
CARRIER FUEL PRODUCTIVITY

The fuel consumption formulas reported below indi-

Table 1. Derivation of marginal payload weight increases.
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cate the 1981 relation between fuel consumption
rates and vehicle gross weight at a maximum speed of
55 mph for single-trailer and twin-trailer combina-
tions, respectively (7):

GPM = 0.000 93(K) + 0.137 88 )
GPM = 0.000 90(K) + 0.135 20 @)

where GPM is gallons per mile and K is GW in thou-
sands of pounds.

The fuel formulas provide estimates of the fuel
consumption rates of individual trucks, but for this
analysis a systemwide average fuel consumption rate
is required that incorporates an assumed ratio of
empty to loaded miles, as follows:

BTU/ton mile = [S(GVW) + C] + §[S(T)] [BTU/(1/2)P] (3)
where

S = slope of the appropriate fuel consumption
curve;

GWW = tractor-trailer combination GW (lb
000s) ;

C = constant of the appropriate fuel consump-
tion formula;

@ = empty to loaded miles allocation ratio,
expressed as percentage of empty miles
over percentage of loaded miles [general-
freight carriers average an empty mile-
age rate of 10 percent (8, p. 6; 9);
therefore, ¢ = 0.10/0.90 = 0.1111];

T = tractor-trailer combination tare (empty)
weight (lb 000s); and

(1/2)P = payload weight, expressed in thousand-
pound units converted to tons.

The expected average Btu per ton mile energy
consumption rates, by region and vehicle type, under
GVW limits of 73 280, 80 000, and 90 000 1b are
given in Table 3.

BRIDGE FORMULA B ANALYSIS

To estimate the state-by-state potential fuel

Maximum Payload® by GVW (lb)

Optimal Densityh by GVW Limit
(1b/ft2)

Marginal-Payload Weight
Increase by GVW Limit (Ib)

Impact Factor by GVW Limit

73 280 to 80 000 to

Vehicle Size Region 732801b 800001b 900001b 732801b 80000lb 900001b 732801b 80000Ib 90000Ib 800001b 90 000I1b

Single, 55 ft Northeast 43 980 50 250 NA 15:17 1733 NA 0.2021 NA 1001 NA
Southeast 43 980 50 250 NA 15:17 17.33 NA Base 0.1617 NA 852 NA
Southwest 43 980 50 250 NA 15.17 17.33 NA 0.1518 NA 1154 NA

Double, 65 ft Northeast 42 180 48 300 56 800 11.72 13.42 15.78 0.4559 0.2972 2204 1996
Southeast 42 180 48 300 56 800 11,72 13.42 15.78 Base 0.3997 0.2565 2055 1831
Southwest 42 180 48 300 56 800 11.72 13.42 15.78 0.4339 0.3081 2124 2095

Tare weight may be derived by subtracting maximum payload from maximum vehicle weight limit. Tare weight included (uel (1400 1b) and driver (200 Ib) weight.
Optimum density calculations based on 2900-, 3608-, and 5400-113 dry freight capacilies.

Table 2. General-freight average pay-

load and GVW estimates.

Iistimated Payload by GVW Limit (lb)

Estimated Gross Weight by GVW Limit (Ib)

Vehicle Size Region 73 2801b 80 000 Ib 90 000 Ib 73280 Ib 80 000 Ib 90 000 Ib

Single, 55 ft Northeast 27 236 28 234 NA 56 536 57 987 NA
Southeast 28 600 29 452 NA 57 900 59 202 NA
Southwest 29 105 30 259 NA 58 405 60 009 NA

Doubie, 65 fi Northeust 32683 34 887 36 883 63783 66 587 70 085
Southeust 34320 36 375 38 400 65 420 68075 71405
Southwest 34 187 36311 38 4006 65 287 68011 71 605

117
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Table 3. Energy consumption rates for single- and double-trailer operations
under various weight limits.

Energy Consumption by GVW Limit
(Btu/ton mile)

Vehicle Size Region 73280 1b 80 000 Ib 90 000 1b
Double Northeast 1754 1663 15597
Southeast 1682 1605 1551
Southwest 1687 1608 1544
Single Northeast 2085 2025 NA
Southeast 1998 1952 NA
Southwest 1968 1906 NA
savings resulting from @permitting twin-trailer

combinations to operate nationwide under 85 500-1b
Bridge Formula B weight 1limits, it must be recog-
nized that current state truck size and weight
limits fall into five categories:

1. States where 65-ft twin trailers are permitted
to operate under GVW limits of 80 000 1lb,

2. States where 65-ft twin trailers are permitted
to operate under GVW limits of 73 280 1lb,

3. States with GW limits of 80 000 1b where
65-ft twin-trailer operations are not permitted,

4. States with GVWW 1limits of 73 280 1b where
65-ft twin-trailer operations are not permitted, and

5. States where 65-ft twin trailers are permitted
to operate under ‘"grandfathered" GVW 1limits of
85 500 1b or more.

The states and the District of Columbia are cate-
gorized below with respect to these five conditions
as of August 1981:

1. Category 1--Arizona, California,
Florida, Iowa, Kentucky, Maryland, Michigan,
nesota, Nebraska, Ohio, Texas, and Wisconsin;

Delaware,
Min-

2. Category 2--Arkansas, Illinois, Indiana, and
Missouri;

3. Category 3--Alabama, Connecticut, District of
Columbia, Georgia, Maine, Massachusetts, New Hamp-

shire, New Jersey, New York, North Carolina, Penn-
sylvania, Rhode Island, South Carolina, Vermont,
Virginia, and West Virginia;

4. Category 4--Mississippi and Tennessee; and
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North Dakota, Oklahoma, Oregon, South Dakota, Utah,
Washington, and Wyoming.

In Louisiana weight 1limits are 83 400 1lb on
Interstates and 88 000 1lb on other highways.

The estimation procedures for each category are
similar in that they assume a potential twin-trailer
use rate of 16.34 percent and they interpolate from
the regional productivity analysis the increase in
fuel productivity brought about by moving from the
base truck size and weight conditions to conditions
in which twin trailers are permitted to operate
under Bridge Formula B 85 500-1b weight limits.

Category 1 and 2 States

The computations in this section are composed of
three steps. Step 1 estimates the fuel productivity
increases (per state) derived from an increase in
the use of 65-ft twin-trailer combinations from
current levels to the 16.34 percent use rate. Table
4 presents the stepwise calculation results. A
weighted average of percentage of twin-trailer
traffic over the period 1975-1979 was developed for
each state, from the Federal Highway Administra-
tion's Rural Interstate Station Truck Count data
base (column 3). The expected increase in twin—
trailer traffic (column 4) was determined by sub-
tracting actual use from the potential use level of
16.3 percent. The increase in fuel productivity
that accrues from moving freight in twin trailers as
opposed to tractor-semitrailers (assuming no change
in the current weight 1limit) is calculated from
Table 3 and reported in column 5, Table 4. The net
productivity increase resulting from the expected
increased use of twins (column 6) is the product of
columns 4 and 5.

Step 2 estimates the energy consumption savings
derived from 65-ft twin-trailer combinations operat-
ing under 85 500-1b weight 1limits as opposed to
80 000- or 73 280-1b GVW weight limits. The data
for step 2 are presented in Table 3. To estimate
the energy consumption rates (Btu per ton mile), by
region, of twin-trailer operations operating under
85 500-1b weight limits from the energy consumption
rates at 80 000 and 90 000 1lb, the data presented in
Table 3 are interpolated. Five substeps are re-
quired.

The first substep is to calculate the strength of

5. Category 5--Alaska, Colorado, Hawaii, Idaho, the nonlinear relation between the energy consump-
Kansas, Louisiana, Montana, New Mexico, Nevada, tion ratio and GW limits. The actual deviation in
ivity il riving from
T, Eu g s 2
’ Current Increase in
Analysis Twin-Trailer Twin-Trailer Increase Net Increase

Category State Region Traffic (%) Traffic? (%) (%) (%)

1 Arizona Southwest 16.3 0 15.6 0
California Southwest 41.9 0 15.6 0
Delaware Northeast 0 16.3 17.9 2:92
Florida Southeast 0 16.3 17.8 2.90
Towa Northeast 1.4 14.9 17.9 2.67
Kentucky Southeast 0 16.3 17.8 2.90
Maryland Northeast 0 16.3 17.9 2.92
Michigan Northeast 2.0 14.3 17.9 2.55
Minnesota Northeast 0.7 15.6 17.9 279
Nebraska Northeast 7.8 8.5 17.9 152
Ohio Northeast 1.5 14.8 17.9 2.65
Texas Southwest 3.8 12:5 15.6 1.95
Wisconsin Northeast 1.3 15.0 17.9 2.69

2 Arizona Southeast 0 16.3 15.8 2.58
Illinois Northeast 3.9 12.4 15.9 1:97
Indiana Southeast 2.0 14.3 15.9 2:27
Missouri Northeast 6.2 10.1 159 1.61

UTyken from FHWA Rural Interstate Station truck counts, weighted average of 1975-1979 period.

Column 4 = 16.3 ~ column 3, il the answer is positive.
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Table 5. Fuel productivity gains of permitting

twin-trailer combinations to operate under Fuel Productivity E:ri::;(teaie f;rn Opda‘iit:)‘;“u\xejgh ¢
e e W?lg.ht "m“‘s v?rsus Calculation of Increase Increase of Twin Limit Change
80 000-Ib and 73 280-Ib limits and its impact. Category Region (Btu/ton mile) (%) Trailers (%)
| Northeast (1663 - 1610)/1663 3.:19 16.34 0.52
Southeast (1605 - 1560)/1605 2.80 16.34 0.46
Southwest (1608 - 1557)/1608 317 16.34 0.52
2 Southeast (1682 -1560)/1682 7.25 16.34 1.18
Northeast (1754 - 1610)/1754 8.21 16.34 1.34
Table 6. Estimation of potential fuel savings for category 1 and 2 states. Region Calculation

Productivity Change (%)

Fuel

Increased Increased Total Diesel Fuel Savings
State Size Weight Impact (gal 000s) (gal 000s)
Arizona 0 0,52 0:52 154 709 804
California 0 0.52 0.52 799 682 4158
Delaware 2.92 0.52 3.44 18410 633
Florida 2.90 0.46 3.36 312637 10 505
fowa 2.67 0.52 3:.19 195 467 6235
Kentucky 2.90 0.46 3.36 155 097 5211
Maryland 2.92 0.52 3.44 103 811 3571
Michigan 2.55 0.52 3.07 246 481 7567
Minnesota 179 0.52 3.31 202 032 6 687
Nebraska 1.52 0.52 2.04 100 542 2051
Ohio 2.65 0.52 3.17 526 281 16 683
Texas 1.95 0.52 2.47 838 280 20 706
Wisconsin 2.69 0.52 2.21 213 208 41712
Arkansas 2.58 1.18 3.76 143 633 5401
Illinois 1.97 1.34 3.31 471 900 15620
Indiana 2.27 1.34 3.61 376 108 13 577
Missouri 1.61 1.34 2.95 264 616 7 806

Note: Bused on Table M1-25 of FHWA Highway Statistics, adjusted to represent diesel fuel
used by trucks with five or more axles: derivation technique from Kolins and Selva

(10).

Btu per ton mile from the mean value is approxi-
mately 1 percent, since a minor curvilinear relation
is observed between the range of GVW values. This
relation holds true up to 10 000-1lb differences. If
one uses the Northeast as an example, the calcula-
tion of bias of straight-line interpolation is as
follows:

1597/[(1/2)(1663 + 1566)] = 0.989 ~ 0.99 ©6)

This factor remains at 0.99 for all regions.
The next three substeps are as follows:

1. Calculate the difference between the Btu per
ton mile consumption rates for twins operating under
80 000-1b versus 90 000-1b GVW limits:

Region Calculation
Northeast 1663 - 1597 = 66
Southeast 1605 - 1551 = 54

Southwest 1608 - 1544 - 64

2. Calculate the portion that would account for
the 5500-1b increase in GVW limit, if weight limits
defined by Bridge Formula B were adopted (55 percent
of the difference calculated in item 1):

Region Calculation

Northeast 66x0.55 = 36.3
Southeast 54x0.55 = 29.7
Southwest 64x0.55 = 35.2

3. Estimate the energy consumption rate of twin-
trailer combinations operating under an 85 500-1b
GW limit by subtracting the Btu per ton mile range
from the 80 000-1b energy consumption rate estimate,
Snd multiply the net Btu per ton mile estimate by

«99:

i

Northeast (1663 - 36.3) 0.99 =~ 1610
Southeast (1605 - 29.7) 0.99 1560
Southwest (1608 - 35.2) 0.99 1557

The final substep of step 2 is to calculate the
fuel productivity impact on interstate motor-carrier
traffic that would result from twin-trailer weight
limits being increased from 73 280 to 85 500 1b.
These estimates, for the relevant analysis regions
are presented in Table 5.

Step 3 (Table 6) combines the estimated fuel
productivity benefits calculated in steps 1 and 2
and applies the percentage productivity increases,
by state, to their diesel fuel consumption for the
year 1979 in order to estimate the potential fuel
savings in gallons.

Category 3 States

For the states that fall in category 3, the produc-
tivity gains of a simultaneous increase in size and
weight limits must be considered., Table 3 reports
the estimated average energy consumption rates for
single-tractor-trailer combinations operated by
general-freight carriers under 80 000-l1b GVW limits
in the Southeast and the Northeast to be 1952 and
2025 Btu/ton mile, respectively. In the category 1
states, the expected energy consumption rates of
65~ft twin-trailer combinations operating under
85 500~1b GW 1limits for the Southeast and the
Northeast were estimated to be 1560 and 1610 Btu/ton
mile, respectively.

Therefore, it can be expected that, for those
general-freight carriers that take advantage of
twin-trailer combinations under 85 500-1b GVW limits
in the category 3 states, the increase in carrier
fuel use productivity will be 20.08 percent (1952 -
1560) + 1952 in the Southeast and 20.49 percent
(2025 - 1610) + 2025 in the Northeast. Assuming
that 16.34 percent of motor-carrier tonnage will be
moved 1in twin-trailer combinations, the  expected
productivity impact of increased weight limits and
removed restrictions on the use of twin-trailer
combinations for the category 3 states with respect
to total truck fuel use is 3.28 percent for the
southeastern states and 3.35 percent for the north-
eastern states.

Table 7 presents estimates of the fuel savings
that would result if twin-trailer combinations were
permitted to operate nationwide under Bridge Formula
B weight limits for those states in category 3.

Category 4 States

The computations for category 4 states are identical
to those for category 3 states except that the base
GW limit is 73 280 lb. The energy consumption rate
for single-tractor-trailer combinations operating in
the Southeast under 73 280-1b GVW limits has been
estimated at 1998 Btu/ton mile. This increases the
fuel productivity gains to be enjoyed by carriers
that convert their present operations to twin-
trailer operations under 85 500-1lb GVW 1limits for
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Table 7. Estimation of potential fuel savings for
category 3 and 4 states.

Productivity Impact of
Increased Weight Limits State

and Removed Restrictions  Diesel Fuel
Analysis on Operation of Twin- Consumption Fuel Savings

Category State Region Trailer Combinations (%) (gal 000s) (gal 000s)

3 Alabama Southeast 3.28 199 385 6 540
Connecticut Northeast 3.35 72 803 2439
District of Northeast 3.35 18 410 617

Columbia

Georgia Southeast 3.28 311 367 10213
Maine Northeast 3.35 38 732 1298
Massachusetts Northeast 3.35 123 965 4153
New Hampshire Northeast 3.35 18 048 604
New Jersey Northeast 3.35 231577 7758
New York Northeast 3:35 232739 T 797
North Carolina Southeast 3.28 271 429 8903
Pennsylvania Northeast 3.35 514 810 17 246
Rhode Island Northeast 3.35 16 184 542
South Carolina Southeast 3.28 162 649 5335
Vermont Northeast 3:35 21 461 719
Virginia Southeast 3.28 225 961 7412
West Virginia Northeast 3.35 67 420 2 289

4 Mississippi Southeast 3.58 125 780 4 506
Tennessee Southeast 3.58 269 816 9659

the Southeast to 21.92 percent (1998 - 1560) = 3. An Economic Evaluation of Container Size Stan-

1998. With 16.34 percent expected twin-trailer use,
if Mississippi and Tennessee were to adopt the
Bridge Formula B twin-trailer GVW limits and permit
twin-trailer operations, their anticipated fuel
savings would be 3.58 percent of the fuel currently
consumed by trucks with five or more axles within
their borders. Table 7 summarizes the calculations
to derive the estimated fuel savings for the two
category 4 states. No estimation procedures are
necessary for the fifth category.

SUMMARY

If 65-ft twin trailers were permitted to operate
nationwide under the Bridge Formula B GVW limits of
85 500 lb at 60-ft axle spacing, diesel fuel savings
totaling 229 927 000 gal would be expected in 34
states and the District of Columbia, based on 1979
diesel fuel consumption rates.
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Economic Impacts of Petroleum Shortages and Implications

for the Freight Transportation Industry

LARRY R. JOHNSON, RITA E. KNORR, CHRISTOPHER L. SARICKS, AND VEENA B. MENDIRATTA

The major economic impacts that result from petroleum supply interruptions
and the subsequent effects on the demand for freight transportation are de-
scribed. The analysis involved a simulation of the effects of three different
levels of fuel supply shortfall on intercity freight transportation. The research
included the use of three economic and transportation models to simulate the
economic impacts of oil shortfalls and the resulting change in freight transpor-
tation demand as expressed in tons shipped, ton miles of travel, and fuel use.
Economic effects are discussed for a base case and then for 7, 14, and 23 per-
cent petroleum shortfalls. The demand for freight transportation is determined
by the output of various commaodity sectors that generate traffic for the truck,
rail, water, air, and pipeline modes. The effects of various diesel fuel price levels
are also examined. The analysis suggests that at low, or controlled, fuel prices
the more significant impacts for freight movements will be the reduction in
output in the bulk commodity sectors, which are dominated by the waterway
and rail modes. At high fuel prices (i.e., equilibrium levels), shipping is signifi-
cantly decreased in all commodity sectors, but modal shifts are likely to occur
from truck to rail and even from rail to water in some corridors.

The United States has experienced significant eco-
nomic problems associated with two of the three
major interruptions in the world supply of petro-
leum--the Arab o0il embargo in 1973-1974 and the
Iranian revolution in 1979. Less difficulty was
encountered with the loss of crude oil due to the
Iran-Irag war. High inventories coupled with re-
duced demand have made the loss of those supplies
barely noticeable. Saudi Arabia increased its oil
production to partially compensate for a reduction
in the oil spot-market price in order to eventually
produce a unified Organization of Petroleum Export-
ing Countries (OPEC) price. Competing economic and
political goals in the Middle East cause this region
to remain volatile, which suggests that future dis-
ruptions in petroleum supply are highly probable, if
not inevitable.

Petroleum supply shortages produce economic
shocks that have a direct effect on the demand for
freight transportation. However, the changes in
economic activity are not uniform. Some sectors
show a dramatic decline in production and sales that
goes far beyond the level of the oil shortage,
whereas others show no adverse impact or even some
moderate gain. To quantify these economic changes,
an econometric model and two freight transportation
models were used to simulate the effects of three
different shortage situations. This section pro-
vides a brief discussion of the modeling process. A
description of the control forecast and three hypo-
thetical o0il shortfall cases simulated by the models
is included in the following section.

The Data Resources, Inc. (DRI), Quarterly Model
of the U.S. Economy has been used in this study to
analyze the impacts of petroleum shortfalls at the
national level. The DRI model is a simultaneous-
equations model that includes a circular flow of
income and expenditure in the economy.

The DRI model provided macroeconomic indicators
for the Argonne National Laboratory Freight Respon-
sive Accounting for Transportation Energy (FRATE)
model to estimate the change in commodities shipped
by mode before any contingency actions are initi-
ated. The FRATE model calculates annual ton miles
of travel (TMT) for commodities, accounts for modal
activity, and computes the transportation energy
consumed based on economic-sector output levels.

The base-year ton-mile estimates for the economic

sectors in FRATE are derived from the U.S. Bureau of
the Census Commodity Transportation Survey (l). The
FRATE economic activity sectors are paired with
similar sectors in the DRI econometric model in
order to apply the projected output growth rates to
the base-year ton-mile estimates (2). The model
assumes, for lack of a better indicator, that ton-
mile growth is directly related to output growth
rates. Traffic estimates for truck, railroad,
marine, air, and pipeline modes are calculated based
on historic modal-split distributions (1,3-5).

Energy intensity values associated with each eco-
nomic sector are based on the freight mode and the
type of service provided by that mode (3,4,6). The
FRATE economic-sector ton-mile estimates are applied
to the energy intensity values for projected energy
consumption values. FRATE then aggregates the
energy demand of all sectors by type of mode.

The third model used in this analysis was the
National Freight Demand Model (NAFDEM), developed
for Argonne National Laboratory by the Massachusetts
Institute of Technology. NAFDEM provides a means to
determine shipper response to rate and level-of-
service alterations imposed by carriers during fuel
shortfall situations. This response could involve a
change in the freight mode selected for shipment, a
change in the size of shipment, or both. The logic
governing the degree and direction of change arises
from a utility logit model of freight mode and ship-
ment size developed and calibrated to observed
shipper behavior by Chiang and others (7). NAFDEM
does not include the pipeline mode since it is not
applicable for most commodity sectors.

A basic premise of NAFDEM is that shippers in any
commodity group seek to move more freight by the
mode or modes that maximize their total utility.
This utility is computed from the mode-specific rate
and level-of-service relations to commodity charac-
teristics developed by Chiang. NAFDEM constructs a
utility function for a simulated firm that is de-
fined by, or synthesized from, the characteristics
of and demand for the commodity it ships. 1In order
to construct the initial utility function, baseline
annual commodity use rates by receiving firms; ship-
ping distances; shipment sizes; commodity densities,
perishability, and value per unit weight; and travel
times, rates, and reliabilities by mode must all be
defined for the shipper and commodity (these vari-
ables largely define the €£firm). In the modeling
process, values for most of these variables are ran-
domly selected by using a Monte Carlo procedure from
a set of commodity-group-specific ranges (proba-
bility density functions), each bounded within a
sampling confidence interval centered on the mean
value. The baseline modal probabilities estimated
by this procedure are assumed to result in the "ob-
served” distribution input to the model from a run
of FRATE for the appropriate fuel shortfall condi-
tions.

NAFDEM calculates the perturbations in modal
choice and shipment sizes brought about by each syn-
thesized shipper's attempt to continue to maximize
its total utility after a change in carrier rates
and level of service is defined. Computed values of
the rate and level-of-service equations developed by
Chiang and others (7) are modified by changes in
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fuel cost and/or service parameters (see below).
These new values will in turn change the computed
"perception" of each firm within a commodity group
as to which mode best suits the firm's overall
needs. Therefore, the distribution of choice prob-
abilities is recalculated from the utility function
for each shipper considered, according to the re-
vised rates and service levels, and the total change
in each predicted probability over the respective
baseline value determines the redistribution of mode
and shipment size.

ECONOMIC IMPACTS

Numerous policy variable assumptions are required in
the DRI model before a solution is realized. This
section summarizes the major forecast assumptions
and results for the base case from the DRI simula-
tion (8) prior to the shortfalls and the results of
the petroleum shortfall simulations.

Base-Case Forecast

The energy-related cost assumptions associated with
Table 1 considered that there would be no appreci-
able shortfall due to the Iran-Iraq conflict. The
refiners' acquisition cost increases were based on
increases in imported crude oil according to Saudi
Arabia's proposed long-term pricing strateqy. This
resulted in an average imported crude oil price of
$54/barrel in 1983 (the DRI base~case simulation has
subsequently been revised to reflect a price of
439/barrel in 1983) compared with 934 in 1980,
Domestic crude oil prices, which were deregulated
under the Reagan Administration in January 1981, re-
sult in an average domestic crude oil price of $55/
barrel in 1983 compared with 824 in 1980.

A mild recession was forecast in the first half
of 1981. The recession was prompted by a decline in
real disposable income and high interest rates. The
lower consumption led to a decline in investment and
inventories. The anticipated tax cuts were forecast
to lead to recovery in the economy later in the
year. The 1982 economy was forecast to have a
strong growth with a gain of 3.3 percent in real
gross national product (GNP),

Assumptions Underlying Shortfall Scenariocs

The three petroleum shortage scenarios analyzed in

Table 1. Energy-related assumptions for DRI base-case forecast.
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this study are a 1.2 million-bbl/day shortage di-
rected entirely at the United States and worldwide

shortages of 5 million and 10 million bbl/day; the
latter two result in U,S. shortfalls of 2.3 million
and 3.9 million bbl/day, respectively. The first

scenario, a 7 percent shortage, would probably have
impacts slightly more severe than the U.S. experi-
enced because of the Iranian revolution. The second
scenario, a 14 percent shortfall, would correspond
roughly to a 20 percent cutoff in oil production by
all of the OPEC members. The last scenario, a 23
percent shortfall, might result from an interruption
of petroleum flow through the straits of Hormuz or a
major upheaval in the Middle East causing a cutoff
of all Saudi Arabian oil supplies.

Table 2 gives the key assumptions that underlie
the various shortfall scenarios. [This study used

existing scenarios for the basic parameters. A 7
percent, one-year shortage was the basis for the
U.S. Department of Energy (DOE) requlatory analysis

of the Standby Federal Conservation Plan; the 14
percent, six-month interruption was examined by the
DOE Economic Regulatory Administration; and a 23

percent, one-year shortfall was the scenario for a
DOE Conservation and Solar Energy Study. At the
time of this study, analyses of those shortage

levels were in araft form and had not been distrib-
uted.] Although the supply interruptions were as-
sumed to commence on July 1, 1981, the impact on the
United States is cushioned by the two-month lag in
transporting oil from the Persian Gulf. As a re-
sult, the level of imports reaching the United
States gradually decreases from July 1 to September
1. Similarly, the availability of crude returns to
normal over a two-month period at the end of the
crisis.

The deregulation of o0il has dramatically changed
the environment in which the petroleum industry
operates. As a consequence, future shortfalls will
be materially different from those the United States
experienced in 1973-1974 and in 1979 for two reasons:

1. Higher prices for imported crude oil have
previously been offset by controlled domestic
prices. Under decontrol, domestic prices are ex-

pected to rise proportionate to imported prices.

2, The impact of the rising world oil price
would have been delayed by the two-month transporta-
tion lag. Under decontrol, the price of crude oil
to domestic refiners may well rise in anticipation
of the arrival of higher-priced imported crude.

The net effect is that the price that domestic re-
finers pay for crude oil may adjust fully and im-

Item 1980 1981 1982 1983 mediately to the rise in the world oil price.
Refiners’ acquisition costs ;

Foreign crude ($/bbl) 34.04 4055 4651  54.46 Inpacts of Shortfall Scenatios

Domestic crude ($/bbl) 24.34 40.25 47.00 55.02 .

Gross “windfall profits” taxes 13.40 34.30 46.00 52.40 The economic consequences of petroleum shortfall<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>