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Inventory of Potential Structural and Nonstructural

Alternatives for Increasing Navigation Capacity of
the Upper Mississippl River System

ANATOLY HOCHSTEIN, BRUCE BARKER, AND IVAN ZABALOIEFF

Innovative design, operational changes, or relatively low-cost structural modi-
fications may eliminate constraints at existing locks and, as a result, lock re-
placement or other major capital investments to increase waterway carrying
capacity can be significantly postponed while still providing adequate capacity.
The relief of constraints to navigation and corresponding capacity improve-
ments, however, represent a complex area of waterway analysis that requires
combined analytic expertise in the disciplines of hydraulic, hydrologic, and
structural engineering; operations research; naval architecture; and economics.
The primary elements of water transportation, including lock facilities, channel
design, and maintenance and tow fleet operations, are not isolated factors that
can be treated separately but are integrated parts of a complex system. About
40 different improvement measures to improve waterway capacity have been
analyzed. These measures are grouped as follows: scheduling of lock opera-
tions {assistance to multicut lockages), improvements to approaches, modifica-
tion of tow configuration and operation pattern, and lock operating controls
and minor structural actions to correct design deficiency. Each measure is eval-
uated based on its history of application, cost, and impact on capacity. The
most promising measures were found to be lockage scheduling (*“N-up/N-down’
policy), the use of helper boats, the modification of tow haulage equipment,
and the use of bow thrusters. As a result of the assessment of the impact of
individual measures and combinations of measures {scenarios) on lock perfor-
mance, specific input variables for capacity determinations are presented. These
key input variables were used in the lock capacity model to simulate future
transportation development of the Upper Mississippi waterway system.

This paper reports on a contract study of navigation
capacity improvements completed in April 1981 for
the Upper Mississippi River Basin Commission. The
Commission had been directed by Congress to prepare
a master management plan for the Upper Mississippi
River System (UMRS) by January 1, 1982. The system
consists of the Mississippi River between Cairo,
Illinois, and St. Paul, Minnesota; the 1Illinois
Waterway; and the navigable portions of the Minne-
sota, St. Croix, Black, and Kaskaskia Rivers (see
Figure 1).

All master-plan studies pertaining to navigation
capacity improvements on the system, economic evalu-
ation of these improvements, and analysis of related
transportation impacts were assigned to the Navi-
gation-Transportation Work Team. The work-team mem-—
bers represented the U.S, Army Corps of Engineers,
the U,S. Department of Transportation, the U.,S. Mar-
itime Administration, the departments of transporta-
tion of five states, and four public members.

This was the earliest contract study of the work
team, since an inventory of structural and nonstruc-
tural capacity improvement measures would provide
the essential building blocks for navigation capac-
ity expansion plans. Beyond a few site-specific
studies, conducted by the Corps of Engineers, no
systemwide inventory existed.

Building additional 1locks 1is, of course, the
best—-known means for increasing the capacity o€
canalized waterways. But it is also the most expen-
sive means. For this reason, the work team desired
an imaginative and exhaustive search for 1less
capital-intensive but effective measures. These are
often styled "nonstructural" measures but really
encompass structural modifications, equipment im-
provements, operational improvements, towing equip-
ment improvements, and even increases in lock staff-
ing and towboat crewing. The study scope also
included anything that could reduce haulage cost and

facilitate traffic movements, especially at con-
gested locks. The contractor's proposal responded
very well to this objective.

Of course, the study results would determine the
success of the work team's navigation capacity ex-
pansion planning, or its failure if significantly
effective measures were overlooked. In addition,
the array of measures had to serve three planning
objectives dictated by master-plan study require-
ments:

1. Full range of system capacities--A number of
system capacity improvement schemes would be con-
structed to explore the full range of capacity up to
"unconstrained" waterway traffic projections. It
was hoped that this range would at least include one
scheme yielding the greatest net economic benefits.
It would provide a range of potential future traffic
densities needed for impact studies to be done by
the Environmental Studies Work Team. Finally, it
would provide a range of traffic diversions needed
for intermodal .-impact studies.

2, Primarily nonstructural scheme--Several sys-—
tem capacity improvement schemes would use only non-
structural measures-~-that is, no additional locks.
The best of these would satisfy a Water Resources
Council planning requirement €or an alternative plan
that makes maximum feasible use of nonstructural
measures.

3. Second lock at Alton--Congress explicitly
requested information on a second lock at the new
Locks and Dam 26 under construction at Alton, Il-
linois. When is a second lock needed and economi=-
cally justified? What size should it be--110x600 ft
or 110x1200 ft?

Finally, study results had to be organized and
presented to immediately serve as input to the work
team's planning and evaluation studies. Narrative,
tabular, and map presentations were required to de-
scribe where a measure could be used--for example,
at which locks, how it works, and how it is imple-
mented. Capital, operation, maintenance, repair,
and annualized costs were required for economic
evaluation. Performance data on lock processes and
component lockage times had to be presented in the
exact form required for data input to a lock simula-
tion model.

MEASUREMENT OF CAPACITY AND PERFORMANCE

The capacity of a canalized waterway system is es-
sentially limited by locks, especially the most con-
gested locks. For this reason and other study con-
straints, the work team decided not to develop a
model capable of simulating tow movements throughout
the system. Instead, it concentrated on improving a
lockage simulation model, which became LOKSIM2.

Model development proceeded concurrently with
this contract study and was completed at the same
time. Then the performance data for measures se-
lected by the work team were analyzed with the model
to produce lockage delay functions, This unfortu-
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Figure 1. Upper Mississippi River Basin system.
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nate but unavoidable timing of work created special haul, recreation or downtime, and season-
difficulties for the contractor and the work team: ality;
N = time frame under consideration (month or
1. The contractor had to evaluate the capacity year);
effectiveness of measures and combinations of mea- L = barge lading (tons/barge);
sures without benefit of the most sophisticated Tg = tow size (barges);
tool, the LOKSIM2 model. Te¢ = Ely/exchange lockage time:
2. The work team had to screen, discard, and Ty = turnback lockage time;
select measures to a large degree before they were D = extra time for double lockages:
fully evaluated. S = extra time for setover lockages:
fg = frequency of double lockages; and
The solution was to quantify the effectiveness of fg = frequency of setover lockages.
measures, for interim purposes, by calculating the
change in lock tonnage capacity. This was done by This formula estimates one point, very high, on

using a lock capacity formula the contractor had
developed for the National Waterways Study that con-

sists of the following equations for capacity (C)
and service time (T :
3
C=(~"l m) NLT,/T %)
i=
and
T=T;+fy (T, + D) +£S (2)
where
Ki = three reduction coefficients for empty back-

the lockage delay function. Cargo throughput at
this point is called "capacity". As can be seen
from the formula, this calculated capacity is di-
rectly proportional to tons per tow and inversely
proportional to average lockage time. The lock pro-
cesses and process time components are closely re-
lated to those used in the LOKSIM2 model and the
Per formance Monitoring System (PMS) data base.

Since neither the calculated cavacity nor the
absolute value of change in capacity was particu-
larly useful to the work team, the formula was used
to calculate an index. The chosen index was per-
centage increase in capacity (PIC), which could
readily separate measures with great effect €rom
those with little effect.
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Table 1. Average 1976 PMS data.
Lockage
Fleet
Time (min)
Avg Fre-
Approach Exit Extra Time Tow quency
_— ———————  Frequency Size Barge of Sea-
Fly/ Turn- Cham- Fly/ Turn- Set- (no.of Lading Loaded sonal
Lock Exchange back Entry bering Exchange back Setovers  Doubles overs Doubles barges) (tons) Barges Factor
Upper Saint Anthony 3.5 3.0 4.0 9.0 3.5 3.5 0.65 - 5.0 - 1.67 1337 0.50 0.52
Lower Saint Anthony 5.0 5.0 4.5 12.0 2.0 2.5 0.69 - 7.0 - 1.79 1252 0.50 0.56
1 4.5 3.5 5.0 14.0 4.5 4.5 0.66 0.03 6.5 15.5 1.81 1271 0.50 0.56
2 13.0 7.0 6.5 10.5 4.5 5.5 0.14 0.41 23.0 20.5 6.97 1488 0.60 0.70
3 10.5 5.5 5.0 7.0 5.0 5.5 0.15 0.52 23.0 20.5 7.66 1502 0.64 0.65
4 12.5 4.5 5.5 7.0 5.0 5.0 0.13 0.53 23.0 20.5 8.08 1523 0.65 0.66
5 12.0 4.0 525 8.0 5.0 5.0 0.14 0.54 23.0 20.5 8.09 1502 0.67 0.67
SA 10.5 3.5 5.0 7.5 6.0 5.5 0.15 0.58 23.0 20.5 8.09 1513 0.67 0.67
6 14.0 4.0 5.5 7.0 4.5 6.5 0.13 0.56 23.0 20.5 8.30 1507 0.67 0.67
7 12.5 4.5 6.5 6.5 5.5 5&S 0.11 0.58 23.0 20.5 8.28 1504 0.67 0.65
8 12.0 5.0 5.5 9.0 7.5 6.5 0.14 0.57 23.0 20.5 8.35 1505 0.67 0.66
9 12.0 4.5 6.0 7.5 6.0 6.0 0.15 0.59 23.0 20.5 8.52 1499 0.70 0.66
10 11.0 4.0 5.5 8.0 5.0 5.5 0.10 0.58 23.0 20.5 8.30 1497 0.70 0.66
11 14.5 4.0 5.0 10.5 6.0 5.0 0.11 0.58 23.0 20.5 8.35 1487 0.70 0.66
12 16.0 6.5 5.0 7.5 5.5 5.5 0.13 0.60 23.0 20.5 8.83 1480 0.71 0.65
13 10.5 3.0 5¢5 9.0 6.0 6.0 0.13 0.60 23.0 20.5 8.78 1482 0.71 0.66
14 9.0 4.5 4.0 8.5 4.5 4.5 0.09 0.45 23.0 20.5 7.52 1391 0.69 0.68
15 13.5 5.0 4.5 11.5 7.0 6.5 0.14 0.49 23.0 20.5 7.57 1495 0.71 0.67
16 9.0 3.0 4.5 9.0 10.0 4.5 0.14 0.48 23.0 20.5 7.39 1494 0.70 0.68
17 20.0 6.0 5.0 8.0 8.0 5.0 0.14 0.54 23.0 20.5 8.12 1487 0.69 0.67
18 13.5 4.0 6.0 9.0 5.0 5.0 0.15 0.56 23.0 20.5 8.30 1465 0.69 0.67
19 19.0 9.0 8.0 21.0 11.5 9.5 - - - - 8.81 1479 0.68 0.69
20 15.0 4.0 5.0 8.0 7.0 5.5 0.14 0.62 23.0 20.5 9.08 1475 0.68 0.69
21 18.5 6.5 5.0 8.0 6.0 5.0 0.14 0.61 23.0 20.5 9.17 1475 0.68 0.69
22 26.5 9.0 6.0 8.5 13.0 5.5 0.15 0.62 23.0 20.5 9.21 1478 0.68 0.71
24 18.5 5.0 5.0 10.5 7.0 6.0 0.18 0.58 23.0 20.5 8.86 1487 0.66 0.72
25 20.0 5.0 4.5 10.0 3.5 3.5 0.17 0.58 23.0 20.5 8.91 1489 0.66 0.72
26
Main chamber 24.0 2.0 6.5 14.0 9.0 7.0 0.16 0.72 23.0 20.5 10.40 1457 0.65 0.85
Auxiliary chamber 18.0 5.5 2.0 13.5 4.0 3.0 0.15 0.48 23.0 20.5 3.53 1329 0.52 0.85
27
Main chamber 1 4.0 8.5 12.0 8.5 7.5 - - - - 8.62 1513 0.69 0.85
Auxiliary chamber 13.5 3.0 5.0 9.5 4.5 4.0 0.17/0.05 0.53/0.28 23.0 20.5 291/ 1480 0.46 0.85
6.5
T.J. O’Brien 3.0 2.5 3.0 11.5 3.0 3.0 - - - - 219 1212 0.61 0.82
Lockport 10.0 4.5 5.0 21.0 7.0 4.0 0.51 0.10 23.0 20.5 5.24 1511 0.59 0.77
Brandon Road 15.5 7.0 5.0 19.0 8.0 5.0 0.36 0.26 23.0 20.5 5.99 1449 0.60 0.80
Dresden Island 12.5 5.0 4.5 16.5 5.0 4.0 0.32 0.28 23.0 20.5 6.04 1527 0.61 0.87
Marseilles 13.5 5.5 5.5 20.0 9.0 4.0 0.30 0.29 23.0 20.5 5.87 1543 0.61 0.83
Starved Rock 13.0 7.0 5.0 13.5 6.5 4.0 0.30 0.32 23.0 20.5 6.18 1532 0.61 0.91
Peoria 13.5 5.0 6.5 11.0 7.5 6.0 0.29 0.4] 23.0 20.5 6.95 1507 0.61 0.91
LaGrange 17.5 7.0 6.5 8.0 6.0 6.0 0.24 0.53 23.0 20.5 7.95 1455 0.63 0.91
A cost-effectiveness index was then derived by Transportation savings for locks result primarily
dividing PIC by the annualized cost in thousands of from increasing the service rate of lockages by

dollars. The highest values of this index were as-
sociated with very inexpensive measures that pro-
duced some, albeit small, increase in capacity. BAs
expected, high-capacity locks were observed to have
moderately low cost-effectiveness indices.

Hindsight qained from the TOKSTM2 evaluations can
be summarized as follows:

1. The indices are generally reliable in showing
the preference or rank order of closely competing
and mutually exclusive measures.

2. The indices are not very reliable in ordering
nonexclusive and essentially unrelated measures.

3. The indices tend to exaggerate the utility of
measures that are only effective at a very high rate
of use,

4. The indices tend to underrate the utility of
measures that are effective at a moderate to high
rate of use.

Calculated capacities and derived indices are not
the best means for measuring the performance of ca-
pacity expansion measures. Performance 1is ulti-
mately measured in economic terms: the transporta-—
tion cost savings resulting from a measure versus
the annual cost of implementing a measure.

adding lock chambers,

savings

model.

Consequently,

could result

from

reducing component lockage
times, and improving lockage processes (for example,
by eliminating double and setover lockages). Other
recreational
lockages by a restrictive policy or eliminating such
lockages with a separate recreational lock.

The basic cost reduction information for economic
analysis is the shifted delay function that results
from a measure or a combination of measures. The
delay function is calculated by a lock simulation

reducing

the performance of a lock im-

provement measure must be described quantitatively
and accurately in the exact lock processing terms

and component lockage times used

model.,

The

used

in this study are given below:

Tg =
L=
K1l =
K2 =

K3 =

Af=

average tow size (barges),
average barge lading (tons),
frequency of loaded barges,
= 1 - frequency of
downtime and recreation,

availability

seasonality

factor

factor =
tonnage/peak seasonal tonnaqge,

fly/exchange approach (min),

average

in the simulation

lock processing terms and component times

seasonal



Table 2. Selected measures to increase system capacity.
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Qualitative

Quantitative
Operation
Annualized Cost/PIC Versus General
Measure Cost ($000s) ($000s) PIC? Safety Investment Use Applicability
Scheduling of lock operations, assistance
to multicut lockages
Institute N-up/N-down policy 0 0 -13to 16 High - Common Moderate
Provide helper boats 964 60 16 Moderate Operation Rare Wide
Provide switchboats 1420 89 16 Low Operation Rare Limited
Institute ready to serve policy 2092 63 33 Low Operation Proposed Limited
Tuprove Luw haulage equipuent 751 27 28 Low Investment Proposed Wide
Increase lock staffing 52 39 1-2 High Operation Proposed Moderate
Institute lock scheduling 9 3 3 High Operation Rare Moderate
Improvements to approaches
Improvements to approaches 116 39 3 High Investment Common Moderate
Provide adjacent mooring cells 18 14 1-2 High Investment Common Limited
Provide funnel-shaped guidewalls 0] U 8] High Investment Proposed Limited
Install wind deflectors 2-20 25-200 0-0.1 High Investment Proposed Limited
Tow configuration and operations
Use of regular bow thrusters U u 4 High Investment Rare Wide
Use of bowboats U u 21 High Investment Proposed Wide
Tow-size standardization U u 17 Moderate Operation Proposed Wide
Cooperative scheduling 18) u 13 Moderate Operation Proposed Wide
Waterway traffic management 5-15 3 4 High Operation Proposed Wide
Expand fleeting areas 200 u 4] Moderate Investment Common Limited
Bridge maintenance and operation U U 0-5 High Operation Common Wide
Lock operating controls
Modify intake-outlet structures 70 16 4 Moderate Investment Rare Limited
Install trash racks 29 7 4 Moderate Investment Common Limited
Expedite operations in ice conditions 23 12 2 Moderate Investment Common Wide
Install air bubbler system 38 - 4] High Operation Common Limited
Install floating mooring bitts 14 - 0 High Operation Common Limited
Improve lock operating equipment 191 - 0 High Investment Rare Limited
Install gate wickets High 0-3 Low [nvestment Proposed Limited
P.ovide operating guides Moderate - 0-3 High Operation Proposed Wide
Centralize controls 104 104 1 High Investment Rare Wide
Provide replaceable fenders Low - 0-1 Low Investment Proposed Wide
Clear vessel from filling-emptying system Low - 0 High Investment Common Wide
Structural actions
Reduce interference from recreation 419 65 6 Moderate Investment Common Wide
Improve use of auxiliary chamber 0] U 10-50 Moderate Operation Common Limited
Enlarge locks to 1200 ft 4575 95 48 Low Investment Rare Wide
Physical lock replacement 8950 61 148 High Investment Common Wide

Note: U = unavailable.

aTypical range.

A = turnback approach (min),

X¢ = fly/exchange exit time (min),
Xy = turnback exit time (min),

E = entry time (min),

F = chambering time (min),

Xy 1 = turnback exit time for first cut (min),
Fro= chambering time between cuts (min),
Ay = turnback approach time (min),

% = entry time (min),

2 = chambering time (min),

A = variation due to impact of a given measure.
Entry time (E) includes breakup time for doubles
(7.0 min) and reconfiquration time for setovers
(10.0 min): exit time (Xig) includes makeup time
for doubles (13.5 min) and reconfiquration time for
setovers (13.0 min). Terms Ag through F are used
in their given form when the impact in the variables
is the same for single, setovers, or doubles. Terms
A¢,2 through F2 are used for the second cut of a
double lockage.

A large amount of data on lock processes and com-
ponent times has been collected by the Corps of En-
gineers and was compiled for this study. In 1975,
as part of a PMS, the Corps instituted a special
lockage 1log form. The Corps has now collected
thousands of measured observations of the most com-
mon lockage process and component times at locks in
the UMRS. Table 1 gives a compilation of some of
the data.

ASSESSMENT OF CAPACITY PROBLEMS AND
POTENTIAL MEASURES

The development of capacity improvement measures
requires an exact understanding of congestion prob-
lems in operations and time component terms. The
design problem is then to develop a measure that
will improve the operations or times. The solution
can be approached from either direction.

For example, the work team and the contractor had
available numerous proposals for capacity improve-
ments from the National Waterways Study and project-
or site-specific studies of Corps of Engineers dis-
tricts. There is also some literature on FEuropean
experience, These measures could he costed and
analyzed in terms of operations and component times.

The work team provided the contractor the results
of a lockmaster survey. Along with technical data
on lock design, equipment, and operations, the sur-
vey provided opinions on problems at each site.
These opinions provided clues to the causes of ab-
normal time components shown 1in PMS data. Addi-
tional sources of problems ard potential solutions
included (a) the opinions of masters and pilots and
work-team members, (b) interviews with Corps divi-
sion and district operations personnel, and (c)
field reconnaissance of each lock site.

The search produced 43 measures that have some
potential for improving the navigational capacity of
the system.
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Table 3. Helper-boat alternative with N-up/N-down policy.

Time Reduction

Annual-
Setovers ized Cost/
Doubles  ——— Cost PIC
Lock AX AE  AX, PIC (3000s) ($000s)
Upper Saint Anthony - - - - - -
Lower Saint Anthony - - - - - -
1 R i 2 ] : R
2 13.5 10 13 10.6 991 93
3 13.5 10 13 21.4 966 45
4 13.5 10 13 22.8 960 42
S 13.5 10 13 23.0 976 42
S5A 13.5 10 13 26.7 1002 38
6 13.5 10 13 23.1 996 43
7 13.5 10 13 22.7 990 44
8 13.5 10 13 20.0 952 48
9 13.5 10 13 20.5 960 47
10 13.5 10 13 16.8 989 59
11 13.5 10 13 19.9 991 47
12 13.5 10 13 21.2 981 46
13 13.5 10 13 19.9 984 49
14 13.5 10 13 14.9 484 32
15 13.5 10 13 16.2 484 30
16 13.5 10 13 22.2 957 43
17 13.5 10 13 22.0 952 43
18 13.5 10 13 21.5 973 45
19 - = - = = =
20 13.5 10 13 21.7 945 44
21 13.5 10 13 20.4 1019 50
22 13.5 1o 13 18.2 1047 58
24 13,5 10 13 20.0 1037 52
25 13.5 10 13 21.1 1009 48
26
Main chamber 13.5 10 13 17.4 1112 64
Auxiliary chamber 13.5 10 13 21.2 1112 53
27
Main chamber - - - - - -
Auxiliary chamber 13.5 10 13 14.2 1050 74
T. J. O’Brien - - - - - -
Lockport 13.5 10 13 6.4 1030 161
Brandon Road 13.5 10 13 8.9 979 110
Dresden Island 13.5 10 13 8.5 1003 118
Marseilles 13.5 10 13 7.7 975 127
Starved Rock 13.5 10 13 12.6 1010 80
Peoria 13.5 10 13 19.5 942 48
LaGrange 13.5 10 13 23.4 945 40

Screening Measures

The ultimate objective of screening the list of mea-
sures was to identify those that are widely appli-
cable and potent in improvina system capacity. But
most measures required developmental work to perfect
performance and cost data. There was a need to con-
centrate efforts on measures that were fjudged to
have the greatest payoff potential.

Quantitative screening criteria were the capacity
and cost-effectiveness indices previously dis-
cussed. Qualitative measures included (a) safety
effects, rated from low to high; (b) nature of
costs, whether capital or operational; (c) use,
rated as rare, common, or proposed: and (d) appli-
cability, rated as limited, moderate, or wide.

The criteria were applied to all measures based
on available information and were provided to the
work team, Using its collective judgment, the work
team grouped the measures into three study priori-
ties and one group not to be studied.

Following development work, all of the refined
performance and cost data were presented for further
screening., This information is presented in Table 2.

Development and Evaluation of Measures

The development and evaluation of measures repre-
sented the major work effort of the study. Prior to
this stage, many measures were no more than ideas
and needed considerable original evaluation for €fur-
ther screening,

Development included the design of features
needed to make the measure operational and to adapt
it to lock and dam sites, Measure operations were
perfected to best enhance overall 1lockage opera-
tions. Specific sites were identified where the
measure was applicable as well as potentially use-
ful. Cost estimates (investment, operation, and
annualized) were prepared for each measure on a
site-specific basis.

The performance data needed for the lock simula-
tion model were then estimated for each site 1in
terms of time reductions from the PMS average
times. Table 3 gives an example of how performance,
cost, and capacity indices were compiled.

Applicability and Compatibility of Measures

Additional locks can usually be sited to minimize
interference with existing locks. Consequently,
they are always a compatible measure making a great,
net contribution to capacity. But this is not the
case with the so-called nonstructural measures.

Some nonstructural measures are mutually exclu-
sive. The prime example is four potent measures to
expedite double lockages: bowboats, helper boats,
switchboats, and powered traveling kevels, Some
measures can worsen performance at certain sites.
For example, an "N-up/N-down" service order is only
productive where chambering time is low relative to
approach times. But hydraulic improvements that
reduce chambering time enhance N-up/N-down.

The important point is that the merits of a par-
ticular measure are not properly seen when it is
used alone. Rather, good combinations must be
found. One good combination (or order of improve-
ment) is to reduce chambering time, which enhances
the impact of N-up/N-down service order, which
finally enhances the impact of helper boats or
traveling kevels. A poor combination is to improve
approach times where these are already low relative
to chambering time. This tends to preclude the use
of helper boats or traveling kevels and to encourage
the use of switchboats, which constitute the most
expensive and least effective double lockage mea-
sure. Moreover, the approach improvements do not
help a switchboat operation very much.

The importance of combining measures had not been
fully recognized in the past. So the proper combi-
nations found in the study process were extremely
valuable, Figure 2 shows the results of testing
combinations at an Illinois Waterway lock.,

COMPOSITION OF CAPACITY IMPROVEMENT SCHEMES

The next task was to compose capacity improvement
schemes by using the developed capacity improvement
measures. These schemes were called "scenarios”,
and several objectives to be served by the scenarios
were described earlier.

The remaining work was to assemble proper combi-
nations of measures, or actions, by using the knowl-
edge that had been gained. These combinations are
presented in Table 4.

Scenario 1 was intended to be a base, or "without
project", condition. Therefore, it only includes
simple, inexpensive imptrovements., Scenarios 2 and 3
are alternative candidates for a primarily nonstruc—
tural scenario. Scenario 2 uses bowboats, system-
wide, as the double lockaqge measure; scenario 3 uses
helper boats, switchboats, or kevels where appropri-
ate. Scenario 4 adds additional locks to scenario 3
to provide a combined structural-nonstructural
scheme. Scenario 5 is  primarily a structural
scheme, since the potent double lockage measures are
eliminated.

Any scheme can be improved through repetitive



Figure 2. Sequencing of
actions and alternative
scenarios for Marseilles
Lock (Illinois River).

Table 4. Action scenarios.
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trials and economic evaluations. Unfortunately, the
deadline for the UMRS master plan did not permit
this. Once the scenarios were prepared, there was
just enough time to evaluate them.

CONCLUSIONS

This study provided the imaginative and exhaustive
search for imptovement measures desired. Knowledqge
of useful nonstructural measures has been expanded.
Certainly these measures should bhe considered in
future navigation planning studies, but planners
should be cautious in generalizing the results.

One should not assume hydraulic inefficiencies or
approach problems where none exist. Double lockage
measures are useless where there are no double-
lockage-sized tows. There 1is no substitute €or
starting with reliable, quantitative data on per-
formance: PMS, surveys, interviews, and on-site
investigations. Solutions must be tailored to the
problems. Good combinations of measures must be
found. The greatest time and effort should go into
developing the best ideas.

Publication of this paper sponsored by Committee on Inland Water Transporta-
tion.

Analysis of Lock Capacity by Simulation

MICHAEL S. BRONZINI AND RICHARD A. MARGIOTTA

LOKSIM2 is a discrete event simulation model developed to analyze the capac-
ity and delay characteristics of single locks on the U.S. inland waterways. Ex-
tending previous single-lock simulation techniques, LOKSIM2 features a highly
detailed representation of the components of the locking cycle. The model is
directly compatibte with data provided by the U.S. Army Corps of Engineers
Performance Monitoring System. A preprocessor model, TOWLST1, generates

tow traffic inputs so as to match distributions of underlying tow characteristics.

The output from LOKSIM2 is used to estimate the parameters of a lock delay
function. Delay functions obtained for various lock physical and operating
conditions can be used to analyze proposed lock improvements.

This paper describes the development and application
of a single-lock simulation model, LOKSIM2, used for
lock capacity analysis as part of the Upper Missis-
sippi River Master Plan Study. The LOKSIM2 model
was developed in response to the need for a method
of analysis that could estimate the physical capac-
ity of a single lock under a variety of structural
and nonstructural improvement scenarios. Previous
single-lock simulators, including LOKSIM (1), LOCALC
(2), the lockage routines in the Waterway Analysis
Model (3), and SNGLOK (U.S. Army Corps of Engineers,
North Central Division), either could not provide
the required level of detail or were too cumbersome
to use. They did, however, provide the basis for
the LOKSIM2 model, which is basically an extension
and refinement of these prior modeling efforts.
LOKSIM2 is the most detailed model yet created to
simulate the operation of a single lock. All input
data can be obtained readily from the U.S. Army
Corps of Engineers Performance Monitoring System
(PMS) ., The model was programmed in FORTRAN and
GASP, a series of FORTRAN-based subroutines that
greatly facilitate programming of simulation models
(4).

This paper explains the operation of the model,
including the structure of inputs and output, and
shows how model results are used to estimate lock
capacity.

OPERATION OF MODEL

Overview of Lock Operations

Before a process can be simulated, it 1is necessary
to become acquainted with the details of that pro-
cess, If more details are accounted for in the
simulation, there is a greater likelihood that the
results will be realistic. There is, however, a

direct relation between amount of detail and cost in
terms of development, computer time, and data re-
quirements. Since the objective of this research
was to simulate the operation of a single lock, a
great degree of complexity could be incorporated
into the model. If the purpose had been to simulate
an entire system of locks, a less detailed model of
lock operations might have been adequate.

Essentially, a lock is a chamber located in or
near a dam that can be sealed off and within which
the water level can be raised or lowered to meet the
water level above or below the dam so that vessels
can pass through the dam. Vessels that use 1locks
fall into three categories: (a) commercial tows,
which are made up of one or more barges propelled by
a towboat; (b) recreational craft, which are noncom-
mercial pleasure boats:; (¢} light boats, which are
towboats traveling without barges. Most lock time
is normally devoted to servicing commercial tows.

Because lock chambers and tows come in various
sizes and confiqurations, there are several types of
lockages that may occur. 4 single lockage takes
place if the entire tow can fit into the lock as
is. A setover lockage occurs if the confiquration
of a tow must be changed to fit the chamber size but
all of it fits into the chamber when it is reassem-
bled (thus, single and setover lockages require only
one flooding or evacuation of the chamber). Double
lockages occur when the tow 1is too large to be
locked through on one pass; in such a case, some
barges go through, the chamber is returned to the
starting level, and the remaining barges and towboat
are locked through. Recreational craft and 1light
boats (referred to henceforth as RLBS) can be locked
through with a tow if there is room left in the
chamber, or they can be locked through by themselves
or with more RLBs. It is also possible to subdivide
single, setover, and double 1lockages into more
specific types if necessary. In addition, on some
of the less active waterways, locks can be so lim-
ited in size that only a small number of barqes
{sometimes only one) can be locked through at a time
so that triple, quadruple, or quintuple lockages are
required. Because this study covered only the Upper
Mississippi River system, where all locks (except
one) are at least 110 ft wide and 600 ft long, these
latter types of lockages did not have to be consid-
ered.

The operation of locks is governed by a set of



Figure 1. LOKSIM2 logic.
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preestablished policies designed either to gain
better use or to favor one type of craft over an-
other--for example, commercial over RLBs. The
so-called "N-up/N-down" policy is the most widely
used. This dictates that N tows be served consecu-
tively in one direction and then an equal number in
the opposite direction. Other operating policy
elements (either stated or followed 1in practice)
include the maximum amount of time the chamber will
be held at its current water 1level in order to
service an approaching tow, the maximum amount of
time chambering can be delayed in order to fit
another vessel in the chamber, the minimum time a
recreational craft must wait for lockage, the mini-
mum number of recreational craft that can obtain
lockage, and the maximum amount of time that recre-
ational craft must wait for service.

Methodology

The T.OKSIM2 analytic procedures are outlined in

flowchart form in Figqure 1. The figure is incom-
plete in that the details of all subroutine proce-
dures are not outlined. It does, however, present
an overview of the logic of the model. Operations
performed by the various program routines are de-
scribed briefly below.

Read in Input Data

LOKSIM?2 requires, among other things, a time-ordered
listing of tows to be locked through., This list is
provided by use of a preprocessor, TOWLSTl, specifi-
cally developed for this purpose (the operations of
TOWLST]1 are discussed later in this paper). The
characteristics given for each tow on the 1list
include tow number, arrival time, direction, number
of loaded and empty barges of each of three types
(jumbo, integrated, and mixed), tons of cargo, and
generalized lockage type to occur (single, setover,
or double). Other inputs to LOKSIM2 include the
following:
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1. Lengths of the warm-up and simulation periods;

2. Weekly number of RLBs arriving in each direc-
tion:

3. Arrival pattern of RLBs, determined by split-
ting each day of the week into user-specified inter-
vals and designating the percentage of RLBs arriving
during these intervals;

4, Number of recreational craft equal in size to
a jumbo barge;

5. Operating policies in effect at the lock:

6. Probabilities that certain specialized 1lock-
age types (such as multivessel lockages) will actu-
ally occur whenever they are possible;

7. Number of jumbo, integrated, and mixed barqes
that can fit into the lock chamber:

8. Length and width of the lock:

9, Information on stalls (lock down time): and

10. Locking time distributions for 41 components
of locking time, input as either constant, uniform,
exponential, truncated normal, or empirical distri-
butions.

Process Input Data

Information in the data is first checked for reason-
ableness, If it is unrealistic, an error message is
printed and the program is terminated:; otherwise, it
is stored in the proper arrays. Certain events are
also scheduled, including the ¢time the warm-up
begins and ends, the time the simulation ends, the
first upbound and downbound commercial arrivals, the
initial time to generate RLB events, and the first
stall event.

Remove Event from Events File

For this simulation, events are removed in succes-
sion according to their assigned time. Based on
what type of event is scheduled, the program takes
appropriate action,

Call GNCOMR/Call ARVLOK

If the event is a commercial tow arrival, LOKSIM2
first schedules the arrival event for the next tow
in the same direction as the current one (subroutine
GNCOMR), TIf the event is an RLB arrival, this step
is skipped. Subroutine ARVLOK then determines
whether the vessel should be gueued or whether it
should be assigned to the lock. If it is assigned,
the vessel is locked through via subroutine LOCK.

Call GENRLB

The GENRLB subroutine is called to generate RLB
arrivals for the period that begins one hour after
the current simulation time. First, however, it
schedules an event signaling the next generation
time--i.e., the time in the future at which it is
again called.

fall STALL

The next stall event is scheduled via a Poisson
process, and the length of the current stall is
calculated (this is added to the simulation time in
the next locking procedure that occurs).

Call ENDCHM

Whenever a vessel (recreational or commercial) is
beginning the exit process for the last cut of its
lockage, ENDCHM 1is called to determine the type of
exit based on (a) whether the lockage was a single,
setover, or double and (b) the locking policies. It
then schedules an ENDLOK event at the current simu-

lation time plus the sum of the exit times and
stores the time at which the lock will be available
again.

Call ENDLOK

Subroutine ENDIOK is called to examine the queues in
both directions to ensure that the specified operat-
ing policies are adhered to. If necessary, it will
call LOCK to perform any necessary lockages. For
example, if any recreational craft have waited the
user-specified maximum time, they will be 1locked
through.

Call ENDCUT

The ENDCUT subroutine handles the end of the first
cut of a double lockage and, if possible and per-
mitted, will process a single lockage or an RLB in
the opposite direction of the double between the two
cuts. It then schedules an ENDSWG operation.

Call ENDSWG

Subroutine ENDSWG is called at the end of each swing
operation that takes place between the cuts of a
double lockage. It moves the second cut of the
double lockage into the lock, checks to see whether
there is room left in the chamber for any RLBs,
obtains the chambering time for the second cut, and
schedules an ENDCHM event at the appropriate time.

Call ENDWRM

Tf the chosen event denotes that the end of the
warm-up period has been reached, ENDWRM will zero
out accumulated statistics, write out summary warm-—
up dqueueing statistics, and schedule a gqueueing
statistics dump at the end of each day.

Call ENDSIM

Subroutine ENDSIM is called to dump the accumulated
gqueuing statistics at the end of the simulation
time. The program is then terminated.

Call LOCK

Subroutine LOCK is the core of the LOKSIM2 program.
It is called whenever a vessel or vessels require
lockage. LOCK distingquishes recreational craft,
light boats, and commercial tows as well as single,
setover, and double lockages. It will also load
into the chamber any other vessels that are in gueue
or that will arrive within a user-specified amount
of time, if there is room. LOCK also performs the
valuable function of calculating delay for each
vessel as well as cumulative delays. LOCK then
schedules either an FENDCHM event if the lockage was
single, setover, or RLB or an ENDCUT event if the
lockage was double.

Call ObUMP

QDUMP is called to dump queuing statistics at the
end of each day. It also schedules the next dump in
24 hours from the current simulation time.

FExrample

An example will serve to clarify the steps outlined
above. Suppose the event chosen Efrom the events
file indicates a commercial tow. First, the next
commercial arrival in the same direction is sched-
uled wvia GNCOMR, ARVLOK then either assigns the
lock to the tow or queues it if the lock is busy. If
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assigned, subroutine LOCK is called to process the
tow up to its exit. If the lockage is a double,
LOCK schedules an ENDCUT event; otherwise, an ENDCHM
event 1is scheduled (both of these events are sched-
uled at whatever the simulation time is after LOCK
has performed its function). Control is then trans-
ferred back to the point where another event is
removed from the events list. If the next event
shows a vessel arriving during the time the current
vessel was being processed, it 1is queued by the
appropriate routines. When the event previously
scheduled by LOCK is chosen, 1f the lockage is a
double, control is branched to ENDCUT, where the tow
is further processed and an ENDSWG event is sched-
uled. Control is again returned to the top of the
loop and branches to ENDSWG., FENDSWG processes the
tow and schedules an ENDCHM event, and control is
returned to the top again (if the lockage was not a
double, ENDCUT and ENDSWG would have been bypassed).
ENDCHM then executes and schedules an ENDLOK proce-
dure, and, after another pass through the 1loop,
control is branched to ENDLOK, where operations on
this tow are finally completed. BAll vessels that
arrive during the processing of this tow are queued,
but some may be locked through with it if conditions
permit, However, other nonvessel events (e.g., a
stall) can take place during the processing of the
tow.

Preprocessor Operations

A separate model was constructed to provide LOKSIM2
with a list of tows of varying characteristics to be
locked through. This model, in effect a preproces-
sor, was named TOWLSTI1. Essentially, it takes
aqgregate barge, commodity, and tow data and uses
them to create the information necessary for
LOKSIM2. TOWLST1 is based on the previous modeling
efforts, TOWGEN (5) and LOCALC (2), but has features
that are unique to each.

TOWLST1 can be broken down into two basic parts.
The first restructures input data into 1lists and
distributions, which are then sampled in the second
part to create tows of the required characteristics.
Tows are created until one of two situations occurs:
(a) the simulation time is exceeded by the assigned
arrival time at the lock or (b) the total barge
matrix is exhausted.

Read in Input Data

TOWLST1 currently recognizes three barge and/or tow
types: jumbo, integrated, and mixed (these were used
to be consistent with PMS data). The information
required here is as follows:

1. Percentage tow frequencies for tow sizes of
1-18 barges by direction and type:

2, Probabilities that single, setover, and double
lockages will occur for each barge type and tow size:

3. Commodity tonnages to move upstream and down-
stream (eight commodities are currently recoanized:
coal, petroleum, chemicals, metallic ores, nonmetal-
lic minerals, stone-clay-cement, grain, and "other"):

4, Average loadings of the eight commodities in
each barge type:

5. Percentages of commodities allocated to the
different barge types: and

6. Dedicated equipment
commodity by barge type.

percentages for each

Convert Tonnages to Loaded Barges
Tonnages are converted to loaded barges as follows:

LD,k = [(ODTONS;; * PCTBRGy,)/TNSBRGy, ] + 0.5 1)
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where

LDipk = loaded barges of commodity k in barge

type b to move in direction i,

ODTONSjk = tons of commodity k to move in direc-
tion i,

PCTBRGLK = percentage allocation of commodity k
to barge type b,

TNSBRGpLk = average loading of commodity k in
barge type b, and

0.5 = term added to correctly round to near-

est integer.

Calculate Number of Required Empty Barge Movements

Given the number of loaded barges that are required
to move the given tonnages, the number of empty
barges can be calculated by considering the move-
ments of dedicated equipment and then the number of
empty movements needed to balance all barges. The
number of empty dedicated equipment barges is found
by multiplying the number of loaded barges in the
opposite direction by the dédicated equipment per-
centage:

DEDMT; i = LDjpi * DEDPCTyy + 0.5 2)
where

DEDMT;, = empty dedicated equipment barges of

commodity k and barge type b to move in

direction i,

loaded barges of commodity k and

barge type b moving in direction j

(opposite of i), and

DEDPCTpi = dedicated equipment percentage for
commodity k in barge type b,

LDjbk

The empty movements required to balance barges are
found by

BALMT;, = max [E(LDka + DEDMTka) - (LDjpx + DEDMT;pi), 0] 3)

where BALMTj, is the empty balance movements of
barge type b in direction i and j is the direction
opposite 1i. When dedicated equipment percentages
are 100 percent, there are no corresponding balanced
empty movements,

Calculate Number of Tows of Each Type

To this point, the numbers of 1lonaded and empty
barges of each type that must move in each direction
have been calculated. The number of tows needed to
move these barges is then determined by using infor-
mation about average tow sizes. Once average tow
sizes are computed, the number of tows is found by
dividing the total number of barges by the average
tow size:

TOWMYV;,, = (SUBTOT;,/AVTSIZ;,) + 0.5 @)
where

TOWMV;,, = tows of type b to move in direction
i,
SUBTOT;, = total number of bharges of type b in
direction i
= E (LDibk + DEDMTibk) + BALMT;p, and

AVTSIZ;,, = average tow size for barge type b in
direction i.

Establish Randomized List of Tows of Each Type

The first step in establishing a randomized list of
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tows by type is to establish a cumulative matrix of
the number of tows of each type to move in each
direction. Once this matrix is set up, a random
number procedure is used to select a cell in the
matrix, which results in a random selection of the
tow types to appear consecutively in the tow list.
This is done for each direction separately.

Establish Cumulative Distribution Function of Tow
Sizes

Establishing a cumulative distribution function of
tow slzes is a relatively simple procedure that
converts tow frequency input data to a cumulative
distribution. This is done so that a size can be
selected for a tow by sampling with replacement--
i.e., by Monte Carlo sampling.

Function of

Establish Cumulative Distribution

Lockage Types to Occur

LOKSIM2 requires that each tow that arrives at a
lock be assigned a generalized lockage type: single,
setover, or double. This determination is con-
trolled by the nature of the input data previously
discussed., The routine discussed here constructs a
cumulative distribution function from the input data
so that Monte Carlo sampling can later be accomp—
lished.

Determine Arrival Time at Lock

Tow arrival times are assigned under the assumption
that they occur randomly throughout the simulation
period and can thus be modeled as a Poisson process.
Specifically, the following equation is used:

t=(1/Nlog. [1/1 - F(1)] %)

for 0 < F(t) < 1, where F(t) 1is the probability
that an interdeparture gap < t. A is defined as
the mean tow arrival rate at the lock and is €found
by dividing the total number of tows by the total
simulation time.

To determine the departure time of the ith tow
(tj), TOWLST1 obtains a random number from the
random number generator, uses Equation 5 to compute
the headway, and then assigns the arrival times as

T,=T; +t (6)
Select Direction for Tow

Selecting a direction is a simple matter of deter-
mining the probability of obtaining one direction
over another based on the number of tows, as follows:

Prob(up) = TOWS, , (TOWS,, + TOWSgoyn) G

Once this is established, a random number between 0
and 1 is chosen. If it is less than or equal to
Prob(up), the direction is up: otherwise, it is
down. Prob{up) is then revised to reflect the fact
that a tow of one direction has been removed.

Determine Tow Type

Tow type is determined by using the randomized lists
described above. Given the direction, the appropri-
ate list is pointed to and the entries are taken off
it in succession. Near the end of the simulation
period, one list may become exhausted. In this event
the list is reused, starting at the top.

Determine Tow Size

Given direction and type, tow size 1is selected by

11

randomly sampling the cumulative distribution func-
tion established previously. Near the end of the
simulation period, a tow size may be selected that
exceeds the available number of barges. In this
case, tow size is set equal to the number of remain-
ing barges.

Determine Number of Loaded and Empty Barges

TOWLST1 uses the binomial probability distribution
to determine the number of loaded and empty barges.
This is a discrete distribution sultable for model-
ing phenomena with two possible outcomes, usually
denoted as "success" and "failure". The distribu-
tion function is simply a summation of consecutive
terms; i.e.,

X
F(x) = X b(n, p) ®)
where b(n,p) = () p* (1 - p)"7%,
Given direction and type, TOWLST1 calculates the

probability of a "success" (obtaining a loaded
barge) as
p= E Llek/(E LD;pi + TOTLMT;y) ®)

where TOTLMT is the sum of dedicated equipment and
balance empty barges and where direction i and barge
type b have been previously determined by the pro-
gram.

Next, TOWLST1 samples €rom b(n,p), where n is
equal to the tow size, to determine the number of
loaded barges. Empty barges are found by subtrac-
tion. The terms in Equation 9 are then revised to
reflect the number of loaded and empty barges that
remain.

Determine Lockage Type to Occur

TOWLST1 samples the cumulative distribution func-—
tions set up previously. Uockage types are found as
either single, setover, or double. This determina-
tion is based soley on the nature of the input data,
which in turn is a function of tow size and type.

Write Tow Characteristics to Tow List for Input to
LOKSIM2

As the characteristics of each tow are completed,
they are written to a file that is eventually used
by LOKSIM2.

Select Characteristics of Next Tow

After writing tow characteristics to the tow list,
TOWLST1 loops back to determine the arrival time of
the next tow. This loop is continued until one of
the two stopping criteria is met.

LOKSIM2 Output

The following statistics are included in the LOKSTM2
output: number of lockages, lockages with hazardous
carqo, loaded barges, empty barqges, tow size (mean,
minimum, maximum), commercial cargo tonnage, and
processing time (mean, standard deviation, minimum,
maximum). Information on the distribution of delay
time is also provided. These outputs are presented
separately by direction (up, down, and total) and
lockage category (commercial, recreational-light,
mixed, and total). A separate table reports the
current, mean, standard deviation, and maximum queue
length at the end of each day, by direction and
lockage category. This is quite useful for identi-
fying infinite queuing situations with unstable
traffic and delay statistics.
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ESTIMATION OF LOCK CAPACITY

Application of Model to Upper Mississippi River
System Locks

For the purposes of this study, the Upper Missis-
sippi system was defined as being those locks on the
Mississippi River from Locks and Dam 27 djust north
of St. Louis, Missouri, upstream to Locks and Dam 1
just south of St. Paul, Minnesota, plus all the
locks on the Illinois River. Because it was deemed
impractical to analyze the effects of all alterna-
tives at each lock, a series of representative locks
was chosen for each river. It was felt that these
locks were indicative of the systems at different
points. These were Locks and Dams 2, 10, 16, 19,
25, 26, and 27 on the Mississippi and Brandon Road,
Starved Rock, and Peoria on the 1Illinois. The
results from these locks were then applied to neigh-
boring locks.

Calibration of the model was carried out €first,
This basically involved matching generated empty-
barge movements to 1976 and 1977 PMS data. Inte~
grated barges were assumed to be 100 percent dedi-
cated--i.e., each loaded-~barge movement qgenerates an
opposite direction empty-barge movement., Dedicated
equipment percentages of the other two barge tvpes
were varied until the total empty barges qgenerated
produced a ratio of total barges to total kilotons
of commodity traffic that matched the ratio shown in
PMS (1.00 to 1.10 at most locks). This calibration
was performed individually for each 1lock, and the
resulting dedicated equipment percentages were used
for all subsequent model runs.

Distributions of lockage component time were
estimated by analyzing PMS data for 1976 and 1977.
Uniform distributions were used in all cases except
for gate operating time and RLB entry and exit
times, where constants were used.

Forecasts of upbound and downbound tonnage by
commodity group at each lock for the vyears 1977,
1990, 2000, 2010, and 2040 were made by the Corps of
Engineers. Forecasts for years between these dates
were made by using linear interpolation. Since the
objective of the analysis was to produce a complete
delay curve that captures the relation between
average tow delay and annual commodity tonnage
throughput, the exact vyear in which a particular
tonnage level is achieved is relatively unimportant.
The main use of the forecasts is to preserve the
commodity mix expected at the lock at various traf-
fic levels.,

The commodity mix also affects the seasonality of
traffic demand, which greatly influences capacity
and delay. To incorporate the effect of seasonal-
ity, each lock was simulated for each of €our sea-
sonal months: January, April, July, and October.
Each such month represents conditions for an entire
season (winter, spring, summer, and fall, respec-
tively), composed of the seasonal month plus the
preceding and following months. The portion of the
annual tonnage that would appear at the lock during
the seasonal month was calculated as follows:

Seasonal month tons = (tons in season/days in season)

x days in seasonal month (10)

Data for this calculation, which consist of
monthly tonnage by commodity group, were taken €rom
PMS observations for 1976 and 1977. This method has
the advantage of capturing seasonality without
giving undue weight to an individual seasonal month.
Later in the analysis it was discovered that two
perlods, peak (April to October) and off-peak (No-
vember to January), would work as well as four
seasonal months. Peak also assumed a July recrea-
tional traffic level, whereas off-peak assumed no
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recreational traffic. Expansion factors for peak
and off-peak periods were calculated in much the
same way as those for seasonal months.

Given the above, the model was run under existing
conditions for 1977 and 1990. Capacity was esti-
mated for the representative locks by using the
method of formulating delay curves presented in the
next section of this paper.

It is important to recognize that lock capacity
is very sensitive to tow size., Therefore, in this
study results were produced at each lock under two
tow-slze assumptlons: (a) the existing tow-size
distribution would be maintained and (b) tow sizes
would increase significantly over the next 30-50
years,

Formulation of Lock Delay Curves

On completion of the model runs, estimates of annual
traffic were made, and estimates of annual delay
were obtained by weighting the delay in each period
by the ratio of tows in that period to total tows.
The example given in Table 1 clarifies these proce-
dures. From Table 1, annual traffic = 14 944 kilo-
tons and annual delay = 107 x (2010/2451) + 31 x
(441/2451) = 93 min.

The traffic and delay estimates thus arrived at
were expressed in the form of the following hyper-
bolic delay function:

d=Dg/(Q-9) an
where

d = average tow delay at flow q,

D = averaqe delay at flow Q/2,

q = annual lock commodity traffic, and

QO = physical capacity of the lock.

This functional form was selected when sensi-
tivity tests revealed that it produced an excellent
fit to the simulation data in the region where flows
exceed 50 percent of capacity (i.e., the high-delay
region) and an acceptable fit in the low-flow re-
gion. This curve also has the essential properties
that delay is zero at zero flow and infinite at 100
percent of capacity use and the desirable feature
that one of its parameters is the estimated physical
lock capacity.

Delay curve parameters Q and D were computed from
two data points (@1, dy) and (a3, dj). It
was found that the best results were obtained when
(q1, d1) was at a traffic level that voroduced
about 50 percent use of the lock and (gp, 4y) at
a traffic level that vyielded about 95 percent use.
Use, which is defined as the time the lock 'is busy
divided by the total time in the month, is one of
the output items from the model. In some cases,
interpolation was necessary to find traffic levels
that produced 50 and 95 percent use. The equations
used to calculate O and D are

Q={(1-d;/d,)/[1 - (d192)/(d290)1} a2 (12)

D=d;(Q-q1)/a; =d2(Q-qa)/a; (13)

Table 1. Procedure for determining annual traffic and annual delay.

No. of Delay Expansion Adjusted
Period Tows (min) Kilotons  Factor Kilotons
Peuk 2010 107 2573 5.18 13 328
Off-peak 441 31 592 2.73 1616
Total 2451 14 944

Note: Txpansion factor = days in period + days in seasonal month,



Transportation Research Record 880
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A sample delay curve plot for existing conditions
at the new 1200-ft chamber under construction at
Locks and Dam 26 is shown in Fiqure 2. The physical
capacity (Q) is 96.4 million tons/year and repre-
sents the maximum traffic level that can be sup-
ported by the lock, given existing tow sizes and
ideal conditions. Because ideal conditions cannot
be attained, it is necessary to define operational
capacity to be at a level somewhat less than physi-
cal capacity. During the course of the study it was
found that operational capacity can be estimated by
selecting a point on the delay curve beyond which
the rise in the curve is essentially vertical. 1In
most cases, this occurs when the flow is 90-95
percent of capacity and average delay is in the
range of 7-10 h. This implies that the operational
capacity of Locks and Dam 26 under existing condi-
tions (with the existing tow-size distribution) is
approximately 92 million tons (95 percent of physi-
cal capacity). Of course, other criteria could be
used to select operational capacities. The delay
curve itself is the important result presented here.

The delay curve method of estimating capacity
proved to be an efficient procedure. After calibra-
tion verified the applicability of the method, all
that was required was to run the model at different
traffic levels so that peak runs produced levels of
lock use of 50 and 95 percent. Off-peak runs were
then made with the same annual commodity flows.
Thus, only two points were necessary, each of which
consisted of extrapolations that used peak and
off-peak runs.

SUMMARY AND CONCLUSIONS

The purpose of this research was to develop and
apply methods of estimating the capacity of naviga-
tion locks on inland waterways. A detailed simula-
tion model with a variety of user-specified param-
eters was developed, tested, and applied to locks in
the Upper Mississippi River system. Input data can
be easily obtained from the Corps of Engineers PMS,
Output from this model was then used to generate
delay curves from which operational capacities were
derived for existing conditions.

A variety of system improvement scenarios were
also formulated. These were necessary because
future demand for waterway transportation on the
Upper Mississippi was projected to be higher than
the current system can support. Since the effects

90 108 118 128

of the improvements accrue to various input compo-
nents of the model, simulation of them was a
straightforward process. Delay curves were then
developed for each alternative. The curves can be
used to estimate the physical and operational capac-
ities and can also be used to determine at what
point in time operational capacities are reached, if
commodity forecasts are trustworthy. In this way
future bottlenecks in the system can be identified
so that waterway planners can be provided with the
information needed to formulate and analyze various
improvement plans.
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Study of Barge Line-Haul Rates

ARTHUR F. HAWNN AND FRANCIS M. SHARP

Waterway rate characteristics are an essential part of benefit analysis of water-
way investment. For the first time, waterway rates have been collected and
analyzed over the entire Mississippi River and its tributaries as opposed to
other studies that covered only a part of that system. The study is most unique
in that rates were verified from the actual records kept by the carriers. A total
of 1700 rates were stratified based on season, origin-destination pairs, and
commodity groups. Simple regression analysis suggests that major commodity
groups, such as grains, exhibit respectable regression characteristics. The results
of the study would be an input to other major investment studies as well as
more complex rate analysis.

Benefit-cost analysis is an essential part of water-
way transportation investment decisionmaking.
Waterway rate analysis is a major component of bene-
fit calculation. This study is the first attempt to
evaluate waterway rate characteristics on the entire
Mississippi River and its tributaries. Furthermore,
this study is most unique in that "rate data" pro-
vided by the carriers were verified from actual car-
rier records. The data obtained by using this study
approach, therefore, are more credible than some
data that might have been gathered by telephone.

STUDY PURPOSE

The purpose of this study was to collect and analyze
rate data on approximately 1700 actual barge ship-

Table 1. Commodity classes for sample selection.

ments and to do this in a manner that
statistically wvalid and (b) could,
stand up in court proceedings.

(a) would be
1€ necessary,

PRELIMINARY VISITS

It was recognized that collection of confidential
rate data, including verification from actual ship-
per records, was beyond the industry's experience to
date. Thus, careful preliminary contact was made
with in€fluential industry groups and companies to
explain the purposes of the project. FEarly contact
was made with American Waterway Operators, Inc., and
with leading individuals.

These early visits were also important in that
the study team gained a clear understanding of in-
dustry record-keeping procedures, which would in-
fluence the project, and the concern of the industry
about confidentiality. Through these discussions,
it was possible to work out a data collection pro-
cedure that would sufficiently protect confidenti-
ality on the one hand while yielding verified rate
data on the other.

DATA COLLECTION VISITS

A number of follow-up trips were required to com-

Commodity Commodity
Class Code? Commodity Class Code® Commodity
1 0103 Corn 19 2818 Sulfuric acid
2 0107 Wheat 20 2819 Basic chemicals and productsb
3 0111  Soybeans o 21 2871 Nitrogenous fertilizer and fertilizer materials, manufactured
4 2049  Grain mill products 2879  Fertilizers and fertilizer materials
5 0102 Barley and rye 22 2872 Potassic fertilizer materials
0104 Oats 2873 Superphosphate
0105 Rice, rough 23 2911  Gasoline
0106 Sorghum grains 2912 Jet fuel
0119 Oilseeds® 2913 Kerosene
6 0911 Fresh fish, except shellfish 24 2914 Residual fuel oil
0913 Menhaden 25 2915  Distillate fuel oil
0912 Shellfish, except fresh 26 2916 Lubricating oil and greases
7 0931  Marine shell 27 2917  Naptha and other petroleum solvents
8 1011 Iron ore and concentrates 28 2918 Asphalt, tar and pitches
1021 Copper ore and concentrates 29 2921 Liquid petroleum gases, coal gases, natural gas, natural gas
1051 Bauxite and other aluminum ores and concen- liguids
trates 30 2991 Petroleum and coal productsb
1061 Manganese ores and concentrales 31 3311 Pig iron
1091 Nonferrous metal ores and concentrates” 3312 Slag
9 1121 Bituminous coal 3313 Coke, pitches, etc,
10 1311 Crude oil 3318 Ferraalloys
11 1442 Sand and gravel 3319 Primary iron and steel products®
12 1471 Phosphate rock b 3321 Nonferrous metals, primary smelter products
1479 Nutural fertilizer materials 3323 Lead, zinc¢ and alloys, unworked
13 1491 Salt 5 3324 Aluminum and alloys, unworked
1499 Nonmetallic minerals, except fuel 3322 Copper alloys, unworked
14 1493 Liquid sulfur 32 3314  Iron and steel ingots, forms, ete,
15 2014 Tallow, animal fats, and oils 3315 Iron and steel bars, rods, etc,
2042 Prepared animal feeds 3316  Iron and steel plates and sheets
2061 Sugar o 3317  Iron and steel pipe and tube
2062 Molasses, inedible 33 4011  Iron and steel scrap
2091 Vegetable_ oils 4012 Nonferrous metal scrap
2092 Anu.nal oils _ 4022 Textile waste scrap and sweepings
16 2810 Sodium hydroxide 4024 Paper waste and scrap
17 2811 Crude products from coal tar, petroleum and na- 4029 Waste and scrap
tural gas 34 0101  Cotton, raw
2920  Petroleum coke 35 1411 Limestone flux and calcareous stone
18 2813 Alcohols 36 4118  Waterway improvement material
2817 Benzene and toluene 3y 324 Building cement

dWaterborne Commerce Statistics Center, bNut elsewhere classified.
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Table 2. Regression of miles on line-haul rate (1977) by commedity class.

15

Commodity No. of Standard Slope per Commodity No. of Standard Slope per
Class Observations R? Error Intercept 100 Miles Class Observations R? Error Intercept 100 Miles
1 33~ 0.72 0.85 1.844 0.306 20 38 0.30 3.34 2.870 0.365
2 21 0.75 1.20 1.339 0.388 21 105 0.36 1.84 2.842 0.257
3 30 0.78 1.00 1.664 0.301 22 25 0.25 1.31 2.470 0.173
4 21 0.43 1.34 2.222 0.253 23 38 0.56 1.47 1.136 0.287
5 11 0.74 1.45 -0.14 0.663 24 34 0.53 1.73 1.182 0.342
6 . . - - - 25 59 0.83 1.25 0.417 0.447
7 4 - - - - 26 57 0.77 1.42 0.338 0.486
8 51 0.43 1.85 1.770 0.273 27 22 0.61 2.35 2.657 0.453
9 69 0.61 1.14 1.426 0.274 28 21 0.50 2.09 3.022 0.399
10 15 0.55 1.31 2.028 0.280 29 8 . - . -
11 15 0.70 0.47 1.305 0.249 30 9 - . - -
12 6 - - . - 31 61 0.49 2.43 2.217 0.386
13 34 0.27 2.79 2.802 0.244 32 82 0.53 2.88 3.182 0.589
14 - . - - - 33 44 0.19 1.92 4.689 0.233
15 27 0.47 1.52 3.226 0.327 34 20 0.29 4.63 3.923 0.522
16 g - - . - 35 31 0.57 2.22 0.045 0.684
17 49 0.48 2.66 2.231 0.350 36 2 . - - -
18 60 0.66 2.49 1.970 0.511 37 »8 - - - .
19 8 - - - -

Note: Does not include shipments with fuel surcharge or minimum tonnage rate.

plete the data collection due to the geographic dis-
persion of the companies and the fact that many had
to be visited twice for the data collection because
they had not fully understood how to respond to the
information request. Although almost all of the
companies cooperated, in some cases data were un-
available or partly or wholly unusable, which re-
duced the actual number of rates gathered.

DATA BASE (1977)

The general type of sampling plan is a stratified
one-stage design. For the selection, the sampling
unit is defined as a commodity movement of a given
commodity group by a given towboat operator between
a given set of origin-destination (0-D} docks in a
given season of the vyear. These units are then
stratified by (a) season of the year (4), (b) com-
modity group (36), and (c) O-D area (14x14), From
each stratum of thils three-way stratification, one
unit is selected, the probability of selection being
proportionate to the tonnage for that unit (as re-
lated to total stratum tonnage). All of the com-
modity movements thus selected constitute the sample
for waterway rates.

CONSIDERATIONS IN SAMPLE DESIGN

As in all sample designs, one consideration was the
limitations on the sample size imposed by costs. A
total of 1700 samples were selected out of a desir-
able sample size of 4100.

The second major consideration was the manner in
which estimates would be made from sample data.
Since parametric estimates were contemplated, it was
considered essential that commodity movements be
stratified by origin and destination so that the
whole range of variables highly correlated with
rates would be represented. Thus, one obtains the
full range of such variables as mileage, river di-
rection, and number of locks traversed for each com-
modity. Representing the extreme ends of the range
in the sample will contribute to more precise sample
estimates, since reqression estimates are more pre-
cise for interpolated values than for extrapolated
values.

The third major consideration in the design in-
volved the considerable variation expected in ton-
nage among individual shipments as well as from dock
to dock. Because of the large number of strata in-
volved in the season/commodity/O-D stratification,
it was not possible within the sample-size limita-
tion to provide for a size stratification. Making

the selection so that probability of selection is
proportionate to tonnage approximates a size strati-
fication.

SIMPLE REGRESSIONS

As a first step in the reqression analysis, the re-
gression of river miles on line-haul rate has been
calculated for each commodity group. No regression
statistics are given for any class for which there
ate less than 10 degrees of €freedom (12 observa-
tions). The commodity classes are given in Table 1,
and the reqression values are given in Table 2.

The values of R? (the percentage of variation
in line-haul rate that is explained by the relation
with miles) are rather modest for most commodity
groups. Indeed, they are very low for commodity
groups such as 20, 23, 24, and 34, However, it is
hoped that there will be substantial improvement as
more variables are added in further analysis. The
desirability of splitting up these commodity classes
should also be investigated. There were 10 com-
modity classes for which the sample was too small
for the computation (it is hoped that these can be
included when the whole sample becomes available):
e.g., Y = 1,844 + 0,306 (distance/100) for corn. It
should be noted that the slope of the regression
line is given for miles expressed in units of 100
miles,

The regression values reported were calculated
from the full data base without any deletions €or
"outlier™ observations. Examination of the residual
plot for each of the regressions indicates a number
of such "outliers", but they will not be considered
for deletion until a much later stage in the analy-
sis.

SUMMARY

With the cooperation of the waterway carrier indus-
try, it was possible to develop baseline character-
istics of line-haul rates. This study is most
unique in that all the rates were verified. Major
commodity gqroups exhibit reasonable regression char-
acteristics. Other commodity groups, due to the
small sample size, exhibit a low level of reqres-
sion. The results of this study will be a critical
input to investment analysis as well as future rate
analysis (e.g., 1980).

Publication of this paper sponsored by Committee on Inland Water Transpor-
tation.



16

Transportation Research Record 880

Mathematical Model of Inland Waterway Port Operations

MICHAEL S. BRONZINI AND ROBERT E. STAMMER, JR.

An inland waterway port model suitable for port planning and operations
studies is developed. The model design is based on a critical review of the
literature: and of available data sources and on field observations of port opera-
tions at typical inland waterway terminals. The model breaks port operations
down into seven elementary processes. Submodels of each process are devel-
oped by using queuing theory, probability, and other appropriate tools.

Inland waterway planners must respond to a variety
of challenges--economic, environmental, operational,
and managerial. Many analytic methods are available
to assist vplanners in meeting these challenges.
However, these methods are notably deficient when
applied to inland waterway ports.

The major objective of this research was to de-
velop a quantitative mathematical model to study the
operating characteristics of inland waterway vort
facilities. 1In particular, the model is to be used
to estimate port capacity and the cost and time as-
sociated with port operations at various levels of
cargo throughput. These estimates are useful for
freight system policy and planning studies. The
model will also determine the impacts of operational
changes on port capacity and delay.

Although models have existed for some time for
tow movements through inland waterway channels and
locks and for operations at ocean ports, there is
currently very little understanding of inland water-
way port operations among waterway planners and
analysts. The research described in this paper
should encourage the incorporation of inland port
considerations into the inland waterway planning
process, The first phase of this research was lim-
ited to model development and definition, but a suc-
ceeding computer programming and model testing phase
is nearing completion.

PREVIOUS RESEARCH

A comprehensive literature review revealed a scar-
city of inland waterway port models. Most past re-
search studies have concentrated on the analysis and
modeling of seaports. Abstracts of 26 selected lit-
erature sources are presented in the €inal report
(1). Recent research, such as the Inland Navigation
Systems Analysis study (2) and the Mid-America Ports
Study (3). was especially helpful. Ongoing activi-
ties such as the National Waterways Study and cur-
rent U.S. Department of Transportation efforts in
the area of energy transportation were also re-
viewed. This 1literature search verified that the
model to be developed would f£ill a definite gap in
current analytic methodology.

Probably the most valuable data source reviewed
in this study is the extensive inland terminal fa-
cility inventory completed by the U.S. Maritime Ad-
ministration as part of the Mid-America Ports
Study. This port data base covers 1200 terminals on
the Mississippi River and its tributaries and in-
cludes both physical and operational data, such as

1. Location,

2. Fleeting area characteristics,

3. Pier dimensions and construction character-
istics,

4, Type of cargo handled,

5. Availability of truck and rail access,

6. Cargo storaqe areas, and

7. Types and characteristics of handling equip-
ment.

These data, which include port throughput capaci-
ties, can be used as model input data for validation
testing.

INLAND PORT OPERATIONS

The following inland river ports and terminals were
visited during this research:

Port Terminal
Port of Metropolitan St. Louis Terminals Corpora-
St. Louis tion
Tri-City Regional Port
Granite City, Tllinois)
Rulk Services Corporation
Apex 0il Company
Art's Fleeting Service
Granite City Terminals
Corporation
St. Louis Grain
Peabody Coal Company
American Commercial Terminal
American 0il Company
Memphis-Shelby County Port
Authority
Ten-Tex Marine, Inc.
Mid-South Terminals Corpora-
tion
Island Terminal Company
Pine Bluff-Jefferson County
Port Commission
Arkansas River Terminal (Port
of Pine Bluff)
Cargo Carriers, Inc,
Martin Terminals Company
Inland Rivers Terminal
Company
Valley Terminal Company
Tresler 0il Company
River Transportation Company
Columbia Marine Services
Riverway Louisville Terminal
~ompany
Missouri Portland Cement
Company
River Road Terminals, Inc.
American Commercial Terminal
Chemtec Industries, Inc.

Wood River, Illinois
Memphis, Tennessee

Pine Bluff, Arkansas

Little Rock, Arkansas

Cincinnati, Ohio

Louisville, Kentucky

The visits to the Port of Metropolitan St. Louis and
Cincinnati included a bhoat tour of the port facil-
ities.

The major purpose of these visits was to observe
layout, equipment, and operating practices of a
variety of ports. Emphasis was placed on character-
izing the range of normal operations, observing typ-
ical practices, and obtaining photogranhs and plan
drawings of port facilities, TLabor practices,
market penetration, port economics, and the inter-
actions between port operators, fleeting and harbor
services, and towing companies were also discussed.

Throughout the field observations, cooperation by
the terminal operators was excellent. The oper-
ators' candid discussions of their operating experi-
ences represent their best estimates of what consti-
tutes "typical" conditions.

Some typical materials-handling rates at inland
marine terminals for various commodities and typical
crew sizes are given below (none of the terminals
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visited reported unloading activity for coal):

Aandling Rate

(tons/h) No. in
Commodity Loading Unloading Crew
Dry bulk 200-450 100-325 3-5
Coal 700-1400 -- 5-6
Ligquid bulk 275-400 250-325 2
Iron and steel 100-150 50-150 5-7
General cargo 100-200 40-175 5-7

These represent effective transfer rates rather than
the instantaneous capabilities of the crews and
equipment. These rates are noticeably lower than
those typical of tidewater and Great Lakes ports,
primarily because of lower mechanization and smaller
crew size. Toading is faster than unloadina due to
the gravity assist.

MODEL CONCEPT

Figure 1 shows the basic elements of an inland
waterway port. The port model is defined to include
all cargo transfer facilities 1lying between desig-
nated river miles (A, B, C, and D in Figure 1).
Some ports may contain only one terminal whereas
more complex ports will be composed of multiple
terminals. Each terminal serves one type of com-
modity and is usually either a loading or unloading
terminal, although some terminals, such as those
that handle general carqo, both 1load and unload
barges. A terminal, then, may have one or more
docks, aprons, storage areas, and waterside and
landside cargo transfer facilities. Thus, the port
the modeler desires to study can be represented by
the number and types of terminals, their associated
docks, and any fleeting areas that lie between des-
ignated river miles. The flexibility of designat-
ing specific river-mile boundaries will allow the
model to be compatible with existing data collection
and analysis systems.

The model is intended to apply to river ports
only. Where an inland waterway port interfaces with
Great Lakes or ocean shipping, the other waterborne
mode will be treated similarly to a land mode. Al-
though the model emphasizes tows rather than self-
propelled vessels, it has sufficient flexibility to
accommodate self-propelled vessels when necessary.

Figqure 2 shows the general traffic patterns
within an inland waterway port complex. The diagram
indicates that tows stopping at the port will travel
either to a fleeting area or directly to the ap-
propriate terminal whereas other tows may pass di-
rectly through without interfacing with any port
activity.

Figure 3 defines the terminal elements. Cargo is
interchanged at the terminal either with a waterside
plant or with another transportation mode. The
transfer between the other mode and the inland
waterway may occur directly or may be buffered
through the terminal storage areas. The port activ-
ities are defined to include the transfer of cargo
to or from the user's storage facilities and to or
from the interfacing cargo vehicle (railcar, truck,
ocean barge, etc.). Subsequent material movements
within the plant and dispatching of loaded or un-
loaded cargo vehicles are not included because it is
assumed that these activities can occur without
interfering with terminal operations. On the other
hand, delays that occur while equipment is being
marshalled to facilitate the transfer of cargo
across the system boundary will be considered within
the model. Most terminals serve either a waterside
user (who usually owns the terminal) or other trans-
portation modes, but not both.
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MODEL STRUCTURE AND LOGIC

As mentioned earlier, the port is defined as a set
of geographically contiquous terminals. Each ter-
minal may have several docks operating in parallel,
where docks are unique to commodity groups (i.e.,
all handle 1liquid bulk, dry bulk, or general
cargo). Each dock may also have several berths that
operate in parallel.

This model structure permits each terminal to be
modeled in considerable detail, or all terminals of
a particular type can be aggregated and treated as a
single terminal, depending on the desires of the
analyst. When individual terminals are grouped into
a single terminal (e.g., a liguids terminal}, the
single terminals can be modeled by considerinqg them

Figure 1. Inland waterway port.

Terminal

Fleeting Area

Figure 2. General port traffic flow.

B Tow Arrival

Fleeting

Areas Terminals

Tow Departure
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to be individual docks (e.g., chemical docks, petro-
leum docks, etc.), each of which may have several
berths.

Based on previous research and on the field ob-
servation of port operations, a port model consist-
ing of a series of seven submodels was developed.
Each submodel represents one type of activity, re-
quires a siqnificant amount of time to complete, and
represents one segment of the total port operation.

The seven activities for which submodels were
developed include

1. Tow travel,

2. Harbor tow travel,

3. Barge pickup and delivery,
4, Fleet dispatching,

5. Barge loading and unloading,
6, Dock access, and

7. Tow dispatching.

Mathematical relations for each of these seven sub-
models were developed and range in complexity €from
simple equations to more complex algorithms and
queuing theory equations.

The followina sections detail the mathematical
relations used to represent the seven activities.
In each case, the submodel produces an estimate of
the average time required to complete the activity.
Figures 4 and 5 show the sequence of inbound and
outbound activities, respectively, and the numbers
in the boxes correspond to the activity numbers and
submodels defined below.

Activity 1: Tow Travel

The process for tow travel is
t|d=Xd/Vt 03]
where

t1q = travel time to or from terminal 4,

Kg = travel distance to terminal 4, and

Ve = average tow travel speed within the port
area,

Tow travel speed is actually a function of many
variables, including towboat horsepower:; tow draft,
length, and width; and channel depth and width. 1In
addition, tow speed depends on travel direction
(upstream or downstream) and current velocity. How-
ever, at the scale of analysis of the port model,
tow travel times are on the order of 1 h or less
whereas several other port processes require many
hours or even days. Hence, there is no need to in-
corporate a sophisticated model of tow speed. Aver-
age travel speed provides sufficient accuracy.

Several mathematical models of tow speed are
available (2,4). The analyst may wish to use these
models to estimate average tow speeds. Such results
should be tempered by any speed restrictions that
may apply to the harbor area being modeled.

Activity 2: Harbor Tow Travel

The process for harbor tow travel is

tag = Xalvy )
where
tyg = travel time of harbor tows to terminal 4 and

vh average harbor tow travel speed.

Harbor tows are normally small tows that consist
of one to four barges pushed by a harbor boat of
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Figure 3. Elements of a terminal
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Figure 5. Outbhound activities.
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500-1500 hp. They may have travel speeds substan-
tially different from those of line~haul tows and so
are treated separately in the port model. However,
the analyst may safely use vh = v¢ for typical
fleeting activities without introducing significant
error.,

Activity 3: Barge Pickup and Drop-Off

The process for barge pickup and drop-off is
13 =2 poiag +2, (n-1n]  i=d,f (3
where

t3q = average time required for a line-haul or
harbor tow to pick up or drop off barges at
terminal 4,
ty3f = average time required for a line-haul or
harbor tow to pick up or drop off barges at
fleeting area £,
probability that n barges are picked up or
dropped off at one time (I ppq = 1.0V,
n

Pnd

a] = time to pick up or drop off the first barge
handled, and

ag = time to pick up or drop off each additional
barge.

Barges are picked up and dropped off at both
fleeting areas and terminals, bv both line-haul tows
and fleeting-service tows. This time element in-
cludes only the actual barge handling time, ex-
clusive of any dispatching or congestion delays.
Port operators indicate that this operation requires
10-20 min/barge, 15 min being a representative aver-
age. There is some time savinas when more than one
barge is handled during one stop, so the incremental
time (ap) is on the order of 10 min. These typi-
cal values seem to hold across all types of ter-
minals handling a variety of products.

Activity 4: Fleet Dispatching

The process for fleet dispatching is

tagg = /(A By, -By) §=1.2,...G )
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where

t4dq = average time elapsed hetween a request for
fleeting service and the departure of a
harbor tow for terminal 4 in vpriority
qroup q,

A=t -yt 5, (i) + B,
Be=1-( & v )00,

By =1,
G = number of terminal priority groups (G > 1},

h = number of harbor boats in service at any
one time (h > 1y,
tg = average harbor tow service time
= [2(Qgg/bng) (t3g + 2t29)/Z(Qeq/brg?l + t3¢.
d d
Y§q = average rate of requests for service by

terminal priority group q = (2Qq/bhq)/Tf,
r = average harbor boat use = tgyg < h, yg =
zyfq!
q
Ogq = total barges fleeting for terminal 4,
Q. = total barges fleeted for priority group g =

g
I Qggr
deg
Tg = total time fleeting service is in opera-
tion,

bj,g = average number of barges per harbor tow
trip to terminal @ = I nppg., and
n
bhq = average number of barges per harbor tow
trip to a terminal in priority group g =

£ Q¢abha/Qqg-
deg

The fleeting service is modeled as a nonpre-
emptive priority queuing system (5). There are G
priority groups (group 1 has the highest priority
and group G the lowest), and the reguests for ser-
vice from the highest-priority group in the queue
are answered on a first-come, first-served basis,
Assignment of priority groups is entirely left to
the discretion of the model user. One assignment
rule that seems to correspond to actual practice in
many cases is to rank the terminals on fleeting ser-
vice use and to form groups so that Q; >07 > ...
> QG-

In this queuing model, the system has h service
channels, where h 1is the number of harbor boats
operated by the fleeter. Each harbor boat is as-
sumed to have the same average service time (tg),
which is the average time (weighted by number of
trips) needed to pick up or drop off barges at the
fleeting area, to travel to and from the terminal,
and to drop off or pick up barqges at the terminal.
Furthermore, the service time is assumed to be an
exponentially distributed random variable. Although
the assumption of equal service time is not gen-
erally true, in most cases the service~-time dif-
ferentials are not very large. The distribution
assumption is also questionable, but not critical.

The rate of service requests is different for
each priority gqroup and is calculated as twice the
number of barges fleeted divided by the average tow
size and distributed over the total operating time,
A Poisson input process is assumed.

Activity 5: TLoad and Unload Barges

The processes for loading and unloading barges are
Toa = /v 1= L )

tsaki = Tsawi + (Tsaki/Hak); (24 - Hyk) + Py (168 - 24Dgi)  i=1,u ©)
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where

t54ky] = time to load one barge with commodity k at
terminal 4,
tgqky = time to unload one barge of commodity k at
terminal 4,
gk = average barge load for commodity k,
ugki = average effective barge loading rate for
commodity k at terminal 4,
ugky = average effective barge unloading rate for
commodity k at terminal 4,
average hours per day that berths serving
commodity k are in service at terminal 4,
(%) 1 = largest integer contained in ¥,
= {1 - exp [-L(168 - 24Dy4, ) 1}[(7 ~ Dy, /7],
Dqkx = average days per week that berths serving
commodity k are in service at terminal 4,

(£ I Ngki)/ (WgxDPakHak) »
di

Hak

[
"

Ngk1 = total number of barges of commodity k
loaded at terminal 4,

Ngky = total number of barges of commodity k un-
loaded at terminal 4, and

Wak = weeks during the analysis period that
berths serving commodity k are in service
at terminal 4.

In Equation 6, the first term is the number of
hours required for the commodity transfer process.
The second term captures delays incurred during
daily nonoperating periods, if any, for barges that
reguire more than one day to load or unload. The
last term accounts for weekend periods of inactiv-
ity. In this term, P, is the probability that a
barge would complete service during the weekend
hours. The expression for P, assumes that barge
arrivals for service during operational hours follow
a Poisson process and barge service times are ex-
ponentially distributed. This implies that the com-
pletion process is also Poisson. The exponential
factor is simply the probability that one or more
barges will finish the loading or unloading pro-
cessing during any period of (168 - 24Dgy) con-
secutive hours, and the remaining factor is the
probability that this period falls on a weekend.
The distribution assumptions made here are required
by the submodel for activity 6: hence, they are used
here primarily to maintain consistency rather than
for any compelling theoretical or empirical rea-
sons. The loading and unloading rates used here
should be the controlling rate for the berths ser-
vicing commodity k, including the effects of the
system used to move materials between the apron and
the storage or intermodal transfer facilities of the
terminal.

Equation 6 produces estimates of the total time
required to process one barge completely. The aver-
age transfer time for the cargo involved will be
approximately half the barge holding time. It is
possible to compute the exact cargo delay time, but
the approximation is sufficiently accurate.

This submodel can also be used to compute the
towboat delay for unit tows, 1In this case, the tow-
hoat and barges will be held for as lonag as it takes
to complete a number of consecutive loading or un-—
loading operations., To account for this, Bquation 5
is modified as follows:

Tsaki = (Ngke/Nar) Tsaki

where nggy is the number of barges in a unit tow
of commodity k at terminal 4 and ngy is the number
of (simultaneously operating) berths serving com-
modity k at terminal d.



Transportation Research Record 880

Activity 6: Access Dock

The process for access-dock activity is

Xoak = { [(Ya/Mai) "™ Raie] /[Yarnae! (1 - Rax)*1} Co Q)]
where

tgqk = average time between arrival of a barge of
commodity k destined for terminal 4 and
the time that the terminal is readv to re-
ceive the barge,

Yqkx = average rate of arrival of barges of com-
modity k at terminal & = (ngxy + Ngku'/
(WakPakHak! »

My = average barge service rate per berth serv-
ing commodity k at terminal d = 1/[2t3g +
(Nak1Tsak1 + NakuTsakw) / (Mak1 + Naku)l

ngx = number of berths available to serve commod-
ity k at terminal 4,

Rgk = average use of berths serving commodity k
at terminal 4 = de/(ndkMde <1, and

dk-1

Com 1|5, [(VaulMacPit] + [(Vax/Ma)" Il (1 - Ras)

Then

toak = Xoaic + {1 - exp[-Yar(24 - Hg)l} [(24 - Hai)*/48]
+ {1 - exp[-Ya(168 - 24Dgi)]} [(168 - 24Dy, )?/336] ®)

where Y.dk = dedeHdk/lss.

The terminal is modeled as a gueuing system with
identical parallel servers, where each berth servic-
ing a commodity is one server. Service time is ex-
ponentially distributed with mean 1/M5; and in-
cludes the average time the berth is occupied by a
barge (drop off, load-unload, pick up). Arrivals at
the dock are Poisson at mean rate Ygg. Equation 7
is the expression for average waiting time due to
berth occupancy. Equation 8 adds to this waiting
time in port due to arrivals during nonoperating
periods (nights and weekends). Again, Poisson ar-
rivals and expohential service are assumed. In this
case, however, the arrival rate is adjusted to re-
flect arrivals occurring during 168 h/week. The
general form of both the second and third terms of
Equation 8 is delay = probability of arrival dur ing
T hours x probability that T is a nonoperating pe-
riod x average delay during period T.

Submodel 6 assumes that each barge is a separate
traffic unit. This is incorrect for unit tows. The
correct result can be obtained by considering such
tows to be single "barges", with capacity equal to
the tow capacity. This adjustment does not affect
delays due to berth use (Equation 7) but causes a
reduction in the probability of arrival during non-
operational periods, A commensurate adjustment to
the number of berths must also be made. In most
cases, unit tows serve exclusive terminals, so there
is little problem with applying the model in this
fashion. As a first approximation, it is acceptable
to ignore the unit tow problem, with the recognition
that delay will- be somewhat overestimated. A more
detailed model would consider unit tows as bulk ar-
rivals at an n-server queuing system.

Activity 7: Tow Dispatching

The process for tow dispatching is

L7k = TN )
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tqy = averaqge time that barges with commodity k
wait for a tow at a dock or fleeting area,
T = total time in the analysis period, and
Nk = number of tows serving commodity k that call
at the port during time T.

Equation 9 depends on the assumptions that barges
become ready for pickup randomly following a Poisson
process and tow arrivals are also Poisson. Hence,
the time from a barge arrival to a tow arrival is a
random variable exponentially distributed with pa-
rameter Ni/T. If unit tows are involved, Equation
9 does not apply, since the towboat waits for its
barges. In this case, tyx = 0.

RESEARCH IN PROGRESS

Example calculations made with the model are pre-
sented in the project final report (1). Based on
those examples, the model appears to give reasonable
results. More thorough examples and computations
are being performed now that the model is programmed
for the computer, since manual calculations can be-
come quite tedious. The final report of the second
research phase will include program documentation
and the results of model testing.
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Selected Productivity Comparisons in Surface Freight
Transportation: Inland Water, Rail, and

Truck, 1955-1979

SAMUEL EWER EASTMAN

Aggregate productivity measurements for surface freight transportation are
made, limited to a single measure of output—net ton-miles of transportation
produced—for measured inputs of labor, capital, and energy. The ton-mile
output measure was selected because it is shown that inland barge carriers and
railroads, the principal comparison made, carry cargoes that average out to
nearly the same density, 60-65 Ib/ft°. In addition, equipment use by rail and
barge is compared. Barges are shown to be more productive than railroads by
all measures studied. The analysis shows that labor productivity for water,
measured in ton-miles per employee year, is four to five times greater than for
rail for selected periods beginning in 1955. An average annual aggregate labor
productivity growth rate of about 10 percent is shown for both water and rail.
In contrast, truck productivity shows little gain over the period. Inland water
capital productivity, measured in ton-miles per dollar of investment, is two to
three times that of rail. Comparisons of water and truck show that investments
in water transportation have been four to seven times more productive in re-
cent years. On a route-mile basis, barging ranges from more than twice as en-
ergy efficient to nearly four times as energy efficient as rail. When circuity is
taken into account—for example, for shipments between Minneapolis and New
Orleans—barges continue to outperform railroads in energy productivity, the
extent depending on which of the many available rail routes is used. In com-
parisons of barge use and rail freight-car use, rail freight-car use is found to be
substantially lower and to have declined in recent years.

The operation of a transportation organization can
be viewed as a blending of various scarce resources
into an efficient and effective combination to pro-
vide a service to the user public. The chief scarce
resources used in this type of service are labor,
capital, and energy. These particular classes of
resources can also be viewed as major expense items
that qo into the provision of transportation ser-
vices for the general population.

When one views the use of scarce resources, the
concept of productivity becomes a useful focus be-
cause it provides a definition of efficiency for
comparative purposes, Thus, one can compare the
productivity of competing services; the most pro-
ductive service--i.,e., that which wuses 1less re-
sources to produce the same service--may be regarded
as the more efficient.

Productivity 1is traditionally defined as the
ratio of output to input. In order to properly cap-
ture the total perspective of a €firm's operation,
the total output of the firm should be related to
the combination of the partial inputs--i.e., 1labor,
capital, and enerqy. The traditional view of pro-
ductivity, largely effected by the Bureau of Labor
Statistics, is the ratio of output to labor hours
(1). The more modern view attempts to relate the
entire spectrum of scarce resources as they are
marshaled to produce the required level of service
(2-5). This type of total factor ©productivity
analysis is difficult to do at the aggreqate in-
dustry level in the transportation field due to lack
of data. However, at the individual transportation
organization level, the total factor productivity
perspective shows great promise of providing an un-
derstanding of the use of the various scarce eco-
nomic resources as they are combined to produce a
service to the public. A recent study conducted in
the environment of a single motor-carrier firm
showed the feasibility of this type of analysis (6).

This paper addresses the relative trends in pro-
ductivity of the waterway mode of transportation as

it compares with the two main competitive modes,
truck and rail., All three of the major dimensions--
labor, capital, and energy--are considered. Capital
productivity 1is considered both on an aqgregate
basis and in terms of equipment use.

It is important to exercise considerable care in
the manner in which outputs and inputs are defined
prior to the combination within the productivity
relation. 1If dollars of revenue are used as an in-
dicator of the output of a transportation organiza-
tion, the impact of inflation will readily confuse
and distort the analysis. To use the productivity
concept properly, the output should be in quantities
and the input should also be in a relevant quantity
unit.

The output of a transportation organization is a
service. This service contains several key dimen-
sions:

1. Efficiency in the movement of freight,

2. Timely delivery to the destination, and

3. Quality of service in terms of frequency, re-
liability, lack of damage, and supply of information
en route,

This analysis concentrates on the efficiency di-
mensions. The first basic question to be addressed
is the nature of the physical unit that will be used
to represent the output of the transportation ser-
vice. Obviously, a transportation organization is
in the business of moving freight from origin to
destination in a timely manner with minimal damage.
One could address as a unit of output several dif-
ferent quantity units:

1. Number of customers served,

2. WNumber of individuval bills of lading trans-
ported,

3., Number of tons moved through the system,

4, Number of ton-miles transported through the
system, and

5. Value of goods transported.

The unit chosen must be the one that has the most
meaning and can be derived from normal information
systems within the organizations and within the in-
dustries. The first two units of output 1listed
above could be extremely misleading as one tried to
perform trend analysis to ascertain whether an in-
dustry was becoming more or less productive. Tons
of freight moved can also be misleading, especially
if the average length of a shipment changes over
time, which appears to be the case in the transpor-
tation industries. For example, in the period from
1950 to 1975, the average length of haul for a Class
1 motor common carrier increased from 235 to 286
miles. In the rail system, an increase from 416 to
518 miles was exhibited, For water transportation
on rivers and canals, in 1955 the average length of
a shipment was 256 miles and in 1975 it had in-
creased to 358 miles (7).

The ton-mile appears to be the most relevant in-
dicator of output for a transportation organization,
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even this concept can be misleading (8-14). If
average density of freight moves from the heav-
level to a lighter level, the productivity of
the freight movement could be affected solely be-
cause of the nature of the freight density. The
space occupied on the transportation equipment and
the labor necessary to move the freight might remain
stationary while the ton-mile fiqure decreased.
This would indeed show a decrease in productivity,
which might not be substantial when one looked

deeper. One other useful aspect of the ton-mile
concept is that it indicates the ability of the
transportation organization to properly use and

schedule its fleet. If traffic can only be main-
tained in a one-way mode, a great deal of deadhead
traveling back to origin will be needed, which would
use all of the input resources while providing no
ton-miles of service. Thus, the effectiveness with
which the transportation network is managed will be
partly captured with the ton-mile concept.

AGGREGATE PRODUCTIVITY COMPARISONS:
LABOR AND CAPITAL

Labor and capital productivity estimates that use
ton-miles as the measure of output are given in Ta-
bles 1 and 2 at the aggregate level for water, rail,
and truck and at the individual organizational level

Table 1. Aggregate labor productivity for water, rail, and truck: 1955-1979.

Thousands of Ton-Miles per
Employee Year

Water/Rail Water/Truck

Year Water?® Rail® Truck® (%) (%)
1955 2010 524 222 26 It

1960 2817 654 147 23 5.2
1965 5040 965 173 19 34
1970 9097 1230 162 13 1.8
1975 8627 1411 144 16 1.7
1976 9557 1515 155 16 1.6
1977 9718 1632 184 17 1.9
1978 8280 1622 140 19 1.7
1979 7805 1658 180 21 2.3

Note: Average annual growth is 12 percent for water, 9 percent for rail, and -0.1 percent

for truck.

4 Calculations based on tons carried and average number of employees from Interstate
Commerce Commission (ICC) Transport Statistics in the United States: Part 5—Car-
riers by Water, Class A Carriers, for respective years. Average length of haul used was
for that of all inland water carriers from U.S. Army Corps of Engineers® Waterborne
Commerce of the United States: 1'art 5—National Summaries, Table 3, page 96, for

respective years.,

Calculations based on ton-miles and average number of employees for Class 1 line-haul
e railroads (7, pp. 8 and 23).
Calculations based on tons carried and average number of employees from ICC Trans-
port Statistics in the United States: Part 2—Motor Carriers, Class 1 Common Curriers
of General Freight Fngaged in Intercily Service, for respective yeurs. Average length

of haul used was that for all intercity motor carriers (7, p- 15).

Table 2. Aggregate capital productivity for water, rail, and truck: 1955-1979.
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for water and truck. These productivity estimates
are given for several time periods beginning in
1955. Measured in thousands of ton-miles per em-
ployee year, water labor productivity shows a rela-
tively stable relation 4-5 times more productive
than rail over the time period. 1In contrast, water
labor productivity triples in comparison with truck
productivity over the period: Water is about 10
times more productive in 1955 and about 40 times
more productive in the late 1970s. This is re-
flected in an average annual labor productivity
growth rate of 10 percent for both water and rail
over the years considered but a much smaller, even
negative, average annual labor productivity growth
rate for trucking.

As noted earlier, caution must be exercised in
drawing hard and fast conclusions from these com-
parisons because of differences in cargo densities
and the different services offered by the three
modes. This is particularly true of water and truck
comparisons, which include, for truck but not for
water, labor-intensive pickup, delivery, and consol-
idation services that involve the handling of low-
density freight. A productivity comparison of water

and truck, limited to line-haul service, is qiven
later in this paper.
Aggregate capital productivity for the three

modes measured in ton-miles per dollar of property

and equipment and per dollar of total assets is
given in Table 2 for the years 1955-1979. Again,
the water-rail comparison is relatively stable:

Water capital productivity is about twice that of
rail based on property and equipment investment

(rail right-of-way is included only in estimates
based on total assets). Comparisons of water and
truck capital productivity show investments in

trucking to be about half as productive in the late
1950s but decreasing so as to be one-quarter or less
productive than comparable investments in water in
the late 1970s.

All of these capital productivity estimates are
based on current dollars, and this during a period
of substantial inflation. Since the useful life of
trucking equipment (4-8 years) is substantially less
than that of equipment used to produce water and
rail transportation (20-30 years), the substantial
decrease over the period of truck ton-miles per dol-
lar of investment, compared with more stable values
of water and rail ton-miles per dollar of invest-
ment, is partly a reflection of the inflation of the
period. Truck transportation, using equipment of
shorter life, shows the effect of inflation sooner.
As the value of the dollar decreases, ton-miles pro-
duced per dollar invested in equipment will decline
without any true change in capital productivity. By

Property and Equipment

Total Assets

Ton-Miles per Dollar®

Ton-Miles per Dollar

Water/ Rail Water/Truck Water/Rail Water/Truck
Year Water Rail Truck (%) (%) Water Rail Truck (%) ()
1955 83.0 55.1 48.6 66.4 58.5 86.3 21.2 48.4 24.5 56.1
1960 73.0 43.8 25.8 60.0 35.3 79.7 19.3 27.6 24.1 34.5
1965 80.5 48.8 23.3 60.6 28.9 81.6 23.0 23.1 28.2 28.3
1970 130.2 46.2 1714 35.5 13.1 144 .4 23.0 15.5 15.7 10.7
1975 91.1 41.8 21.1 45.9 23.2 87.5 20.1 10.3 23.0 11.8
1976 99.1 44.7 21.8 45.1 22.0 88.1 222 10.5 25.2 1.9
1977 85.9 43.5 21.7 50.7 25.3 76.2 217 10.4 28.5 13.6
1978 85.7 44.2 20.7 51.6 23.8 74.6 22.3 9.95 29.9 13.3
1979 86.4 44.0 17.6 50.9 204 65.9 22.0 8.78 334 13.3
Note: Sources of ton-mile data same as in Table 1.
All financial data taken From 1CC Trunsport Statistics in the United States: art S—Carriers by Water, Part | —Railroads, and Part 2—Motor Carriers, lof

respective years.

ay, B . [y
Excluding reserves for depreciation.
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the same token, the relatively stable showing of
these values by water and rail over this period sug-
gests that capital productivity has increased mark-
edly in these industries.

DATA BASE AND CARGO DENSITY

Railroads have been regulated by ICC since the turn
of the century; they are required to report data on
traffic and £finances. The series Transportation
Statistics in the United States, published annually
by ICC, provides one complete and continuing source
of data on railroads, The foregoing analysis is
based on these data. A recent study confirms the
finding above that there has been a substantial
growth in rail aggregate productivity (15,16).

Such a complete data base is not available for
the trucking industry or for water carriers, includ-
ing carriers on the inland waterways, which are the
focus here. Only the requlated water carriers and
trucking companies are required to report traffic
and financial information to ICC--estimated to be
less than 10 and 50 percent, respectively, of the
industry totals (7 and Waterborne Commerce). aAn
overall check of the data given in Tables 1 and 2,
based on statistics from ICC, can be made by compar-
ison with a hypothetical line-haul operation
(common-carrier truck).

For the waterway mode, one can relate the ton-
miles transported for a given one-way trip to the
cost of that capital as it is deployed. For compar-
ison purposes, it is assumed that a 30-barge tow,
each barge carrying 1500 tons, is driven by a single
tow bomat. New capital costs of these resources atre
$300 000/barge and $3.5 million/tow boat. The es-
timated 1life of these resources is taken at 25
years. The capital charge should be made up of two
components: a depreciation component, which allows
Eor capital recovery, and a return component, which
represents a fair return €for this initial invest-
ment. Por the purposes of this analysis, straight-
line depreciation is used along with a 20 percent
annual return requirement on the initial investment.

Thirty barges at $300 000 each = $9 000 000.

One tow boat at $3.5 million = $3.5 million.

Total new investment = $12 500 000,

Depreciation charge (25-year straight-line basis) =
$500 000/vyear.

Return = $12 500 000 x 0.20 $2 500 000,

Total yearly capital charge = $3 000 000/30-barge
tow.

For a tow from St. Louis to New Orleans, a distance
of 1039 miles, the time in transit would be approxi-
mately five days. The capital productivity, ton-
miles per dollar of capital, would be 46 755 000
ton-miles/$42 857 = 1091 ton-miles/$ [$3 000 000 x
(5/350) = $42 857].

In terms of labor productivity for this hypo-
thetical trio, the ton-miles per labor hour would be

Five days x 8 crew members per shift = 960 man-hours.
46 755 000 ton-miles/960 = 48 703 ton-miles/man-hour.

For the common-carrier truck mode, for a similar
trip from St. Louis to New Orleans, a distance of
673 miles, a 40-ft tractor-trailer combination would
exhihit the following productivity characteristics.
At a speed of approximately 45 miles/h, the trip
could be completed in one €full day. The weight
limit o€ 44 000 1b for the trailer would produce a
total ton-mile output of 14 806 ton-miles., The ini-
tial cost of a trailer is approximately $11 500, and
the initial cost for a tractor is approximately
$38 000, which gives a total vehicle capital cost of
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$49 500, If one uses a five-year depreciation
schedule and a 20 percent return, the annual capital
charge for the trailer and tractor would be
$19 800, Since this trip could be completed within
a 24-h period, the capital charge for this activity
would be $56.57. 1In terms of capital productivity,
14 806 ton-miles/$56.57 = 262 ton-miles/$. Labor
productivity would be 14 806 ton-miles/24 man-
hours = 617 ton-miles/man-hour.

A comparison of the results for the two modes
shows the following:

Productivity
Labor
Capital (ton-miles/
Mode Data (ton-miles/$) man-hour)
Waterway Line-haul 1091 48 703
ICC 86.4 4 460
Truck Line~haul 262 617
ICccC 17.6 103

One would expect the line-haul productivity to be
substantially higher than that reported for all
operations to the ICC, and this comparison shows
clearly that it is. For inland waterway, the line-
haul man-hour productivity is about 10 times that of
all operations (48 703 versus 4460 ton-miles). For
trucking, it is about 6 times qreater (617 versus
103 ton-miles). The financial comparisons give
line-haul an even greater advantage, more than 12
times in the case of water (1091 versus 86.4 ton-
miles) and about 15 times in the case of trucking
(262 versus 17.6 ton-miles).

Finally, there is the effect of carqo density on
productivity comparisons that use ton-miles. The
carrier of lower-density carqoes by one mode will,
in comparison, understate true productivity. The
data given in Table 3 show that inland barge car-
riers and railroads carry cargoes that average out
to nearly the same density--60-65 1b/ft?.

ENERGY EFFICIENCY OF BARGES AND RAILROADS

A third aggregate dimension of productivity is en-
ergy. Energy efficiency, or energy intensiveness as
it is often called, is measured for moving freight
by ton-miles of transportation produced per gallon
of fuel burned and by British thermal units (Btu)
per ton-mile., The Btu measures the quantity of en-
ergy input in the productivity equation. For ex-
ample, 1 gal of No.2 diesel fuel contains 138 700
Btu.

In comparing the energy intensity of barges and
railroads, careful attention must be paid to making
"like comparisons". In addition, water and rail
transportation route circuity must be taken into ac-
count.

Comparison of the enerqy efficiency of a 30-barge
tow of 45 000 tons, line-haul downriver on the Mis-
sissippi, with the average for all railroads hauling
all cargoes favors barging. Similarly, comparison
of a 1ll0-car unit train of 11 000 tons, line-haul
down the mountain to a vort, with the averaqe for
all barge companies hauling all cargoes favors
rail. Studies show the €followina comparisons of
"best" and "average" cases for both barge and rail
(15) ¢

Btu per Ton-Mile Ton-Miles per Gallon

Case Barge Rail Barge Rail
Best 103 396 1347 350
Average 270 686 514 202

By barge, 1 gal of diesel fuel will move 1 ton 1347
miles in the best case and 514 miles in the average
case and, by rail, 1 gal will move 1 ton 350 miles
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Table 3. Tons of cargo carried and cargo density for rail and inland waterway: 1978,
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Rail Inland Waterway

Tons Cargo Tons Cargo

Carried? Percentage I')unsityb Density Carried? Percentage Density Density
Commodity Group (000 000s) of Total (Ib/it?) Weighting® (000 000s) of Total (Ib/ft3) Weighting®
Farm products 128.7 9.66 40 3.86 50.303 10.13 40 4.05
Fresh fish and other marine products o £ £ £ 8.892 1.79 30 0.54
Metallic ores 112.5 8.45 100 8.45 6.717 1.35 100 1.35
Coal and lignite 383.1 28.76 70 20.13 114.608 23.07 70 16.15
Crude petroleum o - R £ 47,426 9.55 50 4,77
Nonmetallic minerals 134.7 10.11 100 10.11 71.737 14.44 100 14.44
Food and kindred products 95.4 7.16 30 2.15 10.576 2.13 30 0.64
Lumber and wood products 95.1 7.14 20 1.43 4,878 0.98 20 0.20
Pulp, paper, and allied products 41.4 3.11 32 0.99 2.720 0.55 32 0.18
Chemicals and allied products 106.7 8.01 43 3.44 34.295 6.90 43 2.97
Petroleum and coal products 44.4 3.33 49 1.63 123.563 24.88 49 12.19
Stone, clay, glass, and concrete products 59.9 4.50 80 3.60 5.245 1.06 80 0.85
Primary metal products 60.1 4.51 155 6.99 7.869 1.58 155 2.45
Transportation equipment 32.2 2.42 6 0.15 . £ £ -
Waste and scrap materials _37.8 _2.84 100 2.84 10.853 _2.18 100 2.18
Total 1332.0 100.00 65.77 496.682 100.0 62.96

2 From Assoclation of Railronds (17).
From American Trucking Associufions, Inc. (18).
Column 2 % column 3,

e Table 10, page 30.
Quantity is negligible.

in the best case and 202 miles in the average case.
On a route-mile basis, barging ranges from more than
two times as energy efficient as rail (average com—
parison) to nearly four times as enerqgy efficient
(best comparison).

Towboats follow winding rivers, and railroad
tracks are built along easy grades. The resulting
water or rail route is rarely the shortest distance
between origin and destination. In addition, rail-
roads usually offer a choice of routes, and studies
show that rail freight does not always move over the
shortest rail route (19).

To accommodate these variables, water and rail
routes are compared with the "Great Circle" distance
to obtain estimates of route circuity. For example,
the inland water distance from Minneapolis to New
Orleans is 1.6 times longer than the Great Circle
distance. The rail route can be from 1.2 to 1.9
times the Great Circle distance, depending on which
railroads carry the traffic and the routes selected
on those railroads. Adjustments for circuity should
be applied to route-ton-mile estimates of energy in-
tensity when comparisons are made between specific
points of origin and destination (19).

A comparison has been made of the relative energy
efficiency to move grain from Minneapolis to the
Gulf, taking rail and water circuity into account.
It shows inland water is from 45.9 to 130.7 percent
more energy efficient than rail, depending on which
of the 10 different rail routes studied is actually
used for shipment (19).

EQUIPMENT UTILIZATION

A popular measure of productivity that is less ag-
gregate than labor, capital, and energy is equipment
utilization. It is used by management within a
single firm as a tool for control of the company's
operations, and it is used to compare the relative
productivity or efficiency of two or more firms pro-
ducing the same transportation service or product.
All else being equal, the firm with higher equipment
utilization may be the more efficient.

Transportation equipment utilization is generally
measured in two ways. One is the freguency with
which the piece of egquipment--barge, rail car, or
truck trailer--is in motion producing transportation
(hours per day, miles per vyear, etc.). The other
relates to whether that piece of equipment, while in
motion, is carrying a load, part of a load, or mov-

dFrum U.S. Army Corps of Engineers, Waterborne Commerce of the United States: Part 5—National Summaries,

ing empty into position for a load (percentage of
barges in a tow that are loaded, percentage of total
rail car miles that are loaded, etc.). The two mea-
surements are often related in a given market where
fewer hours on the move may mean larger individual
loads when movement does take place. In addition,
of course, the nature of each market itself imposes
constraints--for example, where only one-way loads
are possible. Such would be the case of unit coal
trains operated with dedicated equipment from a
single mine. Efficient equipment utilization in
this case depends on train turnaround time, since
the cars will all be full in one direction and empty
in the other.

The data given in Table 4 show that from 1947 to
1977 annual rail car miles decreased from 32,2 bil-
lion to 28.7 billion, about a 12 percent loss over
the period. However, the percentage of total car
miles for which cars were loaded decreased even more
sharply, €rom 66.4 percent in 1947 to 58.6 percent
in 1977, a nearly 17 percent loss over the period.
These data show, for example, that in 1977, when
rail cars moved, they were loaded only 56.8 percent
of the time.

Comparable historical data on barging are not
available, but a 1978 U.S. Army Corps of Engineers
study based on vessel logs (20} measured the per-
centage of barges in the tows sampled that were
loaded. The results are given in Table 5 for 11
major inland river systems. Equipment utilization
measured in this manner shows that traffic charac-
teristics vary from river system to river system.
Thus, on the Cumberland River, the dominant traffic
movement is upriver: The study shows that 91.5 per-
cent of the upriver barges were loaded whereas only
50 percent of the barges moving downriver were
loaded. On the other hand, on both the Lower Mis-
sissippi and the Ohio, traffic is more balanced: On
the Lower Mississippi, 67 percent were loaded moving
downriver and 63.5 percent moving upriver:; on the
oOhio, 59 percent were loaded moving downriver and
65.5 percent moving upriver. Equipment utilization
is shown to be the most efficient on the Black
Warrior-Tombigbee River system: 72.5 percent loaded
moving downriver and 78.5 percent loaded moving
upriver.

An average percentage of barges loaded for all 11
river systems was estimated by weighting the values
shown for each river by the percentage of total ton-
miles moved on that system. As presented in Table
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Table 4. Measures of freight car use for Class | railroads: 1947-1977.

Car Miles (billions)

Percentage of
Total Car Miles

Year Loaded Empty Total That Are Loaded
1947 21.4 10.8 32.2 66.4
1951 20.6 10.6 31.2 66.0
195§ 20.1 11.1 31.2 64.5
1959 17.8 10.8 28.6 62.3
1963 17.1 11.0 28.1 60.9
1967 17.4 12.2 29.6 58.9
1968 17.8 12.3 30,1 59.3
1969 18.0 12.4 30.4 59.2
1970 17.3 12.6 29.9 57.8
1971 16.5 12.7 29.2 56.6
1972 17.1 13.2 30.3 56.5
1973 18.0 13.2 31.2 57.7
1974 17.6 13.1 30.7 57.2
1975 15.1 12.5 27.6 54.7
19767 15.8 12.7 28.5 55.4
1977 16.3 12.4 28.7 56.8

Note: Data from Transport Statistics in the United States and prior releases,
reported in Modern Railroads, July 1980, page 55.

ap o
Preliminary.

Table 5. Measures of barge use: 1978.

Per-
Barges Ton- cent-
Loaded®  Miles” age of  Weight-
Waterway Direction (%) (000 000) Total  ing
Allegheny River Downriver 54
Upriver 55 i
Total 54.5 79.5 - 0
Arkansas River Downriver 66.5
Upriver 50
Total 55.5 1694.9 0.9 0.499
Black Warrior- Downriver 72.5
Tombigbee Upriver 78.5
River System Total 75.5 39719 2.2 1.661
Cumberland River Downriver 50
Upriver 91.5
Total 55.5 989.4 0.5 0.277
Nlinois River Downriver 50
Upriver 86
Total 66 7 683.9 4.3 2.838
Lower Mississippi  Downriver 67
River Upriver 63.5
Total 65 105 256.6 58.9 38.285
Missouri River Downriver 88.5
Upriver 64
Total 75.5 1528.6 0.8 0.604
Monongahela River Downriver 50
Upriver 91
Total 61.5 12238 0.7 0.430
Ohio River Downriver 59
Upriver 65.5
Total 62.5 38 823.9 21.7 13.563
Tennessee River Downriver 50
Upriver 88.5
Total 59.5 4416.6 2.5 1.487
Upper Mississippi  Downriver 86
River Upriver 50
Total 67.5 129084 7.2 4.860
Total 178 577.5 99.7 64.504

3 Caleulutinns based on daty of U.S. Army Corps of Engineers (20).

From Americon Waterwitys Operators, Inc. (21).

Less than 0.1 pereent.

5, this calculation shows that,
the Corp of Engineers sample,
percent of the barges moving are loaded.

substantially

for all rivers in

an average of 64,5

This

is a

higher rate of equipment utilization
than the 56.8 percent shown for rail based on loaded
and unloaded car mileage.

Transportation Research Record 880

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

J.W. Kendrick. Productivity Trends: Capital
and Labor. National Bureau of Economic Re-
search, Inc., Cambridge, MA, Occasional Paper
53, 1956.

J.W. Kendrick. Understanding Productivity.
Johns Hopkins Univ. Press, Baltimore, MD, 1977.
R.C. Scheppach, Jr., and L.C. Woehlcke. Trans-
portation Productivity, Measurement and Policy
Applications. TLexington Books, Lexington, MA,
1975,

Productivity Perspectives. American Productiv-
ity Center, Inc., Houston, TX, 1980.

M.J. Barloon. Water Transportation: Produc-
tivity and Policy. Wational Environmental De-
velopment Assn., Washington, DC, undated.

W.T. Stewart. Performance Measurement and Im-
provement in Common Carriers. Automotive
Transportation Center and School of Industrial
Engineering, Purdue Univ., West Lafayette, IN,
Jan. 1980,

Transportation Facts and Trends. Transporta-
tion Assn. of America, Washington, DC, July
1980,

A.C. Flott, L.R. Batts, and R.D. Roth. The
Ton~-Mile: Does It Properly Measure Transporta-
tion Output? Bmerican Trucking Assns., Inc.,
Washington, DC, Jan. 1975.

D.D. Wyckoff. Measures of Productivity: Wwhat
Is Being Measured, and for What Purpose. Traf-
€ic World, Sept. 18, 1975.

D.D. Wyckoff. Management Style and Expansion
Strategy: Impacts on Motor Carrier Productiv-
ity. Traf€ic World, Nov. 6, 1975.

D.D. Wyckof€. How Management Terminal Deci-
sions Can 1Influence Motor Carrier Productiv-
ity. Traffic world, Nov. 13, 1975.

D.D. Wyckoff. State of the Art and Proposed
Measures of Regular Common Motor-Carrier Pro-
ductivity. Traffic World, WNov. 13, 1975.

D.D. Wyckoff. Carrier Productivity Must Be
Stimulated by Rewards, Not Frustrated by Dis-
incentives. Traffic World, Nov. 13, 1975,

D.D. Daicof€. Analyzing Productivity Trends in
Intercity Trucking., Monthly Labor Review, Oct.
1975.

Measurement and Interpretation of Productiv-
ity. National Academy of Sciences, WNational
Research Council, washington, DC, 1979,
Productivity in the Changing World of the
1980's: The Final Report of the National Cen-
ter for Productivity and Quality of Work Life.
U.S. Government Printing Office, 1978.

The Economic ABZ's of the Railroad Industry.
Assn., of American Railroads, Washington, DC,
1980, Table IV-7.

Commodity Characteristics and Equipment Re-
quirements Which Produce GVW Greater than
80,000 Pounds: Appendix A. American Trucking
Assns., Inc., Washington, DC, 1981,

S.E. Eastman. Fuel Efficiency in Freight
Transportation. Water Transport Assn. and
Amer ican Waterways Operators, Inc.,, Washington,
DC, June 1980,

Vessel Characteristics Survey. Water Resources
Support Center, Institute for Water Resources,
U.S. Army Corps of Engineers, June 25, 1980,
Table VII-1.

1978 1Inland Waterborne Commerce Statistics.
American Waterways Operators, Inc., Washington,
DC, 1978.

Publication of this paper sponsored by Committee on State Role in Waterborne
Transportation,



Transpor tation Research Record 880

27

Ferry-Service Improvements: Planning and

Implementation for Long Island Sound

Ferry Crossings

GERALD 8. COHEN, G. FREDERICK YOUNG, DAVID I. GOODING, AND E. WILSON CAMPBELL

The Long Island Sound Ferry Service Improvement Study was initiated in
March 1980 to identify possible ways to improve ferry services between Long
Island and Connecticut. The events leading to legislation proposed for intro-
duction in the New York State Legislature, which detailed a mechanism for
achieving expanded cross-Sound ferry service for residents of the region, are
described. The history of previous bridge and ferry crossing studies is re-
viewed, and the principal findings and issues of the current study are presented.
The study featured technical work conducted primarily by staff of the New
York State Department of Transportation and establishment of a bistate Policy
Advisory Committee representing local officials, businessmen, and citizens’
groups. A series of public forums was held that enabled decisionmakers to be
aware of public views on the issues. Financial recommendations included the
creation of a bistate commission that would oversee and assist in promoting
expanded, coordinated ferry operations.

Transportation access between Long Island and New
England is essentially dependent on passage through
one of the world's most heavily traveled urban-core
areas--the City of New York--over bridges that are
already at or are rapidly approaching their capacity
limits and over expressway and arterial systems that
are experiencing severe congestion, The only current
transportation alternatives to those routes for
travel between Long Island and points throughout New
England are two long-established, but also capacity-
constrained, ferry services across ©Long 1Island
Sound: Port Jefferson-Bridgeport and Orient Point-
New London,

A number of studies of new bridges or ferry
services have been undertaken since the mid-1960s,
each generally reinforcing belief in the potential
benefits of improved cross-Sound access but failing
to establish clearly a course of action that is
financially attainable and broadly supportable on
both sides of the Sound. In the spring of 1980, im-
mediately following the most recent examination and
rejection of a new cross-Sound bhridge at any loca-
tion and for the foreseeable future, the Governors
of New York and Connecticut directed their respec-
tive Departments of Transportation (DOTs) to initi-
ate a broad, cooperative investigation of alterna-
tive improvements in cross-Sound ferry services that
might offer a financially viable solution to the
continuing issue of cross-Sound transportation
access.

The objectives of this study have been to assess
the overall desirability and feasibility of major
improvements in cross-sound ferry services as trans-
portation investments and to develop a program of
near- and longer-term actions to carry out such
improvements.

PREVIOUS CROSSING STUDIES

Several studies of wvarious TLong Island Sound
crossings were made hetween 1965 and 1971, including
a railroad crossing study and bridge studies by a
number of groups. Many of these studies advocated a
bridge between Rye and Oyster Bay. A 1965 report by
the Triborough Bridge and Tunnel Authority strongly
advocated a bridge from Rye to Oyster Bay.

During 1974-1975, the Tri-State Regional Planning
commission conducted a Long Island Sound Ferry Study

for Connecticut and New York State. The conclusions

were as follows:

1. High~speed hovercraft were too expensive.

2, Major expansion of ferry-boat services would
be desirable,

3, The best crossing location, economically and
operationally, would be 0ld Saybrook to East Marion.
However, new terminals and access roads in these
areas were strongly opposed by local residents and
officials.

4, If such a new route were ruled out, improve-
ments to the existing ferries would be desirable,

RECENT BRIDGE STUDY

Pressure to consider a bridge continued. In light
of continued expressions of interest in, as well as
opposition to, a bridge, Governor Carey directed
Commissioner Hennessy (in 1979) to reexamine the
feasibility of a bridge and to provide current data
for decisions regarding crossings from Long Island
to New England.

This study used a 22-member Policy Advisory
Committee consisting of political and community
leaders and concerned citizens from both New York
and Connecticut. This committee met four times and
formed task groups that met nine times. The commit-
tee also held six public forums at various places on
both sides of the Sound. This public involvement
helped to ensure a relevant, responsive study. Two
major recommendations were made (1):

1. New York State should not, in the foreseeable
future, devote further effort to the general or
site-specific investigation of a cross-Sound bridge
at any location.

2. In cooperation with local officials at current
ferry terminal locations and with transportation and
economic development officials from the State of
Connecticut, New York should undertake the expansion
of cross-Sound ferry services, which already appear
to have support at the local and state levels on
both sides of the Sound.

In May 1980, the Governors of New York and Connecti-
cut appointed a Policy Advisory Committee consisting
of local officials and concerned citizens to give
advice and make recommendations regarding improved
cross-Sound ferry services to the transportation
commissioners and the study team.

GOALS OF THE FERRY STUDY

This study of Long Island-New England transportation
linkages was designed to provide a set of readily
implementable recommendations that had benefited
fully from public exposure. The study was also
designed to achieve the following objectives:

1. A reasonable degree of agreement among all
significant parties on desirable and feasible
services;
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2. Production on an "action" program that would
be supported by both state and local government and
operators of current services:

3, Suggestion of both short-term improvements and
longer-term service improvements over a 5- to 10-
year period, a program of incremental improvements
permitting promotion of improved services and as-
sessment of realized use estimates;

4, Recognition of existing terminal locations and
operations where improvements could be implemented
most rapidly, as well as of continued private owner-
ship and operation of those services in the mix of
alternatives to be examined; and

5. Maximum encouragement of private funding for
service improvements with minimization of public
funding for cross-Sound transportation improvements
or operations.

STRUCTURE OF THE STUDY

Many of the goals of the study required the achieve-
ment of a reasonable degree of agreement or consen-
sus on appropriate actions for service improvements.
It was particularly important, therefore, that the
transportation commissioners, who would present
recommendations to the respective Governors, be
aware of all points of view and alternative solu-
tions. The study structure was designed to ensure
this knowledge.
Four major groups were involved in the study:

1. A Policy Advisory Committee--jointly chaired
by the transportation commissioners and consisting
of local officials, business leaders, and repre-
sentatives of citizens' groups from both states--
which met periodically for the purpose of providing
input, suggesting avenues of technical analysis,
and, most important, helping formulate recommenda-
tions for service improvements:;

2. A consultant who collected needed survey data,
provided background on other ferry operations, and,
most important, served as a liaison and contact per-
son for the two state DOTs and the Policy Advisory
Committee and for the general public;

3, An NYSDOT technical task force that produced
use and financial forecasts for alternative service
and fare scenarios, analyzed study €£findings, and
developed conclusions from the study efforts: and

4, Those citizens who provided useful input to
the process through their comments at a series of
public forums held in New York and Copnecticut (many
other comments were received in letters written to
the commissioners and the local press).

Generally, the public endorsed strongly the
concept of improved ferry service, but there was
some opposition to extending the service to addi-
tional sites in central Suffolk County. The commis-
sioners' recommendations (2) reflected the input of
the Policy Advisory Committee, the results of the
public forums, the views of the public as written in
letters, and the technical reports produced by the
consultant and NYSDOT staff.

STUDY FINDINGS

The following sections summarize the findings of the
study team.

Present Ferry Service

Two operatqrs currently provide ferry service across
Long Island Sound, Cross-Sound Ferry Service, Inc.,
provides year-round service between Orient Point,
New York, and New London, Connecticut. The Bridge-
port and Port Jefferson Steamboat Company provides
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seasonal service between Port Jefferson, New York,
and Bridgeport, Connecticut. These operations are
labeled as lines G and C, respectively, on the map
shown in Figure 1.

The Orient Point-New London service is provided
by three vessels, Two of the ferries can carry
300-325 passengers and 20-22 automobiles, and the
third can accommodate 300 passengers and 51 automo-
biles, All three vessels can accommodate trucks.
Frequency of service ranges from a hiah of 24 one-
way trips/day in the summer to a low of 6-8 trips/
day during the winter. During the spring and fall
months, 14 trips/day are provided. Crossing time
ranges from 60 to 80 min, depending on the vessel.

Only one ferry provides the Port Jefferson-
Bridgeport service. The vessel can carry 1089
passengers and 36 automobiles, but truck service is
not offered. The existing vessel is more than 50
years old and on occasion has been out of service
for repair. It is possible that, in the not too
distant future, the owners will have to decide
whether to overhaul the existing vessel or acquire
another one, This service is only operated between
May and October. During the summer and on weekends,
8 one-way trips are provided. Freguency of service
is only 4-6 trips during the midweek period in the
spring and fall. The crossing time is 90 min.

Ridership for both services has generally been
increasing in recent vyears. In 1979, the Orient
Point-New London €ferry carried 257 000 passengers
and 103 000 vehicles and the Port Jefferson-Bridge-
port service carried 112 000 passengers and 25 000
vehicles, Although the monthly average for the
Orient Point service was approximately 21 000, the
range was from a low of 3313 in January to 54 161 in
Auqust. Similarly, the Port Jefferson service, with
an average patronage of 18 725, shows a low of 4449
in October and a high of 31 255 in Augqust,

During the summer of 1980, a survey of ferry
riders was conducted. The results indicate the
following:

1., For both services, the largest share of
riders--approximately 45 percent--lived in New York
State.

2. The primary reason for using the ferry 1lines
was to travel to and from recreational activities.

3. BAutomobile was the most popular means of
travel to the ferry.

4., The average vehicle occupancy was 2.62 persons
on the Orient Point-New London line and 2.32 on the
Port Jefferson-Bridgeport line.

5. The majority of passengers began and ended
their trip in either southeastern Suffolk County or
Connecticut,

6. When passengers were asked what they 1liked
about the ferry, most responded that it saved time.
Other common answers were that they enjoyed the trip
and that the trip saved money.

7. When passengers were asked what they disliked
about the ferry service, the most common complaints
concerned the cost, congestion at the terminal
access, and infrequent service.

Ferry Locations

The principal alternatives for ferry-service corri-
dors and terminal locations have been widely estab-
lished over a decade or more of cross-Sound trans-
portation improvement studies and public discussions
and by the geographic location of natural harbors,
urban concentration, or on-land access facilities
already in place. Although detailed subalternatives
may be considered further for implementation pur-
poses, there are essentially 11 cross-Sound ferry-
service corridor or terminal location alternatives
{Figure 1).
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Figure 1. Existing and possible ferry-service crossings between Long Island and Connecticut.
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Expected Ferry Use

Forecasts of use, revenue, and capital and operating
costs have been developed for all potentially sig-
nificant alternative cases. For each alternative
case, use and revenue forecasts have been made for
the following:

1. Three user groups--(a) automobiles (including
light trucks and motorcycles), (b} heavy commercial
trucks, and (c) vpassengers (including automobile
drivers); and

2, Two future time periods--~(a) 1983-1984 as the
earliest period that services with up to four ves-
sels could be in place on existing cross-Sound
corridors or when similar new-corridor service could
be initiated and (b) 1993-1994 as a point in time
when full, combined cross-Sound service improvements
could be accomplished and full user response to
these improvements would be expected. This approach
makes it possible to evaluate the service response,
capacity requirements, and revenue contribution of

each user group. It also permits estimation of
potential near-term and longer-range cost-revenue
results and investment requirements for staqged

improvement and financial planning.

The key element of the study method of forecast-
ing ferry use is relative travel costs (including
the value of time) for "crossing” the Sound via an
existing western bridge and using the alternative
ferry service. Forecasts produced are responsive to
changes in service frequency, fare levels, and
relative total travel costs. This involves three
basic assumptions:

1. Future cross-Sound travel patterns for automo-
biles and passengers will be similar to those for
current users of existing cross-Sound ferry ser-
vices. For heavy commercial truck travel, patterns
will be similar to those currently using the Tri-
borough Bridge system and, for eastern cross-Sound
corridor alternatives, to those currently using the
Orient Point-New Tondon ferry service.

2., The rate of general inflation will decline
very gradually, from the 1980 annual level of about
13.3 percent to a long-term rate of 6 percent by the
mid-1990s.

3, The price of gasoline and diesel fuel will
rise 25 percent above the rate of general inflation
between 1980 and 1985. Fuel prices are adjusted to
the rate of general inflation after 1985.

The principal data available for use in the
detailed development and testing of a use and reve-
nue forecasting method are as follows:

1. Interviews of 1980 users of the two existing
cross-Sound ferry services were the source for trip
purposes, origins, destinations, and weighted aver—
age trip lengths.

2. Historical
provided by the

information for the past 10 vyears

operators of the two existing
cross-Sound ferry services included service sched-
ules and fares, vessel capacities and speeds, and
the number of automobiles and 1light trucks, heavy
commercial trucks, and passengers that were carried.
From these data additional insights on traveler
perception of, and probable response to, relative
levels of service, travel time, and costs could be
drawn.
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Table 1. Projected 1984 and 1994 costs and revenues for two existing ferry services.
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Cost ($000 000s)

Total Revenue ($000 000s)

Annual Operating

Annualized Capital Cost

Fare Increased  Fare Increased

No. of Cost for Boats at Half Infla- at Inflation
Service Year Boats  and Terminals Boat Terminal  Access Total tion Rate Rate
Port Jefferson-Bridgeport 1984 2 2.81 1.40 0.35 0.40 4.96 3.50 3.97
3 3.34 2.10 0.35 0.40 6.19 4.29 4.86
4 5.04 2.81 0.35 0.40 8.60 6.86 7.94
1994 2 5.50 1.40 0.35 0.40 7.65 6.10 8.18
3 6.54 2.10 0.35 0.40 9.39 7.50 10.13
4 9.86 2.81 0.35 0.40 13.42 119 16.64
6 14.23 4.21 0.35 0.40 19.19  17.73 25.33
8 18.60 5.61 0.35 0.40 2496 23.55 33.90
Orient Point-New London 1984 3 3.19 2.10 0.26 - 5.55 4.93 5.56
4 4.59 2.81 0.26 . 7.68 6.59 7.46
1994 3 6.27 2.10 0.26 - 8.63 8.41 11.45
4 9.00 2.81 0.26 - 12.07 11.21 15.50
6 13.20 4.21 0.26 . 17.67 15.72 22.26
8 17.41 5.61 0.26 . 23.28 20.25 28.86

3. A one-day sample of heavy commercial trucks
using the Triborough Bridge system in 1979 helped to

identify the travel patterns and cost and time
factors for such trips.
The principal relations explaining 1970-1979

cross-Sound ferrvy use for automobiles and passengers
were quantified through regression analysis and used

to forecast future use at existing--and, by exten-
sion, all alternative--cross-Sound service corri-
dors. This approach was also used for heavy commer-

cial truck forecasts on the eastern crossing corri-

dor alternatives,

and a relative timeand cost-based

diversion approach was used to forecast truck use in

general (1).
crossing alternative.

Forecasts were also prepared for each

In each case, the existence

of another crossing alternative with similar service
three

levels is implied.

coexistent ferry services,

these services

Forecasts

forecasts and analyses are as follows:

involving
and truck diversion to
from the Triborough Bridge
were developed in a slightly different manner.

The principal conclusions of the

route,

study demand

1. The principal constraint on cross-Sound travel

may be the 1limited cross-Sound service available.
Responses from all three potential user groups are
estimated to increase dramatically with each incre-
ment of cross-Sound ferry service capacity provided.
They also indicate that higher fare levels will not
significantly dampen user response. Recent experi-
ence on both existing cross-Sound ferry services has
demonstrated just this finding: Both have increased
fares, added services, and gained ridership. The
ridership increases at Orient Point-New London, on
the order of 20 percent between 1978 and 1979, may
also reflect the capacity and amenity improvements
of a new "T-boat".

2, The near-term cross-Sound ferry use forecast
at all crossing corridor alternatives investigated
could be very large when compared with the recent
1979 use of current cross-Sound ferry services. FPFor
the four-vessel cases, 1984 forecasts show a dou-
bling of passenger use, more than a doubling of pas-
senger vehicles, and more than a threefold increase
in heavy commercial truck use at Orient Point-New
London.

Estimated Costs and User Revenues

Cost estimates were developed for access and termi-

nal improvements (including new harbors or long
piers, where necessary) and the acquisition and
operation of new vessels (T-boats). Table 1 gives

more detail on alternative service levels, invest-
ment cost annualizations, and fare levels for esti-
mated results for the two existing cross-Sound ferry
service corridors. (Because of the large number of
alternative service combinations considered in the
study, only selected examples can be given in this
summary; a full exposition of the study results is
given in the technical reports.) Not surprisingly,
prtojected annual operating costs are greatest for
those corridor alternatives that have the 1longest
crossing distances and in-harbor times, and alterna-
tives that exhibit the shortest crossing distances
and in-harbor times have the lowest annual operating
costs. The Orient Point-New London service is the
intermediate case. Still, the range of estimated
annual operating costs is not great overall: For
the eight-vessel cases, the high is $20-21 million
and the low is $15-16 million.

In sum, the estimates given in the table indicate
that, at least in concept, many of the alternative
cross-Sound ferry-service improvements examined in
this study can be economically feasible private-en-
terprise ventures at fare levels increased at or at
somewhat less than the rate of general inflation.

Additional Potential Impacts

Environmental impacts of cross-Sound ferry services
and of related shore or inland facility improvements
will have to be examined in detail prior to imple-
mentation. State and/or local or federal review,
evaluation, and approval procedures will have to be
satisfied and acceptable plans prepared to avoid or
minimize potential adverse impacts.

The economic activity that might be generated by
an investment in substantially improved cross-Sound
ferry services was estimated by "scaling down" the
same types of regional economic impacts attributed
to the very much larger investments estimated to be
required for a new cross-Sound bridge in the 1979
NYSDOT study. The estimates include direct economic
impacts from construction and continuing impacts
from improved interregional access as well as the
effect of additional increases in sales expected by
business (as estimated from a survey of business
executives for that bridge study).

An investment of about $100 million (probably
staged in a series of smaller units) was assumed for
a "major improvement" in improved cross-Sound ferry
services--12 new boats at $81.6 million (in 1984
dollars) and $20 million for terminals and access.
This order-of-magnitude ferry-service investment
would be 6-2/3 percent of the average 1979 estimates
of investment required for a new bridge, Since
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improved ferry service would not be as fast or
convenient as bridge travel, the proportional eco-
nomic impacts associated with a bridge were further
reduced by one-half to reflect an appropriate level
of perceived, potential business sales (and invest-
ment) that might be associated with improved ferry
service. The economic impact on business 1is esti-
mated to be $170 million on Long Island and $50
million in Connecticut.

Public and Private Roles in Financing and

Implementation

Cross-Sound ferry services at this time are pri-
marily a matter of private-sector concern and initi-
ative. Formal public involvement 1is essentially
limited to federal safety and operating authority
controls and general governmental concern with such
matters as traffic control, municipal harbor facili-
ties, and the environment, primarily dredging. The
user demand, cost, and revenue estimates developed
in this study, although subject to further testing
over time, are generally encouraging €for the con-
tinuing private-sector initiative 1in cross-Sound
ferry-service improvements, financing, and opvera-
tions. At the same time, potentially significant
public benefits to travelers and communities on both
sides of Long 1Island are estimated to accompany
major Improvements in cross-Sound ferry services,
and improvements to harbor and landside transporta-
tion facilities can be seen as furthering a variety
of public objectives. Public action on such improve-
ments, careful public attention to possible environ-
mental, community, and continuing service adequacy
issues, and, most important, clear public policies
with regard to cross-Sound transportation (partic-
ularly policies supportive of private-sector initi-
ative and disavowing competitive public action)
appear to be the only public commitments necessary
to assist major improvements in cross-Sound ferry
service.

A number of additional assistance mechanisms are
available to state and local governments. On the
financial side these include tax exemptions and loan
or loan guarantee capabilities to directly assist
private initiatives or to lower the costs and in-
crease the potential of securing private-sector
financing. Economic development programs generally,
including the existing capabilities of such institu-
tions as the Connecticut Development Authority and
several industrial development agencies in Suffolk
County on Long Island, may be of material aid in the
light of the broad economic benefits identified.
Efforts should concentrate on incentives to encour-
age private-sector investment in new vessels and
private ownership and operation and on improving
eligibility for federal support of harbor, terminal,
and access improvements.

Although the findings regarding a new, or third,
cross-Sound ferry service cannot be definitive, the
overall weight of the evidence available indicates
that such an additional service may well be both
desirable and affordable in the future., A number of
technical and public support 1ssues must be
thoroughly addressed, and necessary construction and
other actions to implement a new service at any
location cannot be initiated without additional
investigation and analysis.

It is also clear that some form of continuing
public organization is desirable to follow up on
these implementation proposals and to provide an
ongoing forum to monitor and coordinate cross-Sound
ferry services and their improvement. In keeping
with these findings and established public policies,
this organization need not be either an operating
authority or a formal bistate body. Bach state
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should consider an organizational form, membership,
and set of responsibilities best suited to its own
traditions and interests, It appears to be both
necessary and desirable, however, that these organi-
zations work closely together and that such organi-
zations provide, in their membership, for involve-
ment of the local areas most likely to be affected
by continued and improved cross-Sound ferry services.

PRINCIPAL FINDINGS AND CONCLUSIONS

1. There is strong evidence of potential cross—
Sound travel demand among all groups of users (pas—
senger vehicles, heavy commercial trucks, and pas-
sengers) that can be tapped immediately and could
grow in the next decade to 10 or more times present
ferry~service use, even at fare levels designed to
recover most, and in some situations all, operating
and investment costs.

2., A combination of <crossing locations--espe-
cially with a possible third centrally Jlocated
service--will provide the best potential for service
improvements and traveler and economic benefits as
well as the service design, implementation staging,
and overational flexibility needed.

3. Although all major potential cross-Sound
ferry-service corridor and terminal location alter-
natives were identified and examined during the
course of this study, none clearly emerged, on all
counts, as the most desirable alternative to pursue.
However, of those alternatives, the Shoreham-New
Haven corridor appears to offer the most promise for
new service and should be further examined coopera-
tively, publicly, and in detail. To date, no strong
support has been shown for any of the cross-Sound
ferry-service corridor alternatives except the two
currently in operation. Little public support, or
technical evidence, has been found in favor of the
corridor alternatives to the west of Port Jeffer-
son-Bridgeport, If implemented, those alternatives
could have a significant adverse effect on the
present locally supported private ferry service
between those locations. Although transportation
and energy analyses indicated potential service and
financial advantages for several East Marion/Orient
Point-0ld Saybrook ferry-service corridor locations,
those alternatives have generated 1little public
support and some opposition on Long Island and
adamant opposition in Connecticut. The Greenport-
New London corridor alternative does not fare well
in the evaluations of ferry services.

4. Existing cross-Sound ferry services appear to
be financially sound and locally well supported, and
the owners are interested in proceeding with €a-
cility, equipment, and overall service improvements:
those services and locations also appear to offer
the most cost-effective, and certainly the most
rapid, opportunities for major service improvements.

5. Although the investment needed to fully imple-
ment potentially desirable services could approach
or exceed $100 million, the total call on public
resources need not be substantial and may wproperly
be shared among benefiting jurisdictions. Such
investment can, and as a practical matter must, be
made on an incremental basis so as to provide all
parties ample opportunity to make prudent decisions
in the light of more current information.

6. Private-sector financing of the major element
of cross-Sound ferry-service improvements--new,
modern, and efficient vessels--should be achievable:
public-sector commitments should be 1limited to
facilitating private investments and accomplishing
relatively modest improvements in landside access
and terminals. Removal of speculation about public
action to compete with private-sector cross-Sound
ferry services or to proceed eventually with a
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cross-Sound bridge would eliminate a major perceived
stumbling block to private-sector investment.

7. The principal costs of improved ferry service
can be financed by user revenues. Thus, the best
means of conducting improved ferry service and
securing investment funds to improve ferry service
is reliance on the private sector for operating the
ferry service and for investing in that service.
Public involvement would take the form of coopera-
tion between commissioners established in each state
for the purpose of coordinating efforts to improve
ferry service and to ensure that a reasonable level
of improved ferry service is available to the publie.,

On completion of the study, the New York State
and Connecticut DOTs vproduced an executive summary
report containing the official recommendations (2).
The major recommendations were as follows:

1. The States of New York and Connecticut and
their several directly benefiting localities should
work toward a cooperative policy commitment and a
cooperative public-private ©program of promoting
major, immediate, and continuing improvements in
cross-Sound ferry services to levels needed to serve
transportation demand in a safe, reliable, cost-ef-
fective, and coordinated manner. Necessary steps
toward enabling legislation, bistate and state-local
arrangements, and detailed implementing studies,
negotiations, and programming actions should be
initiated immediately.

2. The recommended program should contain four
key elements: (a) staged land access and terminal
improvements and vessel acquisitions €for the two
existing Port Jefferson-Bridgeport and Orient Point-
New London services to bring both of those services
up to frequent, adequate vear-round capabilities
with amenities for automobile, passenger, and com-
mercial truck users: (b} initiation of detailed
engineering, operations, financial, and environmen-
tal studies toward implementation of a third major
year-round cross-Sound ferry service route somewhere
between New Haven and Shoreham; (c¢) creation of con-
tinuing organizations, appropriate to each of the
states, charged with responsibility for conducting
the examination of a third major cross Sound ferry
service, monitoring services and use, making service
and improvement recommendations, taking the lead
role in securing private and public funding for such
improvements and in negotiating assistance and ser-
vice agreements, and generally providing technical,
service coordination, and promotion assistance; and
(d) identification of initial public funding that
can serve as a catalyst for major private funding
for identified improvements in ferry services and
facilities.

3. Public policies with regard to cross-Sound
ferry services should generally emphasize the fol-
lowing: (a)} private-sector operation and €inancing
of vessels, terminals, and ancillary equipment:
restriction of state-local financing to general-pur-
pose access and public facilities improvements; and
maximum reliance on user charges to support improved
and continued cross-Sound ferry services; (b) sup-
port of the efforts of authorized private operators
in improving services, in {Instituting such new
services as may be found feasible and desirable, and
in adjusting their operations and repositioning
their equipment to best meet evolving cross-Sound
service requirements or opportunities; (c) careful
examination of, and sensitivity to, the economic,
environmental, tratfic, and energy consumption
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elements of service improvements and operations: (4)
coordination and coordinated promotion of cross-
Sound ferry services between the states and their
localities, among ferry-service operators, and with
related transportation service or other planning and
implementation programs: (e} a staged program for
improvements to existing services as well as possi-
ble initiation of and improvements to a new service:
and (f) clear recognition of the importance of user
amenities (protection from weather, reservation
systems, etc.) and specialized freight services
(exclusive runs, truck consolidation services, etc.).

IMPLEMENTATION OF STUDY FINDINGS

When fully implemented, improvements in cross-Sound
ferry service to meet existing and potential needs
for improved ferry service between Long Island and
Connecticut could cost as much as $100 million. A
legislative proposal was developed in New York to
provide implementation and financing procedures. It
was proposed that public-sector commitments be
limited to facilitating private investment and
accomplishing relatively modest landside and termi-
nal improvements at existing locations and the
accomplishment of full technical impact and feasi-
bility studies of the third coexisting service.
Since the initial proposal, there has been evidence
of private initiative for new-vessel financing and
the proposed element regarding public loan quaran-
tees has been withdrawn. The major elements of the
current proposal are as follows:

1. An appropriation of $1.25 million is needed to
improve terminal facilities and road access, pri-
marily at Port Jefferson.

2. An appropriation of $0.5 million will be used
to provide a detailed feasibility study of ferry
service at a third location. This would be a con-
sultant effort, to be undertaken while service
improvements are made and promoted and demand re-
sponse is observed for existing services.

Creation of a Commission was also proposed in the
legislation. This Commission will provide a mecha-
nism for overseeing and promotina New York's inter-
est in improving ferry services:; in taking the lead
responsibility in seeking private (and possibly
federal) financial aid and local or state assis-
tance; and in examining and monitoring service
levels and recommending future improvements. Commis-
sion members would be from Long Tsland, which places
the public-interest responsibility for cross-Sound
ferry service with the localities that would be the
principal beneficiaries of improved service. NYSDOT
would also be authorized to coordinate efforts for
terry-service improvements with the Commission.
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High-Speed Commuter Ferry Service:

The Boston Experience
KEITHW. FORSTALL

High-speed over-the-water passenger transportation is a relatively untested con-
cept in the United States, although it has enjoyed wider application in other
parts of the world. Therefore, it is useful to observe the limited use of this mode
in the United States as one way of understanding the problems and opportuni-
ties that might be associated with expanded use of this transportation mode

at other U.S. sites. A Boston demonstration with a high-speed hovercraft vessel
is particularly instructive in this respect because the vessel was put in service
for the urban commuter market in combination with conventional ferry ser-
vice. The demonstration showed that high-speed waterborne commuter ser-
vices may have great potential. However, some specific local problems kept
the Boston service from realizing its full potential. A key difficulty was the
limited scope of the project, including limited availability of suitable high-
speed craft, which rendered it difficult to make adequate provisions for main-
tenance and backup service. These constraints resulted in problems of service
reliability that diminished public acceptance of the service and led to its ulti-
mate termination.

Although there have been ferries in one form or an-
other operating in Boston harbor since the 1600s,
the present move to provide commuter service between
downtown Boston and the South Shore began around
1973. Over the next two years, several studies were
conducted, largely at the instigation of South Shore
residents. As a result, service was finally pro-
vided on a steady basis in 1977. The service con-
sisted of one morning and afternoon trip each week-
day with a conventional boat. Ridership was about
125 round trips/day.

In 1978, the Massachusetts Executive Office of
Transportation and Construction (EQOTC) and the De-
partment of Public Works (DPW) bought a 60-passenger
Hovermarine HM~2 Mark III for $450 000 and named it
the "Yankee Skimmer", The hovercraft and conven-
tional vessel service operated on route A shown in
Figure 1, a distance of approximately 10 miles. The
conventional ferry service bhetween Hingham and
Boston was provided by a 15-knot conventional-hull
vessel named the "Freedom". The principal communi-
ties served are Hingham, Weymouth, Cohasset, and
Ouincy; the nearby communities of Marshfield, Hull,
and Norwell contribute marginally to ridership.
Additional over-the-water service with another con-
ventional boat was provided by a private, unsubsi-
dized operator on route B.

The South Shore terminal is located at Hingham
Shipyard, 0.5 mile off MA-3a (Fiqure 1). It is con-
venient to Hingham and Weymouth residents, who can
generally reach the site within 10 min. The ter~
minal has approximately 250 parking spaces. There
is one bus route that can provide feeder service.

Central Wharf is used as the docking site 1in
Boston. The Aquarium stop on the Massachusetts Bay
Transportation Authority (MBTA) Blue Line subway is
adjacent to Central Wharf. This heavy rail line has
rush-hour headways of 5 min. Bus service is pro-
vided at Central Wharf but does not offer any down-
town distribution. Much of the Boston central busi-
ness district is within a 10- to 12-min walk of
Central Wharf.

Both the Hingham Shipyard terminal and Central
Wharf in Boston lack adequate covered waiting areas,
information and ticket booths, and restrooms.

In late January 1979, the Yankee Skimmer service
was discontinued dQue to a freeze-up in the lower
harbor and mechanical problems with the bhoat. Ser-
vice was not resumed until late spring, in part be-

cause of concern over the budget available to cover
operating deficits of both the hovercratt and the
conventional vessel.

From May through 1late October 1979, hovercraft
service was resumed and experienced better ridership
and fewer breakdowns. The increased ridership dur-
ing the summer can be attributed to the combined
effects of better weather, better service relia-
bility, and the qasoline shortage. At its peak, the
commuter service was operating at capacity on two
hovercraft runs each rush hour. An extra stop in
East Boston was added on one of the hovercraft runs
each way to service Bethlehem Steel, which bought 25
seats for that trip. 1In July 1979, Sunday service
was offered to the Boston Harbor islands on four
successive weekends and was also heavily patronized.

In the fall of 1979, there was concern at EOTC
about the Yankee Skimmer's ability to perform satis-
factorily throughout the winter. Service was there-—
fore discontinued that winter and did not begin
again until late in the summer of 1980. EOTC oper-
ated the vessel briefly in the fall of 1980 before
selling it back to Hovermarine in December 1980.
This paper is based only on the service provided
through the winter lay-up in October 1979,

MARKETING AND FARE POLICY

There was little advance marketing of the hovercraft
service and no paid advertising. However, because
of the unigue aspects of the demonstration, there
were a number of news articles in Boston and South
Shore newspapers when service began. 1In addition,
since much of the ridership came from a dedicated
group of "boat buffs", word-of-mouth communication
was expected to be effective. Tn any case, since
the HM-2 could only carry 180-240 passengers/peak,
little advertising was considered necessary to getk
adequate ridership response.

After service began, information on service can-
cellations was broadcast on a local South Shore
radio station and a major Boston station. Decisions
on cancellations due to weather were usually made at
about 4:00 a.m. to permit adequate notice. Commut-
ers could also call the boat operator or EOTC for
information on service status.

The tight core of regular riders lent itself to
two other forms of unusual information dissemina-
tion. For several months a monthly newsletter was
handed out on the boat. In addition, EOTC held
periodic meetings (roughly one per month) with com-
muters to promote a dialogue on how the service was
responding to passenger needs. These meetings were
held downtown during weekday lunch hours and typi-
cally attracted about 20 riders.

The fare on the Yankee Skimmer and the Freedom
was set at the same price. TInitially, the one-way
fare was $1.50: during the course of the project it
was raised to $1.75.

Because the Yankee Skimmer was limited to a seat-—
ing capacity of 60 passengers, a specific ticket-
sales policy had to be developed. This is not nec-
essary for the Freedom, which has a rated capacity
of 399 persons (on the Freedom, the seats are not
built in and, unlike on the HM-2, standing is per-
mitted). Tickets were sold on a preannounced day at
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Figure 1. Project area.
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the Hingham dock. Tickets were sold for specific
individual trips to permit riders to select the most
appropriate combination of morning and afternoon
runs (or to choose to use the hovercraft in only one
direction). The number of reserved-seat tickets
sold varied during the project from 45 to 50 out of
the 60 seats available on each run. Commuters ap-
peared to prefer sale of as many reserved-seat
passes as possible, since few of them were willing
to stand in 1line daily. Waiting in 1line was not
only a nuisance but was also very risky, since there
were at most 15 open seats.

SERVICE RELIABILITY
Perhaps the most significant level-of-service impact

in this project relates to the reliability of the
hovercraft and, in turn, the reliability of the ser-

vice itself. Reliability relates to the ability of
the vessel both to stay in service and to maintain
its published schedule, Based on a survey of pas-
sengers conducted in August 1979, reliability was
considered by South Shore passengers to be one of
the three most important service issues, the others
being speed and frequency of service.

Mechanical and Hull Reliability

During the six weeks between the scheduled start of
service on December 18, 1978, and the formal with-
drawal of the hovercraft from service at the end of
the week of January 22, 1979, 30 runs (three days of
service) were missed because of repairs resulting
from damage caused by hitting debris. This repre-
sents 16.4 percent of the 183 scheduled runs during
the period.
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Although it is generally believed that impacts by
objects took place several times a week, the ves-
sel's deflection system prevented damage in most
cases. The operator observed that strikes were most
likely on the first run in the morning before €ull
light. Ironically, the lack of traffic in the har-
bor at that hour compounds the problem of darkness.
When objects are observed by vessels, they are often
reported on the radio, which allows other operators
to be alert for them and to track them during the
day. On the hovercraft's first trip of the morning,
however, debris had usually not yet been reported,

Striking objects caused major damage to the hull
itself on only one occasion, when it was holed in
the first month of service. A more frequent result
was damage to the rudders or propellers. Damage or
loss of rudders was accelerated by electrolysis to
the rudder bolts and posts. This problem has been
diminished by installing anodes on the hulls of
newer Hovermarine models.

Most mechanical problems did not result in sig-
nificant downtime, partly because the HM-2 is pow-
ered by three diesel engines of proven reliability.
However, there are two factors that affect the ser-
vice reliability of this equipment. First, the en-
gines are run at a higher number of revolutions per
minute than is apparently normal for diesel engines,
even though the operator usually ran the vessel at
27-28 knots instead of the 31-32 possible. This in-
creased average run times accordingly.

The second mechanical reliability factor involves
the principle of redundancy. Although the Freedom
has four engines, it often runs on only two (to save
fuel) and is still able to operate on schedule. The
Yankee Skimmer can operate on one engine if neces-
sary but does not steer well on "cushion". With
drive from only one propeller, the rudders must
resist a great deal of turning moment, which makes
operation at normal cruise speed hazardous.

Subfreezing temperatures reduced the reliability
of the hovercraft for two reasons. First, spray
thrown up by the bow tended to land on the stern and
freeze. This increased the weight of the vessel,
imbalanced it so that air escaped from the cushion
at the bow, and forced slower operating speeds.
Second, problems with the cooling system developed
on several occasions. On particularly cold days, a
thin film of ice would develop on the surface of the
water. This ice would be scooped up into the raw-
water cooling system, where it would clog the fil-
ters and stop the flow of raw water through the
cooling system. This caused the engine to over-
heat. Hovermarine engineers felt that the only
solution would be to convert to an air-cooled en-
gine, since modifications to the water-cooled sys-
tems have been judged infeasible (a deeper intake
would be too vulnerable to damage and no amount of
heat at the filter could melt incoming ice fast
enough). Hovermarine indicated that this problem is
unique to Boston among the 70 or so sites where
Hovermarine vessels are in service (Rotterdam is the
site closest to Boston in climate among other loca-
tions where Hovermarines operate: however, the pro-
tected waters and freshwater rivers along the Yankee
Skimmer's route increase the ability of ice to form
on the surface).

Schedule Reliability

The impact of weather on the hovercraft service was
profound, In addition to the mechanical problems
caused by darkness and subfreezing temperatures, fog
occasionally reduced visibility severely enough to
force slower operation. The major weather problem,
however, was high winds and seas, particularly in
winter. Based on a limited period of six weeks from
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the planned start of service to formal withdrawal of
the hovercraft for the remainder of the winter sea-
son, 32 trips were canceled due to bad weather, or
17.5 percent of all trips. In contrast, between May
and October only four trips, or about 0.5 percent of
all trips, were canceled due to weather.

The ¢trip cancellations due to weather are the
result of U,S, Coast Guard safety requlations that
were incorporated into a Letter of Stability issued
for the Skimmer. These requlations prohibit service
under any of the following conditions:

1. Sustained winds in excess of 30 knots,
2, Gusts in excess of 35 knots, or
3. Seas in excess of 4,5 ft,.

For seas approaching 4.5 ft, the Coast Guard estab-
lished a sliding scale of maximum speed quidelines.
However, it was the wind restrictions rather than
the wave restrictions that forced several cancella-
tions of service. The wind restrictions were ap-
parently imposed because of concern that in a strong
crosswind the Skimmer's bow would be blown downwind
due to the boat's limlted water resistance while on
cushion (water resistance at the stern is provided
by the rudders). The Coast Guard's concern was
that, with a hard offsetting rudder correction to
maintain a straight course under such conditions,
altering course to windward would be impossible.

By contrast, the Freedom is capable of operating
in winds up to 60 knots. The Freedom did not have
to cancel service due to weather during the course
of the project, although a substitute boat was oc-
casionally used.

The schedule allowed a 30-min period for each
one-way trip by the hovercraft. This was based on
an expectation of 20 min for the trip itself from
cast-off to tie-up, 2-3 min for locading and unload-
ing, and a layover cushion of 7-8 min. In actual
practice, EOTC determined that trips departed 3.2
min late on average and arrived 28.4 min after the
scheduled departure time. This implies that a
slightly longer layover between trips would have
prevented marginal delays on individual runs from
affecting schedule adherence on subsequent trips.

Reliability Summary and Comparison

During the six-week start-up period of winter opera-
tion (December 18, 1979, to January 26, 1980), EOTC
reported operating a total of 113 runs out of 183
that were scheduled, or 61.7 percent. Overall, EOTC
accounted for the scheduled runs as follows (1, p.
20) ¢

Category Percentage
Run 61.7
Missed

Weather 17.5

Hull damage 16.4

Mechanical problems 4.4

During the period from May 1 to October 12, 1979,
service reliability improved somewhat. At its best,
the hovercraft was available for scheduled service
97.8 percent of the time between June 4 and July
27. However, as a result of wear and tear this de-
clined to 78 percent between August 6 and October 12
(1, p. 21). Overall, the Yankee Skimmer failed to
operate at least some of its scheduled service in 14
out of 24 weeks of service between May and October.

SERVICE QUALITY

Four major attributes of service quality are germane
to the South Shore hovercraft vessel. These include
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(a) speed, (b) frequency of service, (c) ride qual-
ity, and (d) on-board amenities. Of these, speed
and frequency of service were judged by riders to be
the most important.

Speed

The Yankee Skimmer has a maximum speed of 31-32
knots, but it is normally operated at only about 80
percent of power to ease the strain on the engines
and reduce fuel consumption. The crulsing speed is
therefore only 27-28 knots under normal circum-
stances.

Speeds may also be affected by the need to slow
down for (a) harbor speed 1limits, (b) navigating
tight turns in channels or congested harbor traffic,
(c} reducing the wake in the vpresence of small
craft, and (4d) navigating in reduced visibility.
There is a 6-mph speed limit in the approaches to
the docks at Boston and Hingham. This restriction,
as well as the problems of harbor tratfic and re-
duced visibility, affects all craft, although the
impact is more substantial on higher-speed craft.
The problem of wake, however, is less significant
for a hovercraft because the vessel produces a very
small wake when on cushion regardless of speed,
which is an advantage over conventional hull craft.

The EOTC on-board survey polled passengers on
their attitudes regarding speed. Some 68 percent of
Yankee Skimmer passengers rated speed as very im-
portant: only 39 percent of Freedom passengers felt
the same way. All Yankee Skimmer passenqers rated
the hovercraft's speed as satisfactory. In fact,
the EOTC report concluded that hovercraft passengers
would be willing to accept a slightly longer travel
time in exchange for improved reliability. Thus, it
appears that a number of passengers felt that the
loss of reliability offset some of the benefits of
reduced travel time,

Frequency of Service

The South Shore service operated only one round trip
each peak period before the Yankee Skimmer was in-
troduced into service. Because of its higher speed,
the hovercraft could just about maintain a round-
trip schedule every hour. By providing three addi-
tional trips each peak period, the Yankee Skimmer
substantially improved the frequency of service
available with a single vessel as well as that of
the overall (combined) service.

Seventy-nine percent of EOTC on-board respondents
fFelt that Erequency of service was very important
and that the schedule of four trips over a 3-h peak
period was satisfactory.

An important benefit of frequent transit service
in general is to reduce the penalty of missing a
particular trip. Unfortunately, the 1-h hovercraft
headways are not helpful in this respect. Moreover,
during July and August the demand for service was so
heavy that, even if a commuter was willing to wait
for the next run, there was no guarantee that a seat
would be available.

Ride Quality

No detailed analysis of ride quality was possible as
part of this evaluation. However, among hovercraft
riders, the EOTC survey found that 91 percent of the
passengers considered ride comfort satisfactory.
This compared with 93 percent satisfaction among
riders on the conventional boat. Unfortunately, no
study could be conducted of those who ceased using
the service. 1In addition, the survey was conducted
in late August, which was a month without much bad
weather.
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On-Board Amenities

The EOTC survey asked passengers on both the Yankee
Skimmer and the Freedom how important they thought
it was to have coffee, snacks, or cocktails avail-
able. The Yankee Skimmer does not have these ameni-
ties but the Freedom does. Therefore, it 1is not
surprising that three out of four Freedom passengers
viewed coffee, snacks, or cocktails as important
whereas only one in three Yankee Skimmer riders felt
this way. Passengers may view amenities as less
important on the hovercraft because the trip takes
less time.

A related indication of the significance of on-
board amenities is that many persons who took the
Yankee Skimmer to Boston in the morning apparently
took the Freedom home in the afternoon, particularly
during the summer. This suggests that, whereas
speed and schedule convenience may be the most de-
sirable service-quality attributes in the morning,
riders may be less concerned with these issues in
the afternoon than they are with the ability to
stand on deck and relax with a drink.

RIDERSHIP

Ridership on the hovercraft during the winter was
moderate at the beginning of service and deterio-
rated, probably due to the extensive difficulties
encountered in keeping the vessel in service, After
service resumed in the spring of 1979, ridership was
about the same as it had been at the termination of
service in January, but it grew guickly. Three fac-
tors probably combined to bring this about:

1. The better weather may have made the service
seem more attractive.

2, Service reliability improved markedly.

3. This was the period during which the qgasoline
shortage developed to crisis proportions.

Although exact figures are not readily available,
EOTC indicated that ridership declined somewhat in
the autumn of 1979 from the summer peak. Presumably
this deterioration was due to a combination of fac-
tors, including reduced reliability, poorer weather,
and the increased availability of gasoline. Relia-
bility problems tended to develop due to the lack of
time for preventive maintenance. The decreased
availability of gasoline caused a marked upswing in
ridership for all types of public transit (including
the Freedom, which was serving 150-200 passengers/
day, or about 50 more than normal), and a subsequent
slippage in patronage would be expected. 1In addi-
tion, some riders were attracted to the service be-
cause of its novelty, which may have begun to wear
off. Finally, regular riders knew the boat was go-
ing out of service for the winter and probably began
to resort to other modes in anticipation.

The total average morning ridership was 175 com-
pared with only 140 afternoon daily riders during
the same period. Assuming the difference is picked
up by the Freedom, this supports the hypothesis that
afternoon riders are less concerned with speed and
more concerned with amenities. Twice as many riders
surveyed (22) reported using the Yankee Skimmer 1in
the morning and the Freedom in the afternoon as re-
ported the reverse,

Before the introduction of the Yankee Skimmer,
service was available on one run each way per day,
with a boat similar to the Freedom. Ridership on
that service averaged roughly 125 passengers/day
each way and remained relatively constant on the
Freedom despite the added hovercraft runs, There-—
fore, the 150 or so daily passengers served each way
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Table 1. Hovercraft project costs.

Per Week Per Year
Item %) (%)
Capital/start-up costs
Depreciation 108 000
Central wharf
Dock® 0
Renovation® 13 500
Hingham dock® 7 500
Crew training and boat preparation 19 500
Total 148 500
Fixed annual costs
EOTC administration 15 000
Mass Bay Lines fee 216 11232
Insurance 32 000
Hingham pier rental® 4800
Total 63 032
Operating costs
Crew 852 44 304
Fuel 695 36 140
Maintenance 547 28 444
Extraordinary maintenance 12 000
Miscellaneous! 97 5044
Total 125932
Total 337 464
zflwlled by EOTC, no depreciation estimate.

C]'ﬂi(l as annual rental Tor twio yedrs,
Excludes S4800 attributed to Freedom.
Security guord and trdsh pickup at Hingham.

by the Yankee Skimmer appear to represent 100 per-
cent induced ridership.

Most hovercraft riders came from one of four com-
munities bordering the location of the South Shore
terminal. This was also true before the Yankee
Skimmer entered service. The greatest gains 1in
ridership on the new service were from the communi-
ties closest to the wharf. This is logical, since
benefits of reduced line-haul time are most signifi-
cant for those with the shortest access time.

The principal alternative modes available to po-
tential hovercraft passengers are the private auto-
mobile, the Red Line subway, and a private bus
line. 1In the 1979 survey, more than 90 percent of
both conventional and hovercraft passengers indi-
cated one of these options. Since the survey did
not ask any information regarding former mode, it
must be assumed that responses to the guestion about
the mode used "if boat service were not available"
are representative of users' former modal choices.

Only 3 percent of the respondents to the 1979
survey {(combined hovercraft and regular-service pas-
sengers) indicated that they would not have traveled
if the boat service were not available. Thus, the
commuter boat service did not generate significant
additional travel,

Door-to-door travel times by alternative modes
depend on each individual's origin and destination,
so it is difficult to estimate the precise impact of
the hovercraft's shorter dock-to-dock trip time.
However, the table below gives some indication of
how the Yankee Skimmer and the Freedom probably com-
pare with alternative modes for passengers in the
Hingham area:

One-way Round-Trip
Travel Time Out-of-Pocket
Mode (min) Costs (%)
Drive alone 45 5.50
Drive to subway 50 2.00
Bus to subway 60 2.00
Bus 55 3.00
Carpool (two occupants) 55 2.75
Yankee Skimmer 55 3.25
Freedom 85 3.25

(The $2.00 cost for drive to subway and bus to sub-
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way is for 1978-1979; subway fares have increased
since then.) Although these fiqures are approxi-
mate, they clearly point to the significance of the
Yankee Skimmer's faster travel time. This makes the
hovercraft service competitive with most other modes
with respect to travel time. The conventional boat,
on the other hand, simply cannot offer travel times
comparable to those of other modes for the majority
of commuters even in the Hingham area.

The price of the hovercraft service is generally
competitive with the price of bus and carpool, but
the subway offers a cheaper alternative. For those
who rely on kiss-and-ride, the subway is also more
reliable, runs much more €frequently, and offers sev-
eral convenient stops throughout the downtown area
instead of only one.

Two of these three advantages over the hovercraft
(reliability and frequency of service) are primarily
due to the fact that it has no sister ship(s) for
backup. In the long run, a more difficult issue in
designing a commuter boat service is the location of
docking terminals with convenient access to a sub-
stantial ridership market.

COST AND REVENUE

The projected annual cost of keeping the Yankee
skimmer in service, excluding start-up costs and
depreciation, is approximately $189 000. Star t-up
costs were an additional $61 500 and capital depre-
ciation of the Yankee Skimmer would have been
$108 000 if the boat had been returned at the end of
April. These costs are summarized in Table 1.

At its best, the Yankee Skimmer was handling
approximately 322 trips/day. Average ridership is
unlikely to match this primarily because of seasonal
variations, With 60 percent of seats sold in the
peak direction, one rider per run on the backhaul,
and a 95 percent in-service record, the hovercraft
would serve about 62 000 passengers annually. This
would yield a total revenue of $94 000. The total
deficit for the year in this instance would be
$95 000, or $1.53/passenger, excluding depreciation
and start-up costs. This compares with a deficit of
$0.97/passenger on the MBTA bus and rapid transit
service and $2.96 on their commuter rail service
during the same period (1, p. 8).

It is unrealistic to absorb all depreciation and
start-up costs over only two vyears. Assuming in-
stead an amortization period of five years yields an
estimated total annualized deficit of $166 300, or
$2.68/passenqer. It must be remembered, however,
that other noncommuter uses of the boat might reduce
the relative impact of depreciation.

REGULATORY ISSUES

Two sources of regulation significantly affected the
project. The Coast Guard operating rules concerning
suspension of operations in bad weather have already
been mentioned: the other important requlation is
the Jones Act.

The Jones Act is essentially a "buy American"”
law. Because it requires that a vessel used in
intra-U.S. commercial service be built in the United
States, it severely limits the number of hovercraft
available for such use. Specifically, EOTC would
have been unable to purchase a sister ship for the
Yankee Skimmer even if it could have afforded to.

ENERGY CONSUMPTION

The HM-2 is claimed by its manufacturers to be fuel
efficient because of its reduced drag when on cush-
ion. On the other hand, the lift engine itself con—
sumes energy, and the higher operating speeds also
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require more energy. The Freedom consumes on the
order of 80 gal/h in commuter service compared with
about 33 gal/h for the hovercraft (both at normal
operating speeds). Because the hovercraft has a
higher operating speed, this translates to 0.19
mile/gal for the Freedom and 0.85 mile/qal for the
Yankee Skimmer.

Although the Freedom carries a larger payload, it
appears to be marglnally less efficient than the
Yankee Skimmer on the basis of passenger miles per
gallon, Based on the above numbers and prime direc-
tion loads of 125 on the Freedom and 36 on the
Yankee Skimmer, the Freedom operates at 11.7 pas-
senger miles/gal and the Skimmer at 15.3 passenger
miles/gal. It should be noted, however, that the
Freedom consumes substantially less fuel per mile at
the lower speeds (6~8 knots) at which it runs in
excursion service.

CONCLUS IONS

Analysis of the South Shore commuter boat service
before and after the introduction of the HM-2 hover-
craft indicates that over-the-water service must
have certain attributes in order to compete with
land~based modes. These attributes include speed,
frequency, reliability, and convenient access. In
some respects, the hovercraft improved the attri-
butes of the South Shore service; in other respects,
it 4id not or could not. Although it did provide
trip times competitive with other transit modes
while performing within the normal range of transit
operating deficits, it was more constrained in the
choice of terminals and hence in the number of com-
muters for whom access was convenient. The relia-
bility of service was hampered by a combination of
Boston weather and sea conditions and a lack of ade-
quate maintenance.

In retrospect, many of the difficulties experi-
enced in the Boston project are avoidable and it is
to be hoped that future projects can be considerably
more successful by the simple expedient of not rep-
licating certain problems. These problems and ap-
proaches to solving them are reviewed below.

wind Conditions

The HM-2 Mark IITI labors under a wind-velocity re-
striction imposed because of the potential impact on
steering control when the craft is on cushion in a
high crosswind, This restriction may be questioned
in light of the obvious ability of the boat to al-
leviate the problem by dropping off cushion. Fur-
thermore, other hovercraft designs or other high-
speed technology craft may be less susceptible to
this problem.

Sea Conditions

Because of Boston's northern latitude and the €fact
that the hovercraft was operating in protected es-
tuarial waters, ice and slush scooped into the cool-
ing system from the surface water was a chronic
problem. These sea conditions are not duplicated
anywhere else that the Hovermarine craft is in ser-
vice, nor is it 1likely to be experienced in any
other major port city in the United States. How-
ever, intake filtering systems or other engineering
solutions could presumably be developed if necessary.

Mechanical Design

The HM-~2 Mark III is an old model that does not in-
corporate the latest design features. For example,
the lack of adequate anode plates probably contrib-
uted to several rudder failures. This design defi-
ciency has been corrected on later Hovermarine
models.,
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Engineering and Maintenance Resources

Tight budget restrictions forced EOTC to forgo cor-
rective engineering and maintenance actions that
could probably have overcome situations such as the
intake of frozen raw-water coolant. Thus, even cor-
rectable problems sometimes went unchecked. Again,
the conclusion is that there must be adequate bud-
geting for maintenance to ensure service reliability.

Boat Capacity

Because the HM-2 seats only 60 passengers, no strong
marketing effort was possible. 1In fact, the rider-
ship levels achieved (even without substantial mar-
keting) during the summer of 1979, when the boat was
running at its best, constituted a problem because
those without reserved seats were being turned
away. Thus, the South Shore service does not offer
an accurate measure of what the ultimate market po-
tential of this type of service might be. Larger
pboats with more seating, combined with an active
marketing program, should be considered in €uture
programs.

Number of Boats Available

Perhaps the single most perplexing problem in the
Boston demonstration stemmed from the lack of addi-
tional hovercraft. Short of buying five new boats,
which would have been prohibitively expensive for
EOTC/DPW, the Yankee Skimmer was the only boat
available to the state at the time. Without any
comparable sister ship, the hovercraft could not
offer attractive headways nor could it be withdrawn
for essential preventive maintenance. This situa-
tion caused unfortunate repercussions throughout the
demonstration. Clearly, future programs must give
serious consideration to having an appropriate num-
ber of high-speed vessels to ensure continuity of
service.

In view of the constraints imposed by reliance on
a single high-speed craft, EOTC staff feel that the
HM-2 has performed as well as can be expected. De-
spite the resulting limitations of the Boston-South
Sshore demonstration, high-speed over-the-water tech-
nology offers the promise of significantly more suc-
cessful results in subsequent commuter service ap-
plications.
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New York Ports and the Expanding Coal Markets

FRANK A. McEVOY

A great amount of attention in recent port development plans has been focused
on the probability of increased coal traffic. Based on this potential, various
projects to inaugurate or expand coal services have been initiated at many loca-
tions throughout the United States. Recent proposed coal transportation de-
velopments at port facilities in New York State are reviewed, and the potential
for increased traffic through the state is examined.

The U.S. share of the world coal market has risen
steadily over the past several years along with a
dramatic increase in exports of steam coal. Current
projections from a variety of sources indicate the
probability of continued growth in both the export
trade and domestic use. It has often been noted
that this coal "boom" will not achieve its full po-
tential without major upgrading of the transporta-
tion system that serves the market. Currently, the
major portion of U.S. coal shipments is handled by a
few ports. Various port operators in New York State
and around the United States, recognizing the poten-
tial for further market expansion, have developed
plans for transshipment terminals to serve the
demand .

Plans are currently under consideration for two
separate terminals in New York Harbor. The Port
Authority of New York and Wew Jersey is advancing a
project that would enable it to initially handle 10
million tons/year for the export and domestic mar-
kets. The City of New York Department of Ports and
Terminals has developed plans for a facility on
Staten Island that would use a short slurry system
to minimize environmental impacts of coal handling
in an urban area. On the Great Lakes, the Port of
Buffalo hopes to use its location to serve coal ex-
ports through the St., Lawrence Seaway.

At the Port of Albany on the Hudson River, a pri-
vately held Dallas, Texas, energy company has an-
nounced a plan to export up to 2 million tons/year
of coal through a newly constructed facility, and
the Atlantic Cement Company of Ravena, just south of
Albany on the Hudson, has already used its existing
conveyor system to load several vessels for export
in 1981.

Since increasing use of coal has become a reality
overseas, coal buyers have looked to the United
States to fill gaps in supply resulting from uncer-
tain output by more traditional producers, espe-
cially Poland. Transportation service improvements
are required to meet this demand, and the ports of
New York are moving to secure a share of the market.

ISSUES IN COAL TRANSPORTATION

Transporting coal for export requires a complex
multimodal network linking supply centers and inland
or coastal transshipment points. The capacity of
the existing system has generated substantial debate
in recent vyears. This discussion has centered on
several important points.

The issue of long waiting times and high demur-
rage costs at primary loading ports such as Hampton
Roads and Baltimore has been effectively resolved
through vessel preregistration systems implemented
by the railroads that operate those facilities. The
long-term problem of terminal capacity has been ex-
amined closely, and some assumptions have recently
been called into question. As reported in the New
York Times in December 1980, it was the opinion of
President Carter's Coal Export Task Force that "by
1983 at the latest there will be more than enough

[capacity] to handle any possible demand”, preclud-
ing further long delays for loading.

The inability of U.S. ports to handle large coal
carriers (125 000 deadweight tons or more) has been
the subject of much discussion. Several bills now
pending in Congress are seeking to speed up dredaing
of deep-draft ports by recovering at least part of
the cost from local entities and revising the U.S.
Army Corps of Engineers permit process. The issue
of cost recovery for dredging has created a great
amount of controversy and, although a consensus on
the need for "fast tracking" of permits has de-
veloped, it is difficult to predict the shape of the
final legislation. The present depressed market for
freight carriage by sea has contributed to the cost-
effectiveness of smaller panamax or handy~sized ves-
sels, at least for the short term. Although this
raises doubt about the overall cost-effectiveness of
deep-draft dredging projects in this period, it is
probable that these projects will be pursued due to
the potential savings offered by larger vessels in a
stronqg market. Charter rates in the bulk carrier
market dropped to a two-year low in 1981, and it
appears that there will be 1little improvement in
1982, €Even significant growth in the coal trade is
not likely to absorb the excess tonnage. It was
recently noted that orders placed for new bulk car-
riers in the period July-September 1981 were almost
entirely for vessels of 70 000 deadweight tons or
less (1). Although the market has appeared to bot-
tom out, significant new carrying capacity to be
added over the next three years suggests that the
situation (for carriers) may worsen before it im-
proves.

The outlook €or the railroads is somewhat more
optimistic. The rail transportation service re-
quired for even a moderate-sized export facility
places substantial demands on carriers. Operation
of a 10 million-ton/year facility would require
three unit trains of 100 cars/day. Since unloading
time is estimated at 3-4 h, operation around the
clock may be necessary.

Examination of the present c¢oal-handling market
shows the obvious--that ports that enjoy proximity
to supply sources currently handle the qreatest per-
centage of traffic. Hampton Roads alone accounted
for almost 60 percent of U.S. export coal traftfic in
1980. The projected New York facilities are plan-
ning to serve several eastern supply centers, nota-
bly western Pennsylvania and northern West Vir-
ginia. Although the land haul to projected New York
facilities may be greater in some cases, it is be-
lieved that proximity to the market and efficient
handling will provide competitive overall distribu-
tion costs, especially for export. New York enjoys
excellent rail access, and no major problems with
unit train operations are anticipated. The majority
of trackage in New York State is controlled by the
Consolidated Rail Corporation (Conrail), and con-
nection with major coal-hauling lines is possible at
a number of points. The future of Conrail will bhe
effectively determined by two profitability tests in
1983, If these are passed, as is expected, the line
must be sold as an entity by June 1984, Conrail has
been extremely supportive of the various coal port
developments in New York, since the potential for
increased revenue is readily apparent.

The impact of rail carrier deregulation has been
the subject of much debate since passage of the
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original legislation in October 1980. A petition by
the Norfolk and Western Railway to exempt East and
Gulf Coast coal traffic from regulation could result
in higher rates, but railroad officials maintain
that prices will not increase sufficiently to affect
the competitiveness of U.S. coal on the world mar-
ket. The proposal elicited a strong reaction from
shippers, who €feel that a favorable ruling could
have far-reaching effects on the position of U.S.
coal, already beset by high inland transportation
costs.

Environmental problems associated with unit train
and coal terminal operation are not expected to be
an overriding concern except in the case of the
proposed WNew York City terminal. Impacts on envi-
ronmental quality include air pollution resulting
from locomotive emissions and fugitive dust, noise
from railcar operations and ship loading, as well as
possible water pollution from coal pile runoff. Tt
is expected that any terminal design will strive to
minimize these negative effects. An evaluation of
the impacts of increased coal movements in New York
State was recently completed for the New York State
Department of Environmental Conservation (2). This
study concluded that moderate impacts on environ-
mental quality could be anticipated but significant
negative effects were not envisioned.

PLANNED COAL TERMINAL DEVELOPMENTS

New York and New Jersey

The Port Authority of New York and New Jersey has
emerged as a leading proponent of coal transporta-
tion development in New York State. The initial
concept for a coal transshipment terminal located in
New York Harbor has been discussed since the late
1970s, and activity has stepped up in recent months.

Cargo volumes at North Atlantic ports such as New
York have been decreasing, and it is believed that
the surge in demand for coal exports represents an
opportunity to reqain some of these lost revenues.
Port Authority officials have pointed out that the
Port of New York and New Jersey offers several po-
tential advantages over competitors €or the coal
export trade. The harbor can be dredqed to a depth
of 60 ft for an estimated $140 million compared with
an estimated $417 million at Hampton Roads. A sig-
nificant amount of land is available with direct
rail access from three major coal-hauling 1lines.
Finally, the port's proximity to European markets
could result in significant savings to shippers,
especially to Northern European customers. The con-
cept of this project has received the endorsement of
the States of New York and New Jersey as well as the
City of New York.

In July of last year, the Port Authority received
the phase 1 final report of the engineering and eco-
nomic study for a coal transshipment facility in New
York Harbor. Initial capacity of the planned termi-
nal would be 10 million tons/year, with possible
future expansion to 20 million tons/year. The coal
will arrive in unit trains from eastern supply re-
gions and be conveyed to a ground storage area with
a planned capacity of 2 million tons. The project
cost is estimated at approximately $125 million for
the preferred alternative on the New Jersey side of
the lower Hudson River. The Port Authority recently
completed acquisition of the proposed terminal site,
and further studies are progressing.

The New York City Department of Ports and Termi-
nals has proposed a plan for a 20 million—-ton/year
facility at Stapleton, Staten Island. The Stapleton
site was initially considered by the Port ARuthority,
but the environmental problems associated with unit
train operation outweighed the advantage of excel-
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lent deepwater access. The City proposal envisions
coal storage at a rail yard on the west side of
Staten Island and mixing to form a slurry. The coal
would be transported via a dual pipeline system ap-
proximately 8 miles across the 1sland to Stapleton,
where it would be dewatered and loaded. The City
has estimated the total cost of this facility at
$100-150 million and expects private capital to €i-
nance the project. Since the Chessie System con-
trols rail access to Staten Island, negotiation of a
joint rate with Conrail will be necessary. As with
the Port Authority proposal the concept of this
terminal has received wide political endorsement:
however, some concern about impacts on the community
has been raised by residents in the area, and envi-
ronmental compatibility is being stressed in design
efforts.

Port of Albany

The Port of Albany is an inland tidewater port lo-
cated on the Hudson River approximately 125 nautical
miles north of New York City. The Hudson River is
maintained at a depth of 32 ft by the Corps of Engi-
neers as far north as Albany.

In March 1981, the Albhany Port District Commis-
sion was approached by the New Amsterdam Coal Com=-
pany of Dallas, Texas, concerning the possibility of
constructing and operating a coal export terminal at
Albany. New Amsterdam Coal is a subsidiary of R,V.
Lynch and Company, a 15-year-old, privately held
energy company. After initial meetings, New Amster-
dam Coal entered into an agreement to lease 20 acres
of port land with an option to expand to 35 acres.
The site is located on the east (Rensselaer) side of
the Hudson, The company indicated that it chose
Albany because of the lack of congestion, good ac-
cess, and available land.

Under the New Amsterdam plan, coal will move via
Conrail from producing districts in western Pennsyl-
vania and northern West Virginia. The Albany ter-
minal would maintain an initial stockpile of 100 000
to 150 000 tons, with possible expansion to 500 000
tons of storage. A ship loading capacity of 1000
tons/h is planned. The company plans to invest $6
million to upgrade Conrail service and complete con-
struction of the coal-handling facility and even-
tually to provide $0.50/ton in added revenues to the
Port District.

After some initial delays in receiving environ-
mental and dredging permits, it appears that plans
are progressing. New Amsterdam Coal has retained a
major New York consulting firm to complete an engi-
neering study for the proposed terminal. The com-
pany hopes to be in operation by 1983.

Atlantic Cement Company

The Atlantic Cement Company facility in Ravena, New
York, is located just south of Albany, about 110
nautical miles north of New York City. Since 1962,
the company has operated an integrated cement pro-
duction operation that uses the Hudson River to dis-
tribute products throughout the Eastern Seaboard.
Cement was transported to vessels via a mile-long
conveyor system and, through construction of a short
feeder system, the company now uses that system to
load coal €for export. Since the spring of 1981,
seven ships destined for markets in the Caribbean
and ERurope have been handled in this manner. The
company has recently supplemented its coal sales
staff to further develop this potential but does not
plan significant expansion of service without 1long-
term buyer commitments.
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Port of Buffalo

The Port of Buffalo is located on the eastern end of
Lake Erie, about 1500 nautical miles from the mouth
of the St. Lawrence River, The port facilities are
owned and operated by the WNiagara Frontier Transpor-
tation Authority (NFTA), WNFTA has been interested
in developing a coal terminal at Buffalo since the
mid-1970s. The possibility of transporting western
coal east via the Great Lakes and the potential for
increased demand by utilities in the region have
created a great deal of interest in a Buffalo coal
terminal. The €easihility of such a facility has
been investigated in a number of consultant stud-
ies. 1Initial questions concerning the economics of
using western coal in New York State were raised in
a market study of the State's barge canal system
conducted for the New York State Department of
Transportation in 1979 (3). The study found that
"no large-volume shipments of western coal are an-
ticipated...and notwithstanding the resultant trans-
port cost savings eastern coal remains the preferred
fuel supply option for new coal f€ired utility in-
stallations in upstate New York." 1In November 1979,
a feasibility study of the bulk terminal proposal
was completed for NFTA (4). This study concluded
that "given the current economic and regulatory cli-
mate, there does not appear to be sufficient demand
to justify construction of a bulk handling trans-
shipment facility at the Port of Buffalo." More
recently, a study conducted for the Power Authority
of the State of New York (5) concluded that "the
long-term potential for a large coal transshipment
port does not look attractive."

Because of the increasing volume of exports and
crowded conditions at some Atlantic Coast ports,
interest began to focus on the need for alternative
export routes, including the Great Lakes-St. Law-
rence Seaway System. An examination of Great Lakes
coal-handling capacitv and export coal potential
completed by the U.S. WMaritime Administration in
1980 (6) concluded that "if world coal demand con-
tinues to increase and congestion continues at East
Coast ports, the Great Lakes-St. Lawrence Route will
be a competitive alternative." The study further
concluded that laker feeder service to ocean vessels
of 100 000 deadweight tons is the most competitive
route and that the ability to load vessels of this
size at Quebec City is an advantage over using East
Coast ports. One example of this occurred in Auqust
1981, when six Canada Steamship self-unloaders
transferred 160 000 tons of Ohio coal at Sept Isles
in the Gulf of St. Lawrence. This was the largest
shipment of coal ever to leave North America on one
ship.

The Port of Buffalo is served by several rail
lines and currently has two berths and a conveyor
system capable of loading coal into 1000-ft lakers
or seaway-sized ocean vessels. Loading is accom-
plished with a new Kolberq mobile loading system
that has a loading capacity of 2200 tons/h,. The
port has set aside a 210-acre site with a 3 million-
ton storage capacity for bulk cargo. In addition,
the facility can handle up to 100 railcars and 10
barges. NFTA believes that, when fully opetational,
the facility will be able to handle up to 3 million
tons/year.

COAL MARKET OUTLOOK

Export

Optimistic projections notwithstanding, a variety of
factors will affect the growth of 7.S., coal exports

in the near term., The Wational Coal Association has
expressed fear that current economic conditions,
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combined with a decline in o0il prices, may put a
damper on the short-term gqrowth in use of U.S.
coal., In general, the United States is recognized
as a reasonably dependable supplier due to abundant
reserves and overall political stabhility. TForeign
coal buyers, however, have generally been unwilling
to enter into long-~term contracts without accompa-
nying improvements in port facilities. Current coal
prices in the United States are 20-30 percent higher
than those of our closest competitors, Australia and
South Africa. The disparity results from higher
labor costs, longer land-haul distance, and, for
some markets, longer ocean distance. Labor costs
are not likely to decline due to a strong union and
the higher recovery costs, especially for eastern
coal. Planned improvements in transportation effi-
ciency may have some positive effect on the overall
price competitiveness of U.S. coal i1n the world
market.

Predictions of total coal exports have been re-
vised downward in recent months. Despite the opti-
mistic projections of President Carter's Coal Export
Task Force, a consensus seems to be forming among
industry analysts that the U.S. share of the world
coal trade will grow at a rate somewhat slower than
initially anticipated. Coal consumption in Europe
has stagnated somewhat due to the current level of
stockpiles, increased availability of competitive
supplies, declining o0il prices, and general reces-
sion within the European REconomic Community (REC).
Options put forth by a member of President Reagan's
Coal Interagency Workina Group indicate that overall
U.S. exports to Europe will fluctuate more widely
than those of other suppliers. Recent production
problems experienced in Poland, a traditional sup-
plier to the EEC, may open some additional markets
to U.S. suppliers. Tt appears likely that as stock-
piles are reduced the United States will probably
get the bulk of REurope's incremental demand. The
United States 1is currently seen as a "swing" sup-
plier to this market.

A report prepared by the Office of Technology
Assessment (7) recognizes the difficulty of accu-
rately estimating the U.S. share of the steam coal
market in the next 20 years. In large measure, the
U.S. share will be determined by problems experi-
enced by competitors in meeting the demand and the
ability of the industry to surmount the problems
inherent in the U.S. production-distribution sys-
tem. Another recent study (8) concludes that,
whereas market expansion can be anticipated, the
rate, timing, and magnitude of this growth will be
effectively determined as much by corporate strate-
gies as by national energy policy.

Domestic

BRlthough a large increase in domestic coal use has
been forecast since the mid-1970s, intrinsic prob-
lems in the utility industry have prevented realiza-
tion of this objective. The energy policy put forth
by the Reagan Administration has emphasized the im-
portance of free-market mechanisms to meet potential
energy crises. Utilities have been hard-pressed to
finance voluntary conversions due to a leveling of
demand, rising fuel costs, and depressed stock
prices. It is not likely that direct subsidies will
come about and, with no large-scale program of con-
versions, it appears that domestic coal use will
grow much slower than initially anticipated.

Revision of the Clean Air Act was expected to be
one of the controversial issues of the 1981 conqgres-
sional session. Without congressional action, the
current version, enacted in 1970, will remain in
effect. Progress has been extremely slow. As of
late 1981, a number of proposed revisions had been
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offered but a consensus has vet to emerge. ULarge-
scale relaxation of emissions standards does not
appear likely at this time.

Within New York State, several utilities are ex-
amining the feasibility of conversion to coal use.
Consolidated Edison of New York has extended a test
burn of higher-sulfur fuel oil as a prelude to con-
version at two facilities in New York City. Al-
though real progress toward conversion has been de-
scribed as "glacial", reqgional growth potential for
this segment of the coal market is significant. 1If
scheduled conversions are carried out, an increase
in coal shipments of up to 10 million tons/year is
possible., After a steady decline in the 1970s, coal
consumption in New York State has begun to increase
slowly. Few problems are anticipated in serving the
transportation requirements of this market.

CONCLUSIONS

Proponents of coal terminals in New York State be-
lieve that a significant amount of traffic can be
diverted to the proposed facilities and that total
distribution costs would be competitive with other
FBast Coast ports. Availability of land, good access
by major rail carriers, proximity to the market,
and, in the case of New York Harbor, a dredqing cost
significantly lower than dredqing costs for compet-
itor ports will, it is believed, contribute to the
economic viability of the proposed terminals.

Planned project capacities at New York State
ports are given below:

Capacity (000 000 Projected
tons/year) Start-Up
Port Initial Storage Date
New York/New Jersey 10 2 1985
New York City 10 1 1985~1986
Albany 2 0.15 1983
Buffalo 1 3 1984
Hudson River 1 0.10 1981
Total 23,5 6,25

The growth in coal use has been hailed as a means
by which to achieve a variety of national objec~
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tives. The ports of New York expect to gain a share
of the market and anticipate that the qoals of re-
gional development may be served as well.
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