THE OPTIMUM PORT CAPACITY

By Jan de Weille and Anandarup Ray*

I. INTRODUCTION

This article deals with the question: What capacity should a port have? Given that
the rate of ship arrivals in the port changes over time, there is some figure of port
capacity (number of berths) which maximises the total net benefits: that is, net
benefits to both ship owners and the Port Authority when taken as a whole.!

On the one hand, if the Port Authority were to insist on 100 per cent utilisation
of its capacity, it would minimise its costs per ship; ship owners, however, would
incur costs while waiting for berths.2 On the other hand, if enough berths were
constructed and maintained to avoid any waiting, the ship owners’ waiting time and
costs would be reduced to zero; but the Port Authority would face the high costs of
constructing and maintaining the berths. In this instance, the port’s marginal berth
might conceivably handle only one ship a year.

Thus the basic problem is one of trade-offs: more berths, higher costs for the
Port Authority but lower costs for ship owners; fewer berths, lower costs for the
Port Authority but higher costs for ship owners. The optimum number of berths
will be somewhere between that number which would be fully utilised year-round
(lower limit) and the number required to avoid any waiting by ships (upper limit).

The general problem of reconciling capacity with fluctuating demand is not
restricted to ports. The power, airline, tourism, restaurant, and railway industries
are also familiar with this problem, having in common the fact that the services
they provide are not storable.3

*The authors are economists in the World Bank. A previous version of this article appeared as an
internal World Bank document in the series Bank Staff Working Papers. In preparing this article the
authors received the advice and support of a number of colleagues in the World Bank. In particular,
they would like to thank Mr. Leon H. Miller for his cooperation on the systems analysis aspects, as
well as Miss Carolyn Gochenour, Miss Jeannette Murphy and Miss Niall O’Melia. The views
expressed are those of the authors and not necessarily those of the Bank. The authors alone are
responsible for the accuracy of the information provided.

1The service time should, of course, also be treated as a variable when the optimum number of
berths is in question. To keep the argument simple we will initially focus on the number of berths
only, and consider the service time as given.

2Although estimates of the ship waiting time costs differ and no unanimity of opinion exists, an
amount of US$1500 per day for a 10,000-ton ship might be considered indicative of the order of
magnitude involved.

3Manufacturing industry, on the other hand, can produce for a future moment, and by storing its
output reconciles capacity and demand for its services. The storability of the services thus introduces
an element of flexibility in capacity.
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Outline

The structure of this article is as follows. Sections IT and III focus on the question:
How much waiting time will be incurred for given numbers of berths and given
numbers of ships arriving annually? Section II, “The Simple Case”, assumes that
we know when the ships will arrive during the year and how much time each ship
will spend in berth. Section III, “The More Complicated Case”, does not assume
such knowledge. Instead, a number of assumptions are made and the total waiting
time is computed on the basis of queuing theory for a large range of situations.
Section IV, “Benefit—-Cost Analysis: The Optimum Investment Pattern”, intro-
duces the demand side and, in combination with the results of the preceding section,
discusses the benefit—cost analysis. The last section, Section V, “Some Final Observa-
tions”, focuses on a number of points which are relevant in the context of this
article, such as: containerisation and port capacity; lighterage as an alternative to
additional berths; and the distribution of the benefits from a port project.

The dimensions of a port’s capacity have been investigated in great detail in the
literature. There has been very little attempt, however, to integrate sophisticated
operations analysis as typically used in this context with other aspects of port
planning to produce a generalised economic system that can be optimised. In this
article we have attempted to show how operations research techniques can be used
for port planning within the framework of the conventional economic benefit—cost
analysis.

In order to emphasise the principal trade-offs involved, and to highlight the role
of queuing models in developing a port’s long-run and short-run cost functions, we
have deliberately chosen a simple model. Though simple, the model has considerable
analytical value, and has already proved effective in analysing a number of ports
in developing countries. It is easy and inexpensive to apply and therefore has a high
pay-off as an analytical technique.

II. THE SIMPLE CASE

The simplest way to approach the problem is to assume that the number of ship
arrivals for each day over a certain period, for example ten days, is known. This
might be true for a port receiving only liner ships following a fixed schedule. For
example, three ships may be expected on 1 January, none on 2 January, five on
3 January, and so on; see the example below. In addition, we assume that the
service time for each ship is known. Given, then, the number of berths available in
the port, the total waiting time during the period can easily be computed.

In our hypothetical example shown in Table 1, with a one-day service time per
ship, overall capacity in a four-berth port during the 10-day period considered is
40 berth days. The demand for berth days is slightly less, totalling 34. Nevertheless,
on six out of the ten days, ships are waiting to be admitted because of the irregular
arrival pattern. The total number of ship days spent waiting is 12.

If one more berth were available the number of ship waiting days would be
reduced to only three. Assuming a cost of some US$1500 per day for a 10,000-ton
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TasLE 1
Calculation of Waiting Time: An Example

Four-Berth Port Five-Berth Port
Ship Berths Ships Berths Ships
Date arrivals available waiting available waiting
1 Jan. 3 4 0 5 0
2 Jan. 0 4 0 5 0
3 Jan. 5 4 1 5 0
4 Jan. 7 4 4 5 2
5 Jan. 2 4 2 5 0
6 Jan. 2 4 0 5 0
7 Jan. 6 4 2 5 1
8 Jan. 3 4 1 5 0
9 Jan. 5 4 2 5 0
10 Jan. 1 4 0 5 0
Total 34 40 12 50 3

ship, the gross benefits during this 10-day period of having one more berth would
be US$13,400 (US$1500 x9).4

Of course, the example given above covers too short a period on which to base a
benefit—cost analysis. But the principle is clear: if full information on the timing of
the ship arrivals is given and the service time for each ship is known, the total
waiting time and costs can be calculated for different numbers of berths.

Before moving to the more complicated case, we should introduce the term “berth
occupancy rate”, frequently used in port project appraisals. This term indicates the
degree of utilisation of available berths. Thus, in the example presented above,
when 4 berths are available the average berth occupancy rate is 34 +40 or 859%,.
When 5 berths are available, the occupancy rate is 34 ~50 or 68%,. For 6 berths,
it would be 34 60 or 57%,. Once the optimum number of berths (say, 5 berths)
has been determined, the optimum berth occupancy rate (689,) follows automatic-
ally. Since the optimum number of berths and the optimum berth occupancy rate
reflect two sides of the same coin, the discussion in this article runs only in terms of
the optimum number of berths.

In general, for a one-year period,

berth occupancy number of ship arrivals during year
- - x100
rate (%) average number of ships

each berth can service per day

x number of berths x 365

The denominator in the expression is the total capacity of the port in that year,
expressed in terms of the total number of ships the port is capable of servicing. An

4This presupposes that no additional ships would be attracted to the port if an additional berth
were available and waiting time were reduced, that is, that demand is fully inelastic.
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alternative, and perhaps somewhat more transparent, formulation of berth
occupancy rate is:

number of ship average service time
berth occupancy _ __arrivals during year required per ship %100
rate (%) " number of berths  x 365

The numerator indicates the effective demand for service time, while the denomina-
tor indicates the total capacity of the port, both measured in terms of berth days
per year. The port’s capacity will increase if the average number of ships each
berth can service per day increases (or the average service time per ship decreases)
and/or the number of berths increases.

III. THE MORE COMPLICATED CASE

In the previous section we made the convenient assumption that both the number
of ships arriving each day and the service time of each ship were known. On that
basis it was possible to determine without difficulty the ship waiting time involved.
In practice, however, neither the timing of ship arrivals nor the service times for
the individual ships are known. Consequently, some workable and realistic assump-
tions have to be made in order to compute the waiting time. We have made the
following two assumptions with regard to ship arrivals:
(i) that the frequency distribution of the number of ships arriving daily follows
a Poisson distribution;5 and
(ii) that the timing of the daily ship arrivals is random during the period under
consideration; in other words, that the arrival of one ship does not affect the
time when any other ship arrives.
Assumption (i) was adopted because the literature on the subject indicates that the
Poisson distribution often fairly accurately reflects observed frequency distributions.6
Assumption (ii) only indicates that no relationship exists between the numbers of
ships arriving on a certain day, the day before, and the day after.
With regard to the service time of ships we have assumed: ,
(i) that the frequency distribution of the service times is reflected by an Erland
(k=1) frequency (or negative exponential) distribution; and
(ii) that the specific service times are independently distributed.
Assumption (i) again was adopted because the literature indicates that the Erland
distribution often provides a fair approximation of reality. Assumption (i) only
indicates that the service time of a certain ship is independent of that of the ship
just serviced and does not influence the service time of the next ship. The service

5For the mathematical formula of the Poisson distribution, see Appendix.

6Israel Ports Authority, Reports and Statistics Center, Yearbook of Israel Ports Statistics, 196364,
Haifa, January 1965, pp. XI and XII: “For the first time, the frequency of daily ship arrivals has
been analysed with regard to Haifa port. This analysis confirmed the hypothesis that most vessels
arrive at the port at random intervals, at frequencies that may be approximately described by the
Poisson distribution. Similar results have been reported by ports abroad. (See Petter C. Omtvedt,
Report on the Profitability of Port Investments, Oslo, 1963, and F. Marques Da Silva, Boletin do Porto de
Lisboa, No. 150, 1963). The Poisson distribution may therefore serve as a convenient mathematical
model for predicting frequency distribution for ship arrivals.”
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time is regarded as a random variable, since there are numerous factors affecting
service times. This assumption would be unrealistic only if there were a strong
functional relationship between the average service time and a small number of
variables.

Given these four assumptions and the number of ship arrivals per year, the
number of berths available and the average service time per ship, the total waiting
time can be computed.

For a general discussion of the problem, see Sasieni, M., Yaspan, A., and Friedman,
L., Operations Research Methods and Problems, New York, 1959, pp. 143-145. See also
the Appendix to this paper for the mathematics involved.

Table 2 presents the results for a number of situations. It shows total annual ship
waiting time for a range of annual ship arrivals (100-1000), average service times
(1 to 5 days) and numbers of berths (1 to 15). Not feasible (n.f.) indicates that a
berth occupancy rate of 1009, has been reached and that the annual demand for
port capacity exceeds the available annual capacity.

As might be expected, with increasing numbers of ship arrivals or increasing
average service times, the total annual waiting time increases sharply. For example,
if the average service time is one day and 100 ships arrive annually, total annual
waiting time is 38 ship days for a one-berth port. If 200 ships arrive, the waiting
time increases to 242 ship days per year. And if 500 ships arrive, the one-berth
capacity simply does not suffice. Increasing the average service time per ship for a
given number of ship arrivals has a similar impact on the total waiting time.

Looking diagonally across Table 2, an interesting interrelationship between the
variables becomes clear. For example, total waiting time is exactly the same for
1000 ships arriving annually with an average service time of two days as for 500
ships arriving with an average service time of four days. Similarly, 900 ship arrivals
with an average service time of one day result in the same total waiting time as 300
ship arrivals with an average service time of three days. Total annual ship waiting
time is a function of the product of annual ship arrivals and average service time;
that is, of total annual service time required. Waiting times for various combinations
of required service times and numbers of available berths are shown in Table 3.
This table is simply a more generalised version of, and is entirely based on, Table 2.

The purpose of this and the previous sections was to determine how much
waiting time would be incurred with a given number of berths and a given number
of ships arriving annually. In the next section, we consider how many ships will

arrive with a given waiting time per ship. We do this by introducing the demand
function for port services.

IV. BENEFIT-COST ANALYSIS:
THE OPTIMUM INVESTMENT PATTERN
The preceding section has provided us with one of the building blocks for the
benefit—cost analysis: that is, we know the total waiting time, given the number of
berths and the number of ship arrivals. In principle, this is a purely technical
relationship. A second input required for the benefit—cost analysis is the value of
waiting time of ships. In this article we have considered an amount of US$1500 per
day for a 10,000-ton ship to be indicative of the order of magnitude involved.
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Total Annual Waiting Time of Ships Under Different Conditions

TABLE 2

Jan de Weille and Anandarup Ray

Annual Number Total Annual Waiting Time (in days)
Ship of
Arrivals Berths Average service time per ship )
1 day 2 days 3 days 4 days 5 days
100 1 38 243 1386 n.f. n.f.
' 2 2 16 61 172 442
3 0 2 8 24 59
4 0 0 1 4 11
5-15 0 0 0 1-0 2-0
200 1 242 nf. n.f. nf. nf.
2 16 172 1249 nf. n.f.
3 2 24 129 532 3226
4 0 4 25 99 322
5 0 1 5 24 78
6 0 0 1 6 21
7-15 0 0 0 1-0 6-0
300 1 1384 n.f. nf. n.f. n.f.
2 61 1249 n.f. n.f. n.f.
3 8 129 1151 nf. n.f.
4 1 25 181 1072 nf.
5 0 5 44 220 1006
6 0 1 11 62 248
7 0 0 3 19 78
8 0 0 1 5 26
9-15 0 0 0 2-0 9-0
400 1 n.f. n.f. n.f. n.f. n.f.
2 172 n.f. n.f. n.f. n.f.
3 24 533 nf. n.f. nf.
4 4 99 1072 n.f. n.f.
5 1 24 220 1846 n.f.
6 0 6 62 383 2698
7 0 1 19 120 593
8 0 0 5 41 196
9 0 0 2 14 72
10 0 0 0 5 27
11-15 0 0 0 1-0 10-0
500 1 nf. n.f. n.f. n.f. n.f.
2 442 n.f. nf. n.f. nf.
3 59 3231 nf. nf. nf.
4 11 322 nf. n.f. nf.
5 2 78 1006 nf. nf
6 0 21 248 2969 n.f.
7 0 6 78 593 15550
8 0 1 26 196 1277
9 0 0 9 72 409
10 0 0 3 27 158
11-15 0 0 1-0 10-0 64-2
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Total Annual Waiting Time (in days)

Annual Number
Ship of Average service time per ship
Arrivals Berths 1 day 2 days 3 days 4 days 5 days
600 1 n.f. n.f. n.f. n.f. n.f.
2 1249 n.f. n.f. n.f. n.f.
3 129 n.f. n.f. n.f. n.f.
4 25 1072 n.f. n.f. n.f.
5 5 220 25341 n.f. n.f.
6 1 62 948 n.f. n.f.
7 0 19 268 4660 n.f.
8 0 5 92 853 n.f.
9 0 2 33 292 2776
10 0 0 12 114 774
11-15 0 0 4-0 46-0 302-11
700 1 n.f. n.f. nf. n.f. nf.
2 7994 n.f. nf. nf. n.f.
3 263 n.f. n.f. n.f., n.f.
4 52 7753 n.f n.f. n.f.
5 12 592 n.f. n.f. n.f.
6 3 159 7569 n.f. n.f.
7 1 50 898 n.f. n.f.
8 0 16 282 7417 n.f.
9 0 5 104 1172 7284
10 0 2 40 408 1415
11-15 0 0 15-0 166-5 532-49
800 1-2 n.f. nf. n.f. n.f. nf.
3 533 n.f. n.f. n.f. n.f.
4 99 n.f. n.f. nf. n.f.
5 24 1846 n.f. n.f. n.f.
6 6 383 n.f. n.f. nf.
7 1 120 4662 n.f. n.f.
8 0 41 - 853 n.f. n.f.
9 0 - 14 292 12544 n.f.
10 0 5 114 1562 96162
11 0 1 46 547 2623
12-15 0 0 19-0 229-0 897-0
900 1-2 n.f. n.f. n.f. n.f. n.f.
3 1151 n.f. n.f. n.f. n.f.
4 181 n.f. n.f. nf. n.f.
5 44 25419 n.f. n.f. n.f.
6 11 949 n.f. n.f. nf.
7 3 268 n.f., n.f. n.f.
8 1 92 3451 n.f. n.f.
9 0 33 812 n.f. n.f.
10 0 12 299 25015 n.f.
11 0 4 122 2039 n.f.
12 0 1 52 709 n.f.
13 0 0 22 304 5334
14 0 0 9 139 1487
15 0 0 4 65 627
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Table 2—continued.

Total Annual Waiting Time (in days)

Annual Number
Ship of Average service time per ship
Arrivals Berths 1 day 2 days 3 days 4 days 5 days
1000 1-2 n.f. n.f. n.f. n.f. n.f.
3 3229 n.f. n.f. nf. n.f.
4 322 n.f. n.f. n.f. n.f.
5 78 n.f. n.f. n.f. n.f.
6 21 2967 n.f. n.f. n.f.
7 6 593 n.f. n.f. n.f.
8 1 196 n.f. n.f, n.f.
9 0 72 2776 n.f. n.f.
10 0 27 775 n.f. n.f.
11 0 10 302 95691 n.f.
12 0 4 129 2622 n.f.
13 0 1 57 897 n.f.
14 0 0 25 390 15059
15 0 0 11 183 2492

NOTE: nf. indicates not feasible; a berth occupancy rate of 100% has been reached and the total
annual effective demand for service time exceeds the annual capacity of the port.

'Two more inputs required are estimates for the cost of constructing and main-
taining additional berths and the number of ship arrivals in future years. For the
costs of additional berths, we have not attempted to present orders of magnitude
because these costs will differ from port to port. We assume that the relcvant
information will be available in each specific case.

As to the future number of ship arrivals, in transport project evaluation future
demand is often estimated on the basis of some growth rate (or some more com-
plicated relationship with income, population, and so on), and a unique estimate
for each future year is presented. The question then becomes to determine the
minimum cost solution satisfying this given demand. ‘This approach implies that the
demand function for each future year is completely inelastic: in other words, that a
certain number of ships will arrive regardless of costs in waiting time.

What is required, in principle, is knowledge of the demand curve over the relevant
interval in each future year. A pragmatic approach to estimating these future
demand functions would be to estimate first the demand in each future year (on the
basis of some assumed growth rate, for example), given a specified cost (waiting
time) level. This would give us one point of each annual demand curve. Then
assumptlons could be made for other points of the demand curves: for example,
that there is a certain elasticity between costs (waiting time) and volume.

Chart 1 presents schematically the supply alternatives and demand. The vertical
axis indicates the waiting time costs per ship and the horizontal axis the annual
volume of ships.” The annual demand curves are indicated by the year they refer to
(1975 to 1978) and show how many ships will come to the port in each year at a

7This implies that the average service time is given. Assuming a different average service time
would merely result in a different scale of the horizontal axis.
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CHART: 1
Supply Altematives and Demand
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% 1976 benefits from an additional berth

given level of congestion (that is, waiting time costs per ship). The demand curves
in the graph are presented as straight and parallel lines but this, of course, would
not necessarily be so in practice.

The upward sloping curves indicate the relationship between annual ship arrivals
and waiting time costs per ship, that is, the supply functions, for one, two, and
three berths.8 The curves slope upward and become vertical at the point of full
utilisation of capacity. :

No problem is assumed to exist in 1974: all ships which arrive are promptly
serviced by the one available berth and no waiting time is incurred. The question
of an additional berth does not arise yet.9 In 1975 the demand curve has shifted

8These curves can be derived from the data presented in Table 2 in combination with the unit
value of waiting time. It should be noted that Table 2 refers to total waiting time of all ships, whereas
Chart 1 refers to the cost of waiting time per ship.

9To keep the argument as simple as possible, the aspect of the construction time involved is
neglected here.
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sufficiently to the right to introduce some waiting time. If a second berth were
available, waiting time would again be reduced to zero. In 1976 we face three
alternatives: one, two or three berths with corresponding waiting times and annual
ship arrivals.

For 1975 a decision has to be made. Should a berth be added ? The benefits of an
additional berth would be to reduce the waiting time cost per ship to zero and
increase the number of ship arrivals. The gross benefits for 1975 would amount to
the familiar rectangle OABC plus the triangle ADB. The rectangle reflects the total
reduction in waiting time cost for the number of ships (OA) that would have used
the port anyway (‘“normal” traffic). The triangle reflects the consumer surplus of
the additional traffic (AD) induced by the reduction in waiting time (“induced”
traffic). Similarly, in 1976 the benefits of having available a second berth would
amount to LKFG (LMFG reduction in total waiting time for the ‘“normal” number
of ship arrivals plus MKF the consumer surplus for “induced” ship arrivals).10 In
principle, the gross benefits over the entire lifetime of the second berth can now be
computed (1975: ODBC; 1976: LKFG; and so on) and the present value of the
aggregate determined. A comparison with the present value of the total costs of the
second berth (construction and maintenance costs) will then indicate the desirability
of the investment.

It should be added here that the benefits during the first year of the project
should at least equal the savings which could be realised by postponing the invest-
ment by one year. In the above example, the benefits in 1975 of ODBC should at
least equal the savings which could be realised by building the berth in 1976 instead
of 1975. Assuming, for example, a berth construction cost of US$1 million and a
discount rate of 109, the savings realised from a postponement of construction by

US$1 million
1.10

The optimum number of berths for a specific year is thus reached when (i) the
marginal berth has a positive net present value and (ii) the benefits of the marginal
berth during that year equal at least the savings which could have been realised by
postponing the construction of the berth to the following year.

Much the same kind of analysis applies when we consider the alternative of
varying the average service time. In the end, we want to optimise simultaneously
the number of berths and the average service time per ship, yielding an optimum
berth occupancy rate.

It will be clear from the foregoing that any a priori and general rule-of-thumb
such as “a berth should be added if the berth occupancy rate is above 80%,” is

one year would amount to US$1 million minus

—$90,910.11

10Tt should 'be emphasised here that the cost curves represent average costs, not marginal costs.
The average costs are the costs perceived by the ship owners if the Port Authority’s user charges
disregard the congestion aspect. And this is normally the case. For an interesting discussion—in the
context of the road transport industry—of the pricing, capacity utilisation, and investment im-
plications of user charges which do take into account the congestion aspect, see A. A. Walters, The
Economics of Road User Charges, World Bank Staff Occasional Paper Number Five, The Johns Hopkins
Press, Baltimore, 1968.

11Plus, of course, any maintenance and depreciation costs that would be avoided because of the
postponement of construction.
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inappropriate.12 Of course, once we have analysed a specific port and have deter-
mined the optimum number of berths, the corresponding optimum berth occupancy
rate can be determined.

V. SOME FINAL OBSERVATIONS
Specialised Berths

In previous sections we have implicitly assumed that the berths were inter-
changeable: in other words, that all berths have the same average service time for
all ships. In practice, however, a port may have specialised berths, for example, for
the exclusive use of oil tankers. In that case, the tanker berths, tanker traffic, and
tanker waiting time costs should be dealt with separately from the other berths,
traffic, and corresponding waiting time costs. In essence, then, we face two separate
and independent questions: What is the optimum number of tanker berths? And
what is the optimum number of non-tanker berths ?

The problem becomes much more complex if all berths are interchangeable for
one category of ships but not for another. This may apply in a port which has both
deep and shallow berths. The deep berths can accommodate both large and small
ships, while the shallow berths can only accommodate small ships; therefore, the
numbers of deep and shallow berths cannot be optimised independently. If we did
optimise the numbers of deep and shallow berths independently, we might wind up
with too few deep berths and a too high number of shallow berths because we had
allowed for no spill-over of small boats into large berths.

Furthermore, smaller ships may have an average service time different from that
of the larger ships, and larger ships will probably enjoy a preemptive priority over
small ships when it comes to occupying deep berths. The problem becomes still
more complex if we distinguish between three or more categories of berths and ships.

In all these cases of simultaneous optimisation of interdependent classes of berths,
the best approach to solve the problem would be the Monte-Carlo routine. The
Monte-Carlo routine would offer us probability distributions of the waiting time
involved for specific numbers of differing berths. These probability distributions
again would allow us to calculate the expected waiting time involved in each case.
Finally, comparison between the cost of one more berth and the corresponding
reduction in expected waiting time cost would provide us with the optimum number
and combination of berths.

Reduction in Service Time

So far we have focused on the number of berths a port should have and we have
assumed the service time of ships as given. It is clear, of course, that a reduction in
service time has a similar effect on the port’s capacity and corresponding total

12An example of such a rule-of-thumb can be found in “Prediction of Maximum Practical Berth
Occupancy”, Journal of the Waterways and Harbors Division, Proceedings of the American Society of Civil
Engineers, June 1960, pp. 69-78, by T. J. Tratar, A. A. Goodman and A. E. Brant. The article deals
with the same problem tackled in this paper. We quote: “A reasonable limit for berth occupancy is
believed to be that at which the number of vessels desiring to occupy berths at the terminal exceeds
the number of berths available on about 5%, of the time, or an average of about 18 days per year™.
It is clear that the criterion suggested above is not based on economic analysis. A similar and equally
arbitrary criterion exists for roads: ‘“‘the 30th hour” peak traffic.
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waiting time (costs) to an increase in the number of berths. In each specific situation,
therefore, a comparison should be made between the cost of increasing the number
of berths and the cost of reducing the service time.

Tables 2 and 3 are useful in this respect. They indicate the reduction in total
waiting time possible with either an increase in the number of berths, given the
service time, or a decrease in service time, given the number of berths. Once the
respective costs are known, an optimum combination of berths and service time
can be determined.

If service time per ship could be functionally related to one or two variables, it
would be possible to predict the variations in service times with accuracy and to
simplify the analytical problems. In reality, it is unlikely that such a functional
relationship can be identified, because average service time depends on the time
taken to tie up, to discharge cargo, to clear berth, and to clear cargo from sheds;
on the weather; on labour disputes; and so on, and all this varies from ship to ship.

However, the average service time per ship can be reduced by improving the
overall efficiency of service through factors such as better warehouse facilities,
improved cargo handling equipment and methods, and better labour relations.

Containerisation

Containerisation of cargo reduces substantially (two to tenfold) the service time
needed by ships, thereby substantially increasing the capacity of a given number of
berths. Depending on the speed with which containerisation is being adopted, the
need to expand port capacity by adding berths may very well be less of an issue in
the future. If this is so, more attention should be given to the issue of how to adapt
existing port facilities to handling containerised cargo.

Lighterage
Another alternative to additional berths is additional lighterage capacity. Because
the cost structure of lighterage differs from that of berths (higher variable but lower
capital costs), lighterage may be a viable alternative in some situations. In particular,
lighterage may be justified if the additional berth is expected to have a low utilisa-
tion. The comparative disadvantage of lighterage (its high variable cost) may then
be more than offset by its comparative advantage (its low capital costs).
To determine the economic feasibility of a lighterage alternative we essentially
need the following information:
(i) the capital cost of the marginal berth which is justified (in terms of reduction
in ship waiting time, see Table 3);
(ii) the corresponding capital costs of the lighterage alternative which would
result in the same increase in port capacity (say, five lighters equal one berth);
(iii) the difference in cargo handling costs (variable cost only, excluding capital
costs) between berth and lighterage; and
(iv) the number of days per year the marginal berth (or the lighterage alternative)
is expected to be in use.
Cost estimates for points (ii) and (iii) will differ from port to port and we have not
attempted to present estimates. On point (iv), Table 4 is useful. It presents the
utilisation of the marginal berth for a range of conditions. The basic assumptions
underlying this table are the same as for the previous tables.
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Distribution of Benefits

The criterion we have used to determine the optimum investment strategy has
been maximisation of net benefits, irrespective of who the beneficiaries would be.
From a national economic point of view this would seem to be the right approach,
provided that all benefits accrue to the national economy. This will happen if the
shipping industry is operating under fully competitive conditions which force it to
pass on cost reductions in the form of freight rate reductions. If less than fully
competitive conditions exist, freight rate reductions might tend to be less than cost
reductions.

The policy implications are that, under fully competitive conditions in the
shipping industry, the Port Authority does not have to take any action: cost reduc-
tions will then be reflected in freight rate reductions and all benefits will accrue to
the national economy. Under monopolistic conditions in the shipping industry, the
Port Authority might bring pressure to bear on the shipping industry to pass on
cost reductions, or, if this line of action is unsuccessful, it could introduce an addi-
tional port charge. It is generally felt, however, that the shipping industry is fairly
competitive and that, after some delay, cost reductions will be reflected in freight
rate reductions.

APPENDIX

The specific model used in this article assumes the following:

(i) The time between successive arrivals is a random variable and has a negative
exponential distribution. As a consequence of this assumption, we have the
probability that z arrivals occur within an interval of time of duration ¢,

()" e M

U, (t) given by U, (t)= —

, which is a Poisson distribution. A.is

the mean (or expected) arrival rate in terms of our model.

(ii) The service time per ship is a random variable and has a negative exponential
(Erland k=1) distribution, with the mean service rate, p, as the parameter.
The service rate is the inverse of the service time.

(iii) All berths have the same mean service rate.
(iv) There is no limit to the length of the queue.
(v) The order of servicing is on a “first come, first served” basis.

On these assumptions, the mean length of the queue and the mean waiting time
per ship can be calculated. If M =number of berths: :

A

a= ———; and
w
A . ‘ o
b= —r then, in the steady state, the mean length of the queue is given
W, )
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aM
b M!
L:
M—1
a aM
—b)2
=02 2 —7 + 31 =)
n=0
and the mean waiting time by:
L
W= —
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