INVESTMENT IN PORT SYSTEMS

A Case Study of the Nigerian Ports

By Dan Shneerson*

This paper attempts to answer the questions whether, when and where investment in
port systems should be made. It then derives the necessary port charges that are
consistent with optimal port investment. The methodology developed uses the
technique of dynamic programming. It is applied to the planning of the ports of
Nigeria.

Most port authorities are public, and the following analysis will be confined to ports
as public utilities. The main building block of the static criterion for port investment in
this case is the comparison between queuing costs and the costs of expansion (adding
berths, or adding cranes, whichever is applicable). If for a given predicted demand
queuing costs of ships exceed the costs of adding a berth, the investment should be
made.

Two notable elaborations to this criterion were made by De Weille and Ray (1974)
and Goss (1967). De Weille pointed out that the approach assumes a perfectly
inelastic demand. The investment criteria therefore is analogous to determining the
minimum cost solution for alternative levels of given demand. An obvious extension is
to attempt to derive the whole shape of the demand curve at each predicted period of
time. De Weille and Ray do this by assuming a particular shape of the demand curve.
The gross benefit of the investment is then measured by adding to the reduction in
queuing costs the consumer surplus of the additional induced traffic (p. 254). Goss
emphasised the need to optimise the combined costs of both ports and ships. Criteria
of port investment must include shipping considerations, and specifically the type and
size of ships.

The extension from statics to dynamics was demonstrated by DeVanny (1972). He
rightly argues that the size and timing of investment can best be determined by the
application of dynamic programming. DeVanny shows this for a hypothetical case of
a single port and a single commodity. Several alternative objective functions are
used—monopoly profit maximisation, maximisation of world real income, and
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maximisation of real income of a subset of the world. The shape of the demand curve
is again assumed (as it was by De Weille). Similarly a general shape of a cost curve
that represents port costs is assumed.

The subsequent analysis will remain in the domain of dynamics. It will extend
previous analysis in the following respects:

The problem of investment in a single port is extended to investment in port
systems. This involves simultaneously determining how best to distribute cargo
among existing ports in the system, and how much and where to invest.

The objective function used is extended to include investment costs plus queuing
costs of ships plus inland transport costs.

Last, but not least, the suggested technique is applied to a real case study of the
Nigerian ports. In particular, an attempt is made to evaluate a proposed new
ocean terminal.

BACKGROUND AND METHODOLOGY

The ports of Nigeria have gone through one of the most congested periods ever
known. In 1975 the average waiting time of ships in the port of Lagos was
approximately 250 days. To release this tremendous pressure on the port system, the
Nigerian Port Authority (NPA) embarked on some emergency measures: the
emergency construction of a new port in the Lagos area (Tin-Can Island), acquisition
of equipment, and attempts to increase the productivity of berths. For the long run a
study was undertaken to serve as a “master plan” for Nigeria’s future port
requirement to the year 2000.

The main objective of the master plan was to assist NPA to determine the size,
timing and location of investment in the port system. In particular, it was necessary to
evaluate the need for a new proposed ocean terminal in the vicinity of Lagos. These
tasks were attempted with the aid of dynamic programming.

For the case of a single port, the problem would have been relatively easy. A
solution would require a forecast of demand for each period of time; on the basis of this
predicted demand the optimal path of investment could be determined. The problem
gets more complicated when there are many ports in the system. The throughput that
will pass through any of the ports will depend partly on the facilities available in the
other ports. The amount of cargo that will pass through each port will have to be
determined by optimising the movement of goods to and from their origin and
destination as they flow through the port system. Only after traffic has been allocated
to the ports can new investment be evaluated.

At each point of time the port authority will be facing two types of decisions:

How to allocate traffic between the ports.
How much and where to invest.

The objective function used within the model is the minimisation of the present
value of total costs over the period 1985 to 2000. Total costs to be minimised include
the costs of investment in ports plus the costs of queuing in ports plus the costs of
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inland transport plus the costs of shipping, subject to serving the forecast traffic
demand for both imports and exports.

Using this objective function, the optimal staging of investment was determined in
four-year intervals.

Demand is not considered in this objective function. The rationale is that total
demand facing all ports is assumed to be perfectly inelastic: that is, completely
insensitive to port charges. Under this condition a cost-minimisation objective
function and a net-benefit maximisation one would produce identical results. The
assumption that demand for all ports is inelastic rests on the premise that, when
substitution between ports is excluded, the share of port charges in the final price of
the commodity is small enough to make demand variation insensitive to them.

When the port authority has all ports under its control, we can avoid dealing with
the concept of the elasticity of demand—a concept which in practice would be very
difficult for the port authority to estimate.!

A mathematical formulation of the dynamic programming investment problem,
together with the static problem of optimal allocation of traffic, is presented in the
appendix.

DETAILS OF MODEL AND UNDERLYING ASSUMPTIONS

The calculations involved: first estimating demand by type of commodity for each
period considered, then estimating supply of port facilities by type of facility, and,
finally, analysing the resulting equilibrium over the required port facilities. Our
presentation will follow these same stages.

Seaborne trade projections are based on a detailed forecasting effort by type of
commodity and by regional distribution. Imports and exports were divided into 20
commodity groups originating in or consigned to 21 demand centres. Detailed
projections were made for the period 1980-2000. A summary of these projections
(including 1975 as a base year) summed over all demand centres is shown in Table 1.
Imports are expected to grow throughout the period by almost 5, and exports
excluding crude petroleum are expected to do the same. Most of the anticipated
increase in imports will be generated by imports of raw material (iron ore and coke,
and for agriculture fertilisers and cereals). Consumer goods are also expected to grow
fast, from 2.2 million tons in 1975 to 11.5 million in 2000. This rapid growth is based
on the expectation of continued urbanisation in Nigeria and on the sustained
improvement in real per capita incomes of its population.

Containerisable cargo was determined by examining the twenty groups of
commodities for imports and exports. It was assumed that by the year 2000 all
containerisable cargo would be containerised. The rate at which this would happen
was assumed to follow a typically logistic shape: that is, rising slowly in the early
stages of the process, and increasing at an accelerated pace, then tapering off, as the
system approaches saturation. Nigeria has already been on the flat part of the curve

! A quotation from Turvey (1971, p. 54) is appropriate here: “Public enterprises normally know less
about their demand than about their costs. Information about own price and cross-elasticities of
demand is remarkably difficult to obtain for past years and still more difficult to predict for the future.”
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TABLE 1
Nigerian Ports Study: Seaborne Commerce Projections for Main Commodities
(000 tons)

Imports 1975 1980 1985 1990 1995 2000
Consumer goods 2,181.8 2,836.3 3,691.1 5,826.8 8,560.0 11,453.0
Motor vehicles 386.1 487.9 589.2 927.1 1,263.2 1,484.9
Cement 3,500.0 3,733.0 4,562.0 5,725.0 6,385.0 5,363.0
Chemicals 273.9 438.2 772.1 1,243.2 1,843.7 2,443.6
Iron and steel 1,470.0 2,000.0 993.0 1,418.0 1,903.0 2,451.0
Machinery 474.2 474.2 763.4 1,229.1 1,891.7 2,778.8
Paper and products 202.0 315.0 409.0 533.0 695.0 902.0
Salt 129.6 164.5 188.9 215.7 245.3 271.5
Sugar 193.0 143.5 130.0 173.9 227.3 290.0
Cereals 733.0 1,279.0 3,945.0 4,333.0 4,821.0 5,406.0
Fertiliser 207.8 426.0 1,209.0 2,104.0 3,414.0 5,197.0
Petroleum prod. 2,336.2 2,763.0 4,312.0 3,831.1 4,112.0 3,164.0
Iron ore — — 2,231.0 3,807.0 6,567.0 11,276.0
Coal (coke) — — 892.0 1,523.0 2,627.0 4,510.0
Imports Total 12,087.6 15,060.6 24,615.0 32,889.9 44,555.2 56,996.8
Exports
Cocoa 193.0 220.0 254.0 322.6 381.0 450.0
Rubber 34.0 20.0 25.0 30.0 33.0 41.0
Palm oil & prod.! 65.6 172.1 227.9 252.3 258.2 223.3
Palm kernel 171.0 145.6 129.5 105.1 63.9 0
Coal 10.4 30.0 655.0 1,121.0 1,582.0 2,038.0
Other 71.4 98.8 126.0 160.8 205.0 261.8
Exports Total 551.4 686.5 1,417.4 1,991.8 2,523.3 3,024.1
Total 12,639.0 15,747.1 26,032.4 34,881.7 47,078.5 60,020.9

1 Except that 1975 palm oil estimates represent imports.
Source: Nigerian Ports Study: Traffic studies and projections.

for several years, and is expected to reach soon the rapidly rising part of it. By 1985, it
was assumed, 65% of the containerisable cargo will be containerised.

By a similar process the percentage of bulk cargo that could be handled in bulk
facilities was determined for each period.

The “residual” left for the conventional break-bulk category is not very significant.
In fact, conventional break-bulk stays the same throughout the period. The
implications are straightforward. If break-bulk facilities were sufficient in 1985, they
will continue to be so to the end of the period.

Assumptions on future port capacity

Capacity of existing conventional break-bulk facilities was estimated on the basis of
the actual handling rate in Nigerian ports; that is, the “practical capacity” of the port
system was used in the calculations. The total number of berths available in Nigeria
during the period 1985-2000 was assumed to equal the number planned to exist in

204



INVESTMENT IN PORT SYSTEMS Dan Shneerson

1985. Break-bulk berth productivity was calculated on the basis of berth productivity
in 1978 plus an increase of 25% over the period. Table 2 lists conventional break-bulk
capacity by berth assumed to exist throughout the period 1985-2000.

There is greater uncertainty in predicting productivity of container terminals. In
practice it appears that somewhat less than the design capacity can be achieved. In a
sample of 21 ports worldwide, the average throughput reported by UNCTAD
(1978, p. 128) was 442 containers per 24 hours, only slightly more than 50% of the
theoretical design capacity. This is the performance that was assumed in our
calculations. Technological development may improve the performance of container
terminals beyond this level in the future, but Nigeria’s port performance tends to be
below the international average because of constraints in such things as communi-
cation, maintenance, and inland infrastructure.

It is important to make assumptions on how the planned berths will be operated.
There are substantial economies to the number of berths. When berths are
appropriated and cannot be used interchangeably, queuing time will increase. For the
same quality of service, therefore, the number of berths required when berths are
appropriated will exceed the number required when berths are used as “common
berths”. This is a result of the stochastic nature of arrivals and service times of ships.
However, there are other constraints that may put a limit to the maximum number of
berths that can be used in common, such as problems of coordination with other links,
increase in inland transport costs within the port area, problems of sorting and
identifying in the marshalling yard, etc. It was therefore assumed in the present
calculation that the maximum number of common berths is six.

Assumptions on future container ships

The most important design characteristic for port planning is the size of the ship. A
recent study of containerisation on the North Atlantic (Gilman, 1977) attempted to
establish the optimum size of a containership—for different voyage lengths, number
of ports of call and operating philosophy. It was found that costs per ton fall quite
steeply with increased size up to the level of 1,500 TEUs? and continue to fall at a

somewhat lower rate up to about 2,000 TEUs.

On the basis of these results and the followmg additional considerations, the
average ship size assumed in the calculation is 1,500 TEU. The possibility of larger
ship sizes was discarded for the following reasons:

The volume of West African trade would be unlikely to sustain larger vessels
with sufficient frequency.

The movement into larger container ships on the main trade routes will release
the surplus capacity of smaller ships in the 1,200-1,600 TEU range.

Constraints on channels, turning basins and inland transport arrangements for
ships larger than 1,500 TEU would require large investments in other ports in
West Africa, and might make some facilities redundant.

2TEU is a twenty-foot equivalent unit—a standard unit for counting containers of various sizes and
for describing the size of a container ship: 20x 8x8.
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TABLE 2
Estimated Capacity of all Ports by Type of Facility
(000 tons)
Lagos Tin Can Island Port Harcourt
Type of Packing  Existing New  Total Existing New Total Existing New Total
Break-bulk 1,646 488 2,134 1,952 — 1,952 1,197 — 1,197
Cement (w/lighter) 2,400 — 2,400 — — — — — —
Ro-ro — — — 984 — 984 — — —
Container 492 1,968 2,460 — — — — — —
Lighters 750 — — — — — 270 — 270
Total 5,288 2,456 1,744 2,936 — 2936 1,467 — 1,467
Calabar Warri Buruto
Type of Packing  Existing New Total Existing New Total Existing New Total
Break-bulk 121 875 996 449 1,627 2,076 209 — 209
Cement (w/lighter) 71 — 71 — — —_ — — —
Ro-ro — — — —_ 492 — — — —
Container — — — — — 492 — — —
Lighters 90 — — 200 — 200 100 — 100
Total 282 875 1,157 649 2,119 2,768 309 — 309
Koko Sapale Onne
Type of Packing  Existing New  Total Existing New Total Existing New  Total
Break-bulk 129 — 129 250 — 250 — 705 5,803
Cement (w/lighter) — — — — — — — — —
Ro-ro — — — — — — — 492 - 492
Container —_ —_ — — — — — 492 492
Lighters — — — 150 — 150 — 450 450
Total 129 — 129 400 — 400 — 2,139 2,139
Total
Type of Packing  Existing New  Total
Break-bulk 5,803 3,695 9,498
Cement (w/lighter) 2,471 — 2,471
Ro-ro 984 984 1,968
Container 492 2,460 2,952
Lighters 1,560 450 2,010
Total 11,310 7,589 18,899
w/o Onne = 5,450 16,760

Existing = 1980
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Costs of investment

The cost of constructing a port depends on the physical characteristics of the
location selected, the design of the terminal, the inland connections, and the costs of
various inputs. There is no general formula which predicts how much it will cost to
build a container berth anywhere. Detailed engineering design will have to be carried
out before costs are known precisely. In the absence of a detailed feasibility study of
specific sites, our estimate of investment costs in Nigerian ports is based on modules
designed for Nigerian conditions along with estimates of inland connections. These
modules consist of berth quay, apron, transit sheds, service roads and administrative
components. They were designed and costed out for this study by C.E. Tech., Inc.,
from their extensive data bank of Nigerian ports. An allowance was made for the
decline in unit costs as the moduled ports gets bigger, as a result of economies of scale
and of indivisibilities in construction.

Data sources

Seaborne trade projections were prepared by Dr. J. Bigosinski in a separate study,
especially designed for this project (Bigosinski, 1979). Demand for each type of
commodity was estimated by relating it to income and industrial activity variables,
population and socio-economic variables. Commodities were allocated to individual
centres on the basis of regional population and sectoral economic indicators.

Inland transport costs were based on a previous study (Scott, 1972), updated by
using the transport cost components of the consumer price index. Other supplemen-
tary information, such as transit time and congestion in cities, was obtained from
officials at the NPA and Ministry of Transport.

Railway operating costs were based on a study which measures operating costs for
the peak years 1963-64 (CANAC, 1977). This was updated to match the current
situation.

Costs in ports were calculated on the basis of samples taken at the ports of Nigeria
and published statistics at NPA. Average ship sizes, total arrivals of ships, and berth
capacities in all ports were taken from published NPA statistics. The pattern of
arrivals, and productivity in ports, were based on special studies taken by NPA and
the research team.

DETAILS OF THE MODEL AND ANALYSIS OF RESULTS

To solve the static problem of allocating the optimal total demand among ports at
each period of time, ¢, a model of “assignment of traffic to ports” was constructed.
The model consists of a series of interdependent steps, which are shown schematically
in Figure 1.

The network description consisted of roads, rail and river, and a port system which
included nine ports. However, each port contains sub-systems of specialised facilities.
To the extent that these are not interchangeable, each sub-system was considered as a
separate “port”. According to this definition, 21 ports were included in the model in
the base year. For each port, a matrix of road, rail and river transport was prepared
for each of the demand centres.
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FIGURE 1

Model of assignment of traffic to ports

The model calculates the costs of moving commodities from the moment they reach
Nigerian ports to the time they reach their inland destination. This is done for:
sub-ports, the three modes of inland transport, 21 types of commodities and 21

demand centres.

Inland transport costs of each link by mode consist of the following elements:

Direct costs of using the link (fuel, repairs, etc.)
Link cost ] Costs of travel time
vector | Costs of waiting time
Various charges.
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For ports, queuing costs of ships were calculated. For each of the 21 ports, two
curves of queuing costs—average and marginal—were calculated. These were
calculated as a function of the capacity utilisation of the port, and on the basis of
specific parameters existing in Nigerian ports.

The adequacy of Nigeria’s port capacity to handle the forecast demand by 1985
was evaluated by allocating total demand originating in the 21 regions to the port
system, so that the total costs were minimised.’ It became apparent that by 1985 port
capacity ‘would already be insufficient to accommodate demand. The model
“exploded”—queuing costs of ships were infinite. In other words, total demand
exceeded the capacity of the port system.

The possible solution of extending the existing port system to accommodate future
increase in demand was discarded because: (a) Current port systems are located
within the hearts of large cities or large rivers, and are therefore very congested. The
cost of constructing modern access facilities to alleviate this congestion is extremely
high. (b) Existing ports in the current river and channel systems have insufficient draft
and channel depth to handle third generation containerships and large bulk ships. (c)
As will be shown, the absolute scale of increase in facilities that must be added makes
it clear that the new investment cannot be accommodated within the currently built-up
areas without using marginal sites that would cost an excessive amount to construct
and maintain.

A need for a new ocean terminal seemed imminent. The dynamic programming
technique was used to evaluate the size and the staging of investment for the ocean
terminal. Two proposed locations were evaluated with the aid of the model—one in
the vicinity of Lagos and another near the port of Warri. Both bulk and break-bulk
were included in the analysis; the results for the break-bulk will be reported here.

The decision on the size of investment at each period of time was based on
minimising the sum of the following costs:

Investment costs for period ¢.
Inland transport costs and queuing costs in ports for period ¢.

The present value of queuing and investment costs from period ¢ + 1 to the year
2000.

These costs were calculated for each location at intervals of 4 years. They were first
tried for the location in the vicinity of Lagos. To determine the optimal path of
investment, the following steps were taken:

(1) Since the planning period ends in the year 2000, any investment considered
will take place before that year. Therefore, the costs in the year 2000 consist of
queuing and inland transport costs only. These were calculated for different
configurations of berths. Depreciation of investment before 2000 was subtracted.

(2) The costs from calculations in step 1 were discounted to obtain the present
value of expenditure in the year 1996. To these costs were added the costs of
investment in 1996 and the queuing costs of that year. Depreciation of

3 Since the curves for costs in ports are convex, the algorithm selected to solve the problem is the
mix-integer programming (MIP).
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investment made before 1996 was subtracted. As in the previous step, these total
-costs were discounted to 1992 monetary values, and the same calculations were
worked out for 1992.

(3) After all the calculations were completed, the optimal path of investment
could be identified by choosing the path with the lowest total cost.

The solution to the dynamic programming investment problem produced the
following results:

By 1985—2 container berths
By 1988—4 container berths
By 1992—=6 container berths
By 1996—10 container berths
By 2000—12 container berths.

The number of additional container berths required by the end of the period is 12.
These will consist of two groups of 6 common berths.

The Lagos location of the port was compared with the alternative location near the
port of Warri. In the absence of detailed information on engineering and soil
conditions for that location, costs of construction were assumed the same. The best
location therefore was determined by comparing construction costs of inland
connections (road and rail) and the port and inland transport costs of the two
alternatives. This was done for 1996 by running the model with the new ocean
terminal based near the port of Warri, all other port facilities remaining unchanged.
Total demand was allocated to all ports, including the ocean terminal in its new
location, so that total system costs were again minimised. The results are summarised
below:

Inland Transport Costs

($ million)
Ocean terminal near Lagos 233.7
Ocean terminal near Warri 235.7

Thus, locating the ocean terminal near Warri will increase inland transport costs by
$2 million for 1996. When access infrastructure is considered, this difference will be
much greater. It will require an additional investment outlay of road and rail
connections in the order of $300 million.

Throughout the period there will be no need for investment in conventional
break-bulk facilities. The growth in demand for break-bulk type cargo is captured
partly by containerisation and partly by “bulk” commodities, previously handled as
general cargo, now being handled by bulk facilities. This is well reflected in the
occupancy rates of the break-bulk facilities that result from the optimum allocation of
traffic (see Table 3). During the period 1985-1996, the occupancy rates for
conventional break-bulk facilities stay the same (0-7 for nearly all ports), less than
during the period 1974—1980. By the year 2000, but not before, there appears to be a
need for minor additional investment.

Lighter terminals play the role of “buffer berths”. Since they are the most
expensive to operate, they are the first to stay idle when demand decreases, and the
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TABLE 3
Occupancy Rates of Conventional Break-bulk Facilities 1985-2000

Occupancy Rate

Port 1985 1988 1992 1996 2000
Apapa—general cargo 0.7 0.7 0.7 0.7 0.775
Kirikiri—lighter 0.1 0.2 — 0.5 0.725
Tin Can Island—general cargo 0.7 0.7 0.7 0.7 0.75
Port Harcourt—general cargo 0.675 0.675 0.675 0.675 0.75
Calabar—general cargo 0.7 0.7 . 0.675 0.675 0.775
Warri—general cargo 0.725: 0.725 0.75 0.775 0.8
Koko—general cargo 0.7 0.7 0.7 0.75 0.775
Onne—general cargo 0.625 0.625 0.625 0.625 0.7
Onne—Ilighter 0.6 0.6 0.6 0.6 0.7

last to become congested when throughput goes up. Again, this is demonstrated by
the occupancy rates in the model (see Table 3). By 1985 the lighter terminal at
Kirikiri will use 30% of its capacity. By 1988 this goes down to about 10%, and by
1992 there is no use of lighter facilities at all. Lighters will begin to be used again in
1996. For most of the time, therefore, the lighter terminal will be idle. This is a waste

of resources, and other possible uses, such as fishing operations or coastal services,
should be looked for.

OPTIMUM PORT CHARGES

Optimum port charges are those charges that are consistent with the optimum level
of throughput—in space and in time. They can be considered as a “by-product” of the
search for optimum output. Once optimum output is determined, charges that are
consistent with this level of output can be determined.

The solution to the dynamic programming provided the optimum level of output in
all ports and over time. Port charges that are consistent with this solution are
optimum port charges.

Economic theory gives an unequivocal answer to what the level of these charges
should be: they should be the charges that at the optimum output raise private
marginal costs of individual shipowners to the level of social marginal costs, in all
ports and throughout time.

The principles involved are well known from the road pricing literature.* They will
be briefly repeated here. Shipowners, when using the port, consider their private costs
only, which include direct operating costs and laytime costs of the ship. But each
additional ship that arrives at the queue imposes additional queuing costs on all other

4 See also Bennathan and Walters (1979) for application to ports.
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TABLE 4

Occupancy Charges and Revenues 1996—99

Capacity Marginal Average Port Throughput Revenues
Port Utilization Cost Cost Charges per Year per Year
Thousand
$ cents $ Tons $ million
Lagos
G.C. 0.7 3.7 11.2 3.64 1493.5 5.3
Cont. 0.775 27.17 196 25.7 1895.6 48.8
Lighter 0.1 — — — 43.2 —
Lighter 0.5 — — — 375 —
Tin Can Island
G.C. 0.7 4.9 16.8 4.7 1366.7 6.16
Harcourt
G.C. 0.675 3.6 16.8 34 871.5 2.9
Calabar
G.C. 0.675 33 19.6 3.0 708.8 2.2
Warri
G.C. 0.775 12.6 28 12.3 1736 21.4
S.K.B.
G.C 0.75 16.5 117.6 15.4 562.5 8.6
Onne
G.C. 0.625 4.7 42 4.2 440.4 1.8
Lighter 0.6 0.6 3 0.6 270 0.1
Cont. 0.7 30.0 652.4 23.5 344.4 8.1
New Terminals
Cont. 0.7 16.8 112 15.7 5052.6 79.2
Cont. 0.675 17.6 179.2 15.9 3248.1 51.8
Yearly Total 236.4

Accumulated present value at 1996 = $814.5 million.

succeeding ships in the queue. These costs are not accounted for by each individual
shipowner, and the optimum port charges should equal these unaccounted costs.
Given the predicted demand and the size of investment at each period, the model
determines the level of throughput and therefore the occupancy rates of all ports.
Average and marginal queuing costs associated with this level of output are then
identified. The optimum charge equals the difference between marginal and average
queuing costs at this output level.
An example for the period 199699 is given in Table 4. The table lists marginal and
average queuing costs of the 14 “ports”, optimum port charges and the total revenue
generated at each port. Similar calculations were carried out for each period of the
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TABLE 5
Extent of Investment Recovery, All NPA Ports

Number of  Investment Revenue Surplus

4-Year Period berths Outflow Inflow (Deficit)
$000 $000 $000
1981-84 697.3 — (697.3)
1985-87 1 115.5 368.4 253.0
1988-91 4 71.0 1914 115.2
1992-95 6 154.0 1,103.1 949.3
1996-99 10 71.0 814.5 7317.5
2000 12 — 1,460.4 1,460.4
Present value in 1981 888.2 1,155.1 266.9
TABLE 6

Extent of Investment Recovery, New Terminal Only

Number of  Investment Revenue Surplus

4-Year Period berths Outflow Inflow (Deficit)
$000 $000 $000

1981-84 697.4 — (697.4)
1985-87 2 115.5 9.6 (56.8)
1988-91 4 77.0 434 (33.6)
1992-95 6 154.0 779.0 625.0
199699 10 71.0 449.7 372.7
2000 12 — 1,087.5 1,087.5

Present value in 1981 888.2 574.0 (314.1)

investment programme. The derived charges are consistent with the optimum
allocation of throughput in space (among ports) and in time.

Would the proposed port charges cover costs of investment? Further, since we
propose charges that are based on MC-pricing principles and there are substantial
economies of scale in ports, will charges cover total costs?

By the nature of the solution to the dynamic programming, at some periods of time
occupancy rates of facilities will be low, and at others the ports will be more
congested. In congested periods charges are likely to generate surpluses, while at slack
times deficits may be incurred. The constraint that revenue should cover costs in each
year is not imposed; we consider rather whether revenue covers costs over the whole
period. To examine this, revenues generated from all ports throughout the period were
discounted and were compared with the discounted investment costs (Table 5). When
charges of all ports are considered, a surplus of $267 million is generated. The revenue
generated by the ocean terminal only, on the other hand, covers just $574 million out
of the $888 million of investment (Table 6). In this case, the first half of the period is
characterised by deficits, but the second half generates surpluses.

213



September 1981 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

SUMMARY

The paper demonstrates how dynamic programming, using economic criteria for
optimisation, .is used to determine the size, staging and location of a proposed
ocean terminal in Nigeria. The methodology developed provided simultaneously
the optimal allocation of traffic to ports, and the size of new investment. Port charges
consistent with the optimal investment path were found to be always equal to the
difference between marginal and average queuing costs. The methodology is not a
substitute for detailed engineering studies but these can be evaluated with its aid.

Further important improvements can be made, as follows.

Variables considered exogenous in the model can be internalised and their optimal
values can be determined simultaneously with the optimal investment path. The
optimum ship size was included only as a parameter; but if the costs associated with
different sizes were included in the model, the optimum ship size could be determined
simultaneously with the size and-staging of investment. It is also desirable to include
in the model the problem of finding the best location of the new port. It should be
handled by the model.

“Non-market costs”, much as banking facilities, forwarding agents and frequency
of service, were not included in the model. There is a consensus among port experts
that these are important factors, yet there has been no published research on them.

Last, it should be made clear that our analysis assumes that all benefits accrue
to Nigeria. This implies that either Nigeria’s demand for imports is very inelastic
or the supply of exports to Nigeria is very elastic. We did not consider other possible
elasticities that might result in the benefits being shared with foreign countries.

APPENDIX

Investment in Ports—Application of Dynamic Programming’

Let us use the following vector notation:
The capital stock—the number of berths at each period of time considered—is

k= (k}... kP)

where 1 ... P are the number of ports in the system, and the subscript ¢ refers to time.
The investment at each period of time is:

L=...P)

The demand quantities at each period of time that passes through the ports are: '

0,=(Q;... 0

* The similarity between the following formulation of dynamic programming and the solution to
optimal control theory applied to the problem was shown by Bobrovitch (1976).
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There are N demand centres. QY is the demand of centre N at period ¢.

TP is the inland transport costs per ton between N and P at year ¢.

Now, for each period of time total systems costs (= inland transport costs +
queuing costs) are minimised by allocating demand among the ports:

Min £ 2 7% QM + 21,(QF.K?)

s.t.

$Or=0F

Q¥ >0
where tp(Q{’ , K?) is the queuing cost function at port P, which is a function of the port
capacity (K) and throughput of this port.

Let us now formulate the dynamic investment criteria. We assume that investment
at each period is a function of new investment (7,) and the stock of facilities (K):

2,=2®,1)

f(Kts Qt) =

We have:
Ie,“ =I€'t +1,— dlet

where d is the rate of depreciation or:
R, =0—-adR,+1,

We will define VK, as the present value discounted to the year ¢ of the total
system costs from the year ¢ until the end of the planning period. The variable U(k) is
the residual value of facilities at the ¢nd of the period. ,

At the end of the period, 7, no investment will take place as long as the present :
value of the residual of this investment is less than the investment. When we move one
year back

Vioa Rp_)=IF5f(0r_, Ry ) + ZRy I )+ (1 + DVHR,) (¢))
subject to:
R,=0—-adR,_,+1I,, )
where i is the applicable interest rate.
After substituting (2) in the recursive equation, we get, for every year ¢:

VR)=Im{f(0,K)+ZR,I)+ A+ )V [(1 —dR,+ 1)} 3)
Solving the recursive equation we get the value of the control variables over time:
i...1
and
Rk,...R,

When we consider many ports we have to add the requirement for the optimum
allocation of traffic among ports. As into equation (3), using vector notations:
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Vik)=Q0rn Ik, Q)+ X Z(K I7) + (1 — DV}

+[(1 — dk, + I]} 4)
Ve=0mM {f(k, Q) + (1 + i) ; U(/?i)} Q)
Kl=I%1, ft>o (6)

Equation (4) can also be written as:

Vik)=OM(fRQ) + [P (X ZKE I + (1 + D7V, [A = DR+ L]}) (D)

From (7) we can see that in each year two sets of independent decisions have to be
made:

(1) Allocation of traffic among ports (Q}7). This depends on the number of
berths at each port at the beginning of the period (vector K).

(2) Vector of investment at the same year #(vector ).

Investment during ¢ does not depend on ¥, at all, but is a function of V,, ;, which in
turn is a function of Q,, , as well as the Q’s of the following years.
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