NOTES AND COMMENTS

THE OPTIMAL SHIP SIZE
A Comment

By Peter Garrod and Walter Miklius*

In a recent paper in this Journal, Jansson and Shneerson (1982), hereafter refer-
red to as J & S, argue that the main check on the growth of ship size is port costs.
Briefly, optimal ship size, according to J & S, is determined by minimising costs
per ton at sea and in port. While costs per ton at sea decrease with ship size,
costs per ton in port increase; thus the total costs-per-ton function, the sum of
costs per ton in port and at sea, will be “U-shaped”, with a minimum correspond-
ing to the least-cost ship size.

The purpose of this note is to extend their analysis further. J & S focused on
dense routes “where the cargo base is large enough not to impose a constraint on
the choice of ship design, and where service is frequent enough for changes in
frequency to have little effect on the costs of users (shippers)” (p. 217). J & S
used relatively slow handling rates in their analysis, and assumed that these rates
did not vary with the size of the ship. But faster loading and unloading rates have
been made possible by recent advances in handling facilities. We show that if these
rates are used, and if these rates are made a function of the ship’s size, the cost-
per-ton-in-port function becomes very flat, and the optimal size of ship becomes
so large that changes in frequency of services have a significant effect on the users;
that is, ““dense” routes become “‘thin” routes. And on these routes user costs are
likely to have a significant effect on the optimal ship size.

Our approach is as follows. As J & S did in their example, we focus on the bulk
transport of coal. J & S used as an example the estimation of an optimal size for
a bulk coal carrier for the route from Newcastle (Australia) to Hedera (Israel).
In this note we use another plausible but hypothetical case, shipment of steam
coal from New South Wales (Australia) to a power plant in Japan. To make the
example as realistic as possible, it is assumed that the power plant is similar to
the one in Matsushima located on the southwestern tip of Kyushu. This plant
has an output of 1,000 MW and requires 2,080 KT of thermal coal per year. It is
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the most modern coal-fired unit in Japan, and probably represents the standard
for future coal-fired plants.

The coal-handling facilities at this plant include a berth with a 14-metre draft
for bulk carriers of 60,000 DWT. Unloading is done by four 700 tons/hour units,
to which has been assigned a rate of 1,540 tons/hour. The plant has ground
storage for 430 KT of coal. The actual facilities, if used in the determination of
optimal ship size, would restrict the size of the ship to 60,000 DWT or less.
Therefore, it will be assumed that the port constraints are not binding; that is,
that the plant is located at a port capable of handling large vessels, and that the
plant has unlimited ground storage. _

The optimal size of ship for a Matsushima type plant is estimated on the basis
of four different scenarios. The first scenario parallels the example used by J &S,
in which they use a fixed handling rate based on existing facilities and a ship of
60,000 DWT. In the second scenario the loading and unloading rates are those
typically found in the trade literature. In the third scenario the handling rates
are those attained in a more modern coal port. The final scenario includes some of
the inventory costs of the receiver. In all the scenarios except the first, the
handling rate is assumed to be a function of ship size.

SCENARIO 1

Daily factor requirements of operating a ship at sea and in port are estimated by
simple power formulae of the form X = aS?, where S is ship size measured in dead
weight tons and a and b are constants. Daily cost for a factor is then PX, where P
is the cost per unit of factor X. This specification follows usual practice in the
industry, and is the approach used by J & S. Define PORT as the daily costs
incurred in port (including both loading and unloading). PORT is then the sum
of daily fuel costs in port, operating costs in port, capital costs in port, and port
charges. Similarly, define SEA as the daily costs incurred at sea — the sum of daily
fuel costs, operating costs, and capital costs. Average transport costs (per ton) are
then:

ATC = PORT/HAND + SEA*D[(SPEED *24*S*N) (1)

where HAND is the effective cargo handling rate in tons per day while the ship is
in port, D the round trip distance, SPEED the effective cargo hauling rate in naut-
ical miles per hour, and N the cargo load factor (equal to ratio of total cargo
volume to the volume of cargo on the fat leg of the trip).

Optimal size is then found by minimising equation (1) with respect to ship size.
In their example, J & S estimated equations for daily operating costs, daily capital
costs, daily fuel costs at sea, and daily fuel costs in port. Actual port costs were
used. The values used in J & S’s factor cost equations are reported in Table 1.

According to Sasadi (1982), technical publications and many experts have in
the past suggested the following formulae to estimate days in port for bulk
carriers:

Loading days = §/90,000 + 0.25
Unloading days 5/28,700 + 0.25
where S represents ship size in dead weight tons. After including an allowance for
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TABLE 1

Estimated Coefficients of Daily Cost Components?

Daily Cost

Components Intercept Elasticity
Capital 4.19 0.70
Fuel (sea) 3.76 0.70
Fuel (port)® 23.5 0.30
Operating 58.5 0.40
Port? 0.015 1.0

Ap]asticities were taken from the literature, and the functions were positioned on the assump-
tion of a 130,000 DWT ship of 20,750 BHP, purchased for U. S. $40 million, paid for in equal
half-yearly payments over 15 years at 12 per cent interest. Fuel costs are based on cruising at
15 knots with a daily fuel usage of 71.5 tons of heavy oil at a price of $200 per ton.

bThesos values were taken from a footnote on page 230; presumably -they represent fuel con-
sumption in port and port costs.

Source: Jansson and Shneerson (1982).

bunkering and other miscellaneous delays incurred in entering and leaving ports or
in navigating in restricted waters, total port days per round trip are:
Total port days = $§/22,000+2.0
These formulae are based on average unloading rates of 4,000 tons/hour and
average loading rates of 1,200 tons/hour. The formulae, however, can be modified
for any specific unloading rate (U) and loading rate (L), as follows:

Loading days = §/24L +0.25
Unloading days = S§/24U+0.25
Total port days = S*L + U)/24UL +2.0

If we apply these formulae to the situation in Matsushima, and assume a 4,000
ton/hour loading rate in Australia, total port days per round trip for a 60,000
DWT ship will be 4.25, corresponding to a handling rate of 14,826 tons per day.
Following the example of J & S, but assuming this fixed handling rate, with a
speed of 15 knots, and the same factor cost equations as J & S, we find that a
ship of 271,000 DWT would minimise costs per ton for this route. In the example
reported in J & S, the shipment of bulk coal from Australia to Israel, a fixed
daily handling rate of 13,333 tons and a hauling rate based on 15 knots were
assumed; this resulted in an optimal ship size of 240,000 DWT.!

1 As a check on the specification of the model and our calculations, the optimal ship size
for the Australia-Israel route was re-estimated with the handling rate specified by J & S, and
results identical to those of J & S were obtained.
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SCENARIO 2

However, as pointed out by J & S and Sasadi, handling rates should be a function
of the size of the ship. When we fit into the model a variable handling rate (where
L = 4,000 tons/hour and U = 1,540 tons/hour, or total days in port = $/26,700 +
2.0), optimal ship size increases to 490,000 DWT. The fixed handling rate used in
scenario 1 was based on existing loading and unloading rates and on the con-
straints imposed on ship size by the depth and berthing facilities of the port.
Thus, if ports were capable of handling larger ships, optimal ship size would be
much larger, even with the existing loading and unloading facilities.

SCENARIO 3

Sasadi, however, argues that these loading and unloading rates are too low. When
modern port facilities are taken into consideration, Sasadi suggests that the
formulae for loading and unloading and days in port should read:

Loading days = §/120,000 + 0.25
Unloading days = §/52,800+ 0.25
Total port days = §/36,700 + 1

These formulae are based on a 5,000 tons/hour average loading rate (6,000 to
7,000 tons/hour maximum) which is achieved by many modern loading ports on a
24 hour basis, and assume that at least two modern grab bucket type unloaders
are available (2*2,000 tons/hour maximum; 2*1,100 tons/hour average). As is
stated in the total port days formula above, Sasadi also suggests that the idle
time allowance per round trip be reduced from two days to one day. When these
formulae are used to compute handling rates, the optimal ship size increases to
640,000 DWT. The average total cost function given by (1) is now very flat in
the range of its minimum. The arc elasticities of ATC corresponding to a 10 per
cent change in ship size above or below the optimum size are 0.012 for an in-
crease and 0.014 for a decrease.

SCENARIO 4

With a flat cost function and very large ship sizes, dense routes become thin
routes; that is, the frequency of service affects costs incurred by the customer,
who is the entity ordering and receiving the shipment. In this section we examine
what effect these user costs would be likely to have on the optimum size of the
ship.

The problem of optimal ship size can be restated from the viewpoint of the
customer — considering all costs associated with ordering, transporting, and
storing the commodity — as the determination of the optimal order size, where
order size is constrained to be equal to ship’s capacity. This is now just a simple
application of standard inventory theory, where the only variables are order size
and order cost, and costs are a function of the value of the product and transport
costs.
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The equation to be minimised becomes:
AC = ATC + interest costs + inventory costs 2)

where ,
Interest costs COST*[(1 + RATE)PAYS/365) _ 1)
+ (COST + ATO)*[(1 + RATE)PA YSINV/365) _1)]

INVC*(DAYSINV[2/365)

Inventory costs

where COST is the FOBT cost per ton of the product, INVC is the average annual
inventory cost per ton on inventory, DAYSINV is the number of days inventory
is held, equal to S/(average daily use rate), RATE is the appropriate annual oppor-
tunity cost of money, and DAYS is the time elapsed between the purchase and
arrival of the product to inventory, assumed to be equal to the sum of days at sea
and days in port unloading. The size of the shipment, combined with its value,
time in transit, and the opportunity cost of money, will determine the customer’s
carrying costs. The larger the ship, other things being equal, the bigger the storage
facility the customer must have and the larger the average inventory the customer
must maintain.

The solution to this problem is optimal order size. In order to obtain a solution
the following assumptions were made: (1) modern handling rates are appropriate;
(2) the FOBT price of coal in N. S. W. is $51.75 per ton; (3) appropriate annual
interest rates are 12 per cent; (4) annual demand corresponds to that of a
Matsushima type power plant; and (5) ground rent for storage is a conservative
$2.00 per square metre per year. Since one can store 1.5 metric tons of coal per
square metre, the ground rent per metric ton per year is assumed to be $1.33. The
optimal ship size corresponding to these assumptions is 356,000 DWT. This is
slightly more than half the optimal size determined in scenario 3, where only
transport costs were considered.

The sensitivity of optimal ship size to additional cost considerations is to be
expected. The average transport cost curve is very flat. The slope of the curve
defined in (2) measured in dollars per 1,000 DWT ranges from —0.0369 for a
ship of 100,000 DWT to 0 at 356,000 DWT, and then increase gradually, reaching
0.00322 for a ship of 1.5 million DWT. The average cost curve is so flat that
changes in costs other than transport costs which result from an increase in ship
size outweigh the saving in transport costs obtainable by using a more efficient
larger ship.

This does not imply that ship size is completely insensitive to changes in the
costs of operating a ship. However, ship size is relatively inelastic to changes in
the factors specified in the model (as opposed to the inclusion of additional
(user) costs in the model). Arc elasticities were computed around the optimum
for scenario 4. These estimates are reported in Table 2. The signs agree with those
suggested by J & S. Size was most sensitive to days in port and distance, both of
which directly affect total transport costs. Size was more sensitive to inventory-
related costs such as RATE and COST than to factor costs such as fuel in port
and at sea. The insignificant impact on ship size of changes in capital costs and
operating costs reflects the way these costs are specified in the model. Ship size
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TABLE 2

Estimated Arc Elasticities of Ship Size
(corresponding to a 1% increase in the value of the variable)

Variable Estimated Arc
Elasticity
Distance 0.67
Capital costs 0.00
Operating costs 0.00
Fuel costs at sea 0.23
Fuel costs in port 0.29
Days in port -0.71
Port costs -0.29
RATE -0.32
COST —-0.32
COSTINV —0.06

is most sensitive to time-related costs. Thus changes in capital and operating
costs, despite their impact on the level of average costs, do not affect days at sea
or days in port, and thus affect optimal ship size only through the impact of
the increase in ATC on inventory-carrying costs.

As would be expected, increase in factor costs such as fuel and distance result
in a larger optimal size of ship. This is a direct result of the fact that the marginal
cost of these variables decreases with size. The converse is true of the marginal
cost functions with respect to days in port, port costs, and inventory-related
variables: these all increase with size.

IMPLICATIONS

The size of ship consistent with the most efficient use of modern handling facil-
ities is so large that the resulting reduction in frequency of service could have a
significant impact on user costs, particularly the cost of carrying a larger invent-
ory. The inclusion of user costs in the model has a significant impact on ship size.
In our scenario we included only some of the costs of size of shipment related to
inventory charges: costs related to standard items in inventory theory, such as
risk, were ignored. For users of bulk coal, the risk of a shortage would be posit-
ively related to size of order and thus to ship size. Therefore the inclusion of
risk in the model would be expected to result in larger inventories and smaller
orders.
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The final point brought out by the analysis of the four scenarios is that, in
every case, the optimal ship size was substantially larger than the size of existing
bulk coal carriers. In fact, neither the existing coal ports nor those on the drawing
boards could handle ships of this size. Thus, in the foreseeable future, the main
check on the growth of ship sizes will be the limitations on drafts at the ports.

APPENDIX

Here we outline the actual formulae used to obtain the estimates reported in the
text.

Total daily port costs is the sum of daily operating costs, daily capital costs,
daily port charges, and daily fuel cost while in port. That is

PORT = 58.58*+4.1957 +.0155* +23.58°3
where S is ship size in deadweight tons.
Total daily sailing costs is the sum of operating, capital, and fuel costs at sea, or
SEA = 58.58*+4.1957 +3.76S"7
Handling rate is the ratio of ship size to days in port, or
HAND = §/(days in port)

The first handling rate used was a constant, 14,826 tons per day, equal to the
estimated current handling rate in Matsushima for a 60,000 DWT ship. The
second handling rate was derived from the formula for total days in port given in
the text, or

HAND = §%*26,700/(S + 53,400).
The handling rate corresponding to modern loading and unloading facilities is
HAND = §%36,700/(S + 73,400).
The number of days for which inventory is held is equal to the size of the
shipment divided by the daily rate of use. The annual demand is specified as
2,080,000 tons. Therefore daily demand is 2,080,000 divided by 365, and
DAYSINV = 365*5/2,080,000.

The average cost of holding inventory is then the average annual cost per ton

(INVC) for storage times DAYSINV/365/2, or
Inventory cost = INVC*S/2,080,000/2

The opportunity cost of the goods tied up in transport and inventory is equal
to the cost of the product (COST) multiplied by the appropriate interest rate
(RATE) for the period of time the money is tied up (DAYS + DAYSINYV).

DAYS = Sea days+ port days unloading
Seadays = D/(SPEED*24%*2) where D = round trip distance.
For a modern port facilities and the example used in text
DAYS = 8,536/(15%24) +.5/52,800 + 0.25
and the expression to be minimised is
AC = ATC+ COST*[(1 + RATEPAYS _1]
+(COST+ ATO)*[(1 + RATEPAYSINV _1]
+1.33%5/2,080,000/2
where
ATC = PORT*(S + 73,400)/(S*36,700) + 8,536 *SEA/(S*15%24)

89



January 1985 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

REFERENCES

Jansson, J. O., and D. Shneerson (1982): ““The Optimal Ship Size”. Journal of Transport
Economics and Policy, vol. 16, no. 3, September.

Sasadi, John (1982): ‘‘Latest Developments in Coal Handling for Self-Unloading Ships and
Barges”. The International Journal of Storing and Handling Bulk Materials, vol. 2, no. 3,
September.

90



