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The size of ocean ships has increased very rapidly since World War II and the
question has arisen what is the optimal size for a given type of ship. If sufficient
cargo for transport is available, is a larger ship always preferable to a smaller ship?
This question has been considered by Kendall (1972) and by Jansson and
Shneerson (1982). Kendall (1972) defines the optimum ship size on a particular
route as that ship size which minimises the total transport costs (that is, ship
costs and terminal costs consisting of port costs, product handling costs, and
storage costs). Jansson and Shneerson (1982) define the optimum ship size as
that ship size that minimises costs per ton at sea and in port. In applying their
model to coal bulk carrier ships, Jansson and Shneerson (1982, p. 230) conclude
that the optimal size of coal bulk carrier ships is 240,000 deadweight tons.!

Ship costs have been analysed not only for the purpose of determining
optimum ship sizes, but also for the purpose of determining ship-size elasticities
of cost — that is, of investigating how responsive ship capital, operating, and fuel
costs are to changes in ship size (see Jansson and Shneerson, 1978). In analysing
ship-size elasticities of costs for various types of ships, Jansson and Shneerson
(1978) conclude that there are economies of ship size in hauling operations.
Other writers have analysed the impact of capacity utilisation on ship costs (see
Zerby and Conlon, 1978, and Davies, 1983).

This paper extends the literature by presenting a model for analysing the oper-
ating cost (excluding fuel cost) incurred by various ship sizes (or capacities) of a
given type of ship. The model will be applied to different-sized petroleum tanker
ships of US flag registry. It will allow us to determine ship-size elasticities of
operating cost for each size of ship considered. This is an advance because the
previous literature has focused on such elasticities only for a given type of ship
(such as a tanker or liner ship) and not for various sizes of that given type of ship.
The model will also allow us to determine the marginal operating cost and unit
variable cost, as well as the degree of economies of density, for various ship sizes
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of a given type. Using appropriate data, the model then provides cost information
that will certainly be useful to US ocean tanker carriers where various ship sizes
(or capacities) are relevant in their pricing and investment decisions. It will be
useful also to governments which provide capital assistance to ocean tanker
carriers.

Tanker ships (or tankers) are specialised vessels. They are ships designed with
large water-tight tanks for hauling bulk liquid cargo. Their design specifications
vary according to the type of cargo carried (for example, oil, gasoline, chemicals,
or liquefied natural gas). Tankers which carry petroleum restrict their cargo to
certain types of petroleum products: either to clean petroleum products (such as
kerosene or gasoline) or to black oils (such as crude). This is because clean
petroleum products require the tanks of tankers to be free of any residuals, and
preparing black oil tankers to transport clean petroleum products is extremely
expensive.? This paper will analyse only the operating cost of petroleum (clean
petroleum and black oil) tankers.

The next section presents the model for analysing the operating costs of
petroleum tanker ships of various sizes. This is followed by a discussion of the
data set. Then, empirical results are presented: these include estimates of the
parameters of a translog cost function as well as estimates of ship-size elasticities
of operating cost, marginal operating cost, unit operating cost, and economies of
density for each tanker ship in the data set. The discussion is summarised in the
last section.

THE MODEL

To analyse the operating cost of petroleum tankers, we assume that their oper-
ating cost structure can be described by an economic short-run variable cost
function. (Short-run variable cost is the daily tanker operating cost, and the
output variable in the function is the size or carrying capacity of a tanker.) The
carrying capacity of a ship is its deadweight tonnage, or the number of tons of
2,240 pounds that the ship can carry.

The reasons for defining short-run variable cost as daily tanker operating cost
(except fuel cost) are as follows. First, daily cost is used because the time period
of our data set (to be discussed below) is a day. Second, operating cost (except
fuel cost) is used because tanker operating cost in our data source excludes fuel
cost. Our data source provides the amount of fuel consumed by a tanker ship
but not fuel costs, because the price of fuel is quite unstable (that is, it varies
according to when and where purchased). Third, previous writers who derive ship-
size cost elasticities (see Jansson and Shneerson, 1978, Table 2, p. 291) dis-
tinguish three types of costs: operating cost (except fuel cost), fuel cost, and
capital cost. We have therefore selected one of these cost categories (operating
cost, except fuel cost) so that our results may be comparable with theirs. When
the term “operating cost” is used in the following discussion, it is assumed that
fuel cost has been excluded.

2 For further discussion, see Kendall (1983, p. 424).
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The general form of the short-run variable cost function may be expressed as:

SVC; = f(Q;, PL;, PS;, F;) (1)
where

SVC; = daily operating cost of the ith tanker ship

0; = size or carrying capacity of the ith tanker ship measured in dead-
weight tons

PL; = average daily labour price or expenditure (wages and subsistence)
per crew member of the ith tanker ship

PS; = average daily supply price or expenditure (stores, supplies and
equipment) per crew member of the ith tanker ship

F; = average barrels of fuel consumed per day by the ith tanker ship.

Equation (1) is in the form of an economic short-run variable cost function, since
short-run variable cost is a function of a measure of output, prices, and a fixed
input. Hence it is assumed that fuel (F;) is a fixed input. This would generally be
a rather restrictive assumption, but in this case it is plausible. First, the time
period of a day is rather short. Second, since fuel cost is excluded from the
dependent cost variable, it implicitly follows from economic cost theory that the
production input, fuel, is assumed to be a fixed input. Third, as stated previously,
our data source does not provide data on fuel price. Fourth, though it would be
possible to obtain data on fuel price from another source, it is not possible to
assign a given fuel price to a particular tanker ship.

To estimate the short-run variable cost function (1), we use the well-known
translog function (see Christensen, Jorgenson, and Lau, 1973). The translog cost
function is a member of the class of flexible cost functions because it serves as a
second-order approximation to an arbitrary technology. The translog cost func-
tion can be viewed as a second-order Taylor’s series expansion in the logarithms of
the variables in function (1). Flexible cost functions are less restrictive in their
assumptions regarding the technology of the firm than non-flexible cost functions
such as the linear and loglinear cost functions that once were used extensively in
the literature.® The translog cost function specification of short-run variable cost
function (1) may be expressed as:

In SVC; =ay +a,InQ; + ay,InPL; + a3 InPS; + a4 InF; + Yaa5InQ? + Ysag InPL?
+ Y52, InPS? + YoagInF? +agInQ; InPL; + a1 InQ,InPS; @

Economic theory requires that a cost function be linearly homogeneous in factor
prices (that is, in prices PL; and PS;). This requirement places the following
restrictions on the estimation of the parameters of cost function (2):

3 A discussion of flexible and non-flexible cost functions as used in transport studies is found
in Talley (1984). Examples of transport studies using the translog cost function are Braeutigam,
Daughety, and Turnquist (1984), Viton (1981), Tauchen, Fravel and Gilbert (1983) and
Harmatuck (1981).
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On the basis of cost function (2), the elasticity of short-run variable cost (X;)
for the ith tanker ship may be expressed as:

Kl = alnSVC,/aan, =a, + asani + aglnPL,' + alolnPSi + a“]nF,‘ (4)

K; measures how responsive a tanker ship’s short-run variable cost or operating
cost is to a change in its size as measured in deadweight tons. For example, a
value of 0.6 for K; implies that an increase of 10 per cent in the deadweight
tonnage of a tanker ship would be expected to increase operating cost by 6 per
cent. Obviously, since equation (4) is not a constant function, it can be used (for
given parameter and variable values) to obtain cost elasticities for various sizes of
tanker ships. The short-run marginal cost (SMC;) of the ith tanker ship based
upon equation (4) may be expressed as:

SMC; = dSVC;/9Q; = (dInSVC;/0InQ;))(SVC;/Q;)
or (5)
- SMC; = (K)(SVCi/Q;)
where SVC;/Q; represents short-run unit variable cost. A value for SMC; is inter-
preted as the addition to short-run variable cost or operating cost of the ith tanker
ship that would be expected from a unit increase in the size of the ship. If we use

K; and follow Christensen and Greene (1976), the economies of density (ED;) for
the ith tanker ship may be expressed as:

ED;=1-K; (6)

Economies of density measure short-run cost economies associated with increased
production, given a fixed input stock or, in our case, with respect to increases in
ship carrying capacities (that is, deadweight tons), given a fixed fuel stock.* We
originally took account of the gross tonnages of tanker ships in estimating the
short-run variable cost function.® However, because of the high correlation
between gross tonnage and deadweight tonnage of tanker ships (a sample
correlation of 0.99592), the gross tonnages were dropped. It follows from this
correlation that tanker capital stock (that is, tanker gross tonnage) is indirectly
taken into consideration. Positive numbers for ED; indicate density economies,
and negative numbers indicate density diseconomies. Density economies indicate
declining unit variable or operating cost, and density diseconomies indicate
increasing unit variable or operating cost, for the ith tanker ship.

4 For an application of economies of density as a long-run concept, see Braeutigam, Daughety
and Turnquist (1984).

S A gross ton is not a weight measure, but represents the volume in cubic feet of a ship’s -

closed-in spaces.
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THE DATA BASE

The data base for this paper consists of 49 variously sized petroleum tanker ships
of various sizes in the US flag registry. They were taken from the US Maritime
Administration’s Vessel Inventory Report (September 1982), which includes all
US registered vessels of 1,000 gross tons or more. The Maritime Administration
does not release the actual cost (or raw) data for these ships, because they are
confidential, but it does publish average or typical daily operating costs per vessel
and certain descriptive characteristics (such as deadweight tons, barrels of fuel
consumed at sea, and number of crew) for tanker ships of various sizes. These
data were obtained from the Maritime Administration’s Estimated Vessel Operat-
ing Expenses, 1982 (published in June, 1983). The data in this report are based
upon annual operations of ships for the period August 1981 through July 1982,
The 49 tanker ships appearing in the Vessel Inventory Report were matched with
tanker ships in the Estimated Vessel Operating Expenses, 1982. In cases where
design classification and deadweight tonnage in the two reports did not match
exactly, we interpolated the cost and descriptive characteristics for this tanker
from the Estimated Vessel Operating Expenses using deadweight tonnage as the
weighting factor.

The 49 tanker ships in the data base range in size from 19,800 to 188,400
deadweight tons. The daily operating cost of the ith tanker ship (SVC;) is the
sum of daily expenditure on wages, subsistence, stores, supplies, equipment,
maintenance, repairs and insurance; the expenses excluded are administration,
selling expenses, fuel, interest and depreciation.

EMPIRICAL RESULTS

The translog cost function specification requires that the approximation be made
at some point. For estimation of translog cost function (2), the point of approx-
imation is the sample mean of each variable. Each variable in translog cost
function (2) is defined as the natural logarithm of the variable minus the natural
logarithm of the sample mean of the variable. On the basis of a sample of 49
tanker observations (as explained in the last section), estimates were obtained of
the parameters of function (2). They are presented in Table 1.°

The estimated equation, as indicated by the adjusted R?, explains 99 per cent
of the variation in daily operating costs of tanker ships. Of the 15 coefficients
estimated, three involving fuel are insignificant. The remaining estimated co-
efficients, except as, are significant at the 0.05 level or better. The estimate of
as is significant at the 0.10 level. The fact that the adjusted R? is quite high and
that all but three of the 15 estimated coefficients are significant gives us con-
fidence in our economies of density and other cost estimates obtained from the
estimated cost equation.

6 Though cross-section data are generally used to estimate long-run cost functions, they may
also be used to estimate short-run cost functions. Friedlaender and Spady (1977) have shown
that specifying as fixed an input which is really variable involves no mis-specification: the
econometric results will simply indicate that the input is being used at an optimal level.
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TABLE 1

Short-Run Variable Cost Function Estimation

Parameter Estimate t values Parameter Estimate t values
ag 9.416 5.352 ag —2.970 —0.986
a 0.333 3.647 ag 2.460 4.987
a 1.473 10.924 aio —2.460 —4.987
as —0.473 -3.509 ay; —0.445 —0.302
ay —0.169 —1.261 ap -3.011 —2.894
as 0.967 1.345 ais —4.539 -5.182
ag 3.011 2.894 ag 4.539 5.182
ay 3.011 2.894

Adjusted R? = 0.9956

For each tanker ship in the sample we obtained values for ship-size elasticity of
operating cost (K;), short-run marginal operating cost (SMC;), short-run unit oper-
ating cost (SAVC; = SVC;/Q;), and economies of density (ED;). Average values are
presented in Table 2.7 It is clear that these cost characteristics show a consistent
trend. For example, ship-size elasticities of operating cost generally decline (for
ships ranked from the smallest to the largest according to deadweight tonnage)
till a tanker ship size of 40,000 deadweight tons is reached, and generally rise
thereafter. All tanker ships in the data set exhibit economies of density (that is,
the ED; values are positive), but in varying degree. For the ranked ship sizes in
Table 2, economies of density initially increase (since the ED;s are increasing
in value) till a tanker ship size of 40,000 deadweight tons is reached, and generally
decline thereafter. For the largest tanker ship in the sample, with deadweight
tonnage of 188,400 tons, economies of density are relatively small: ED; is 0.108.

Short-run unit operating cost (SA V'C;) generally declines continuously for the
ranked ship sizes in Table 2, but short-run marginal operating cost begins to rise
for ship sizes greater than 40,000 deadweight tons. As the degree of economies of
density decreases for ship sizes greater than 40,000 deadweight tons, it must
follow that at these larger ship sizes SMC; is rising faster than SAVC; is falling.

7 Individual values for each tanker ship are available upon request from the authors.
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TABLE 2

Average Cost Elasticities, Marginal Costs, Unit Costs,
and Economies of Density for Tanker Ships

DWT K SMC SAVC ED Number of
Tankers
< 25,000 0.351 0.241 0.680 0.649 4
25,000 — 35,000 - 0.066 0.245 0.366 0.934 15
35,000 — 40,000 0.045 0.014 0.306 0.955 5
41,000 — 51,000 0.199 0.051 0.258 0.801 11
67,000 — 85,000 0.415 0.072 0.174 0.585 8
114,000 — 124,000 0.651 0.077 0.118 0.349 5
188,000 0.892 0.071 0.080 0.108 1

Furthermore, it follows that the gap between SMC; and SAVC; for tanker ship
sizes greater than 40,000 deadweight tons becomes progressively narrower for
larger and larger tanker ships. When this difference equals zero, it follows that
economies of density are exhausted and unit operating cost has reached its
minimum value (since SMC; = SAVC;). The largest tanker in our data set (a
tanker of 188,400 deadweight tons) exhibits slight economies of density. It
follows that for tankers even slightly larger than that the economies of density
would be exhausted and unit operating cost would be rising.

Previous studies investigating ship size elasticities of operating cost have deter-
mined these elasticities for a given type of ship. Alternatively, these studies have
assumed implicitly that ship-size elasticities of operating cost do not vary signifi-
cantly with ship sizes for a given type of ship. The results of this paper indicate
that that assumption is not necessarily true. Though our ship-size elasticities of
operating cost are found to be similar to those given in other studies for various
types of ships (see Table 3 for elasticities computed from previous studies by
Jansson and Shneerson, 1982), we found a much wider dispersion of elasticity
values for various sizes of tanker ships. These results may, in turn, allow one to
question the reliability of studies seeking to determine optimum ship sizes (see
for example Jansson and Shneerson, 1982) from a single ship-size elasticity of
operating cost based on a number of ship sizes.
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TABLE 3

Ship-Size Elasticities of Operating Cost

Ship Type K
Tramps (Thorburn, 1960) 0.4
Liner (Getz et al., 1967) 0.6
Dry Bulk (Goss and Jones, 1971) 0.4
Dry Bulk (Jansson and Shneerson, 1982) 0.4
Tanker (Heaver, 1968) 0.3

Source: Jansson and Shneerson, 1982, Table 2.

SUMMARY

This paper has presented a model for analysing the operating cost of various
sizes of a given type of ship that allows one to determine ship-size elasticities
of cost, marginal cost, unit variable cost, and economies of density for each size
of ship considered. The model was applied to a data set consisting of petroleum
tanker ships of varying sizes of US flag registry. Three important conclusions
follow from the paper. First, ship-size elasticities of operating cost can vary
widely according to the size of a given type of ship. Second, though the contrary
is implicitly assumed in the literature, economies of density of ship size (that
is, operating cost economies of ship size) may be exhausted for larger sized ships.
Third, an optimum ship size for a given type of ship derived from a single ship-
size elasticity of operating cost (based upon several ship sizes) is likely to be

unreliable, especially if values for the elasticity vary widely for various sizes of the
ship.
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