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ABSTRACT 
 

In this paper, we investigate the presence of economies of scale in the global iron-making 
industry for integrated steel plants, iron-making being the first stage in the steel-making process. 
Iron-making depends on basic commodities, such as iron ore, coke and various forms of energy, 
required in the operation of the blast furnaces, which can be classified as essential inputs and 
used in fixed proportions to produce iron. A generalized Leontief cost function is estimated using 
panel data for sixty nine integrated plants, such a specification being appropriate for technologies 
with essential inputs that are used in fixed proportions in production. A significant scale effect is 
observed due to the existence of fixed costs and a linear dependence of the cost function on 
production. Under a simple linear cost function, a rough estimate of the breakeven scale of plant, 
where costs equal revenue, is 4.5 million tonnes per year. Competitiveness, as measured by the 
ratio of plant average cost per tonne to best practice cost per tonne, can be shown to be positively 
related to the scale of production as well as the cost of essential inputs (in particular, ore and 
other basic commodities). Thus, low-cost producers are also often producers with low raw 
material costs, with production levels below the estimated breakeven scale of operation. Labour 
costs, although significant, are comparatively less important as a driver towards low costs.  
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1. Introduction 
 
Global competition in primary industries such as metal production has led to concentration of 
these industries in recent decades through mergers and takeovers (Clark, Lesourd and 
Thiéblemont, 2001). These concentration processes almost always aim at taking advantage of 
cost savings available through economies of scale. These industries tend to have fully vertically 
integrated facilities in which fixed costs, such as capital and administration, can be spread 
across a broader set of operations, leading to significant unit cost reductions. Capital- and 
energy-intensive industries in particular commonly use vertically integrated facilities. For 
example, within the steel-making industry, iron-making is followed by steel-making, casting 
and rolling. Integration and proximity of the various production stages in this manner is 
particularly important in steel-making given the large tonnages involved and, therefore, 
provides the opportunity for significant reductions in transportation and time costs.  
 
This paper investigates economies of scale in the global iron-making industry for integrated 
plants, iron-making being the first and most expensive stage of the steel-making process (on 
average, iron-making account for 54 per cent of the cost of producing finished steel products). 
Iron-making depends heavily on basic commodities such as iron ore, coke and various forms of 
energy used in the operations of blast furnaces. These inputs can be classified as essential 
inputs, as defined by Shephard (1970, 1981), which are used in direct proportions to output 
according to metallurgical relationships. As such, these inputs are generally used very 
efficiently, making cost reductions through input substitution or gains from economies of scale 
from this source virtually impossible. Economies of scale through factors such as capital, 
labour (which is a quasi-fixed cost in the short term due to the capital intensive nature of iron-
making) and other factors representing fixed costs, such as non-shift labour, are therefore the 
only way of lowering unit costs in this industry. This is especially true of iron-making 
industries in countries with developed economies because in most developed countries, the iron 
and steel industries are highly capital intensive, having already benefited from labour-saving 
technology. Consequently, labour in these iron-making industries has practically evolved into a 
quasi-fixed cost with a comparatively low cost share, on which little or no further cost gains 
can be expected, except perhaps indirectly through economies of scale. Whether low-cost 
labour, as observed in a number of countries with emerging economies such as China, is a more 
important determinant of competitiveness than economies of scale or the costs of other inputs, 
such as ore, is therefore a question that can be raised. In the case of China, for instance, a 
number of studies attempt to investigate the effects of the transition to a market economy or 
plant-specific efficiency effects through techniques such as stochastic frontier analysis 
(Jefferson, 1990; Kalijaran and Young, 1993; Wu, 1995 and 2001); however, these studies do 
not appear to address the question of the effects of low-cost labour on global competitiveness. 
 
Thus, examining economies of scale through suitable econometric modelling is of particular 
interest in the global iron-making industry. This paper therefore, estimates a cost function for 
iron production on panel data for sixty nine integrated plants in twenty seven countries over the 
period 2001 to 2003. Economies of scale are tested using a cost function which is linear in 
production with an intercept measuring fixed costs. The sample is restricted to only those 
integrated plants that ultimately produce hot rolled coil, a finished steel product. The paper is 
organized as follows. In the next section we discuss the generalized Leontief cost function that 
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is used and show that this function is well suited to the analysis of economies of scale in 
industries with essential basic commodity inputs with little or no substitutability, such as the 
iron-making industry. In the third section, we carry out the econometric application and discuss 
the results. Finally, our conclusions are given in the fourth section. 
 
 
2. The Generalized Leontief Cost Function  
 
Flexible forms of production and cost functions have been extensively developed in the 
literature and are widely used in econometric applications. They can describe production 
technologies with varying substitution properties between inputs, and economies of scale. They 
are also adaptable to modelling both basic industries with essential inputs used in fixed 
proportions in production, as well as technologies in which more substitutability between 
inputs exists (thus with no or little substitutability between such inputs, basic commodities 
often falling into that category). Examples are the well known translog production and cost 
functions (Christensen, Jorgenson and Lau, 1971 and 1973), and the generalized Leontief cost 
function (Diewert, 1971).  
 
In production microeconomics, the concept of an essential production factor has been defined 
by Shephard (1970) as a factor i such that xi  = 0 and (x, y) in T ⇒ y = 0, where xi  is the 
available quantity of factor i, x is the vector of inputs, y is the vector of outputs and T is the 
production set. An interesting case of an essential factor, which was studied by Lesourd (1985), 
is the situation in which some factors have bounded mean productivities, defined, in the case of 
a single output, as the ratio of production to the input quantity. This occurs when production is 
limited by constraints imposed by some tangible inputs, such as a required proportionality 
between production and the input quantity. An example of this is the well known fixed-
proportions Leontief production function, which is the simplest technology with bounded mean 
productivity inputs. This Leontief production function can be expressed as follows:  
 

y < min(a1 x1, a2 x2, …, ai xi, …, an xn)                                     (1) 
 
where xi is the available quantity of factor i, ai is a constant coefficient and n is the number of 
inputs. It is well known that the cost function which is dual to the Leontief production function 
is linear in both prices and output. More precisely, since at minimum cost xi = y/ai, the cost 
function dual to the Leontief production function in equation (1) can be expressed as: 
 

     
1

( , )
n

i

i i

C y y
a
π

π
=

 
=  

 
∑                       (2) 

 
where πi is the price of input i, y is the level of production and C(π, y) the cost function relating 
total cost to the level of production and input prices. Equation (2) is a particular case of the 
generalized Leontief cost function, which is the dual of a production function also more general 
than equation (1). This generalized Leontief cost function thus appears to be well suited to 
modelling technologies with inputs used in fixed or nearly-fixed proportions to the output. For 
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variable returns to scale, and for one product, the generalized Leontief cost function C(π, y) can 
be simply expressed as a quadratic function in the square roots of prices: 
 

1/ 2

1 1 1
( , ) ( ) ( )( )

n n n

ii ii i ij ij i j
i i j

C y a c y a c yπ π π π
= = =

= +∑ ∑∑                     (3) 

 
In this equation, the aij are constant coefficients, and the cij(y) are functions that describe the 
dependence of total cost on the level of production. There are various possibilities in terms of 
functional form of the cij(y) that can introduce economies of scale; the cij(y) should be strictly 
increasing with cij(0) = 0 for any essential input, possibly constant otherwise. If, for instance, 
the cij(y) are linear in y, we have constant returns to scale; however, if cij(y) = ikyα  (where αi is 
a constant exponent), the dependence of the ij-indexed term on the level of production leads to 
increasing returns to scale if αi < 1, and to decreasing returns to scale if αi > 1. The limiting 
case of αi = 0 represents nonessential inputs, which have fixed costs that are invariant to 
production. 
 
Clearly, C(., y) must satisfy certain regularity conditions to be acceptable as a cost function. 
The condition that C(π, y) ≥ 0 at all times implies that the matrix of the aij be positive definite, 
with aii > 0 for any i as necessary conditions. Furthermore, a cost function needs to be concave 
and homogeneous of degree one in prices in order to describe the minimum cost required to 
produce some output y, assuming the technology is described by a production set with convex 
input requirement sets L(y), the latter being defined as L(y) = {x (x, y) ∈ T} (see eg Fuss and 
McFadden, 1978). Under equation (3), C(., y) is homogeneous of degree one. As far as 
concavity is concerned, due to Shephard’s lemma, its price derivatives should always be equal 
to the demand for inputs. Under these conditions, our function is also strictly increasing in 
prices, and should also be strictly increasing in y if there are essential inputs. This means that 
the aij have to be nonnegative, so that equation (3) is concave in prices. Summing up all these 
properties: 
 
C(., y) is homogeneous of degree 1. The cij(y) are strictly increasing functions (possibly 
nondecreasing for some nonessential factors) of y, with cij(0) = 0. A necessary and sufficient 
condition for concavity of C(., y) is that aij > 0 for all i and j, with strict inequality for j = i. 
Consequently, the demand function for any factor is nonincreasing in πi, and C(., y) is strictly 
increasing if there are essential factors.  
 
From an econometric point of view, testing concavity in prices is quite simple in the case of a 
generalized Leontief cost function, since it amounts to testing nonnegativity of all coefficients. 
This is a definite advantage of the generalized Leontief cost function over logarithmic 
specifications such as the translog cost function. The translog cost function, while it is able to 
estimate elasticities of substitutions without any constraints other than homogeneity of degree 
one in prices, is not in general concave with respect to prices. Imposing concavity of the cost 
function with a translog specification is possible (Jorgenson and Fraumeni, 1981; Terrell, 
1996), but implies heavily constrained estimation techniques. Verifying concavity is much 
simpler in the case of a generalized Leontief function: nonnegativity of all coefficients is a 
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necessary and sufficient condition for concavity and this is quite easy to test without imposing 
any constraint on the econometric estimations. 
 
The functional form of C(π; .), which depends on the functional form of the cij, is adaptable to 
almost any case of economies of scale. We will see later how one can include a scale effect 
which is relevant in the case of iron-making. The generalized Leontief form can be generalized 
to the case of more than one product, (with an m-dimensional y vector, m being the number of 
products, m > 1), the cost function satisfying C(π, y) ≥ 0, with C(π, y) = 0 if, and only if, π = 0, 
being strictly increasing, homogeneous of degree 1 and concave in π.  
 
The Leontief production function leads to zero Allen-Uzawa elasticities of substitution (Allen, 
1938; Uzawa, 1962); the generalized Leontief function leads to elasticities of substitution 
which can be zero, whereas, for instance, the Cobb-Douglas cost or production functions 
constrain all Allen-Uzawa elasticities of substitution to be equal to 1, an undesirable restriction 
when essential factors are present. More precisely, in the case of essential factors that have 
little or no substitutes, one can assume that the mean productivities of these inputs are upwardly 
bounded (Lesourd, 1985), so that for each input: 
 
      y < λixi                       (4) 
 
where λi  (λi > 0) is a coefficient that describes a limiting Leontief production function. This 
means that: 
 

      i
i

yx
λ

≥                        (5) 

 
Therefore, input demands for all essential inputs with upwardly bounded mean productivities as 
defined by equation (4), which, due to Shephard’s lemma, are equal to the price derivatives of 
C, should have a strictly positive lower bound for any nonzero production, according to (5). 
This implies a further property: 
 
For a generalized Leontief cost function, as defined by equation (3), input i satisfies equation 
(4), if, and only if, aii > 0 and cij(y) linear in prices (without loss in generality, cij(y) = y).  
 
This applies to all inputs used in fixed or quasi-fixed proportions to production. Again, this is a 
condition which is quite easy to test, since this amounts to testing strict positivity of the aii with 
the cij(y) specified as cij(y) = y. 
 
Compared to logarithmic forms of cost functions, such as the translog cost function, which 
includes the Cobb-Douglas cost function as a particular case, the generalized Leontief 
specification is clearly better suited to the case of the iron-making industry. In particular, as 
mentioned above, econometric testing of concavity in prices is quite easy with this function, as 
compared to the case of the translog cost function, except when the translog form collapses into 
a Cobb-Douglas form. The Cobb-Douglas cost function has the advantage of being self-dual. 
However, as already mentioned, it introduces undue restrictions on Allen-Uzawa elasticities of 
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substitution, which are all constrained to be equal to 1, when, as also mentioned above, the 
generalized Leontief specification can indeed lead to zero elasticities of substitution for factors 
which are in fixed proportions. This specification thus seems adapted to technologies in which 
raw materials are important factors, which is clearly the case here.  
 
 
3.  Steel Plant Characteristics 
 
To investigate the presence of economies of scale in iron-making we use panel data for sixty 
nine steel plants across twenty seven countries over the period 2001 to 2003. Table 1 
summarises the data set by providing country averages for iron production, labour and capital 
at the plant level. Total iron production from all plants in the sample was 304.7 Mt (million 
tonnes) in 2003, or close to a third of global iron production.  

 
 

TABLE 1: Steel Plant Characteristics: Country Averages 
 

 

 
Number of  

Plants 
 

Production 
(Mt) 

 

Labour     
(hours per day) 

 

Capital 
($USm) 

 

Austria 1 3.4 4695 780 
Belgium 3 2.6 4403 762 
Finland 1 2.3 2664 640 
France 3 4.2 5748 978 
Germany 5 4.8 4533 865 
Hungary 1 1.3 7183 515 
Italy 1 6.7 8141 1845 
Netherlands 2 5.5 7159 1440 
Poland 1 1.9 5249 650 
Russia 1 8.6 21082 2430 
Slovak Republic 1 3.5 9174 1040 
Spain 1 4.3 6518 1395 
Sweden 1 2.2 3018 550 
UK 2 2.7 4519 760 
Canada 4 2.0 4204 539 
Mexico 1 2.6 8044 1015 
USA 13 2.7 3464 496 
Australia 1 4.9 5400 1240 
China 2 9.8 18180 2565 
India 1 4.3 19752 1115 
Japan 13 5.7 3889 1625 
South Africa 1 2.6 5511 800 
South Korea 2 13.3 11668 3065 
Taiwan 1 10.1 13581 2485 
Turkey 1 2.7 6764 655 
Argentina 1 2.3 1616 570 
Brazil 4 4.3 7838 1001 
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Average  4.4 6009 1121 

Source: Calculated from Commodity Research Unit (2004).  
Note: Data are calculated as country averages of plant level data averaged over the period 
2001 to 2003. 

 
Iron production average 4.5 Mt across the sixty nine plants, with production at the plant level 
ranging from 1.3 Mt to 16.4 Mt. Daily labour input averaged 6009 hours per plant which, based 
on a 24 hour operating cycle, suggests around 250 persons are employed in the iron-making 
stage of the steel manufacturing process at any given time. The value of capital is measured in 
US dollars and includes only that capital within the integrated facility associated with iron 
production, thus it ignores capital used in the steel-making, casting and rolling processes. 
Typically this capital includes sinter and pellet plants, coke ovens, the blast furnace and the 
pulverized coal injection plant. 
 
The main raw material inputs used in iron-making are iron ore, coke and fluxes (most often 
limestone). Iron ore is classified according to size and metallurgical characteristics into sinter, 
pellet or lump. Generally, pellet and lump are the most concentrated sources of iron, yielding 
an iron content of between 60 and 67 per cent depending on the source. The iron content of 
sinter is lower at between 55 and 60 per cent. Small quantities of scrap, hot briquetted iron and 
direct reduced iron are also used in the iron-making process, although this source normally 
accounts for less than 1 per cent of total metallics input. For the purposes of this study we sum 
the iron content of these various sources for each plant to obtain a total iron input variable, 
which is denoted ‘ore’ in subsequent sections. By combining all raw iron sources into a single 
quantity we implicitly assume these various iron sources are perfectly substitutable. While not 
true in a metallurgical sense, this seems a reasonable assumption in an economic sense. Other 
inputs into iron-making are energy which is required for heating of the stoves, electricity for 
blast blowing, pumps and fans and oxygen for burning of the coke. 
 
 

FIGURE 1: Production, Plant Size and Labour 
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The relationship between production, and thus, indirectly, total costs, and use of the two main 
inputs into iron-making, capital and labour, is a primary issue in this paper. Panel (a) of Figure 
1 illustrates the relationship between production and labour hours, while panel (b) illustrates the 
relationship between production and the value of capital measured in US dollars. The absence 
of a clear linear relationship between labour and production can be explained by the quasi-fixed 
nature of this factor. This also implies a high degree of variation in labour productivity across 
the sample and that labour is unlikely to be a major source of economies of scale in the current 
sample.  
 
 
4.  An Application to Iron-Making using Panel Data 
 
Numerous econometric specifications exist for testing the presence of economies of scale in 
panel data. In this section we select one of these specifications, a generalized Leontief cost 
function, which is particularly well suited to modelling production technologies utilizing 
essential inputs, such as iron-making. Prior to this however, we commence by estimating two 
simpler functional forms of the cost function as preliminary tests for the presence of economies 
of scale. First of all, we estimate a simple linear equation of the form: 
 
      Cit = γ + δ yit                       (6) 
 
where y is iron production, C is the total cost of producing y units and the subscripts denote 
plant i in period t. The coefficients have simple interpretations, γ representing the fixed costs of 
production and δ representing marginal cost per tonne of iron. Equation (6) is estimated for 
sixty nine iron-making plants using annual data from 2001 to 2003, and the results are 
presented in Table 2. The fixed costs associated with iron-making are estimated to be positive, 
as expected, at about US$88.8 million, while marginal costs are US$115.13 per tonne. The 
marginal cost figure measures the cost of variable inputs that are used in fixed proportions to 
production, including ore, coke and other energy fuels. Economies of scale in iron-making are 
indicated in this simple specification by the existence of positive fixed costs, suggesting that 
average costs are reduced as production increases. 
 
 

 Table 2: Linear Cost Function 
 

Coefficient Value Standard Error t-Statistic Significance 

γ 88.77 9.95 8.92 0.00 

δ 115.13 1.81 63.42 0.00 

R2 = 0.95; observations = 207; F-statistic = 4022.20 
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Using equation (6) as a measure of the total cost of production, it is possible to calculate a 
breakeven point, using some price for iron, or at least a proxy for such a price, to measure the 
total value of production. At the individual plant level, this breakeven point should, according 
to the usual definition, be y* such that: 
  

          πy y* = γ + δ y*                                                              (7) 
  
Hence: 
 

     *

y

y γ
π δ

=
−

                   (8) 

 
Using the estimated coefficients from Table 2, and calculating a proxy for the price of iron, πy, 
as the production-weighted mean of the per unit cost of all plants, which gives πy = US$134.57 
per tonne, we obtain y* = 4.56 Mt. This figure is an estimate of the breakeven scale of 
production, but this estimate should be considered cautiously. Firstly, the price proxy used in 
the calculation is an approximation only, because there is no market price for hot iron available 
inasmuch as all plants are integrated and the iron is used immediately within the plant for steel-
making, and not sold. Secondly, it is estimated from a simplified cost equation with no factor 
price dependence. Taking into account factor price dependence, as will be explained later, will 
lead us to conclude that the prices of some essential factors, especially the price of ore, are 
important determinants to competitiveness as measured by unit costs, so that some competitive 
plants (with unit costs below the calculated mean unit cost of $134.57 per tonne) can have 
production levels below this breakeven if their costs for ore are comparatively low. 
 
Another simple linear cost function takes the form C = α yβ, which can be specified in log-
linear form as:  
 

log Cit = α + β log yit                      (9) 
 
Table 3 presents the estimates for equation (9) which confirm our earlier findings of the 
presence of economies of scale. The value of β, which is the elasticity of the total cost with 
respect to production, should be positive but significantly lower than 1 to guarantee increasing 
returns to scale, or economies of scale. The Wald test of the null hypothesis that β = 1 leads to a 
rejection of that hypothesis. 
 
 

Table 3: Log-Linear Cost Function 
 

Coefficient Value Standard Error t-Statistic Significance 

α  5.16 0.023 224.03 0.00 
β  0.84 0.016 52.96 0.00 
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R2 = 0.93; observations = 207; F-statistic = 2804.94; Wald test (Null Hypothesis: β = 1): F-statistic = 
107.25, Probability = 0.00 

 
 
Finally we estimate a generalized Leontief cost function which gives a much more complete 
description of the relationship between production and input prices, and total production costs. 
This cost function is an adaptation of the general form of the cost function in equation (3) to 
iron-making technology. Like equations (6) and (9), the dependent variable in this model is 
once again the total cost of iron production. The Leontief cost function is expressed as: 

( )
6

1/ 2ore coke energy coke energy electricity capital
11 22 33 23 44 55

labour
6 0

2

exp( )

it t t t t t t t it

tit

C y

c yβ

α π α π α π α π π α π α π

απ

 = + + + + +  
 + + 

     (10) 

 
where πore

 , πcoke
 , πenergy, πelectricity, πcapital, and πlabour denote the prices of factors used in the iron 

making process, y denotes total iron production and α11, α22 , α33 , α23, α44, α55, c6, β6 and C0 are 
coefficients to be estimated. The intercept α0, which is not in the original specification of the 
equation, accounts for all fixed costs that are invariant to production. Equation (10) represents a 
particular case of equation (3) in which all cross-price coefficients except α23 are assumed to be 
zero. This implies that only coke and energy are assumed to be, to some extent, substitutable. 
This assumption was based upon knowledge of the iron-making process and confirmed by the 
statistical insignificance of other cross-price coefficients in the cost function.  
 
In specifying the functional form of cij(y), we assume a linear relationship between factor prices 
and total cost, dependent upon the level of production for all i and j, except for labour. This 
means that, without loss in generality, we assume cij(y) = y. In the case of labour, we assume the 
following dependence between c66(y), the coefficient of the factor price of labour, and total 
cost: 
 

c66(y) = exp(c6) yβ6
                                                         (11) 

 
which enters the estimated cost function in log-linear form, since clearly log[c66(y)] = c6 + β6 
log(y). Such a specification enables us to take into account possible economies of scale through 
labour inputs, if the exponent β6 is such that 0 < β6 < 1; β6 = 0 would mean that labour is a 
nonessential input (and that labour costs would be fixed with respect to the level of production, 
assuming the price of labour is constant). Following general practice in the estimation of 
generalized Leontief cost functions, we jointly estimate by iterative seemingly unrelated 
regression (SUR) the input quantities, specified as the derivatives of the total cost with respect 
to prices due to Shephard’s lemma, and the cost function itself (Terrell, 1996). As is well 
known, Shephard’s lemma states that: 
 

      i
i

Cx
π

∂
=

∂
         (12) 
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Expressing these derivatives for all specified inputs leads to the equations for xore
 , xcoke

 , xenergy, 
xelectricity, xcapital, and xlabour given in Table 4. In the case of labour, the logarithmic form of the 
derivative with respect to the price of labour stems from the log-linear specification of equation 
(11). All remaining inputs are implicitly taken into consideration in the fixed cost term and are 
assumed to be nonessential and fixed in price. Originally we identified seven main inputs into 
the iron-making process to be used as explanatory variables in the cost function; labour, capital, 
raw iron, coke, oxygen, energy and electricity. The oxygen variable was found to be 
insignificant and omitted from the final equation. The ore variable includes iron from all 
sources; including pellets, lumps and fines, as well as scrap, direct reduced iron (DRI) and hot 
briquetted iron (HBI). The iron content of each of these iron sources was measured and 
summed to calculate the total iron input for each steel plant. 

Table 4: Leontief Cost Function 
 

Coefficient Value Std. Error t-Statistic Significance 

α 11  (πore) 0.99 0.01 429.88 0.00 
α11  (πcoke) 0.25 0.01 24.10 0.00 
α 33 (πenergy) 2.81 0.17 16.38 0.00 
α 23 (πcoke

 πenergy)1/2 0.69 0.04 17.90 0.00 
α 44 (πelectricity) 86.66 1.04 83.48 0.00 
α 55 (πcapital) 240.88 3.36 71.67 0.00 
c6 (log-intercept, πlabour ) -0.18 0.05 -3.32 0.01 
β6 (Elasticity, πlabour ) 0.59 0.04 15.18 0.00 
C0 (Fixed costs) 18.92 3.70 5.11 0.00 

Equations 
 
C = [α11 πore

 + α22 πcoke
  + α33 πenergy + 2 α23(πcoke

 πenergy)1/2 + α44*πelectricity + α55*πcapital] y + 
[exp(c6) yβ6] πlabour +  C0 
R2 = 0.96 
 
xore

  = α11 y 
R2 = 0.99 
xcoke

  = [α22  +  α23 (πenergy
 / πcoke)1/2] y 

R2 = 0.96 
xenergy = [α33  +  α23 (πcoke

 / πenergy)1/2] y 
R2 = 0.94 
xelectricity

   = α44 y 
R2 = 0.89 
xcapital = α55 y 
R2 = 0.87 
log(xlabour ) = c6  + β6 log(y) 
R2 = 0.37 

 
    
 
 
The results presented in Table 4 reveal that all coefficients are significant and of the expected 
order of magnitude; for instance, the ore coefficient α11, with ore quantities expressed in iron 
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content, should be 1, and, since α11 = 0.99, one cannot reject the hypothesis that α11 = 1. All the 
αij  are significantly positive, which indicates that the cost function is concave with respect to all 
prices. Furthermore, since α11, α22 , α33, α44, and α55 are all significantly positive, we cannot reject 
the conclusion that all factors, except labour, have upperly bounded productivities as expected. 
Ore, capital, and electricity are used in fixed proportions in production and close to fixed 
proportions for coke and energy. Labour, although weakly essential in the sense of Shephard, 
does not seem to exhibit bounded productivities. Finally, we conclude that the results confirm 
the presence of economies of scale, because of the existence of fixed costs, and also because of 
the dependence of labour on production, with a total cost-labour elasticity significantly lesser 
than 1, which indicates clearly that labour is a quasi-fixed factor contributing to economies of 
scale. For all other factors, one cannot reject the assumption that inputs are used in fixed 
proportions, or nearly fixed proportions, in production. The fact that in our model most cross-
price coefficients are zero, means that these inputs used are in fixed proportions in production, 
as expected in the case of most input pairs. In the case of coke and energy however, we have a 
significantly positive cross-price coefficient; this means that they are used in close to fixed 
proportions but with some degree of substitutability between these two inputs.   
 

 
Table 5:  Cost Efficiency Indexes  

 

Plant  2001 2002 2003 Plant  2001 2002 2003 

1 0.5990 0.5956 0.5406 36 0.5687 0.5617 0.5248 
2 0.5388 0.5288 0.4805 37 0.6041 0.5944 0.5674 
3 0.5160 0.5161 0.4661 38 0.5696 0.5808 0.5321 
4 0.5685 0.6216 0.5688 39 0.6285 0.6090 0.5602 
5 0.6691 0.6549 0.5917 40 0.6553 0.6463 0.6244 
6 0.7244 0.7184 0.6246 41 0.6112 0.6191 0.5770 
7 0.5502 0.5450 0.4870 42 0.4959 0.5071 0.4883 
8 0.6860 0.6814 0.5994 43 0.4921 0.5428 0.4991 
9 0.5959 0.5710 0.4892 44 0.7447 0.7368 0.6656 
10 0.6068 0.5899 0.5333 45 0.9475 0.8364 0.7720 
11 0.6017 0.5839 0.5265 46 0.7500 0.7368 0.6624 
12 0.6148 0.5881 0.5046 47 0.9474 0.9731 0.9299 
13 0.6795 0.6607 0.5752 48 0.6514 0.6305 0.5686 
14 0.8259 0.7674 0.6519 49 0.6863 0.6938 0.5887 
15 0.5024 0.5000 0.4299 50 0.6443 0.6456 0.5841 
16 0.6768 0.6711 0.5940 51 0.6994 0.7177 0.6454 
17 0.7131 0.6791 0.6309 52 0.6799 0.6701 0.6056 
18 0.9085 0.8520 0.7746 53 0.7245 0.7281 0.6579 
19 0.5884 0.5695 0.5577 54 0.6329 0.6236 0.5611 
20 0.7438 0.7308 0.7189 55 0.6405 0.6419 0.5510 
21 0.6479 0.6426 0.6080 56 0.7338 0.7269 0.6528 
22 0.5922 0.5554 0.5127 57 0.5750 0.5610 0.4851 
23 0.6539 0.6340 0.5536 58 0.6965 0.6843 0.6339 
24 0.6140 0.6048 0.5428 59 0.5819 0.5799 0.5612 
25 0.6007 0.5629 0.5278 60 0.8913 0.7571 0.7046 
26 0.4876 0.5358 0.5041 61 0.7984 0.7797 0.7193 
27 0.5502 0.5846 0.5481 62 0.7064 0.7089 0.6609 
28 0.5008 0.5243 0.5093 63 0.7869 0.7809 0.7181 
29 0.6056 0.6088 0.5857 64 0.6905 0.6717 0.6036 
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30 0.6602 0.6521 0.6542 65 0.7460 0.7744 0.7124 
31 0.4922 0.4972 0.4530 66 0.7346 0.7947 0.7128 
32 0.6172 0.6143 0.6086 67 0.9091 1.0000 0.9251 
33 0.7607 0.7215 0.6710 68 0.9151 0.9174 0.8454 
34 0.6533 0.6519 0.6120 69 0.7460 0.8100 0.7469 
35 0.5098 0.5053 0.5167     

 
 
We also classify plants according to their scale of operations, as measured by production of hot 
iron, according to the geographical location of these plants. It appears that in developed 
countries or developed areas, such as Western Europe, North America (Canada, USA), 
Australia, and Japan, plant scales are comparatively small, averaging around 3.5 Mt per annum. 
Only one developed country (South Korea) appears to have plants of very large size, averaging 
13 Mt per annum. In one emerging economy (China), we also finds plants of comparatively 
large size, averaging 9.7 Mt per annum. The plants from other emerging or developing 
countries are either small or medium-sized. Clearly, due to comparatively lower labour costs 
and to large scale of production, this situation should provide the Chinese facilities with added 
competitiveness. However, since labour is almost a fixed cost, and since it has a comparatively 
low cost share, competitiveness lies primarily in economies of scale in the iron industries. 

 
It is also important to assess the sources of efficiency, and for this purpose we calculated 
efficiency indexes. Initial attempts to calculate stochastic frontier estimates of efficiency were 
found to be infeasible since, although the residuals from the frontier model had the required 
negative skewness, they were quite small in size. Rather, we calculated a simple efficiency 
index λ for each plant as the ratio of unit costs (measured in US$/tonne of iron) to best practice 
unit costs, that is the lowest unit cost in the sample. Clearly, this index is in the [0, 1] interval, 
with a value of 1 for best practice. The values of these efficiency indexes are given in Table 5. 
 
 

Table 6: Log-Linear Efficiency Function (Model A)  
 
  

Coefficient Value Standard Error t-Statistic Significance 

σ0 -0.67 0.02 -29.35 0.00 

σy  0.16 0.01 10.36 0.00 

 
Equation: log (λ) = σ0  + σy  log(y)  

R2 = 0.34; observations: 207; Akaike info criterion = -3.99; Schwarz criterion = -3.96; Log likelihood 
= 121.64; F-statistic =  2804.94. 

 
  

 
Table 7: Log-Linear Efficiency Function (Model B)  

 

Coefficient Value Standard Error t-Statistic Significance 
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σ0 0.46 0.17 2.73 0.01 
σy  0.13 0.01 10.33 0.00 
σore  -0.23 0.03 -8.94 0.00 
σcoke  -0.16 0.04 -4.06 0.01 
σelectricity  -0.11 0.02 -6.53 0.00 
σcapital  -0.07 0.02 -3.61 0.01 
σlabour  -0.02 0.01 -2.39 0.02 

 
Equation: log (λ) = σ0  + σy  log(y) +  σore  log(πore) + σcoke  log(πcoke) +  σelectricity  log(πelectricity) +  

σcapital  log(πcapital) + σlabour  log(πlabour) 

R2 = 0.76; observations: 207; Akaike info criterion = -4.97; Schwarz criterion = -4.85; Log 
likelihood = 227.43; F-statistic = 107.76, Probability = 0.00 

 
It is clear that these efficiency measures are related to the reciprocal of the cost, so we could 
expect them to be increasing in production, and decreasing in prices. To identify factors 
affecting efficiency, we estimated a logarithmic model, the coefficients being directly 
interpretable as elasticities. In the first model, we regressed log (λ) against log(y). From the 
results in Table 6 it appears that the coefficient of log(y) is significantly positive as expected. 
However, with a R2 coefficient of 0.343, the model only explains 34.3% of the variation in log 
(λ). Consequently, we estimate a second and more complete model including the logarithms of 
the prices of ore, coke, electricity, capital and labour as explanatory variables, the results of 
which are presented in Table 7. In this second model, the elasticities of the cost efficiency 
indexes against all prices were significantly negative, as expected. Furthermore, with an R2 
coefficient of 0.764, the model was much more significant, explaining about 76.4% of the 
variation in log (λ).  
 
Thus, we can conclude that the scale effect, while having a significant and important influence 
on our efficiency indexes, is by far not the only determinant of competitiveness (as measured 
by plant efficiency). The prices of raw materials and basic commodities (ore, coke, electricity) 
also play an important role in determining efficiency as indicated by the efficiency-price 
elasticity. With an elasticity of about -23% for ore, mastering ore costs seems to be the most 
important determinant of competitiveness in terms of unit costs. Costs of labour and capital 
have comparatively less influence, with elasticities of about 7% for capital and 2.1% for labour. 
This reflects the fact that costs in the iron industry essentially reflect (i) the scale of operations, 
and (2) the costs of basic commodities, the most important of which is ore. Labour costs are a 
less important determinant, since labour in the iron-making industry has become a 
comparatively small cost in terms of cost share. 
 
 
5. Conclusion 
 
In this paper, we investigated economies of scale in the iron-making industry using a 
generalised Leontief cost function on panel data. The parameters of the cost estimated function 
allowed us to conclude that significant economies of scale can be observed in the industry. The 
source of these economies of scale is through the presence of large fixed costs, as well as 
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through quasi-fixed labour costs. This indicates that competition in the sector will continue to 
present opportunities to reduce production costs through takeovers and mergers. 
 
Yet the presence of economies of scale is not the sole determinant of competitiveness in iron-
making in the global market. The study of a simple efficiency index (defined as the ratio of the 
observed unit cost to the ‘best practice’ unit cost) suggests that efficiency is also driven by 
factor prices. In particular, the price of ore is a key factor in influencing cost competitiveness. 
The price of coke and electricity, to a lesser extent, also impact the price competitiveness of 
production. The role of labour and capital costs, however, while also significant, are 
comparatively less important, so that facilities in countries with low labour costs are not 
necessarily the most competitive in terms of costs. This is particularly relevant point for 
production in comparatively low labour cost countries, including emerging economies, such as 
China, and in economies in transition, such as Russia. We can thus conclude that 
competitiveness comes from both economies of scale and competitive costs for the most 
important raw materials (especially ore). 

 
It should be noted that iron-making with vertically integrated facilities is only the first stage of 
a production process with several steps (iron-making, steel-making, casting and rolling). It is, 
however, an essential stage and important in terms of cost share, since hot iron represents more 
than 50% of the overall cost of finished steel products obtained at the rolling mill such as hot 
rolled coil.  
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