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The economic incentive to restrict supply in the cobalt 

market is analyzed. The economic framework for supoly 

restriction and associated conditions for revenue 

maximization and profitability in a dominant firm price 

leadership market is presented. The major focus of the 

economic framework presented is the magnitude of net demand 

elasticity faced by a producer considering supply 

restriction. Elasticities of market demand and competive 

supply and the market share of the producer considering 

supply restriction are derived as the components of net 

demand elasticity. 

The potential for total revenue and profit maximization 

by dominant firm supply restriction in the cobalt market is 

estimated for a range of net demand elasticities. Cobalt 

market demand price elasticity is derived from cobalt 

market demand estimates. Preceding the market demand .~nd 



price elasticity estimatation is a review of factor demand 

and an analysis of cobalt market demand. Market share of 

the dominant producer in the cobalt market is estimated 

from historical data. A range of competitive supply 

elasticities that would result in increasing the dominant 

producer's total revenue and profit is derived. 
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INTRODUCTION 

The profitability of restricting supply in the cobalt 

market is the focus of this paper. A form of collusion is 

dominant firm price leadership. Characteristically, there 

is a large dominant producer which has a considerable share 

of the total market and some smaller producers, each having 

a much smaller share of the market. The basic operating 

assumption is the dominant firm faces a negatively sloped 

demand curve such as a monopolist. However, the demand 

curve is not market demand but market demand less supply of 

the smaller firms at each price. A dominant firm, like a 

monopolist, makes a profit maximizing decision for both 

price and quantity based on the demand curve it is facing. 

If the dominant firm faces an inelastic demand, total 

revenue and profit can be increased by output restriction, 

assuming the restricting producer's marginal production 

costs exceed marginal revenue (MC)MR). Profit will be 

increased by output restriction, even if net demand is 

elastic, if the restricting producer's marginal production 

costs are large enough relative to a given market price. 

The magnitude of net demand elasticity is a major 

determinant of the producer's economic incentive to .. 

1 
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restrict supply. This elasticity indicates the percentage 

by which the restricting producer must restrict supply to 

increase the market price by one percent. The larger (in 

absolute value) the elasticity, the smaller the producer's 

effective control. 

The market share of the producer considering supply 

restriction and the elasticities of competitive supply and 

{market) demand are the determining components of net 

demand elasticity. A large share of market supply by the 

dominant producer and small competitive supply and (market) 

demand elasticities can result in a low net demand 

elasticity. 

Estimation of the components of net demand elasticity 

would provide a means to assess the potential for 

profitable output restrictions in the cobalt market. 

Cobalt supply is characterized by highly concentrated 

production. Over one-half the (Western) world supply is 

provided by one firm. Supply diversification is limited by 

the location and ownership of cobalt deposits and the 

by-product nature of cobalt. Unlike supply, cobalt demand 

is diversified. As a factor of production, the demand is a 

derived demand. Price elasticity of productive factors is 

not only determined by the relative prices of factor .. 
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substitutes and complements but also by the final demand 

elasticity and the factor's relative importance in the 

costs of production. Because there are a number of end 

uses and differing input and output variables influencing 

cobalt demand, market demand price elasticity is 

particularly difficult to assess wit~out direct estimation. 

Presented in this paper is the economic framework for 

production restrictions and conditions for profitability. 

Following the general production restrictions framework, 

the economic framework and methodology for cobalt demand 

estimation precede actual demand estimation and analysis. 

Market share of the large producer considering supply 

restriction is estimated from historical data. Competitive 

supply elasticity was not estimated, at this time. 

Instead, a range of elasticities that would result in 

increasing the restricting producer's total revenue and 

profit was derived in this analysis. 



CHAPTER I 

ECONOMIC INCENTIVES 
FOR OUTPUT RESTRICTIONS 

To effectively achieve some form of price setting/output 

restriction, a number of conditions must prevail on both 

the supply and demand sides. The central economic concept 

to be considered is the elasticity of net demand faced by 

the restricting producer. This elasticity indicates the 

percentage by which the producer must restrict his output 

to increase the market price by one percent. The larger 

(in absolute value) the elasticity, the smaller is the 

prorlucer's effective control of the market. 

The analysis begins with the producer's profit 

maximization objective. The profit function of the 

restrictive producer may be expressed as follows: 

Z= (P - MCx) * Ox (1.10)1 (2) 

Z = Profit 

P = Market Price 

MCx = Marginal Cost 

Ox = Quantity Supplied by the Restricting Producer 

ltmplicitly assumed in this equation is a constant 

4 
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The profit maximizing price (P) is determined by 

differentiating the profit equation with respect to P, and 

setting the result equal to zero: 

~ = (P - MCx) * ~ + Ox = 0 (1.11) (2) 
dP dP 

Solving for P: 

P = MCx - Ox/(dOx/dPm) {1.12) (2) 
The producer, thus, makes an optimal decision for both 

price and quantity based on the demand curve facing it. 

Reformulation in terms of the elasticity of demand facing 

the restricting producer yields: 

Where, 

p = MCx 
l+l/Ex 

(1.13) (2) 

Ex = Elasticity of Net Demand Facing the Dominant Producer 

Noting, 

Ex = QQ.x_ * p 
~ Ox 

(1.14) 

short- and long-run marginal cost. There are some a priori 
reasons to believe that cobalt mar~inal production costs 
are approximately constant. Cobalt is a by-product of the 
dominant producer's copper production providing 10-15 
percent of total metal revenues. Cobalt is first recovered 
as a hydroxide from the copper-spent electrolyte (1). The 
cobalt metal may then be refined into cobalt metal in the 
electrowinning cobalt recovery circuit (1). Assignin~ 
mining cost to ·copper production, cobalt production costs 
are limited to refining and transportation costs and 
approximate a constant marginal production cost (1). 
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Thus, the smaller the elasticity of net demand faced by the 

restricting producer (net market demand), the higher will 

be his profit maximizing price. A perfectly competitive 

firm has an infinite elasticity of net demand for its 

product because customers can easily turn to alternative 

sources of supply, and thus the firm has no market power; 

then, MR=P=AR. 

Market share and price elasticities of demand and 

competitive supply determine the restricting producer's net 

demand elasticity. The relationship between supply and 

demand elasticities and market share of the output-

restricting producer (producer X) may be considered as 

follows: 

Dx = Dw - Srw (1.15) (2) 

Where, 

Dx = Net Demand Facing Producer X 

Ow = Market Demand 

Srw = Supply from Rest of Market, Excluding X's Supply 

Thus, the elasticity of net demand is: 

Ex = (!l..Q.w - ~) * P 
dP dP 0x (1.16) (2) 

Noting, 
Erw = dSrw * P 

dP Srw 
(1.17) and Ew = dDw * P 

dP Ow (1.18) 
.. 



Where, 

Thus, 

Noting, 

Then, 

Ex 

Where, 
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Erw = Elasticity of Rest of World Supply 

Ew = Elasticity of World Demand 

(1.19) (2} 

Dw = Dx + Srw 

Srw/Dw = 1 - Dx/Dw 

{l.20) 

(1.21} 

and 

= Ew * 1 
M;- - Erw * {__J_ - 1) 

Mx (1.22) 

Mx = X's Market Share = Dx/Dw 

Thus, equation (1.22} indicates the smaller the market 

share of the restricting producer, producer X, and/or the 

larger the elasticities of demand and rest of market 

supply, the larger the elasticity of net demand and the 

less likely output restrictions will increase total 

revenue. Further, as indicated in equation (1.13), the 

larger elasticity of net demand, the less likely output 

restrictions wil be profitable. 

To maximize the producer's total revenue, initially, 

market demand must be inelastic and smaller in absolute 
.. 



value than X's market share, i.e., Mx) \Ewl< 1 (2). This 

is most easily discerned by as~uming for the moment that 

supply from the rest of market is completely inelastic, 

Erw=O. Then, equation (1.22), net demand elasticity 

becomes a function of world market demand and the market 

share of producer X, i.e., Ex= Ew /Mx. For example, 

suppose X's market share is .5 (one-half the total market) 

and world demand elasticity is -.9. As X lowers it's 

output by 1 percent, world output falls by only .5 percent 

and world price would increase by only .55 percent. Thus, 

while X's restrictive act would increase the revenue of 

other oroducers, it own revenue would fall by .45 percent. 

For X to increase its total revenue, assuming again the 

competitive supply elasticity is equal to zero, Erw=O, X 

must face an inelastic net demand, I Exl<l (2). In order to 

meet this inelasticity requirement (and increase X's total 

revenues), it must also be true that, for any X's market 

share is larger than market demand elasticity; Mx>fEwl· 

Thus, if !Ew\{Mx, net demand is elastic, lExl>L Any 

attempt by X to restrict output in order to increase market 

price will reduce his own total revenue. In this example, 

neither of these conditions are met, i.e., X's market share 

is not larger than the world demand elasticity ( .s<. ~9) and 
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the net demand elasticity X faces -is not inelastic 

(Ex=-1.8/1). Any positive competitive supply elasticity is 

additive to net demand elasticity, requiring a yet lower 

market price elasticity for output restrictions to increase 

total revenue. For example, if rest or world supply 

elasticity is unitary (Erw=l), with a market demand 

elasticity of .9 and a market share of .5; as previously; 

net demand elasticity is -1.8. 

The conditions for output restrictions to be profitable 

as opposed to revenue-increasing are less demanding. Even 

if X's revenue falls, restrictions can be profitable if 

marginal costs are large enough relative to price. A 
standard derivation gives the relation between marginal 

revenue and demand elasticity as: 

MRx = P * Ex + 1 
Ex 

(1.23) 

For output restrictions to be profitable, 

at the initial position MR(~C (2): 

p * Ex + 1 < MC 
Ex 

(1.24) 

(7) 

it must be true 

Rearranging gives the condition ~or profitable restriction: 

Ex + 1 < MC 
Ex p 

(1.25) 

Now suppose Ex is elastic, as in the earlier example, 
.. 
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Ex=-1.8. As long as marginal cost is greater than .44 

times the size of price, i.e., MC).44*P, then output 

restrictions would be profitable, even though the net 

demand X faces is elastic. The less elastic net demand is, 

however, the smaller marginal cost can be relative to price 

for output restriction to be profitable. 



CHAPTER II 

FACTOR DEMAND 

Cobalt is a factor of production. The demand for cobalt 

is, thus, derived from the demand for products containing 

cobalt. Profit maximization and business behavior largely 

govern the demand for productive factors. Assuming the 

goal of profit maximization, marginal productivity of a 

factor plays an important role in demand derivation. 

Satisfaction of first- and second-order profit-maximization 

conditions insure profit maximization and imply diminishing 

returns and a negatively sloped factor demand curve. 

Factor demand is derived below for the one-variable input 

case and then generalized to reflect factor demand in an 

imperfect input (factor) market. 

By definition, profit (Z) is total revenue (TR) less 

total cost (TC): 

Z = TR - TC 
Total costs can be written as 

TC = Cf + PI*I 

( 2 .1) 

( 2. 2) 

where CF is fixed costs and P1*I are the variable costs in 

the simple one-variable input case. In the one variable 

input case, the production function can be written ~s ~ 

11 
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0 = f(I) ( 2 • 3 ) ( 1 2 ) 

where Q denotes the output, f denotes the production 

function, the characteristics of which are determined by 

technology. By definition, total revenue is equal to the 

product price, Po, times the quantity of the product the 

firm sells, Qo: 

TR= Po*Qo = Po*f(I) (2.4) (12) 
Thus, the profit function becomes 

Z = Po*f(I) - CF - P1*I (2.5) (12) 

The production function, characterizing the relation 

between the variable input and product output, is an 

important determinant in factor demand (12). In the 

equation above, first assuming competitive input and output 

markets and a predetermined cost, Cf, Pr, and Po are 

constants (12). The remaining variables, product output 

and variable input, are the choice variables. However, the 

quantity of output and variable input are not independent 

but functionally related by the production function (12). 

While an explicit production function may not be known, the 

law of diminishing marginal returns, in adherence with 

profit maximization conditions, provides a general 

specification (12). 
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The law of diminishing returns prevents firms from 

profitably adding a variable input without limit. 

Eventually, the additional unit of variable input will 

result in a zero increase in profit, resulting in the 

first-order profit-maximization condition: 

(2.6) (12) 

The second order profit maximization condition insures the 

negative slope of the factor demand function: 

(2.7) (12) 

Recalling the marginal (physical) product (MP) is by 

definition: 

MP = df ( I) 
dI 

(2.8) 

Thus, d2f(I)/dI2 is the slope of the MP of I. Since Po> 
0, the second order conditions require that d2f(i)/dI2 < 0, 

which also implies diminishing returns. The individual 

firm demand is, thereby, the negatively sloped portion of 

the value of the marginal product (VMP) curve: 

'.'MP = MP*Po (2.9) (12) 

The demand curve for an input in a multiple variable 

input case can be derived similarly. The value of every 
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marginal product function is a function of all variable 

inputs. A change in the price of one input, the price of 

other inputs: substitutes, Ps, and complements, Pm, being 

held constant, changes the quantity demanded of other 

inputs and results in a shift of the VMP whose price 

changed. When the variable input price changes 

continually, the VMP curve shifts accordingly and the 

points of intersection generate a curve representing their 

locus, i.e., the individual demand curve for an input. 

The market demand for a productive factor is the 

aggregate of the constiuent individual demands. For each 

price of an input, each firm has a given quantity demanded 

for that input. At each price, the sum of the 

corresponding price-quantity combination is one point on 

the market demand curve; the locus of such points is the 

market demand for the input, assuming firms and consuming 

sectors are functionally independent. 

In an imperfect market the output and/or input price are 

not constant to the firm. Under imperfect input market 

conditions, such as suspected in the cobalt market, as 

input demand increases, the factor price rises. The 

profit-maximization condition set forth in Equation (2.6) 

becomes: 
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dZ = Po * .!!fill - I* ~ - P1 = 0 
dl ~ crrrr- (2.10) 

The marginal physical product is falling as quantity 

demanded increases at a faster rate because input price is 

also increasing (5, 12). Thus, the additive falling factor 

productivity results in a flatter demand curve. 

Characteristics of the production function determine the 

demand reaction to rising input prices (5, 12). 

Price elasticity of derived demand, Ey, is defined as 

the percentage change of factor quantity demanded for a one 

percentage change in its price: 

Ey = (2.11) 

Price elasticity of factor demand is determined by input 

substitutability and final product elasticity, and thus the 

input's contribution to production costs (5, 12). 

Substitutability is determined by technology which is 

embodied in the production function. Time, in turn, 

effects price elasticity through substitution (12). 

Production plans and equipment and output product design 

may require changes for input substitution, infering a time 

lag in substitution (12). Thus, short- and long-run price 

elasticities may differ. Final demand elasticity is, of 
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course, determined by the output product's demand curve 

(12}. Thus, to the extent change in the input price 

changes production costs and reduces output demand, the 

relative value of factor marginal productivity and input 

demanded falls (5, 12). 

.. 



CHAPTER III 

COBALT DEMAND 

Overview 

Cobalt is a silvery grey metal used as a factor of 

production because of its unique physical properties, i.e., 

noncorrosive high heat strength, wear resistance, magnetic 

retention, and catalytic properties. It is used to produce 

superalloys for production of jet engines, oil products, 

magnetic alloys for the production of communication and 

electrical equipment, metal cutting; construction; and 

mining and drilling equipment, and paint. 

Western world cobalt consumption in 1980 is estimated at 

40 million pounds. The U.S. is by far the largest consumer 

of cobalt, representing up to one-half of total Western 

world market consumption. The consumption patterns of the 

U.S. and total Western world are displayed in Table 1. 

Superalloys in 1980, and historically, predominate the U.S. 

cobalt demand pattern. While superalloys are an important 

application in the rest of the Western world market, 

ferrous and nonferrous alloying and oil refining are the 

predominant applications. 

17 
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TABLE 1 

U.S. AND TOTAL WESTERN WORLO MARKET 
COBALT CONSUMPTION BY 

APPLICATION - 1980 
(Percent) 

Aoplication 

Western 
World 
Market U.S. 

Superalloying element 
Oil refining catalyst 
Maqnetic alloying element 
Steel, hardfacing & 

nonferrous alloyinq 
element 

Drier in paints & 
coatings 

Cemented carbides to 
oroduce cutting 

tools 

Total 

Sources: 

26 
20 
16 

16 

13 

9 

100 

38 
11 
10 

18 

12 

11 

100 

Column 2: Brook Hunt & Associates Ltd., 
"Cobalt," June 1981, page 41. 

Column 3: U.S. Bureau of Mines, Mineral 
Commodity Summaries 1982," Cobalt, pages 
36-37. 
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Cobalt Demand Specification 

Cobalt is a factor of production. The demand for cobalt 

is thus derived from the demand for cobalt-containing 

products. Determinants of factor demand, as presented in 

Chapter II, are input and output prices~ PJ and Po, with 

the prices of complements and substitutes, Pm and Ps, held 

constant. Thus, controlling for variation of complement 

and substitute prices, aggregate cobalt demand can be 

specified and estimated directly: 

(3.10) 

Where, 

Ict = cobalt consumption (in time period t) 

Pot = cobalt price 

Pmt = complement price(s) (in each consuming sector) 

Pst = substitute µrice(s) (in each consuming sector) 

Pot = industrial output price of each consuming sector 

ut = disturbance term 

Cobalt demand could, thus, be. estimated by regressing Ic on 

the influencing variables named above, i.e., 

~ ~ 
let = :o + B1*Pct + i=l(B2i*Pmit) + i=J(B3;*Psit} + 

~1(84.*PQ-· ) + Ut {3.11) l = l l t 
where the regression coefficients, BQ ••• B4i=n' are 
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estimated directly for complements, substitutes, and output 

prices in "n" cobalt consuming sectors. However, several 

difficulties preclude the adoption of this procedure. 

First cobalt end uses are quite different. Cobalt is used 

in the production of jet engines and parts, electronic and 

communication equipment, oil, paints and varnishes and 

cutting tools and machinery. Different production and 

demand output functions infer different relationships 

between the predicting variables, most importantly cobalt 

price, and quantity demanded. Data limitations also 

preclude direct estimation of the demand function. 

Available data is limited to the last 20 years. Inclusion 

of each sector substitute, complement and output price 

variables in a single demand equation would consume all the 

degrees of freedom (6). Finally, relevant sector price 

variables of an aggregate cobalt demand function are highly 

colinear, presenting serious estimation problems of the 

regression coefficients (6). 
To avoid the difficulties explained above, analysis and 

estimation of demand by each major final demand sector and 

respective price elasticity is the procedure adopted. In 

particular, each major demand sector will be estimated: 

Ic,·t = Bo,· + B *P B p 1; Ct+ 2·* m· 1 1t 

u;t (3.12) 
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where le· is the cobalt consumed in a sector "1" of "n" lt 
cobalt consuming sectors, sectors are assumed independent. 

As a proxy for output price, P0 it' sector output, Oit• is 

used in estimating cobalt demand in each sector. 

Production functions are assumed static in equation 

(3.12). To better estimate demand and price elasticity, 

the variation in demand caused by known changes in 

technology, trends or other exogenous variables should be 

specified in the demand specification. The specification 

can be expanded to include these a priori relationships: 

le· = Bo+ B1,.*Pct + B2.*Pm· + 83*.Ps· + 84.*0it + lt l lt l lt 1 

Bsi*Tit + uit (3.13) 
where Tit is the trend or shift variable reflecting changes 

or trends in technology or other exogenous variables 

affecting demand. A linear form of derived demand is the 

functional form used to estimate each sector demand. While 

direction of the relationship between factor demand and 

input and output variables can be specified a priori, the 

precise functional form is dependent on the properties of 

the production and demand functions for the output. In 

absence of knowlege or estimation of the precise functions, 

a linear approximation is assumed. The derived demand 

elasticity is then estimated at the mean. 
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The fact that cobalt is not consumed for its own sake 

but in the intermediate production stages infers that a 

time lag is a relevant determinant of price elasticity. In 

some cobalt applications, product redesign, testing, and/or 

certification is required before a cobalt-containing 

"recipe" can be changed. For example, in superalloys, the 

largest cobalt consuming sector, seven years is the typical 

time lapse required for a new alloy certification (14). 

Also acting to reduce timely response to cobalt price 

changes is consumer recognition of a permanent price 

increase (6). That is, consumers may not be convinced a 

price change is permanent unless the price change has 

persisted for some period of time. To take lagged effects 

of price changes into account, demand can be respecified as 

follows: 
I< z. Ic;t =Bo,·+ ·-0(81. Pc .) + B2.*Pm· J- lj -J , lt 

Bs 1*T;t + u;t {3.14) 

where "k" past price coefficients are estimated. As a 

price change and/or price trend occur, more effort would be 

made to substitute factors. Substitution implementation 

could be expected to reach a maximum after a price change 

and then taper off. One way to represent such a lag 
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structure is the inverted V distributed lag (4, 6," 9). For 

the case k=3, the demand for each sector would be 

specified: 

= Bo; + B1;*( .25*Pct + .S*Pct-1 + .25*Pct-2) + 

B;2*Pmit + B3;*Ps;t + B4;*0;t + Bs;*T;t + 

u;t (3.15} 

Short-run price elasticity, Esr, is estimated as the 

change in quantity demanded resulting from a one percent 

change in price in the same year. In the example above, 

where there is a three-year inverted V lagged cobalt price, 

Pc3v, Esri is estimated at the mean of demand (consumption) 

in sector "i" and the three-year inverted V, lagged cobalt 

price observations: 

(3.16) 

Long-run price elasticity, E1r, is estimated as the 

change in consumption resulting from a one percentage 

change in price for the duration of the lag. Again using 

sector "i" of "n" demand sectors and a three-year inverted 

V, lagged cobalt price as example; long run price 

elasticity for sector "i", E1r·, is estimated as: 
l 

E1r; = B1;*Pc3v/Ic; (3.17) 

It should be noted that the mean of observed cobalt prices 

with varied lag lengths may not be equal. Consumption .and 
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price means used to calculate U.S. demand sector price 

elasticities are presented in Appendix C (Table 8}, page 

78. 

Short- and long-run cobalt market demand elasticities, 

Ecsr and Eclr' are estimated by weighting the "n" consuming 

sector demand elasticity estimates by their respective 

proportion of total demand, PT, and then cumulating these 

weighted elasticities: 

Ecsr = i=l (Esr;*PTi) 

Ec1r = i=l (E1ri*PTi) 

(3.18) 

(3.19) 

A detailed analysis, specification and estimation of 

each major cobalt demand sector is presented in the 

remainder of this section. Each demand function was 

estimated using ordinary least square regression 

techniques. The lagged effects of price were tested for 

each sector, varying the lag from zero to seven years. 

Consistency with priors was the first criterion used in 

selecting variables and representative equations of cobalt 

demand. Given consistency with priors, statistical test 

results were used to formulate specification. The 

statistical criteria used were the reduction in the sum of 

squares of the unexplained portion of demand in an 

equation, R2, and statistical signficance, the t value, of 

a (correctly signed) coefficient. 
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U.S. Demand Sector Analays1s and Estimation 

Superalloys 

Superalloys, the most prevalent sector consuming cobalt, 

are high performance nickel, cobalt and iron base alloys 

which are capable of withstanding extreme heat, corrosive 

and stressful conditions (13). Cobalt, as a superalloying 

element, became increasingly important in the 1960's, with 

the development of the high by-pass turbofan engine (1, 

14). Higher thrust-to-weight ratios were achieved through 

the development of this engine (1, 14). Increases in the 

thrust-to-weight ratios, and the cobalt used to produce 

these engines, have been a matter of course since (1, 1~). 

Cobalt became an important alloying element because it 

offered high temperature resistance and creep strength (1). 

Cobalt is primarily used in hot stationery and rotating 

parts, i.e., turbine blades and guide vanes, high pressure 

turbine disc and combusion chamber cans in jet engines (1, 

14). Because turbines blades and discs must be replaced 

periodically in accord with aircraft useage, the majority 

of cobalt consumed in the aircraft industry is in the 

production of spare parts, i.e., new engine production is 

not the major consumer (1). 
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Superalloys containing 10-20 percent cobalt, on average, 

is the principal class of high-performance alloys used (1, 

JO). Most such superalloys are nickel based (1,10). 

Nickel based alloys contain 40-50 percent nickel, up to 20 

percent chromium and small percentages of molybdenum, 

tungsten, tantalum, columbium, aluminium and titanium (1). 

Low price elasticity for cobalt in superalloy production 

is anticipated. Cobalt is a minor production cost and 

difficult to substitute for in superalloys (14). Cobalt 

represents an estimated .03 percent of the value of a jet 

engine (14). A small impact on superalloy demand would, 

therefore, be expected from an increase in cobalt price. 

Factor substitution in superalloys, whereby lower 

cobalt-containing superalloys are substituted for higher 

cobalt-containing superalloys could also result from a 

cobalt price increase. A substantial time lag and cost 

may, however, be involved in even technically proven 

alternate alloys. Superalloys require federal 

certification for each specific engine application prior to 

use. The certification process is lengthy and expensive. 

According to a major jet engine manufacturer, seven years 

is required for new alloy certification and the cost for 

fuel alone in required testing is estimated at $50,000 
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{14). Substitution of lower cobalt content alloys, that 

have already been certified, for higher ones would require 

much less time and investment, providing performance is 

maintained and redesign efforts are not required. 

Estimation of the U.S. Cobalt Demand 
Function in Superalloys 

Two variables were tested as output variables: the 

(deflated) value of aircraft engine and parts shipments and 

the total of domestic and international commercial aircraft 

passenger miles traveled (JMILES). The later is more 

closely related to the demand for cobalt-containing 

aircraft engine parts. As expected, the latter provided 

better results. 

A technology trend variable fTTREND) was included to 

reflect the trend toward higher engine operating 

temperatures since the mid 1960's, and the corresponding 

increase in cobalt content of superalloys. The variable 

takes on a zero value for the years 1960-1965, and is 

incremented by one in each succeeding year. 

The price of nickel was tested as a substitute for 

cobalt but was not retained in the specification. Nickel 

was tested as a separate variable and as a relative 

variable, in the form of the ratio of the price of cobalt 
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to the price of nickel and varying the respective lags from 

zero to seven years. In either form, as an independent 

variable, it was statistically insignificant and did not 

contribute to explaining cobalt consumption in superalloys. 

The lack of significance can be attributed to nickel's role 

as a complement, offsetting it's role as a substitute. In 

addition to the confounding effects of nickel's role as a 

complement, historical information on the relative prices 

of cobalt and nickel would indicate a small elasticity of 

substitution or a small elasticity of additional 

substitution exists. Nickel, during the 20-year estimation 

period ranged from one-third to one-sixth the price of 

cobalt. Because cobalt price has been a multiple of the 

price of nickel for many years, economic incentive to 

replace cobalt with nickel where possible has been strong 

historically. Thus, to the extent nickel has not replaced 

cobalt, as the closest substitute, additional substitution 

may be difficult, resulting in a small price elasticity. 

The following is the selected estimated equation: 

SUPER= -14248 + 7.4*JMILES + 1.47*TTRENO -
(-4.3) (4.3) (1.5) 

560*PC5YV 
(-1.14) 

DW=l.92 

(3.16) 

F=22.B Time Period:l964-1980 
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Where, 

SUPER - U.S. cobalt consonsumption in superalloys 

JMILES - Total U.S. and international commercial flight 

passenger miles traveled 

TTREND - Higher temperature operating efficienty trend: 

1964-1965=0, 1966-1980=1,2,3, ••• ,15 

PC5YV - Deflated cobalt price - 5-year, inverted V lag 

The constant term and the coefficient of the output 

demand variable, JMILES, are significant at the .01 level. 

The price of cobalt was tested using the inverted V 

distribution, varying the length of the lag from zero to 

seven years. A 5-year inverted Y lag of the cobalt price 

provided the best fit. The statistical results, i.e., the 

respective "t" and "R2", of varied lagged cobalt prices for 

each demand sector are provided in Appendix A. 

The implied short- and long-run cobalt price 

elasticities are -.04 and -.43 respectively. These 

elasticities are consistent with the small portion of 

production costs that can be attributed to cobalt in jet 

engine production and the stringent physical specifications 

making substitution difficult. 
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Magnetic Alloys 

Magnetic alloys were the second leading application of 

cobalt throughout most of the last 20 years. Application 

of cobalt-containing magnetic alloys include speakers in a 

myriad of audio and visual equipment, in motors, 

communication equipment and computers (13). 

A traditional constituent in permanent magnets, cobalt 

provides remanence, resistance to demagnitization, 

anisotropy, directional magnetization and improves magnet 

density or energy in permanent magnets {13). 

The largest class of cobalt-containing magnets are the 

Alnico magnets (1, 11). There are about twelve Alnico 

alloys, containing 5 to 35 percent cobalt (1, 10). The 

cobalt is combined with about 15 to 30 percent nickel, 8 to 

12 percent aluminium and small amounts of copper and 

titanium (1). These alloys have double the magnetic energy 

of ferrite magnetic alloys per physical unit and have 

traditionally been more expensive (1). 

Rare earth alloys are the other major class of cobalt 

bearing magnetic alloys (1, 10). These alloys contain up 

to 63 percent cobalt are are virtually impossible to 

demagnitize, about six times the magnetic energy of ferrite 

magnets and are considerably more expensive historic~lly 
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than either Alnico or ferrite magnets (1). The use of rare 

earth magnets has been popularized with the event of 

miniaturization in electronics since the early 70's (1). 

However, this product market has largely been developed by 

the Japanese and a decrease of U.S. cobalt consumption in 

rare earth magnetic alloys can be expected (1). 

Estimation of the U.S. Cobalt Demand 
Function in Magnetic Alloys 

The relative proportions of cobalt consumed in 

electronics and communications were not available. Two 

variables were tested as output variables: radio and 

television set production (deflated value of shipments) and 

the broader category, electronic component production 

{ELEC). Electronic component production provided the best 

fit. 

Miniaturization, the trend in electronics that began in 

the early 1970's, brought increased demand for high energy 

cobalt-containing rare earth magnetic alloys. While, 

miniaturization resulted in increased demand for rare earth 

magnetic alloys, the resulting demand for cobalt is 

expected to decline for two reasons. First, total cobalt 

per finished product is expected to be lower. The 

increased cobalt content in rare earth magnetic allo~s is 
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more than offset by the reduced total magnetic material 

required in miniaturized products (1). Second, the 

Japanese developed and largely captured the miniaturized 

electronics market (1, 10). The net effect is a downward 

trend on U.S. cobalt consumption in this sector since 

1970. A trend variable, MINS, was included to reflect the 

trend of miniaturization and the market shift from the U.S. 

to Japan since 1970. 

The following is the selected estimated equation: 

MAGA = 2416 + .87*YELEC -667*MINT -522*PC2VM ( 3 • 1 7 ) 
(10) (5.01) (-1.77) (-7.32) 

OW=l.99 F=21. Time period=1961-1980 

Where, 

MAGA - U.S. cobalt consumption in magnetic alloys 

YELEC - U.S. electronic component production (deflated 

value of shipments) 

MINT - Miniaturization trend:l961-1969=0,1970-1980= 

PC2YM - Deflated cobalt price - 2-year, moving average 

The coefficients, excepting the trend variable, are 

significant at the .01 level. A two-year moving average 

cobalt price provided the best fit. The implied short- and 

long-run elasticities are -.28 and -.56 respectively. 
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Chemical Catalysts 

The use of cobalt as a catalyst is growing, representing 

over ten percent of U.S. demand. Primarily in the 

desu1furization of oil, cobalt is used as an accelerator to 

the primary catalyst, molybdenum (15). The cobalt content 

of the catalytic solution is estimated to be 2 to 4 

percPnt, with a molybdenum content of J0-12 percent (1). 

ne~anci is largely determined by high-sulfur crurle 

production and the sulfur content in the crude. ~ickel 

catalyst, to some extent, can substitute for molybdenum 

catalyst. Substitution is larg~lv limited to 

high-nitrogen, lo~-sulfur oil processing. Little 

substitution has occurred in high-sulfur oil orocessing. 

performs better on high-nitroqen, low-sulfur oils (1). 

Estimation of the U.S. Cobalt DemAnd 
Functio~ in Chemical Catalvsts 

0il production (rleflated va1ue of shipments) and 

inorqa~ic chemical prorluction (deflaterl value of shioments) 

were tested as ouput demand variables. However, oil 

oroduction includes both hiqh- anrl low-sulfur oil 

production. And, hydrosulfurization (high-su1fur oil) 

production capacity represents a relatively minor 

proportion of total U.S. oil refinin~ capacity. Thu~, the 
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relationship between oil refining and cobalt consumption in 

this sector may not be detected in total oil production 

figures and also offers explaination for the lack of 

statistical correlation when tested. Inorganic chemical 

production was also tested and retained in the 

specification. 

Nickel and molybdenum prices were tested as substitute 

and complement variables respectively. Neither contributed 

significantly to the explanation of demand variation in 

this sector and were statistically insiqnificant. 

The following is the selecterl estimated equation: 

CAT = -29 +.002*YCHEM -.007*PC2YM (3.18) 
(-1.89)(6.45) (-.18) 

R2=.85 DW=l.5 F=29. Tim~ period:1~61-1980 

~here, 

C~T - U.S. cobalt consumption in chemical catalysts 

YCHEM - Inorganic chemical production {deflated value of 

shipments) 

PC2YM - Deflated cobalt price - 2-year moving average 

The output demand variable, YCHEM, is signficant at the 

.01 level. A two year moving average price provided the 

best fit, although insionificant at the .01 and .OS levels. 

The implied short- and long-run price elasticities are -.01 

and -.02. 
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Chenical salts and driers 

Cohalt-containino salts and driers are used primarily in 

oil-based paints and varnishes. The prooortion of cobalt 

in the product is small, estimated at .01 to 05 percent 

(1). The oil market disruption in 1973 caused a shift from 

oil- to non-oil-based paints that do not require a drier 

(J ) • 

Cobalt is a oowerful drier that acts faster than lead or 

manganese, the principal substitutes for this use (1, JO). 

Lead and manganese are also used with cobalt to enhance 

drying results and thus are also complements (1). 

Estimation of the U.S. Cobalt Demand 
Functior: in Salts and Driers 

Prices of lead and manqanese were tested as substitutes. 

The inclusion of either variable did not, however, improve 

the explanatory power of the equation and were not retained 

for demand specification. To test for a shift in demand as 

a result of substitution of non-oil-based paint for 

oil-based paint (containing cobalt as a drying catalyst) 

following the 1973 oil embargo, a dtrm'nv shift variable was 

introduced. The demand shift variable, OILS, did provide 

signficant improvement and was retained in the 

specification. 
·. 
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The following is the selected estimated equation: 

SADRI = -.057 + .0012*YPNTV -3.2*DILS -.54*PC2YM 
(-.07) (4.14) (-3.1) (-3.2} 

(3.lS) 

R2=.82 ~~=2.2 F=8.7 Time period:lQ61-1980 

~·lh ere, 

SAORI - U.S. cobalt consumption in chemical salts 

anrl driers 

Y P ~n V - II. S . or o duct ion of paints and var n i shes (def l ate d 

value of shipments) 

OILS - Substitution shift of oil- to non-oil-base paints: 

1?61-1973=0, 1~74-1980=1 

PC2Y~ - De~lated cobalt price - 2-year movir.a averaqe 

Exceoting the constant term, and the dummy variable, all 

coefficients were signficant at the .OJ level, and the 

dummy variable significant at the .05 level. A t~o-year 

movina avera9e cobalt price provided the best fit. The 

irnolied short- and 1ong-run elasticities are -.33 and -.~s. 

Steel and Hardfacings 

Steel allovs and harrlfacings represent a combined total 

of l2 to 16 percent of U.S. demand. Steel alloys represent 

80 to ~O percent of the cobalt consumed in this sector 

{ 15) • 

Cobalt is used in maraging, martinistic and high-speed 
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steels. In maraging and martinistic steel, cobalt 

constitutes 10-20 percent of the material content (1). 

Nickel is the primary complement, typically representing ?Q 

percent of the material content (1). These special steels 

are used to produce tooling equipment, construction 

mac~inery, chemical plants anr marine and aerospace 

equipment (1, 13). ~igh speed tool steels contain a much 

smaller percentage of cobalt, S to 8 percent and small 

percentages of tungsten and molybdenum are also added to 

the ferro base (l). The primary application of the 

high-speed cobalt-containing steels is in tooling machines 

(1, 13). 

Hardfacing alloys are materials used as an extra hard 

and a~rasion resistant coating on a softer base material. 

The principal ~pp1ications are heavy construction and 

mining equipment and automotive valves. Hardfacing alloys 

contain uo to 60 percent cobalt, ?5 percent chromium and 10 

to 15 percent tungsten (1, J3). 

Estimation of the U.S. Co~alt nemand 
Function in Steel and Hardfacina 

Several variables were tested as output variables for 

this collective application. Cutting tools are a primary 

application of cobalt-containing steels and provided ~he 

best results. 
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The prices of nickel and tungsten were tested as 

complements of cobalt. Nickel added substantial explaining 

power to the equation and was retained in the 

specification. A dummy variable was also introduced to 

test the effect of the nickel production strike of 1968 and 

1969 on cobalt consumption in steels. Cobalt is 

historically hiqher priced than nickel. Economic incentive 

is thus usually directed at substituting nickel for cobalt. 

During the nickel production strike, however, substitution 

of cobalt for nickel occurred because of the scarcity of 

nickel. 

The following is the selected estimated equation: 

Where, 

TH&AL = 7.l + .004*YCUT + .49*DH&AL -.49*PC3YV 
(1.2) (J .5) (3.4) (-2.8) 

-8.36*PN3YV 
(-5.5) 

DW=2.32 

(3.20) 

F=16.6 Time period:!962-1980 

TH&AL - U.S. cobalt consumption in alloys and hardfacings 

YCUT - ll.S. cutting tool production (deflated value of 

shipments) 

DH&AL - Canadian nickel production labor strike: 

1q68,1969=1; else=O 

PC3YV Oefalted cobalt price - 3-year, inverted 1 l~g 

PN3YV - Deflated nickel price - 3-year, inverted V lag 



39 

A three-year inverted V lag of both cobalt and nickel 

prices provided the best fit. The price of nickel and the 

nickel production strike dummy variable are signficant at 

the .01 level, the price of cobalt at the .05 level. The 

imolied short- and lonq-run price elasticities are -.08 and 

-.~3. 

Cemented Carbides 

Ce~ented carbides represent 7 to 12 percent of U.S. 

demand. Co~alt acts as a cement between carbide oarticles 

in thP oroduction of metal forming and cutting tools. 

Composition of carbides is typically 94 percent tungsten 

and~ percent cobalt (1). Attempts have been made to 

identity alternatives to cobalt as cement materials but 

have been commercially unsuccessful (1, 13, 15). 

In the last 20 years, two trends have substantially 

effected cobalt demano in cemented carbides. First, as thP. 

cost of skilled labor increased, the metal cutting industry 

moved to disposn~le tool inserts throughout the 60 1 s, 

develooinq the outlet for cemented carbide tools and the 

demand for cobalt (1, 13). This trend ended in the early 

70 1 s with the development and employment of technology to 

recycle the inserts, reducing material requirements 

substantially (1, 13). 
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Estimation of the U.S. Cobalt Demand 
Function in Cemented Carbides 

Industry information did not indicate substitutes for 

this application; substitutes orices were not tested. The 

price of tu~gsten was tested as a complement but did not 

improve the explainatory power of the equation and was not 

retained in the specification. Two trend variables, TTREND 

and RECYCT, reflecting the disposable insert trend and 

recvcling trend in this sector were tested an~ retained in 

the demand specification of this sector. 

The following is the selected estimated equation: 

CUT = -.42 + .29*YCUT + 1.2*TTREND - .l*RECYT 
(-.79)(3.99} (3.7) (-1.7) 

- .18*PC3YV (3.21} 
(-1.8) 

R2=.82 DW=l.5 F=l5.2 Time period:l962-1980 

Where, 

CUT - U.S. cobalt consumption in cuttinq tools 

and machinery 

TTREND - Disposable insert trend:l962-l970:2,3,4, ••• ,10 

RECVT - Recycling trend:l~70-1980:10,9,B ••• ,O 

VCUT - U.S. cutting tool production (deflaterl value of 

shipments) 

PC3YV - Deflated cobalt price - 3-year, inverted V lag 
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U.S. cutting tool production and the disposable insert 

shift variables are signficant at the .01 level. A 

three-year inverted V lag provided the best fit. The 

implied short- and long-run price elasticities are -.07 and 

-.27. 

U.S. Cobalt Demand Price Elasticity - Summary 

There are six diverse demand sectors that cobalt is used 

as a factor of production. The demand for cobalt is, thus, 

derived from the demand for products in those six demand 

sectors. Derived demand price elasticity is determined by 

input substitutability at any given price and final product 

demand elasticty, and thus the input's relative 

contribution to total production cost. 

An inelastic short- and long-run U.S. cobalt demand is 

estimated. The weighted average short- and long-run price 

elasticities are estimated as -.11 and -.40 respectively. 

In most applications, while diverse in nature, cobalt 

represents a small portion of production costs and for 

which factor substitution is difficult. Short- and 

long-run U.S. price elasticity estimates for each demand 

sector and the average U.S. price elasticity, weighted by 

sector demand proportion of consumption, are displayed in 

Table 2. 
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TABLE 2 

ESTIMATED U.S. COBALT DEMAND PRICE 
ELASTICITY BY CONSUMING 

INDUSTRIAL SECTOR 

U.S. 
Consumption 

1975-1980 
Percent 

Estimated 
Elasticity 

Industrial Sector 

Superalloys 
Magnetic a 11 o.vs 
Harrlfacings ~ alloys 
Catalysts 
Salts & driers 
Cutting tools 

Weighted 
average 

45 
15 
13 
10· 
10 

7 

Short-Run Long-Run 

-.04 -.43 
-.28 -.56 
-.08 -.33 
-.01 -.02 
-.33 -.65 
-.07 -.28 

-.11 -.40 
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Foreign Cobalt Demand Analysis 
and Estimation 

Detailed data and information on cobalt consumption 

patterns in foreign countries was not available. Further, 

historical foreign consumption data was not available prior 

to 1970. Thus, demand and price elasticity estimation is 

limited to aggregate demand estimation with aggregated 

output variables. The available historical data reported 

consumption in the Western world market, in aggregate, for 

the major geographic cobalt consumers. These major 

qeographic cobalt consumers, in addition to the U.S. are 

designated as Japan, Western Europe and other market 

economies, and the Soviet Union. Analysis and estimation 

of each major foreign geographic consumer are provided 

below. 

Japan - Analysis and Estimation of 
Cobalt Demand Function 

Japan is the second largest single consumer of cobalt, 

representing about 11 percent of Western world market 

consumption. Recent data on the Japanese cobalt 

consumption pattern is available and indicates magnetic 

alloys and petroleum refining are the predominant 

applications (1, 10). 
.. 
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An index of Japanese electronic component production, 

industrial production and steel production were tested as 

output variables. A dummy variable was introduced to test 

miniaturization as a demand shifter. Cobalt containing 

rare earth magnets typically replace Alnico magnets when 

miniaturizatiion is necessary. While cobalt is a higher 

proportion of the total material in rare earth magnets, 

rare earth magnets are much more powerful and a net lower 

cobalt requirement may be seen. 

The following is the selected estimated equation: 

where, 

JAPAN = -2341140 + 86645*YJSTEEL -1653470*MAGS 
(-.72) (2.87) (-2.58) 

-212508*PC1Y 
(-2.07} 

DW=l.95 

(3.22) 

F=S.6 Tim~ period:l970-1980 

JAPAN - Japan cobalt consumption 

YJSTEEL - Japan steel production (Index) 

MAGS - Rare earth magnet shift 

PClY - Deflated cobalt price 

The output and magnetic material substitution trend 

variables are significant at the .05 level. The deflated 

(annual) price of cobalt provided the best fit. The 

implied short- and long-run price elasticities are b0,th 

-.14. 



45 

Western Europe and Other Market Economies -
Analysis and Estimation of Cobalt 
Demand Function 

Representing about one-third of demand, superalloy 

production and oil refining are the most prevalent 

applications. Durable goods production, industrial 

production, and international commercial aircraft miles 

traveled (YIMILES) were tested as output variables. A 

dummy variable was introduced to test increased post-OPEC 

demand (shift) for cobalt in high-sulfur oil refining~ 

The following is the selected estimated equation: 

where, 

E&OME = -391430 + 66249*YIMILES + 3117220*EURS 
(-.33) (2.28) (l.64) 

-164328*PC3YV 
(-2.4) 

OW=2.16 F=3.7 

(3.23) 

Time period:l970-1980 

E&OME - Western Europe and other (market economies) 

cobalt consumption 
YIMILES - International commercial flight, passenger 

miles traveled 

EURS - Post-OPEC shift/trend--increased high-sulfur 

petroleum production: 1970-1973=0, 

1974-1980=time trend 

PC3YV - Deflated cobalt price - 3 year, inverted V lag 
·. 
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A three-year inverted V lag provided the best fit and is 

statistically significant at the .05 level. The implied 

short- and long-run price elasticities are -.05 and -.2 

respectively. 

Soviet - Analysis and Estimation of Cobalt 
Western World Market Demand Function 

Soviet demand in the Western world market represents 10 

percent of total Western world market demand. Data or 

information on the Soviet consumption pattern was not 

available. Soviet steel production (index) was tested as 

an output variable. The price of nickel was tested as a 

factor substitute. 

The following is the selected estimated equation: 

USSR = -11242 + 1846930*YSSTEEL -9803270*PC4YV (3.24) 

where, 

(-3.3) (5.4} (-1.75) 

OW=2.8 F=l9 Time period:l970-1980 

USSR - Soviet cobalt consumption {from Western world 

cobalt production) 

YSSTEEL - Soviet steel production (index) 

PC4YV - Deflated cobalt price - 4-year, inverted V lag 

The output variable, YSSTEEL, is significant at the .01 

level. A four-year inverted V lagged cobalt pr1ce··provided 
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the best fit. The implied short- and long-run price 

elasticities are -.05 and -.33 respectiviely. 



CHAPTER IV 

WESTERN WORLD COBALT DEMAND 
PRICE ELASTICITY 

Price elasticty estimates made in Chapter III indicate 

foreign cobalt demand is more price inelastic than U.S. 

cobalt demand. Western world market price elasticities 

estimates made in Chapter III and the resulting average 

elasticity, weighted by market share of the geographic 

consumers, are presented in Table 3. Contrary to the 

elasticity estimates made, available information indicates 

U.S. cobalt demand is more inelastic than foreign cobalt 

demand. In Japan, magnetic alloys are the predominant 

application of cobalt (1, 11). In Western Europe, the use 

of cobalt as a drier in paints and varnishes is a more 

prevalent application of cobalt than elsewhere in the world 

(1, 11). Magnetic alloys and paints and varnishes have 

less stringent physical requirements than superalloys, the 

predominant U.S. end use. With less stringent physical 

requirements in the predominant uses, aggregate demand 

would be more price elastic in those countries. To some 

extent, these more elastic demands would be offset by the 

higher proportion of cobalt demand in oil refining, a price 

48 
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TABLE 3 

WESTERN WORLD coqALT MARKET ESTIMATED 
PRICE ELASTICITIES BY 

GEOGRAPHIC AREA 

U.S. 
Japan 

Area 

Western Europe & 
Other Market 

Economies 
U.S.S.R. 

Western world price 
elasticity* 

*weighted averaqe 

Source: 

Price 

Short-Run 

-.11* 
-.14 

-.05 
-.05 

-.08 

Elasticity 

Long-Run 

-.40* 
-.14 

-.20 
-.33 

-.28 

Western 
World 

Demand 
(1980) 
Percent 

40 
12 

32 
15 

Column 4: Roskill Information Services, The 
Economics of Cobalt, London, England, 1988, Pages 
99-107. 
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inelastic application of cobalt, in Japan and Western 

Europe. However, the estimated price elasticities of 

foreign cobalt demand are considerably lower than the 

estimated U.S. elasticity. The estimated long-run price 

elasticities of Japan and Western Europe are 70 and 50 

percent respectively lower than the U.S. demand price 

elasticity estimate. Lack of detailed historic consumption 

data may have resulted in misspecification, biasing 

estimates of independent variable coefficients and derived 

price elasticity estimates (6). 

As an alternative to geographic historical demand and 

price elasticity estimation, the U.S. sector demand 

elasticity estimates could be weighted by the Western world 

market pattern demand. While detailed historic foreign 

consumption data are not available, 1980 Western world 

cobalt consumption data are available by consuming sector. 

Thus, as an alternative to using geographic historical 

aggregate demand to specify foreign cobalt demand and 

derive foreign price elasticty estimates, U.S. sector price 

elasticity estimates could be applied to a like foreign 

consumption pattern. The problem with this approach is the 

assumed identical input and output market functions between 

countries and again limited data. The resulting elasticity 
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TABLE 4 

WESTERN WORLO COBALT DEMAND PRICE 
ELASTICITY BY CONSUMING 

INOUSTRIAL SECTOR 

Industrial Sector 

Superalloys 
Oil refininQ 
Magnetic alioys 
Steel & hardfacing 

a 11 oys 
Paints & varnishes 
Cemented carbides 

Western world 
weiqhted 

average 

Source: 

Estimated 
Elasticity of 

U.S. 

Short-Run Long-Run 

-.04 -.43 
-.01 -.02 
-.28 -.56 

-.22 -.33 
-.33 -.65 
- • (\ 7 -.28 

-.22 -.37 

Western World 
Consumption 

1980 
Percent 

26 
20 
16 

16 
l 3 

9 

Column 4: Brook Hunt & Associates Ltd., "Cobalt," 
June 1981, page 41. 
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estimates, using this alternative method, are presented in 

Table 4. 

An inelastic Western world demand is estimated using 

either method. The second method, applying U.S. cobalt 

demand sector price elasticity estimates to the 1980 

Western world consumption pattern also resulted in an 

inelastic demand, albeit considerably higher than the 

estimate made using historical aggregate geographic cobalt 

consumption data and approximates the U.S. cobalt demand 

price elasticity estimate. Although the second method is 

limited in terms of historical data, the resulting estimate 

is consistent with qualatative information on foreign 

consumption patterns prior to 1980, reflective of a 

consumption pattern rather than an aggregate of consumption 

by country used in the alternative method, and employs 

price elasticity estimates derived for similar U.S. cobalt 

consuming sectors. The second price elasticity estimate is 

thus selected for use in estimating net demand elasticty 

estimation facing the dominant producer in the cobalt 

market. 



CHAPTER V 

cogALT NET DEMAND ELASTICITY 

The dominant producer's market share and rest-of-market 

supply elasticity, in addition to world demand elasticity, 

are determinants of net demand elasticity. Reiterating net 

demand elasticity from equation (1.22): 

Where, 

Ex Ew * 1 
Mx 

- Erw * (_1_ 
Mx 

1 ) ( 5 • 1 ) 

Ex = Net Demand Elasticity of Net Demand 

Facing the Dominant Producer 

Erw = Elasticity of Rest of World Supply 

Ew = Elasticity of World Demand 

Mx = X's Market Share 

and the conditions necessary at the initial position for 

output restriction to increase revenue: 

( 5 . 2 ) 

( 5 • 3) 

and the less demanding condition for output restrictions to 

be profitable, assuming at the initial position MR<. MCx 

(from Eauation ] .25): 

Ex + l ( ~x 
~ -rx t' 

( 5. 4) 

Where, 
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MCx = Marginal production cost of X 

P = Market Price 

Thus, the larger market demand and/or rest of Western world 

supply elasticities and/or the smaller the restricting 

producer's market share, the larqer the net demand 

elasticity and the less likely output restrictions will 

increase X's revenue. The more elastic net demand and the 

smaller marginal cost is to the market price, the less 

likely output restrictions will increase X's profit. 

Demand for cobalt and its price elasticity of demand 

have been the major focuses of this paper. The remaining 

components of net demand elasticity, market share of the 

dominant producer (Mx} and elasticity of rest of world 

production (Erw}, and the resulting net demand elasticity 

are now presented. 

Cobalt supply is highly concentrated. One state-held 

company, General des Carrier et des Mines (Gecamines), h~s 

been the largest cobalt producer for the last 30 years. 

Gecamines's annual production of cobalt metal represented 

74 percent, on average, of Western world production during 

the period 1971-1980 (10). (Consistent comparable Western 

world production data was unavailable for years prior to 

1971). The high degree of supply concentration is 



55 

maintained by the geographic location and grade of 

reserves, the by-product nature of cobalt, and the large 

initial investment required to mine the parent mineral and 

recover cobalt. 

Recycling of cobalt has not represented a sizeable or 

reported portion of U.S. or Western world supply. 

Secondary recovery of cobalt represents an estimated 5 

percent of U.S. supply, although historical data was not 

available. The exacting physical requirements and low 

cobalt content of most cobalt products or applications has 

discouraged substantial recovery thus far. 

The eco~omic incentive for output restrictions in the 

cobalt market exists within a ranQe of rest-of-Western-

world (competitive) supply elasticities and relative 

marginal cost to market prices. The first condition 

necessary to increase revenue by restricting supply is met. 

Using cobalt market demand elasticity and producer market 

share estimates made in this study, the dominant producer's 

market share is larger than market demand elasticity (in 

absolute value): }.741>1:371. Given estimates of two of the 

variables determining net demand elasticity, a range of the 

remaining variable, rest-of-Western-world supply 

elasticities {Erw), that would result in an inelastic·net 
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demand can be derived. Assuming first that rest of world 

supply elasticity is zero, net demand is inelastic, Ex = 

-.5 = -.37/.74 + 0. By inference, for net demand to be 

within the inelastic range, rest of world cobalt supply 

elasticity must be less than 1.42, Erw .(, 1.42. If Erw = 

1.42, given a Western world demand elasticity of -.37 and 

the Gecamine market share of .74, attempts by Gecamines to 

increase market price by restricting production would 

result in decreasing their total revenue. Net demand 

elasticity and the direction of impact on total revenue and 

profit are summarized for alternative rest of Western world 

supply elasticities, Erw in Table 5. 

Thus, ~hen Erw is zero, the producer X faces an 

inelastic net demand of .5. For a one percent reduction in 

quantity supplied by the dominant producer, X, the market 

price is increased by 2 percent. Producer X's total 

revenue increases by 1 percent. With a unitary 

rest-of-Western-world supply, Erw=l, X's total revenue will 

increase by .2 percent by restricting supply by 1 percent. 

When X has a unitary demand elasticity, X's total revenue 

will fall if he restricts supply. 

Supply restriction may remain profitable even when the 

net demand elasticity faced by X is elastic. Output 
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TABLE 5 

INCENTIVE FOR SUPPLY RESTRICTION BY THE 
DOMINANT PRODUCER (X) IN THE 

COBALT MARKET 

\Ew( 
X's Total 

X's Profit* Mx Erw Revenue 

.74 .37 0 Increase Increase 

.74 .37 1 • Increase Increase 

.74 .37 1.42 Decrease Increase 

.74 .37 3. Decrease Increase if .36*P 

.74 .37 283. Decrease Increase if .99*P 

*Assuming MR<Mc 

MCx 
MCx 
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restriction will remain profitable as long as X's marginal 

production costs are large enough relative to market price. 

Thus, even if the elasticity of rest-of-Western-world 

supply is initially equal to 3, if X's marqinal production 

costs are greater than .36 of the market price of cobalt, 

it would be profitable for X to restrict his supply. The 

liklihood of profitable output restrictions continue to 

fall, as net demand elasticity increases and the relative 

size of marginal cost to-market price required increases. 

~~en net demand elasticity is 100, marginal production 

costs of X must represent 99 percent of the cobalt market 

price for output restriction to be profitable. 



CHAPTER VI 

SUMMARY 

A form of collusion is dominant firm price leadership. 

A dominant firm, like a monopolist, faces a negatively 

sloped demand curve and makes a profit maximizing decision 

for both price and quantity based on the demand curve it is 

facing. If the dominant firm faces an inelastic demand, 

it 1 s total revenue and profit can be increased by output 

restriction, assuming the restricting producer's marginal 

production costs exceed marginal revenue (MC) MR). Profit 

will be increased by output restriction, even if net demand 

is elastic, if the restricting producer's marginal 

production costs are large enough relative to a given 

market price. 

The magnitude of net demand elasticity is a major 

determinant of the producer's economic incentive to 

restrict supply. This elasticity indicates the percentage 

by which the restricting producer must restrict supply to 

increase the market price by one percent. The larger (in 

absolute value) net demand elasticity, the smaller the 

producer's effective control. 

The market share of the producer considering ~upply 
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restriction and the elasticities of competitive supply and 

{market) demand are the determining components of net 

demand elasticity. A large share of market supply by the 

dominant producer and small competitive supply and (market) 

demand elasticities can result in a low net demand 

elasticity. 

Economic incentive for output restrictions in the cobalt 

market is considered by estimation and analysis of net 

demand elasticity and its components in the cobalt market. 

Cobalt demand and derived price elasticity, the dominant 

producer's market share and a range of cobalt market 

competitive supply elasticities that would result in 

increasing the restricting producer's total revenue are 

estimated. 

An inelastic long-run Western world demand is estimated 

for cobalt. As a factor of production, the demand for 

cobalt is derived from the demand for products containing . 
cobalt. Derived demand price elasticity is determined by 

input substitutability at a given price and final product 

demand elasticity, and thus the input's relative 

contribution to total production cost. In most 

applications, technically feasible substitution for cobalt 

is limited and cobalt represents a small portion of 
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production costs. Estimated price elasticity of cobalt end 

use sectors ranged from -.02 to -.65. Long-run weighted 

average Western world market price elasticity is estimated 

at -.37. 

The dominant producer in the cobalt market has a large 

market share. Cobalt supply is highly concentrated. One 

state-held company, General des Carrier et des Mines 

(Gecamines), has been the largest cobalt producer for the 

last 30 years. Gecamines• annual production of cobalt 

metal represents 74 percent, on average, of Western world 

production durinq the period 1971-1980. 

Characteristics of cobalt supply are indicative of a low 

comp~titive supply elasticity and act to maintain the high 

degree of supply concentration. These characteriitics 

include the geographic location and grade of the reserves, 

the by-product nature of cobalt, and the large initial 

investment required to mine and refine the parent mineral 

and recover cobalt. 

Competitive market supply elasticity was not estimated 

in this study. While the characteristics of supply in the 

cobalt market are indicative of a low supply price 

elasticity, given Western world market demand price 

elasticity and the large market share of Gecamines,: output 
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restriction by Gecamines can be both revenue maximizing and 

profitable even if competitive supply is elastic. 

Output restriction will increase the dominant producer's 

total revenue as long as the (net) demand faced by the 

dominant producer is inelastic. Given a cobalt market 

demand price elasticity of -.37 and the dominant producer's 

market share of .74, the competitive market supply price 

elasticity must be less than 1.42 in order for Gecamines' 

net demand to be inelast~c and output restrictions to be 

revenue maximizing. 

Output restriction can be profitable, as opposed to 

revenue increasing, for Gecamines even if net demand is 

elastic. For the dominant producer's profits to increase 

by output restriction, his marginal revenue must be 

negative. In addition, a minimum relative size of marginal 

cost to market price is required. As net demand elasticity 

increases, the required relative size of marginal cost to 

any given market price increases; approaching equality to 

market price. 

Competitive supoly elasticity in the cobalt market, 

given estimates of the other net demand elasticity 

components, may be as high as 283 for output restrictions 

to be profitable to Gecamines. A competitive supply 
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elasticity of ?.83 results in a net demand elasticity of 

100. Larger supply and net demand elasticities, up to 

these approximate maximums, however, require, a larger 

marginal cost relative to market price. A net demand 

elasticity equal to 100, requires the Gecamines' marginal 

production cost to be atleast 99 percent of the market 

price for output restrictions to be profitable. 

·. 
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Inverted V 
Lag (Yrs.) 

APPENDIX A 

TABLE 6 

LAGGED COBALT PRICE RESULTS 

Cobalt Price 
Coefficient 

Statistical P.esults 

t 

U.S. Cobalt Demand Equation: Superalloys (SUPER} 

1 
2 
3 
4 
5* 
6 
7 
8 

1 
2* 
3 
4 
5 
6 
7 
8 

112 
-187 
-349 
-367 
-560 

-1117 
-969 

531 

.8 
-.5 
-.9 
-.9 

-1.1 
-.9 
-.9 
1.5 

U.S. Demand Equation: ~agnetic Alloys (MAGA) 

-269 -4.7 
-522 -7.3 
-883 -6.7 
-958 -5.3 

-1473 -5.5 
-2710 -4.4 
-2542 -4.9 

-295 -1.5 

66 

.88 

.85 

.88 

.90 

.93 

.93 

.91 

.94 

.66 

.85 

.80 

.80 

.76 

.65 

.75 

.29 
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TABLE 6 (Continued) 

Statistical Results 
Inverted v Cobalt Price 
Lag (Yrs.) Coefficient t R2 

U.S. Cobalt Demand Equation: Chemical Catalysts (CAT) 

1 -.004 -.17 .83 
2* -.007 -.18 .85 
3 -.005 - • J 5 .84 
4 -.006 -.11 .83 
5 -.007 -.13 .82 
6 -.01 -.1 .83 
7 -.01 -.1 .83 
8 -.009 -.1 .83 

U.S. Cobalt Demand Equation: Salts and Driers (SADR I) 

1 -.38 -3.1 .77 
2* -.54 -3.2 .82 
3 -1.47 -2.7 .56 
4 -1.06 -2.2 .47 
5 -1.6 -2.J .40 
6 -3.12 -1.6 .26 
7 -2.00 -2.03 .32 
8 -.81 -.95 .11 
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TA9LE 6 (Continued) 

Statistical Results 
Inverted V 
Lag (Yrs.) 

Cobalt Price 
Coefficient t 

U.S. Cobalt Demand Equation: Hardfacings 
and Alloys (TH&AL) 

1 
2 
3* 
4 
5 
6 
7 
8 

-.28 
-.36 
-.49 
-.47 
-.66 

-1.46 
-1.56 
-.27 

-2.7 
-2.8 
-2.8 
-2.1 
-1. 6 
-1.4 
-1.8 
-1.3 

.77 

.82 

.84 

.80 

.73 

.66 

.73 

.53 

U.S. Cobalt Demand Equation: Cemented Carbides (CUT) 

1 
2 
3* 
4 
5 
6 
7 
8 

-.06 
-.09 
-.18 
-.19 
-.3 
-.56 
-.52 
-.68 

-1.7 
-1. 7 
-1.8 
-1.8 
-1. 9 
-2. 
-2. 
-l • 2 

.80 

.82 

.82 

.81 

.80 

.81 

.80 

.71 
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Lag (Yrs.) 

1* 
2 
3 
4 
5 
6 
7 
8 
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TABLE 6 (Continued) 

Statistical Results 
Cobalt Price 
Coefficient t 

Foreign Demand Equation: Japan 
Cobalt Consumption (JAPAN) 

-212508 -2.07 
-303353 -2.02 
-747111 -1.9 
-571857 -1.84 
-838214 -1.7 

-1483270 -1.4 
-1377340 -1.7 
-231854 -.11 

.71 

.71 

.69 

.69 

.67 

.64 

.64 

.60 

Foreign Cobalt Demand Equation: Western Europe 
and Other Market Economies {E&OME) 

1 -151401 2.0 .47 
2 -160742 2.0 .65 
3* -164328 -2.4 .54 
4 -157138 -1.9 .46 
5 -123421 -J • 7 .45 
6 -124357 -1.7 • 4 5 
7 -109735 -1.4 .40 
8 -117839 -1.4 .40 
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TABLE 6 (Continued) 

Inverted V 
Lag (Yrs.) 

Cobalt Price 
Coefficient 

Statistiical Results 

t 

Foreign Cobalt Demand Equation: Soviet Demand 
from Western World Market (U.S.S.R.) 

1 
2 
3 
4* 
5 
6 
7 
8 

-3111360 
-4505080 
-1256020 
-9803270 
-46400300 
-46400300 
-31552800 

-107132000 

*Indicates selected equation 

-1.5 
-1. 5 
-1.6 
-1. 8 
-1.8 
-1.7 
-1.6 
-.94 

.71 

.78 

.79 

.83 

.83 

.79 

.79 

.74 

.. 
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1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1570 
1971 
1972 
1974 
1975 
1976 
1977 
1978 
1979 
1980 

APPENDIX B 

TABLE 7 

WESTERN WORLD COBALT DEMAND ESTIMATION 
DATA AND SOURCES 

Variable Name 

SUPER MAGA CAT SADRI 

2029 2387 278 791 
2354 2057 314 819 
3015 2667 474 1330 
2453 2152 606 1226 
l 96 J. 2010 548 1227 
2761 2536 684 1361 
2641 2498 579 1527 
2447 2286 689 1324 
2142 2500 750 1260 
2675 2360 291 2400 
1822 2374 409 2620 
1583 2278 470 2740 
2512 3441 1017 2690 
4090 3457 1300 3640 
2255 2033 1100 2870 
2777 3525 1453 3990 
3712 3478 1280 3780 
4299 3768 1628 5400 
5276 3266 1887 1000 
6018 1571 1660 1844 

71 

TH&AL 

1800 
3200 
3300 
3430 
3680 
3500 
4080 
6020 
6180 
4650 
3900 
1810 
2160 
3200 
3000 
2820 
2600 
2700 
3700 
2800 
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TA~LE 7 (Continuerl) 

Variable Name 

Year YELEC YCHEM YPNTV MTl MT2 MT3 

1960 480 2891 1711 515 1182 946 
1961 530 3075 1786 550 1100 867 
1962 651 3121 1845 588 1289 923 
1953 717 3555 2263 579 1392 892 
1964 765 3899 2335 650 1655 1070 
J 965 'i76 4030. -2513 734 1920 1017 
1965 1250 4334 2689 886 3214 1076 
1967 1237 4384 2690 841 2508 1248 
1968 1418 4749 2784 809 2365 1442 
1969 1699 4984 2806 792 2299 1506 
1970 1514 5034 2890 795 1914 1456 
1971 1597 4858 3039 737 1715 1445 
1972 2705 5266 3548 696 1418 1085 
1973 3658 54r;3 3555 876 1870 1554 
1~74 4120 6326 3698 10'29 23?.3 1577 
1975 2583 6371 3992 . 882 2169 1295 
1976 3543 7491 4473 836 1923 1344 
1977 3550 8066 4784 73~ 2019 1473 
1978 4194 8635 5140 865 2409 1576 
1979 4828 9161 541)3 1059 3019 1582 
1980 5330 9286 5427 1070 3538 1562 
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TABLE 7 (Continued) 

Variable Name 

Year JAPAN E&OME USSR YJSTEEL YIMILES YSSTEEL 

1970 3448 10703 2290 103 370 99 
1971 2199 9026 2260 98 365 103 
1972 2258 7788 2960 107 340 108 
1973 3924 9893 3295 132 374 113 
1974 2806 12138 3520 129 375 117 
1975 1979 9431 3-770 113 457 122 
1976 2996 1857 3925 118 413 138 
1977 2459 8400 4200 113 377 145 
1978 2388 8400 7000 113 368 145 
1979 2227 7400 5000 123 363 145 
J.980 1912 7000 4700 123 360 148 

.. 
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TABLE 7 (Continued) 

Variable Name 

Year COPRlY NIPRlY 

1960 2.08 1.05 
196 l 2.05 1.02 
1962 2.13 1.14 
1963 2.11 1.10 
1964 2.08 1.10 
1965 2.10 1.10 
1966 2.19 1.06 
1967 2.17 1.12 
1968 2.36 1. 21 
1969 2.29 1.28 
1970 2.24 1.51 
1971 2.46 1.43 
1972 2.39 1.44 
1973 2.45 1.40 
1974 3.05 1.56 
1975 2.83 1.42 
1976 2.71 l.38 
1977 2.94 1.46 
1978 3.40 1.40 
1979 6.44 1.16 
1980 12.38 1.54 

SUPER: U.S. cobalt consumption in superalloys 

t-'IAGA: U.S. cobalt consumption in magnetic alloys 

CAT: U.S. cobalt consumption in chemical catalysts 

SAORI:U.S. cobalt consumption in salts and driers 

TH&AL:U.S. cobalt consumption in hardfacings and alloys 

YELEC:U.S. electronic component production 
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YCHEM:U.S. inorganic chemical production 

YPNTV:U.S. production of paints and vanishes 

MTl:U.S. production of machine tools, metal cutting 
types 

MT2:U.S. production of machine tools, metal forming 
types 

MT3:U.S. production of machine tool accessories 

YCUT:U.S. cutting tool production (YCUT=MTl+MT2+MT3} 

JAPAN:Japan cobalt con~umption (metric tons) 

E&OME:Western Europe and other (market economies) 
cobalt consumption (metric tons) 

USSR:Soviet cobalt consumption (from Western world 
cobalt market) (metric tons) 

YJSTEEL:Japanese steel production (index) 

YIMILES:International commercial flight, passenger 
miles traveled 

COPRlY:Price of Cobalt (1972 Dollars) 

NIPRlY:Price of Nickel (1972 Dollars) 

Sources: 

Columns 2-6, Page 71: U.S. Bureau of Mines, Minerals 
Yearbook, Volume I - Metal and Minerals, 1961-1982 
(annual), Table: "U.S. Cobalt Consumed by End Use", 
Washington, D.C. Data in thousand pounds of cobalt metal. 

Columns 2-7, Page 72: U.S. Department of Commerce, 
Annual Survey of Manufacturers: Industry Profiles, 
Washington, D.C. Data in Millions of 1972 Dollars. 

Columns 2-4, Page 73: Roskill Information Services, The 
Economics of Cobalt, London, England, 1983. •, 
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Columns 5,7; Page 73. American Iron and Steel 
Institute, Annual Statistical Report, 1972-1982, 
Washington, D.C. 

Column 6, Page 73. Aerospace Industries Association of 
America, Inc., Aerospace Facts and Figures, (Annual) 
1970-1980, Washington, O.C. 

Columns 1-2, Page 74: U.S. Bureau of Mines, "Minerals 
and Materials Survey," 1961-1981, Washington, D.C. 



APPENDIX C 

TABLE 8 

U.S. COBALT CONSUMING INDUSTRIAL SECTORS 
PRICE AND CONSUMPTION MEANS 

Cobalt Price 
Consumption 

Mean Mean 
Equation Vari ah le $/Lb. Thous. Lb. 

CAT COPR2 2.92 940 
SADRI COPR2 2.92 2420 
MAGA COPR2 2.92 2738 
TOH&AL COPR3 2.67 3630 
CUT COPR3 2.67 1780 
SUPER COPRA 2.60 3894 

CAT: U.S. cobalt consumption in chemical catalysts 

SADRI:U.S. cobalt consumption in salts and driers 

MAGA:U.S. cobalt consumption in magnetic alloys 

TH&AL:U.S. cobalt consumption in hardfacings and alloys 

CUT:U.S. cobalt consumption in cemented carbides 

SUPER:U.S. cobalt consumption in superalloys 

COPR2:0eflated cobalt price, 2-year inverted V lag 

COPR3:Deflated cobalt price, 3-year inverted V lag 

COPRA:Deflated cobalt price, 5-year inverted V lag 
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