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ABSTRACT 

This dynamic study of investment under uncertainty 

reveals that conventional analyses of aluminum industry 

patterns of trade and investment may be based on industrial 

policy rather than competitive advantages. The study 

results confirm the hypothesis that, with competition and 

free trade, U.S. aluminum smelting investment (and 

capacity) does not decrease, rather it increases as 

capacity is lost by Pacific Basin (PB) and European (EUR) 

suppliers, both presently protected with high tariffs. 

using a competitive market approach and rational 

expectations, firms are considered as taking current market 

prices and acting as if current output and investment 

decisions will not affect current or future prices. Fixed 

production proportions of input to output are assumed for 

all production stages, for efficient-sized plants. Dynamic 

elements are captured through frictions in adjustment of 

smelting capacity that restrict the capacity that can be 

added in a single period. Investment is irreversible 

except by depreciation. In the resultant expectations 

framework, supply and demand are not always in sync and 

random shifts in investment occur across different regions. 

Rational expectations allows equivalence between a 

competitive equilibrium and welfare optimization under 

uncertainty. The study here solves the simpler but 

equivalent welfare maximization problem. 

The pattern of investment under free trade shows that, 

though the Latin American (LA) and (PB) smelting regions 

have absolute advantages in smelter power costs (typically 
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ABSTRACT - continued 

assumed the determining factor for new investment), total 

aluminum production costs (including bauxite and alumina) 

in the eastern U.S. and western North America (US-E and NA

W) are sufficiently below those of (EUR) and PB to maintain 

the former's competitive advantages. Using World Bank 

aluminum demand growth rates, US-E capacity increases by 28 

percent and NA-W by 49 percent as EUR capacity falls by 22 

percent and PB by 32 percent for the year 2010. The 

results differ markedly from conventional forecasts which 

have predicted declines in North American investment, 

inferring that barriers to free trade may be distorting 

investment patterns. 



CHAPTER 1 

INTRODUCTION 

13 

As regional metal and materials industries have become 

increasingly exposed to competitive trade practices, a 

global perspective in resource industries has become a 

necessity. Accordingly the large international capital 

investments required to meet growing demands and the 

expanding role of resources in trade have become important. 

While the metals have experienced significant growth during 

the past 50 years, both in absolute terms and in trade, 

tariff and non-tariff barriers to trade continue to play 

pivotal roles. continuing shifts in patterns of supply and 

demand therefore cannot be assumed to be entirely a matter 

of advantage, but also show the impacts of such 

distortions. This creates the need for a more dynamic 

perspective to quantify both the investment patterns and 

risks, and to analyze the trends of trade flows. Clearly, 

also, the increased volatility of investment returns makes 

it necessary to regard the fluctuations in other asset 

prices, especially interest, inflation and exchange rates, 

and the role of subsidies and barriers in these markets. 

All complicate the usual measures of investment incentives 

and mineral sector growth rates by region--especially where 

resource industries are significant sources of employment 

and foreign exchange. 

To accommodate global analyses, institutional 

commodity experts at the World Bank and other trade and 

development organizations have used a variety of more or 

less dynamic models e.g., Hashimoto (1981) and Brown et al. 
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(1983). To some extent these efforts have incorporated 

more academic elements from studies such as Fisher, cootner 

and Baily (1972), eRA (1971), Zimmerman (1977), and 

Leontief et ale (1983). Among metals however, the modeling 

of aluminum markets has been relatively neglected despite 

the sizable growth in aluminum demand and the marked 

changes in patterns of supply. 

The aluminum industry underwent extensive structural 

change after World War II. Increased competition reduced 

the concentration and vertical integration of the aluminum 

producers. Many bauxite producing countries took control 

of their resources from downstream processors. Alumina 

refining shifted from downstream smelting regions toward 

upstream bauxite source countries. Aluminum production 

shifted from traditional regions of consumption toward 

regions in which the factors of production, especially low

cost power, are most favorably priced or most heavily 

subsidized. The result has been a dramatic growth in trade 

of aluminum ingot as well as the intermediate products of 

bauxite and alumina. The structure of today's industry, 

accordingly, has become less orderly and more complex. 

Additionally the complications of trade distortions have 

increased the risks and uncertainties associated with new 

investment decisions. 

1.1 Problem statement 

Among these trends, perhaps the most interesting to 

the united states are the shifts of aluminum ingot capacity 

from the industrial consuming regions to less developed 

regions. Table 1.1 gives actual ingot production by major 
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Table 1.1 World ~roduction of primar¥ aluminum, 1954-1990 
(In thousands of metrlc tons) 

YEAR NA LA EUR PB AF 

1954 1,831 1 493 60 0 
1955 1,976 2 536 66 0 
1956 2,085 6 610 84 0 
1957 1,999 7 639 87 8 
1958 1,995 12 658 103 32 
1959 2,310 18 728 119 43 
1960 2,518 18 860 151 44 

1961 2,328 20 922 180 48 
1962 2,547 20 1,003 197 52 
1963 2,750 24 1,077 278 53 
1964 3,080 41 1,192 363 51 
1965 3,252 50 1,283 399 50 
1966 3,499 78 1,443 444 48 
1967 3,839 90 1,544 490 99 
1968 3,840 106 1,752 599 156 
1969 4,419 145 1,868 724 160 
1970 4,569 165 2,019 982 165 

1971 4,598 155 2,276 1,182 191 
1972 4,646 213 2,473 1,355 232 
1973 5,038 255 2,797 1,478 249 
1974 5,453 248 3,321 1,497 279 
1975 4,396 237 3,235 1,382 273 
1976 4,484 274 3,356 1,334 337 
1977 5,090 361 3,475 1,628 368 
1978 5,406 405 3,524 1,540 336 
1979 5,416 671 3,603 1,507 401 
1980 5,727 819 3,758 1,632 437 

1981 5,603 788 3,724 1,353 483 
1982 4,343 797 3,526 956 501 
1983 4,446 945 3,585 1,078 421 
1984 5,321 1,046 3,769 1,500 398 
1985 4,781 1,171 3,602 1,556 453 
1986 4,391 1,395 3,784 1,489 552 
1987 4,886 1,500 3,820 1,535 572 
1988 5,478 1,551 3,871 1,643 597 
1989 5,584 1,698 4,005 1,750 603 
1990 5,615 1,790 3,924 1,736 600 

Notes: EUR includes Western Europe and Yugoslavia. 
includes Australia( New Zealand, Japan, South 
Taiwan and Indonesla. 

Source: American Bureau of Metal Statistics, Various 
Issues. 

TOTAL 

2,385 
2,579 
2,786 
2,740 
2,800 
3,217 
3,592 

3,498 
3,820 
4,182 
4,728 
5,034 
5,514 
6,062 
6,454 
7,315 
7,900 

8,402 
8,919 
9,817 

10,798 
9,523 
9,786 

10,921 
11,211 
11,598 
12,373 

11,951 
10,123 
10,476 
12,034 
11,563 
11,611 
12,312 
13,140 
13,639 
13,665 

PB 
Korea, 
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region from 1952 to 1990. Past studies have concluded that 

these shifts are determined by the depletion of aluminum 

bauxite ores in traditional producing centers or the lack 

of access to low-cost electric power (Leontief 1983, 

Pindyck 1977, and Brown et al. 1983). In general, the 

suggestion is made that trade theory and absolute 

advantages are behind the shifts that have occurred, by 

assuming that competitive factors assure efficiency in the 

international aluminum industry. 

Though intuitive, these rationalizations have not been 

demonstrated in spatial and temporal market models 

constrained by market imperfections, among them barriers to 

trade. To the extent that existing models' assumed market 

conditions are those required by comparative advantage, 

among them that bauxite, alumina, aluminum and aluminum 

products are traded freely in world markets, they run 

counter to most government and industry expert opinion, 

which observes that free trade is often compromised by 

distortions resulting from governmental tariff and 

non-tariff barriers, including significant resource 

subsidies. Exchange rate fluctuations may especially have 

distorted competitive market pricing and equilibria in 

recent periods, such as 1980 to 1985. The U.S. Commerce 

Department lends support to these contentions by 

classifying world metal markets as areas of significant 

remaining discrimination. The question arises as to what 

extent such distortions are affecting otherwise more 

competitive and efficient market equilibria and the 

long-run trends in investment. 

The question is addressed for aluminum in three recent 
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papers (cf. e.g. Peck et ale 1988, Duroc-Danner 1986, and 

Newcomb and Reynolds 1986). The existence of subsidies has 

been a prominent factor in aluminum investment since the 

late 1950s (cf. Graham 1982,85-89). Both Peck and Graham 

confirm the significant role of energy subsidies in the 

location of plant capacities worldwide. The Duroc-Danner 

cost study of the world aluminum industry indicates the 

existence of these subsidies for electric power and 

catalogues the possibility of capital subsidies and 

"special incentives" in various developing countries 

(Duroc-Danner 1987,265-267). More specific to investment, 

the Newcomb and Reynolds paper concludes tentatively that 

aluminum capacity in the u.s. should continue to grow 

despite higher energy and resource costs. These 

researches, albeit preliminary, question the inferences of 

older studies and prompt additional examination. 

To what extent is the shrinkage in domestic capacity 

in the face of large and growing u.s. aluminum consumption 

due to distortions from perfectly competitive markets and 

trade? Have the aluminum demand projections for lesser 

developed sources simply been overestimated and the surplus 

production directed to the open market sinks? If so, have 

these distortions and projections affected investment 

trends by increasing the private benefits of placing new 

ingot capacity abroad? To what degree are countries 

geographically separated from consuming markets with ample 

bauxite resources and low-cost electric power nonetheless 

at a disadvantage in expanding trade? Do the resultant 

aluminum production cost advantages offset the increased 

costs of transporting aluminum ingot versus the bauxite or 
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alumina resources? What of the case in which low-cost 

power results not from an absolute advantage, but rather 

from government subsidy? Can governments attempting to 

manipulate exchange rates for specific policy objectives 

such as employment, significantly affect the demand or 

supply of aluminum in a global market? These questions are 

generally difficult to address within the framework of 

previous studies. 

Most past metals studies have omitted quantitative 

analyses of distortion effects on foreign and domestic 

aluminum cost differentials. The distributed lag, 

econometric studies such as CRA (1971) and Woods and 

Burrows (1980) for aluminum, or Fisher et al. (1972) and 

Richards (1978) for copper do not define the industry 

structure to an extent necessary to model investment 

dynamics explicitly. The input/output studies of Leontief 

et al. (1983) do define the spatial structure of supply and 

demand but lack again any attempt to explain changes. Both 

types of studies fail to wed the physical features of the 

production units to the long-run supply functions of 

regional producers (cf. Zimmermann 1981). The spatial 

dynamic, World Bank study of aluminum (Brown et al. 1983) 

addresses these shortcomings and, in addition, considers 

the costs of distortions such as tariffs and levies in the 

modeling of supply dynamics; but their analysis does not 

directly address the investment effects of distortions and 

excludes a demand component thereby neglecting equilibrium 

market prices. A comprehensive industry study is needed 

that explicitly addresses the dynamic impacts of market 



distortions to, and the uncertainty of, long-run 

investment. 

1.2 study hypothesis and objectives 
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This study tests the hypothesis that, with competition 

and free trade, U.S. aluminum smelting investment (and 

capacity) does not decrease, rather it increases as 

capacity is lost by those higher-cost suppliers, such as 

western Europe, that are presently protected with high 

tariffs. 

This study has a limited objective. with a structured 

spatial and temporal analysis of the global primary 

aluminum industries, it examines the inefficiencies of 

aluminum market equilibrium by examining trade flows from 

1982 to 2010. The level of correspondence is tested 

between the present aluminum market and a competitive 

market model to measure the discrepancies. In varied 

projections it then measures the impacts of major sources 

of distortions noted by critics, i.e., resource subsidies, 

tariffs and levies. Finally, it examines the regional 

impacts of exchange rate fluctuations. 

The technique captures distortions by modeling the 

short-run supply function, using cost data on a regional 

aggregate - the "representative firm" (cf. Krutilla 1952). 

Cost analysis accounts for the regional disparities in 

resource endowments, factor prices and transport costs. 

The demand component is a simple revenue function derived 

from regional long-run average costs, consumption and 

demand-price elasticities. The equilibrium levels of 

output are determined by the intersection of the regional 



supply functions and aggregate short-run regional demand 

curves following Samuelson (1957) and Henderson (1958). 
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For investment decision-making, rational expectations are 

introduced to account for any demand and supply uncertainty 

(cf. Sargent 1985 and 1987). The investment patterns are 

then simulated from a dynamic, 30-year modeling of the 

restricted equilibria driven by investment functions that 

include adjustment costs (cf. Mussa 1974; Lucas 1967b). 

The application of constrained regional welfare 

maximization to the global aluminum industry develops 

investment patterns in which long-run impacts of the trade 

distortion constraints are observable. This permits 

testing of the absolute advantage assumptions of previous 

studies to determine the extent to which the free trade 

requirements are compromised, countering assumptions that 

investment moves as it does principally on the basis of 

abundant regional resource endowments. A major test is 

made on the hypothesis that investment pattern distortions 

are largely due to sUbsidies to electric power. The 

methodology here is applicable to other natural resource 

industries affected by trade distortions. 

1.3 Scope and limitations 

This study's discussion of distortions is limited to a 

partial but consistent spatial and temporal equilibrium 

analysis of globally traded aluminum ingot. Secondary or 

macro effects of distortions on the economy of a region or 

country are not considered. Similarly, the full, i.e., 

general equilibrium, effects of exchange rate fluctuations 

are not included. In a small economy especially, where 
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aluminum production and exchange rates may have large 

affects on the traded sector and GNP, these can be notable. 

The inclusion of macro effects would necessitate a general 

equilibrium analysis. The object of this research is to 

capture the effects of distortions on long-run aluminum 

investment patterns and not to estimate the effects on 

local economies. The partial equilibrium approach 

accomplishes a first approximation without the additional 

burdens of data requirements and model complexities. 

Technical change is neutral, i.e., it is introduced 

exogenously via once-only reductions in factor usage, such 

as electric power. The change is introduced in the first 

time period. 

More realistically, technical change would be varied, 

endogenous and associated with vintage capital. This would 

allow firms to mitigate many higher production costs, 

including those arising from absolute disadvantages in 

factor endowments, by adopting regionally disparate 

applications of appropriate technologies. Such an 

endogenous mechanism would be implementable in the present 

model structure, but only with high computational costs. 

The lack of a more comprehensive and detailed analysis of 

technological change, however, does not detract greatly 

from the conditional analysis of distortions presented. 

The study comprises only the western world aluminum 

industry. Emphasis is placed on the supply function of 

representative countries within each region that best 

exemplify its current trade advantages. These are 

principally: Australia of the Pacific Basin region, which 

has abundant resources of bauxite and low-cost electric 
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power, limited subsidization and a relatively small 

regional demand for aluminum; Brazil of the Latin American 

region, which typifies those countries having bauxite and 

power resources but also apparent subsidization and a small 

demand market; and the u.s. and Canada of the North 

American region. The u.s. has no advantage in resources 

but a large consumption market. Canada is distinguished in 

the North American region on the supply side due to its 

relatively abundant low-cost power though no bauxite 

resources. For analysis of trade distortions and exchange 

rates, Canada and the u.s. are considered a single economic 

unit. Finally, the western European countries are modeled 

as one common market which eliminates any trade barriers 

that may presently (albeit temporarily) exist. 

The analysis excludes production and trade in the 

former Soviet Bloc countries, China, India, and some Asian 

countries. Historically, this block is largely 

decomposable in the international trade matrices. 

(Notably, the Asian countries of Taiwan, Japan, South Korea 

and Indonesia are included in the Pacific Basin region.) 

The excluded countries account for some 3.5 million tons or 

20 percent of the total world consumption of near 18 

million tons (World Metal statistics, Vol.43, No.6, 1990). 

The former East bloc countries as a group have been 

relatively self-sufficient in aluminum and have had little 

trade outside the bloc, exporting 390 thousand metric tons 

(kmt) and importing 400 kmt. India produces 420 kmt and 

consumes 460 kmt, and is relatively closed to trade. These 

countries appear to have higher internal prices than world 

market prices and there is little data upon which to base 
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the extent of subsidy to production and factor prices. 

Another limitation is product coverage. Primary 

aluminum is the end product, and investment patterns are 

based on its forecast demand. The inclusion of downstream 

products or the semi-fabrication stage could conceivably 

have an affect on the location of smelter capacity, but 

only if ingot transport costs increased relative to 

resource costs. Also excluded is secondary ingot 

production which accounted for 38 percent of the world 

supply in 1988. Secondary sources of supply such as all 

scrap types and recycling are, of course, complements and 

sUbstitutes for primary ingot subject to the appropriate 

lags. But secondary supply generally does not have the 

same quality characteristics, which limits its use mainly 

to the casting and packaging markets. Since the structure 

of ingot demand here is exogenous to the study, secondary 

production is excluded along with other sUbstitutes. 

Scale economies, as they relate to the individual 

production unit, also receive limited coverage here, 

although the size of total regional investment in mines, 

refineries and smelters is affected through adjustment cost 

mechanisms. The optimal sizing of individual production 

units would require a mixed-integer programming algorithm 

(cf. World Bank study of Brown et ale 1983) which increases 

computational costs. 

Data are obtained from established sources, e.g. those 

of the World Bank (ibid.). While somewhat crude, these 

data are well enough established and detailed to test the 

hypothesis by the model. The model is also amenable to 

different engineering cost estimation methods or data that 



exist in the literature, including updates of the older 

process analysis literature (cf. Walters 1963; Griffin 

1972) • 
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Finally, the results are indications of broad patterns 

of investment, production, consumption and trade. Rather 

than specific recommendations for investment opportunities 

which would require more comprehensive data, the research 

provides insight into more general policy questions. The 

sensitivity analyses address once only changes in important 

parameters such as power costs, discount rates and exchange 

rates, rather than the more computational~y costly 

inclusion of variable rates of change. Lastly, the study 

leaves to future research the consideration of 

technological breakthroughs that could, for example, 

dramatically reduce smelting energy requirements or nuclear 

power costs, or environmental regulations that could alter 

production and investment among regions. 

1.4 Literature review 

Three approximations to the study of long-run trends 

in the aluminum industry can be distinguished in the 

literature according to whether the analytical framework 

emphasized is largely: (1) econometric or based on 

activity analysis, (2) comparative static or dynamic, and 

(3) spatial. The econometric studies define the key 

parameters of demand and supply as elasticities in time 

series of economic activity. For example, the structure of 

demand is expressed by industrial production, ingot prices 

and price levels of sUbstitutes. The supply structure is 

generally determined by prices for the major production 



inputs and capital costs. The equilibrium prices and 

output are determined by the intersection of supply and 

demand. A frequently cited example of study results from 

such techniques is that of the Charles River Associates 

(CRA 1971). Simplified, the CRA study defines primary 

aluminum as demand driven: 

where 

Pt = P[LRACt , P t - 1] 

Dt = consum~tion of primar¥ at time t 
Yg = economlC activity varlable at t 
P = price of substitute for ingot at t 
LRAC = long run average cost. 

St or supply then is determined by the 
intersection of demand and price (cf. Duroc
Danner 1986). 

other examples of applied aluminum stUdies are the "Final 

report for the joint copper/aluminum forecasting and 

simulation" (USBM 1977), "An Econometric Model of the 

Domestic Aluminum and Copper Market" (Slade 1979) and 

"Policy Implications of Producer country Supply 

Restrictions: The World Aluminum-Bauxite Market" (USDOC 

1976) • 

These studies have had limited success in explaining 

and predicting industry price behavior for two principal 

reasons, (1) they do not identify the regional industry 

structures necessary to examine investment trends because 

investment enters simply as ad hoc distributive lags, and 

(2) uncertainty is not considered. Thus the econometric 

results apply most particularly to short run analyses, or 

intermediate periods where the structure of supply and 

demand are relatively static over a period of several 
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years. For longer run analysis, they offer less than 

definitive insights into the role of price shocks, trade 

barriers or structural changes in the pattern of industry 

investment. 
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In contrast, studies of the industry relying on 

Leontief's analysis identify the structure of supply and 

demand. For aluminum, Leontief's general equilibrium model 

of the u.s. economy incorporates structural analyses of 

supply and demand in the technical matrix (Leontief et ale 

1983). The approach is limited however to a comparative 

static analysis of the industry. Dynamic influences can 

enter only through exogenous changes in the technical 

matrix, creating a possible series of comparative static 

pictures of aluminum investment throughout a given time 

period. Thus, these studies too, are limited to ad hoc 

analysis of secular and cyclical trends. 

Dynamic-spatial analysis without stochastic variation 

seems a first requirement for explicitly examining supply 

dynamics such as technical change and factor price 

variations, as these affect regional investment patterns. 

A major advantage of formulating such explicit objective 

functions is the measure obtainable of welfare or producer 

surplus regionally. Such a study attempts to provide the 

analysis of dynamic regional adjustments with the addition 

of constraints that fulfill the necessary and sufficient 

conditions for an optimum. 

Studies of this type (period-dynamic) are not 

generally claimed as dynamic by their authors (cf. Kamien 

and Schwartz 1981; Seierstad and Sydsaeter 1987), since the 

optimum of the results depends on values obtained in past 
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periods. Researches that typify this approach include the 

long-run copper study of Gordon et ale (1987), the World 

Bank studies of Brown et ale (1983) and Hashimoto (1981), 

and the present investigation. 

Examples of truly dynamic techniques are found in the 

resource studies edited by Sargent (1985). Though 

formulated similarly to the period-dynamic as either 

welfare maximizations, cost minimizations or profit 

maximizations, differences occur both in the construction 

of problem constraints and the method of solution. Results 

in the period-dynamic case are governed by the principle of 

optimalityl which optimizes the objective function over 

all time periods. Results in the dynamic case provide more 

structure in the formulation of the problem, particularly 

in the specification of state variables as a system of 

first order difference (discrete time) or differential 

(continuous time) equations. The findings then are based 

on the Pontryagin maximum principle which does not optimize 

future periods based on the solutions from past period 

optimizations. Rather, control of the state variables in 

the problem formulation allows the solution set to follow a 

truly dynamic path, independent of previous period 

decisions. with respect to aluminum, two such dynamic 

studies exist: a three-region, international bauxite study 

by Pindyck (1977) which investigates the effects of bauxite 

1 Kamien and Schwartz (1981, 238) roughly summarize the 
principle of optimality as "An optimal path has the property 
that whatever the initial conditions and control values over 
some initial period, the control (or decision variables) over 
the remaining period must be optimal for the remaining 
problem, with the state resulting from the early decisions 
considered as the initial condition." 



levies, and a two-region aluminum investment study of 

Newcomb and Reynolds (1986). 
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Although several of the above investigations have been 

concerned with the economic conditions of the aluminum 

industry, few have analyzed patterns of investment 

dynamically, and none have captured the disaggregated 

supply and demand dynamics and distortions. However, the 

Newcomb-Reynolds and World Bank aluminum studies are unique 

in their attempts to capture the dynamics of investment 

through regionally comparative analyses and, along with the 

Brown et ale (1983) study, merit further review. 

1.4.1 World Bank study 

The World Bank study (Brown et ale 19B3) of aluminum 

investment quantifies the growth of investment given the 

spatial distribution of aluminum production inputs 

(including the intermediate products of bauxite and 

alumina) and the regional demand for aluminum. The cost

minimization methodology can be schematically described as 

follows (p.59): 

Minimize total costs (including investment, operating 
and transport costs) such that 

(1) market demand is satisfied in each region; 

(2) input and output flows for bauxite, alumina and 
aluminum are consistent with each other in 
quantity and compatibility; 

(3) bauxite may be produced in each region 
subject to the availability of reserves; 

(4) aluminum smelters have access to limited amounts 
of low cost electric power in some regions, but 
high cost power is unlimited in all regions; 

(5) production in each region is limited by existing 
capacity, but may be expanded with new investment. 
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The major benefit of this minimization framework comes 

with reduced computational requirements, thereby permitting 

a highly-structured model where individual production units 

can be distinguished. Explicit capture of economies of 

scale on the sizing, location, and timing of capacity 

expansion in given regions is then possible, using the 

mixed-integer programming method. 

Within this framework the study is able to address the 

costing of aluminum production including the problems of 

intermediate product flows and resource limitations. 

Finally considerations are given to transportation, tariffs 

and levies. The primary purpose (p.59) is "to determine to 

what extent the increase in the price of energy during the 

seventies has shifted the comparative (sic) advantage for 

aluminum smelting from energy importing countries to those 

that have access to relatively abundant non-tradeable 

hydro-power." The results are broad forecasts of inter-

regional output flows and new investment on both individual 

country and regional bases. 

The most interesting of the World Bank results is the 

sharp increase in productive capacity predicted to occur in 

the lesser developed countries (LDCs) as a group for all 

three stages of production (p.62): 

1980 ca~acity 2000 ca~acity 
(in km /yr) (in km /yr) 

Bauxite OECD 40,500 31,700 
LDCs 48,300 137,000 

Alumina OECD 26,300 33,700 
LDCs 7,600 34,000 

Aluminum OECD 11,700 16,400 
LDCs 2,600 12,600 



30 

In the western world, all new bauxite capacity is expected 

to be installed in the LDCs, as is nearly 80 percent of new 

alumina capacity and nearly 70 percent of new aluminum 

capacity. In summary, the Bank states (p.62) that: 

"For LDCs as a group, the ample availability of 
good-9uality bauxite( in relatively accessible 
deposl. ts, combined Wl. th access 1':0 comparatively 
cheap hydro-power, appear to provide sufficient 
compensation for higher investment costs and 
transport costs to markets, to set in motion a 
maj or shift in supply patte:rns." 

While the World Bank study has important uses, it does 

not adequately address the question of investment, 

neglecting the issues of price-elastic demands, exchange 

rate fluctuations, and local resource subsidies. Aluminum 

demands are omitted from the optimization function. The 

inter-temporal, regional demands are estimated a priori and 

introduced as constraints in the model. A problem with 

this demand formulation is the assumption of price

inelastic demands, though previous studies have concluded 

that the short-run and long-run price elasticities of 

aluminum demand are probably about -0.2 and -1.0 

respectively (cf. pindyck 1977, 346). Price inelastic 

demands require that the supply functions react immediately 

and fully to meet any changes in the a priori demand 

functions, irrelevant to corresponding prices. since 

equilibrium prices are not observable in this formulation, 

no means of examining or questioning demand growth 

estimates is possible, i.e. extraordinary increases in 

demand will cause extreme equilibrium prices adjustments 

that could flag the demand estimates. The possibility 

exists to achieve less than valid investment projections 
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through manipulation of regional demand growths. 

The framework also neglects the fluctuation of 

exchange rates in the supply formulation. Exclusion 

artificially alters the relative regional cost of aluminum 

with respect to the true cost where exchange rates reflect 

the market equilibrium rates. These effects can be quite 

significant considering the recent, and relatively large, 

fluctuations in the U.S. dollar and the tendencies of 

countries to manipulate the value of their currencies for 

short-run economic gains. 

The inconsistencies of neglecting local resource 

subsidies are admitted straightforward. Governmental 

subsidization of any input to aluminum production, such as 

electricity or labor, artificially lowers the cost of that 

input and so creates an apparent absolute advantage in a 

region. Of course, truly low-cost electric power is a real 

advantage in regions such as Canada (cheap hydroelectric) 

and Australia (cheap coal), but in other regions such as 

Brazil and Venezuela, hydroelectric costs to aluminum 

smelters are artificially lowered by large subsidies, e.g., 

oil and natural gas are provided at less than traded market 

prices. The lower-cost subsidized ingot can replace the 

non-subsidized ingot in world markets, violating the terms 

of free trade and its efficiency assumptions. 

1.4.2 Newcomb-Reynolds study 

The Newcomb-Reynolds (1986) study could be considered 

preliminary to the work here. It is a dynamic investment 

model with the investment function an explicit part of the 

model. The structure of supply and demand are sufficiently 
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disaggregated to account for regional differences in costs 

structures which allows analyses of trade distortions, but 

sufficiently aggregated to dynamically model investment. 

The study integrates the spatial competition formulation 

with the competitive investment under uncertainty 

formulation using the assumption of rational expectations 

over future output prices. The interesting dynamics arise 

from the conjunction of sellers' uncertainty about future 

demand and price levels and imperfectly adjustable and 

irreversible capacity investments. 

In the two part optimization, first a static, 

constrained optimization problem chooses output and flow 

variables from which an investment relation is developed 

using simple econometric techniques. Then a dynamic 

programming algorithm chooses investment variables by 

maximizing the expected, net discounted present value of 

the stream of consumers' surplus and producers' surplus 

subject to: 

(1) no shipments in trade are returnable, 

(2) regional capacity constraints cannot be violated, 

(3) world excess demand is ruled out, 

(4) no firm has negative output or capacity, and 

(5) the investment relation must be satisfied. 

The study utilizes a competitive rather than 

oligopolistic or monopoly market model. The authors argue 

that structural changes such as more smelting firms, 

declining ocean shipping rates and demand growth have 

increased industry competitiveness. While seller 

concentration remains in some regions with protected 



barriers, a well-specified competitive model can capture 

those forces driving investment decisions today (p.16). 
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Their rational expectations approach to model dynamics 

of investment differs from the distributed lag commonly 

used in commodity market analysis. The approach assumes 

that individual competing firms have rational expectations 

concerning future output prices. They assume that a 

regional firm's objective is to maximize the net present 

value of its shares. The price of aluminum, variable costs 

and fixed costs--and all other prices are known for all 

future periods. Thus, the net discounted cash flows can be 

computed for new capacity levels. 

Newcomb and Reynolds' results contradict previous 

studies including that of the World Bank. Given the two 

region model, they find high initial investment in North 

America (NA) and disinvestment in Europe (EUR), followed by 

a stabilization of investment levels at 1,000 kmt per year 

for NA and near 100 kmt for EUR. with this pattern of 

investment, and with increasing regional demands, aluminum 

flows from NA to EUR increase to approximately 3,000 kmt 

per year (see Newcomb 1986, figure 4.1). Conversely the 

World Bank predicts that NA discontinues shipments of 

aluminum to EUR by the year 2000 with NA capacity 

increasing by only 1,900 kmt, and EUR capacity increasing 

by 500 kmt rather than decreasing (Brown et ale 1983, 69). 

Although the comparison of results must be somewhat 

tempered due to the differing regional scopes of the 

studies, the reduction of EUR capacity in the Newcomb

Reynolds analysis is quite opposite the World Bank results. 

The Newcomb-Reynolds study has particular importance 
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in the investigation of trade distortions such as exchange 

rates, application of the rational expectations paradigm to 

explain investment behavior, justification for a perfect 

competitive industry model, and the wedding of industry 

profits to investment. 

The study differs from the present work mainly in 

problem scope: the former two-region study is expanded to 

a multi-region, western world study; an ingot smelting 

model is expanded to a multi-process mining, refining and 

smelting model. The fully-integrated, western-world study 

has advantages of representing a larger percent of world 

capacity--especially that newer capacity of the developing 

countries and Australia, and of addressing the costs of 

bauxite and alumina endogenously, allowing for non-constant 

average costs of inputs to smelters. These advantages are 

obtained at much higher computational costs. The framework 

of this study has 126 potential product flows versus two 

aluminum flows. Also the number of equations increase to 

5131, mainly from added constraints to define the quantity 

and quality of regional resources; and the number of 

variables spirals to nearly 12,000. The increased problem 

complexity makes the two-stage, dynamic solution technique 

of Newcomb-Reynolds and other optimal control approaches 

such as Pindyck's (1977) computationally infeasible. 

Instead, investment here is modeled simultaneously with the 

static optimization problem using a dynamic Lagrangian 

technique similar to the World Bank study. 
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1.5 contributions 

The present research contributes both to the 

elaboration of global multi-market representations capable 

of evaluating the relatively large dynamic-spatial problems 

of resource industries, and to the applied aluminum problem 

that analyzes the effects of trade distortions on patterns 

of investment. The study provides a detailed and 

highly-structured analysis of the supply function by 

modeling production costs at the level of the firm. At 

this level of disaggregation, the introduction of 

distortions such as tariffs, levies and resource subsidies 

and exchange rate fluctuations are unique among any 

previous global resource studies. Also unique is the use 

of dynamic, restricted regional revenue functions, that 

both shift and change slopes exogenously over time to 

simulate the changing structure of short-run demand. This 

study could be extended via Sargent (1985) to investigate 

expected trends in ingot prices and subsequently profits. 

Finally, the methodology provides a structure favorable to 

additional analyses of technical change or structural 

change such as the new trade patterns emerging from recent 

geopolitical changes. 

The contributions of this study toward estimating the 

magnitude of trade distortion effects may extend beyond the 

case of aluminum. In particular, other natural resource 

industries such as copper and steel which have been 

affected by distortions may benefit from application of the 

developed technique. The study could benefit those trade 

policy analysts seeking quantitative answers to questions 

concerning trade distortions. 
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1.6 Outline of study 

The present introductory chapter defines the problem, 

states the objective, and gives a review of related work. 

In chapter two, the aluminum industry is discussed, 

examining the sources and sinks of bauxite, alumina and 

aluminum. The structure of both supply and demand are 

detailed with important emphasis on those areas most 

affecting aluminum investment. Chapter three provides the 

theoretical basis of the study. Chapter four describes the 

methodology. First a mathematical formulation of the 

industry is provided and, in annexes, a complete statement 

of the framework with data in the GAMS format (see rf. 

Brooke et ale 1988). Chapter five discusses the model 

validation, simulation results with sensitivity analysis, 

conclusions and extensions. 
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CHAPTER 2 

ALUMINUM INDUSTRY STRUCTURE/BACKGROUND 

Aluminum is a strong, light, durable metal having 

valuable properties of corrosion resistance, electrical and 

thermal conductivity, reflectivity and ductility. It has 

major applications in construction, transportation, 

electrical, machinery, packaging and communications. 

Aluminum ingot, smelted as a pr~mary metal or recovered 

from scrap as a secondary metal, is generally alloyed with 

other metals such as copper, magnesium or zinc for 

specialized end products. In its pure form, electrical 

applications predominate. The main sUbstitutes of aluminum 

are copper for electrical and thermal conductivity, 

plastics for construction, transportation and packaging, 

and titanium and fiber composites for applications 

requiring high strength-to-weight ratios. 

The four production stages of the primary aluminum 

industry, each distinguished by its technical process, are 

mining of bauxite ore, refining of bauxite to alumina, 

smelting of alumina to primary aluminum metal, and 

fabrication of the ingot into useable shapes for 

manufacturing (see figure 2.1). Each stage combines the 

output from the previous stage with other productive inputs 

to produce a relatively homogeneous output. For mining, 

because bauxite lies at or near the surface, it can be 

extracted by relatively inexpensive open-pit techniques. 

In the refining stage, bauxite is converted to alumina 

through the chemical Bayer process which separates the 

aluminum oxide from bauxite impurities and water. For the 
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Principal stages and Flows in the Production 
of Aluminum Products 

Bauxite reserves 

Bauxite 

Refining 
Bayer process 

Primary smelting 
Hall-Heroult process 

Nonmetallic uses 
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Manufacturing Industry 1---- Scrap -----------41 

1------- Scrap -----------')1 I-.. _____ .....J 

Source: Modified from Peck (1988, 5). 
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third or smelting stage, alumina is reduced to aluminum by 

the electrolytic Hall-Heroult process, which liberates the 

oxygen from a molten bath of alumina in a series of large 

electrolytic cells called "pot-lines." The molten aluminum 

is either continuously cast into commercial shapes or cast 

into ingots for downstream fabrication. The downstream 

fabrication stage consists of five basic mill operations: 

casting, rolling, forging, drawing and extruding. The 

typical mill products are plate and sheet, wire, cable, rod 

and bar, tube, foil, extrusions and forgings. For this 

study, downstream fabrication will not be discussed. 

The aluminum industry is anomalous to other extractive 

industries such as copper in that the mining stage is much 

less important economically than the downstream refining 

and smelting processes, due to the relatively low costs of 

mining. On average, bauxite contributes 23 percent of 

alumina costs (alumina 29 percent of aluminum) but only 6.7 

percent of aluminum ingot costs, while the mining and 

beneficiation of copper sulfide ores can comprise 60 

percent of refined copper costs. Thus the emphasis on 

refining and particularly smelting stages of production in 

this study. 

Another unique characteristic of the aluminum industry 

is the extensive spatial dislocation of mining, refining, 

smelting and demand. Location of new plant capacity has 

depended on the availability of key inputs to production 

and the locale of final product. For example, alumina 

refineries depended on the availability of high-grade 

bauxite, local environmental conditions, investment risk 

(e.g., political stability) and to a lesser extent the 
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location of aluminum smelters. Similarly, aluminum smelter 

locales depended on access to alumina and cheap electric 

power, and the locational demands for aluminum. In 

general, lower-cost resources are not geographically near 

product demand markets, so that locating new capacity 

requires an evaluation of the locational advantages of 

resources versus the locational disadvantages of 

transportation. The following sections discuss the present 

structure of the industry as it enters the 1990s. 

2.1 Bauxite 

Aluminum is the third most abundant element in the 

earth's crust but it cannot be mined in pure form, like 

gold or silver, because it exists only in combination with 

other elements. The most useful form is aluminum oxide or 

alumina. Aluminous ores that have proved to be of 

commercial significance are boehmite (alumina alpha 

monohydrate) and gibbsite (alumina trihydrate). They are 

found in the ore bauxite which consists mainly of hydrated 

aluminum oxide (alumina) and hydroxide minerals with 

impurities such as iron oxide, silica, and titania. Over 

40 percent of the bauxite may be alumina. The forms have a 

rather distinct geographical distribution: boehmites or 

"monohydrates" predominate in Europe, gibbsites or 

"trihydrates" in South America, and combinations of both in 

the Caribbean, Australia and Africa. Due to the technical 

specifications of the refining process gibbsite is the 

p~eferred ore, having fewer impurities and less silica to 

impede alumina recovery. 

Bauxite is not the typical exhaustible resource as the 
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recorded reserve base for the countries in this study was 

20,922 million mt in 1980 (21,000 million mt in 1988, cf. 

Crowson 1990) and should supply demands to the twenty

second century. The ratio of reserves to cumulative demand 

from 1989 to 2010 is estimated to be 12.2 to 1. No bauxite 

producing region is near exhaustion even assuming high 

growth rates of demand. Venezuela, with the relatively 

lowest reserves of 320 million mt (crowson 1990), would not 

deplete until the year 2020. In 1988 the recoverable 

aluminum content of the world's bauxite reserves was four 

billion mt. 

Since bauxite lies at or near the surface it can be 

mined by relatively inexpensive open-pit techniques using 

shovels, loaders and scrapers. The major differences in 

costs to refineries is not the production costs but the 

transport distance to the port or refinery and the 

government levies (table 2.1). At most, differences in 

production costs are only $8.90 per mt, from a low $12.30 

per mt in Indonesia to a high $21.20 in Greece, or $20 per 

mt of alumina and $38 per mt of aluminum. Inland 

transportation costs are more critical, differing up to 

$17.80 per mt, from Jamaica's $0.20 to Cameroon's $18.00. 

In total, the difference from the highest-cost Cameroon 

bauxite to the lowest-cost Australian bauxite is $17.80 per 

mt (FOB refinery or ocean port). This converts to $41 per 

mt of alumina (12 percent of alumina costs) or $79 per mt 

of aluminum (4 percent of aluminum costs). 

Just as important as the relatively fixed production 

and transport costs are the historical rent-producing 

levies which have been imposed on bauxite by host 
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Table 2.1 Bauxite production costs by country in 1980 
(in $US per mt of bauxite) 

Mining Inland Total 
Cost Trans Total Levy with Levy 

JAMAICA 15.20 0.20 15.40 10.00 25.40 
GUYANA 18.40 2.80 21. 20 21.20 42.40 
SURINAME 15.20 5.70 20.90 0 20.90 
BRAZIL 18.40 4.80 23.20 0 23.20 
VENEZUELA 16.90 5.20 22.10 0 22.10 
GREECE 21.20 8.00 29.20 0 29.20 
AUSTRALIA 14.40 1.20 15.60 0 15.60 
INDONESIA 12.30 4.00 16.30 1.40 17.70 
GHANA 16.00 2.50 18.50 2.50 21.00 
GUINEA 14.50 3.70 18.20 9.90 28.10 
CAMEROON 15.10 18.00 33.10 0 33.10 

Source: Compiled from Brown et ale (1983). 
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governments. The highest levies in 1980 were imposed by 

Guyana ($21.20 per mt), Jamaica ($9.90) and Guinea ($9.90). 

In terms of downstream products, that converts to $42 per 

mt of alumina or $82 per mt of aluminum. 

The historical trade pattern for bauxite has been the 

shipment from the developing countries of Latin America and 

Africa to Europe and North America for refining. This 

pattern changed in the 1970s as countries with bauxite 

resources capitalized on the economic advantages of 

processing the bauxite closer to the mine site and 

exporting the higher valued alumina product. In addition 

to providing a value added product, the countries could 

retrieve some rent from foregone higher transportation 

costs (see below). By 1990, 48 percent of bauxite mined in 

developing countries was refined domestically. 

2.2 Alumina 

Though alumina (AI20 3 ) has several uses, including 

abrasives, ceramics and sorbents, its most important usage 

is the production of aluminum as over 90 percent of alumina 

demand is consumed in aluminum smelters. Practically all 

the world's alumina production uses the Bayer process or 

variations of the process which consists of five basic 

steps: 

1) 

2) 

3) 

pre~aration, where bauxite is dried and ground to 
a fJ.ne powder, 

digestion, where bauxite is dissolved with caustic 
soda and agitated in a heated( pressurized vessel 
which causes the alumina to dJ.ssolve into solution 
as sodium aluminate; 

separation of the insoluble impurities of silica 
and ferric oxide or "red mud;" 



4) 

5) 

44 

precipitation of aluminum hydroxide by cooling the 
mixture slowly with constant agitation; and 

calcination of aluminum hydroxide by heating the 
hydroxide to a high temperature just below the 
melting point. 

The major inputs to this process are caustic soda, process 

steam and process heat. The only other process used on a 

commercial basis is the Peterson process in Norway which 

converts bauxite to alumina in electrical furnaces (OECD 

1983, 93-94). In the Bayer process, variables such as 

temperature, rate of temperature change, level of 

concentration of the sodium aluminate liquor and the exact 

chemical composition determine the efficiency of production 

and the purity of the alumina produced while presence of 

silica is a major determinant of the alumina recovery rate. 

Bauxite is a differentiated product in the sense that 

direct sUbstitution between bauxites in an alumina plant is 

rarely possible without some plant process adjustments and, 

in many cases, is not possible for technical reasons. From 

the point of view of processing, the most important 

classification distinguishes bauxite according to the 

aluminum oxyhydroxide minerals present, which influence 

mainly the temperature and pressure required for refining: 

trihydrate with gibbsite as the main mineral, monohydrate 

with boehmite as the main mineral, mixed with both gibbsite 

and boehmite, and monohydrate where boehmite is predominant 

but diaspore content exceeds 5 percent. In addition to 

bauxite type, impurities such as silica, iron, titania, 

carbonates and chlorides affect process conditions and may 

require particular equipment (Brown et ale 1983, 8). These 

bauxite specificities preserve bauxite-to-refinery 



integration. In 1984 for example, 75 percent of bauxite 

was moved between related parties and an additional 23 

percent was under long-term (three years and over) 

contracts. Only the remainder was under short-term 

contract or sold on the spot market (King 1986, 210). 
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In the continuing trend of locating alumina plants 

near the areas of bauxite mining, Australia has replaced 

the united states as the dominant alumina producing 

country. In 1950, the u.s. produced over 50 percent of the 

world's alumina, but by 1990 the u.s. produced only 13 

percent while Australia produced 28 percent. Over 20 

percent of 1990 production was by countries with a 

developing alumina industry: Brazil, Greece, India, 

Ireland, Spain, Suriname, and Venezuela. 

Since alumina contains over twice as much aluminum per 

unit of weight as does bauxite, there is a sUbstantial 

transportation cost advantage to locating alumina 

refineries close to bauxite mines. On average, 2.3 tons of 

bauxite are required per ton of alumina, and the bulk 

transport costs of bauxite and alumina are approximately 

the same. Therefore, the transport cost savings from 

locating refineries near mines equals 1.3 times the cost of 

shipping bauxite. If refineries are assumed to have equal 

fuel costs among locations, the desirability of locating 

alumina refineries in bauxite-producing countries depends 

on the difference between the transport cost savings and 

whatever additional capital costs may be incurred. 

Capital costs may be lower in developed countries due 

to less infrastructure development but higher due to 

greater pollution control equipment. Any additional 
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investment risks in developing countries can be offset by 

the host country via such tools as tax holidays and 

subsidies (see below). In net, capital costs may be higher 

in developed countries. 

Alumina prices in the past have been determined 

exogenously, i.e., as transfer prices within integrated 

companies rather than in the market. Since the 1980s there 

has been more trading of alumina on the open market and 

though prices are not officially published, spot prices 

reflecting market conditions have fluctuated tremendously, 

from $105 to $900 per mt as reported by industry sources 

and USBM (1989). The low prices of the mid-1980s resulted 

from overcapacity and the high prices of 1989 were a result 

of demand increasing more rapidly than moth-balled 

refineries could be restarted, incremental capacity 

"brownfield" added to existing plants and new "greenfield" 

refineries built. Prices may be less volatile in the 

future as more alumina is traded on the open market and 

capacity expansion is more conditional on market pricing. 

Technical change in refining has focused on new 

technologies to reduce energy consumption (e.g., flash 

calcining and fluidized bed calcining) and to increase the 

recovery of alumina from bauxite in the presence of silica. 

Also there has been research to convert bauxite directly to 

aluminum (the Alcoa process), foregoing the refining stage. 

Investment in refinery capacity has more recently been 

through "brownfield" expansion rather than new "greenfield" 

plants. Existing plants have increased capacity, either 

through higher alumina recovery rates or incremental 

investment in new capacity. Economies of size have 
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apparently increased, from one million mtpy to possibly 

three million mtpy. The major obstacle to new "greenfield" 

refineries has been environmental concerns, chiefly those 

of "red mud" disposal and control of fluoride emissions 

produced in the alumina reduction cells. 

2.4 Aluminum 

Like the Bayer process, the basic technology for 

aluminum smelting, the Hall-Heroult process, is a century 

old, but it has evolved considerably to produce a higher 

quality product with lower energy requirements. Current 

practice is to produce aluminum in an electrolytic cell 

consisting of a steel shell lined with baked carbon. 

Alumina is dissolved in a bath primarily of molten 

cryolite. Electric current is introduced through carbon 

anodes and passes through the bath to the carbon cathode 

lining, causing the alumina to decompose. The molten 

aluminum collects on the carbon lining and acts as a 

cathode. There are two major variants of the basic process 

relating to how the carbon anodes consumed during 

electrolysis are replaced: Soderberg anode and prebaked 

anode systems. The prebaked system is most prevalent due 

to fewer environmental problems. Besides energy, the other 

inputs to the electrolytic cells are cryolite, aluminum 

fluoride and carbon (Graham and Pruitt 1990). 

Though technical change has occurred in aluminum 

smelting, it has taken the form of successive improvements 

in the Hall-Heroult process rather than development of new 

processes. Of particular importance to this study is the 

progressive reduction in electric power requirements as 



percent of aluminum ingot costs. Energy requirements per 

ton of aluminum have decreased one percent annually from 

1947 to 1972, and 0.5 percent from 1972 to 1980. The 

slowdown has been attributed to low rates of new smelter 

construction (Peck 1988, 6). Increases in energy 

efficiency however are not possible without affecting 

efficiency of the process as a whole. 
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Savings due to economies of scale are not as prominent 

for aluminum smelters as for many other capital intensive 

industries because large plants differ from smaller ones 

mainly in the number of pot-lines arranged in series. 

According to reported engineering studies, economies of 

scale for pot-lines exist for up to 100,000 tons of annual 

capacity (Peck 1988, 14), but the actual pattern of new 

capacity (115,000 to 130,000 mtpy) suggests economies of 

scale exist well beyond the 100,000 mtpy. 

Although the united states continues to be the largest 

producer of primary aluminum metal in the world, its 

dominance has declined. In 1960, the u.S. accounted for 40 

percent of the world's production but by 1990, the u.S. 

share had fallen to 23 percent. Most of the restructuring 

began in the 1970s when energy costs increased and 

continued into the 1980s when an oversupply situation 

existed. The U.S. and Japan lost the most capacity due to 

high operating costs and low energy efficiencies while 

Australia and Canada emerged as major producers. And the 

more recent sources of new capacity are Brazil, Norway, 

Venezuela and some countries in the Persian Gulf region. 
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2.5 structure of aluminum demand 

Primary aluminum consumption rose at an average annual 

rate of 9 percent during the 1950s, 1960s and early 1970s. 

Factors contributing to the high growth were a rapid 

expansion of the world economy and a decline in real 

aluminum prices. From 1975 to 1990, the demand growth rate 

declined to an average annual rate of 1.8 percent. The 

decelerated rate may continue due to 

1) 

2) 

3) 

4) 

5) 

6) 

slower economic growth worldwide, 

higher energy prices that increase production costs, 

mature growth in many aluminum-consuming sectors as 
the sUbstitution of aluminum for other materials in 
electrical cables, packaging, construction and 
transportation has run full course in the developed 
countries (table 2.2), 

aluminum replacement by plastics and newer composite 
materials such as carbon fibers in many applications, 
particularly transportation where the 1970s oil ~rice 
shocks led to higher demands for more fuel-effic1ent 
vehicles, 

higher use of secondary metal from scrap in the 
castings and beverage markets, and 

further recycling advances among all countries due to 
growth of the environmentalists' "green movement." 

Near term growth rates are predicted to be a slower 2 

percent by the USBM (1992, 19) and 1.6 percent by a recent 

World Bank (1986) report. The World Bank report bases its 

growth rate on regional growth rates of 1.2 percent in 

industrial countries and 3.0 percent in developing 

countries. 

The regional growth rates are expected to vary with 

different intensities of use among countries, even those of 

the developed countries. In 1980 for example, while per 

capita consumption was 60 pounds (lbs) in the U.S., 48 lbs 
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Table 2.2 Aluminum consumption by end use and country 
for years 1970, 1980, 1984, 2000 and 2010 

united states 
Projected 

1970 1980 1984 2000 2010 

Transportation 666 945 1,209 1,383 1,498 
Electrical Engineer 521 555 614 934 1,232 
Construction 913 1,057 1,176 1,089 1,035 
Packaging 603 1,372 1,662 1,633 1,617 
Other 980 1,012 1,253 1,742 2,144 
Exports of Semi-

Manufacturers 478 903 443 562 653 

Total 4,160 5,843 6,357 7,344 8,032 

projected 
Japan 1970 1980 1984 2000 2010 

Transportation 233 528 625 798 926 
Electrical Engineer 142 205 156 249 335 
Construction 270 664 614 798 936 
Packaging 18 122 152 263 368 
Other 371 502 576 771 922 
Exports of Semi-

Manufacturers 48 74 233 435 645 

Total 1,082 2,095 2,357 3,316 4,122 

projected 
Western Europe 1970 1980 1984 2000 2010 

Transportation 554 672 659 771 843 
Electrical Engineer 235 251 217 263 296 
Construction 212 441 399 526 611 
packaging 161 234 257 399 526 
Other 582 749 753 998 1,193 
Exports of Semi-

Manufacturers 272 689 958 1,179 1,466 

Total 2,017 3,036 3,242 4,137 4,801 

Source: World Bank (1986, 109-111) 
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in Germany and 21 lbs in Japan, it was only 17 to 31 lbs in 

most European countries and as low as 2 lbs in Turkey (DECO 

1983, 96). Also, growth rates may vary due to the 

differing shares of each main end-use sector: transport, 

packaging, construction and electrical engineering (see 

table 2.2 for consumption by end-use). Finally these 

regional intensities are apparent, not real, because net 

exports or imports are imbedded in domestic consumption. 

2.5 Secondary product market 

Higher energy and bauxite costs have contributed to 

growth of the secondary aluminum industry. Aluminum metal 

from scrap requires only 5 percent of the total energy 

needed to produce metal from bauxite (Berk 1982). 

Throughout the past three decades the secondary market has 

grown at a rate faster than the primary market. In 1988, 

scrap accounted for 30 percent of apparent supply in the 

united states and approximately 25 percent of the world's 

supply. Most secondary aluminum scrap is recovered from 

fabrication waste ("new scrap") but recovery from post

consumer wastes ("old scrap") is growing with rising scrap 

rates, up to 39 percent in 1980. Scrap recovery is 

expected to continue its increase with the availability of 

obsolete scrap and recovery of wastes. 

The demand for secondary aluminum is closely dependent 

on the needs of the casting industry. Smaller markets 

exist for wrought products, extrusion billets and sheet for 

aluminum cans. Unlike primary aluminum producers who sell 

to a wide variety of fabricators, the secondaries have been 

more limited due to the heterogenous nature of scrap. Most 



aluminum products are alloys that are covered with paper, 

vinyl, paint or other coatings. The process of removing 

coatings and separating alloys can be uneconomical and 

restrictive in end uses. These specialized markets for 

secondaries effectively differentiate the demand for 

secondary and the demand for primary metal. 
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The lack of substitutability can be seen in the price 

differentials between scrap and primary. For example, in 

June 1980 both primary and secondary alloy 380 were 77 

cents per pound but six months later primary alloy averaged 

91.5 cents compared to 61.5 cents for secondary (Berk 1982, 

53). Though the secondary market is becoming more 

important, and it does affect the demand for some uses of 

primary aluminum, it is not included in this study due to 

the primary and secondary product differentiation. 

Inclusion of secondaries would add to modeling complexities 

without necessarily contributing to the structure of 

primary aluminum investment, as long as the relative size 

of the secondary-to-primary market remains constant over 

time. 

2.6 Trade distortions 

Most bauxite producing countries, especially those 

developing countries, rely on the aluminum industry as a 

source of government income as seen by the revenues from 

bauxite as a percentage of total revenues. In 1980, 

Suriname and Guinea received more than 35 percent from 

bauxite and Jamaica from 10 to 35 percent. The taxation 

system among producing countries varies, but five 

categories of taxes are employed: production levies, 
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export taxes, corporate income taxes, royalties and equity 

participation. A summary of the 1980 taxes can be found in 

Brown et ale (1983,48-50). 

To protect domestic industry, most countries also 

restrict aluminum imports by imposing tariffs. countries 

such as Ghana, Guinea, Jamaica and Guyana extend these 

tariffs to bauxite and alumina. The effects of these trade 

distortions upon industry are two-fold: (1) the actual 

distortion affects Pareto optimal investment and (2) the 

threat of a implementation of a distortion can create 

investment risk that alters future investment. The first 

effect can be quantified through industry modeling. The 

second, however, is not quantifiable but may in fact be 

more damaging to Pareto optimal investment. 

2.6.1 subsidies 

In the aluminum industry resource subsidies have 

historically been widespread, emanating initially in 

developed countries from the desire to protect domestic 

industries that were deemed strategic. The three major 

subsidies have been electric power, capital and export 

rebates for ingot. Since the late 1950s the multinational, 

integrated producers have shifted smelter production to 

those countries, generally lesser developed, that would 

supply lower cost hydro-power. Initially, construction of 

hydro-electric power dams may have depended on long-term 

power contracts such as those of aluminum smelters, so 

prices reflected that need (e.g., Volta project in Ghana). 

Today, however, in such countries as Venezuela and Brazil 

this is no longer the case. 
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Subsidized power to smelters could be used for more 

productive economic activities. An operating aluminum 

smelter without associated upstream activities of mining 

and refining adds little to the gross domestic product 

except taxes and labor, and these may be insignificant 

amounts due to transfer pricing schemes and a relatively 

small work force (a large two-pot, 235,000 mtpy smelter may 

employ only 750 workers). In the case of Venezuela today, 

state economists argue "that if the state electric company 

••• charged (aluminum smelters) the real cost of its 

energy, Venezuelan aluminum would have an energy cost 

advantage of only 3 percent of the current world market 

price" (WSJ 1988). 

Capital subsidies take the form of lower interest 

rates as projects are financed by world lending 

institutions such as the World Bank at less than market 

rates and/or government loan guarantees that reduce the 

interest risk premium. This type of subsidy has been 

prevalent in lesser-developed countries. The prevalence of 

the last type of subsidy, government rebates on aluminum 

ingot exports, is undetermined, though Venezuela is known 

to have used such techniques to promote domestic aluminum 

development. 

2.6.2 Exchange rate fluctuations 

The exchange rates of the major industrialized 

countries have more or less floated since 1973. During the 

1970s the rates were advantageous to the u.s. extractive 

industries since (1) the u.S. dollar declined, (2) the 

European currencies appreciated, and (3) exchange rate 
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movements were generally consistent with inflation 

differentials between countries (Rolley 1986, 71). Real 

commodity prices during this time were relatively firm. 

From 1980 to 1985 however, commodity prices were relatively 

weak and, in the foreign exchange markets, (1) the u.s. 
dollar showed increasing strength, (2) the European 

currencies had equally sharp declines against the dollar, 

(3) intra-European currencies had greater stability, (4) 

many LDC currencies collapsed in value, and (5) the major 

foreign exchange markets had sharply increased price 

volatility. Since 1985 the u.s. dollar has again fallen 

and commodity prices in general have firmed up. In late 

1992, the SUS value is 15 percent lower than 1980 or 

approximately 50 percent lower than its 1985 high as 

determined by Special Drawing Rights (IMF 1992). 

While the commodity markets have been influenced by 

all of the above factors, it is the fluctuation of the u.s. 
dollar which has been noted by many analysts as the major 

contributor to world commodity price fluctuations. 

2.7 Organizational structure 

Historically the world-wide aluminum industry has been 

less than perfectly competitive, dominated by a few major, 

multinational producers. The prevalent market power and 

vertical integration has resulted from refining and 

smelting techniques that exhibit scale economies and 

capital intensiveness, and require extraordinary electrical 

power. However, the industry has also seen consistent 

structural change, prompted mainly by large growths in 

demand and nationalization of bauxite resources. 
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Today, the industry is still seen as non-competitive 

by some, characterized by the recent research by stuckey 

(1983). Others such as Newcomb and Reynolds (1983, 16) 

argue that the industry is more competitive globally due to 

structural changes such as more smelting firms, reduced 

ocean shipping rates and greater demand. Stuckey 

characterizes the organizational structure in terms of 

vertical integration, joint ventures and market-mediated 

inter-firm transactions (p.2). Yet in conclusion (p.302), 

he notes the growing competitive nature of the industry as 

indicated by the expanding aluminum spot market and London 

Metal Exchange forward market. Whether or not the industry 

exhibits workable competition at this date is arguable, but 

it is agreed by most that structural changes are taking the 

industry in that direction. Here, the present 

organizational structure is shown through analyses of the 

decline of monopolistic power and vertical integration, 

with increased market power going to the suppliers of 

electric power and the growth of market pricing for 

aluminum. 

2.7.1 Decline of the monopolistic power 

Prior to World War II, the structure could be 

described as regional monopolies with Alcoa, Alcan, 

pechiney or Alusuisse controlling the production within its 

respective geographical region. The entire production 

cycle remained in the region near the major aluminum demand 

markets. Bauxite, alumina and aluminum were produced 

mainly in Europe, the Soviet Union, and the United states 

(with bauxite additionally produced in the Guianas). 
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Immediately after World War II, the u.s. government 

nurtured the entrances of Reynolds and Kaiser and the 

pattern of increased internationalization began with the 

production of bauxite in Guyana and suriname (Jamaica in 

the 1950s and Australia and Guinea in the 1960s). Since 

World War II, the industry traditionally has been 

characterized as an oligopoly with high concentration 

ratios in bauxite, alumina and aluminum. The oligopolistic 

structure was composed of six major integrated firms 

(Alcoa, Alcan, Reynolds, Kaiser, Pechiney and Alusuisse) 

that controlled most of the western-world's primary 

aluminum production. Moreover, concentration ratios in 

bauxite and alumina were high. 

Though the oligopolistic characteristic exists today, 

it has diminished in scope. Beginning in the 1960s, the 

majors' share of production has steadily declined. The six 

firms had 80 percent of the production in the 

industrialized countries in 1958 (Banks 1979, 71) which 

declined to 60 percent by 1977 and 43 percent in 1983: 

Market Shares of six Major M¥ltinational 
Aluminum Companies 

Year Bauxite Alumina Aluminum 
1969 78 84 
1977 58 65 60 
1983 45 62 43 

Similarly for bauxite, the market power of the six 

mUltinationals has declined from 78 percent in 1969 to 

percent in 1983. Only for alumina has concentration 

45 

1 Alcoa, Alcan, Kaiser, Reynolds, Pechiney and Alusuisse. 
Shares based on capacity. Data from World Bank (1986, p.107). 



58 

remained relatively high. 

The decrease in aluminum market share has been 

accompanied by a larger number of producers and an 

increased growth of state-owned or state controlled 

companies in such diverse countries as Germany, Austria, 

Italy, Spain, Norway, South Africa and Venezuela. In 1980, 

31 percent of primary capacity in the western world was 

under direct government influence either through state 

ownership or equity participation, versus 10 percent in 

1960 (OECD 1983, 99). The number of aluminum producers 

increased from 26 in 1960 to 71 in 1981. The decline in 

concentration of the six majors also implies that vertical 

integration between processing stages is weakening. 

2.7.2 Decline of vertical integration 

Historically, vertical integration has been the key 

structural element, prompted by the capital intensity and 

high economies of scale inherent to the refining and 

smelting processes. Although the various aluminum 

production stages are technologically and geographically 

distinct, they are often linked economically by vertical 

integration and, in addition, intermediate products are 

transferred from one stage to another through long-term 

contracts. 

Vernon (1971) suggests the scale economies have been 

the 'trump card' of the aluminum industry, explaining the 

existence of both horizontal and vertical integration. 

Integration ensured a stable supply of process inputs and 

end markets, thereby reducing investment risks. As the 

management of Harvey Aluminum summarized the industry in 
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1962: "A completely integrated operation is far more 

important in the aluminum industry than in most other 

industries. Both for competitive reasons and because of 

the basic need for reliable sources of supply, it is highly 

desirable to maintain control over all materials from the 

raw bauxite to the finished product. 111 The link between 

the industry's vertical integration and its performance has 

been well documented in existing studies (Brubaker 1967; 

Stuckey 1983). 

Stuckey (1983) estimated that in the late 1970s, 80 

percent of the bauxite went to refineries as intra

corporate transfers, 10 percent moved through long-term 

contracts, and only 10 percent moved as spot sales. Of 

alumina shipped to smelters, 85 percent went as intra

corporate transfers, with the remainder divided between 

long-term contracts and spot sales. 

The 1980s brought the decline of vertical integration 

with the fore-mentioned decline of market shares of the six 

major multinationals, smaller percentages of bauxite and 

alumina moving as intra-corporate transfers, and the 

introduction of aluminum ingot trading on commodity 

exchanges. The entrance of more producers coupled with the 

trading of ingot reduced the market power of individual 

producers and reduced supply risks previously avoidable 

only via vertical integration. 

Besides the increased number of firms in bauxite and 

aluminum, changes in alumina refining indicate the break-up 

lHarvey Aluminum, Inc., Annual Report 1962, p.2. Harvey 
was subsequently acquired by the Martin Marietta corporation. 
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of vertical integration, in particular with relation to 

aluminum smelting. In the 1980s, large excess refinery 

capacity occurred which reflected a loss of coordination 

between alumina supply and requirements. One multinational 

in particular, Reynolds Metals, began de-emphasizing 

integration by closing or selling upstream bauxite and 

refining operations (e.g., Arkansas and Jamaica) and 

concentrating on smelting and fabricated products. 

2.7.3 Electric power 

The price of electric power is the major determinant 

of the international competitiveness of smelters. Though 

alumina is the largest cost input in the smelter process, 

electric power, unlike alumina, is not transportable and 

its costs vary by geographic location. In 1984, the 

worldwide range in smelter power costs was 4.5 to 55 mills 

(1 mill equals 0.1 cent), or 3.5 to 43 cents per pound of 

aluminum (Peck 1988). The cost differentials reflect 

primarily the type of power generation: oil thermal 

generation, coal thermal generation, nuclear power, or 

hydropower. Each power source has a different level of 

costs, ranging roughly from 65 mills per kwh for oil to as 

low as 15 mills for hydropower (Peck 1988, 14). Thus the 

shifting of international smelting capacity can be largely 

explained by national differences in electricity prices. 

The dominance of power prices is demonstrated by Canada, a 

country increasing smelting capacity while relying totally 

on imported bauxite, and the opposite case of Brazil, a 

bauxite-rich country in which the development of aluminum 

smelting still depends on low-cost hydropower. 
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However, there are complications that affect the price 

of electricity. Large economies of scale in the 

construction of power facilities dictate a lumpiness in 

capacity increases. with new capacity, there is excess 

supply of power that can be sold to smelters at rates that 

need only make some contribution to fixed capital costs. 

And in the case of hydropower, operating costs may be only 

10 percent of total costs (Peck 1988, 14). A further 

complication is that growth of demand in a region may 

convert a power surplus into a shortage, making low rates 

to smelters an economic burden, thus converting a low-cost 

smelter into a high-cost one. Lastly, hydropower capacity 

varies with the flow of water, changing the demand-supply 

balance for power on an annual basis. 

Peck (1988, 15-16) suggests that the price of power 

can be analyzed in two different ways: (1) examining the 

bargaining between the power supplier and the aluminum 

producer to determine power rates or (2) applying welfare 

economics to determine the Pareto optimal rates. Some see 

the first approach as "positive" economics (what actually 

happens) and the second as "normative" economics (what 

rates should be). In any case, it is difficult to 

determine regional power rate comparisons. 

Because governments often are the power suppliers, the 

bargaining can include provisions for taxation, local 

financing, and government furnished infrastructure. Higher 

power prices can thus be offset by liberal arrangements in 

other areas. And the government power suppliers may have 

objectives beyond selling power such as promoting regional 

development or maintaining employment. It is also common 



for power prices to smelters to remain confidential. For 

these reasons, determining actual prices paid by smelters 

is often impossible. 
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The question arises as to whether shifts in location 

of aluminum capacity correspond to economic efficiency, 

given the importance of electricity prices, the bargaining 

that determines them, and the political concerns. This 

question is raised most recently by the OECD study (OECD 

1983, 88). The idea of power price distortion implies a 

norm, that of welfare economics, where prices should be 

Pareto optimal, reflecting the marginal social opportunity 

costs or, as determined in the present study, the cost of 

producing an incremental unit of electricity. certainly 

this is the appropriate measure for projected growth 

patterns for the industry, as in this research. 

2.7.4 Aluminum prices 

One manifestation of the changes in market structure 

has been the introduction of aluminum ingot trading on 

commodity exchanges. Metal has been traded on the London 

Metal Exchange (LME) since 1979 and the COMEX since 1984. 

Historically, primary aluminum was traded at prices 

established by the major North American producers, i.e., 

producer prices. The prices were changed relatively 

infrequently, in a gradual upward movement. Though some 

discounting occurred at times, the actual producer-realized 

prices closely paralleled list prices. since 1979, 

exchange prices have replaced the producer price system and 

by 1984 American producers had discontinued the publishing 

of list prices. 
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More industry competition and the associated 

structural change increased the relative volatility of spot 

prices. In an industry where many costs such as power and 

raw materials are set by long-term contracts, a risky 

environment was created for producers. Many producers are 

now beginning to negotiate electric power contracts that 

tie the price of electricity to the commodity price of 

aluminum (Peck 1988, 22). The LME prices have been shown 

to be representative of producers' marginal costs, at least 

during the early 1980s when the price fell dramatically 

(Hodson 1986, 204). 

2.8 Dynamics to 2010 

The foregoing discussion has touched on possible 

trends that may affect the structure of the aluminum 

industry during the time period of this study. 

Alumina refining capacity will continue relocating to 

sources of bauxite due to savings in transport costs and 

the benefits to source countries of exporting value-added 

products. Since bauxite is a differentiated product that 

requires specific processing facilities, long-term 

contracts and vertical integration with bauxite may 

continue. The break in vertical integration of the mining 

and refining processes with the downstream operations of 

smelting and fabricating will continue. 

Smelter capacity will continue to relocate in those 

areas where the lowest-cost power is available, and these 

may reduce to areas with an absolute advantage in power as 

countries begin to reduce subsidies to electric power. 

Additionally, competition among countries for smelters may 



64 

have driven the price of electric power below its long-run 

marginal opportunity costs. Peck (1988, 27) relates that 

this may have happened in Brazil. In 1990, Brazil in fact 

increased power costs to smelters to 40 mills per kwh, one 

of the highest cost smelter power rates in the world (USBM 

1992) • 

The industry will continue focussing on profitability 

and expansion. with less demand growth, profits remain 

obtainable through cost minimization, even though real 

prices fall and price volatility increases. More concern 

will be protection from the market instabilities that 

appear endemic ~o today's world. In particular producers 

will continue tying electric power rates to the price of 

aluminum, a means of putting pressure on power suppliers 

and not necessarily a sign of non-competitive strategies. 

On the contrary, trade distortions will be pressured for 

removal in line with the present concerns for fair trade as 

seen with farm subsidies in the latest round of GATT talks. 

These trends will enhance the competitive nature of 

the industry. 
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CHAPTER 3 

METHODOLOGY AND THEORETICAL FRAMEWORK 

As the global aluminum market becomes more competitive 

and less orderly, uncertainty in the form of greater price 

volatility increases with the relaxation of industrial 

policies. For investment decision-making, the introduction 

of expectations requires a more structured model of 

aluminum markets, one that can account for these global 

market forces. 

The modeling attempt here draws heavily on recent 

developments in economic theory concerning optimal, 

intertemporal decision-making under conditions of 

uncertainty, in particular, the discussion of investment 

decisions by Lucas and Prescott (1971). The model 

mechanics follow Takayama and Judges's (1964a,b,c and 1971) 

net quasi-welfare formulation where supply and demandl 

equations are linear, and the solution follows a quadratic 

optimization. The demand structure loosely follows Newcomb 

and Reynolds (1986), while the regional cost structure 

emulates the technique of Krutilla (1952) where the costs 

of each region are determined by a "representative firm.,,2 

lThe demand equations are better def ined as revenue 
equations since they are formulated using producer costs (see 
below and section 4.3). 

2 Krutilla, John V. (1952) "The structure of costs and 
regional advantages in primary aluminum production," Harvard 
University, Ph.D. Thesis. In Krutilla's study of aluminum in 
the Northwest and South of the U.S., he prepares hypothetical 
regional costs of refining by determining the costs of a 
representative refining firm in each of the two regions. This 
approach differs from the "representative firm" described by 
Alfred Marshall's Principle of Economics (1948) in that it 
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For an intertemporal equilibrium, the methodology draws on 

Sargent's (1987) rational expectations technique in 

addition to the aforementioned mechanics of Takayama and 

Judge (ibid.). 

This chapter develops the methodology and discusses 

key theoretical underpinnings. A statement of the global 

aluminum market and its optimal properties is given in the 

next chapter. 

3.1 Methodology 

The investment model here is formulated as an 

intertemporal welfare maximization problem under conditions 

of uncertainty. Using a competitive market approach, firms 

are considered as taking current and future prices as 

given, for both the input and product markets (i.e., 

rational expectations). No regional firm acts as if its 

current output or investment decisions will affect current 

or future prices. with the assuming away of trade 

distortions, the resultant base model predicts future 

investment, production and price trends as if all regional 

firms are able to trade according to the principles of 

absolute advantage. 

On the supply side, the model determines optimal 

interregional flows of bauxite from 14 mining regions to 12 

alumina refining regions, subsequent flows of alumina to 7 

aluminum smelting regions, and final flows of aluminum to 5 

relies on pseudo-data using engineering estimates of 
production inputs and then adjustments made for local 
regulations, transportation costs and input prices, i.e., it 
is a constructed efficient aggregate rather than an observed 
behavior. 



demand regions. All flows are subject to constraints on 

plant capacities and technical processes. In all 

production processes, fixed production proportions are 

assumed for efficiently sized plants. Investment capital 

then imposes a limit for each region in any given period. 
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The intertemporal demands for aluminum control the 

rate of investment with competitive equilibrium assumed. 

Market clearing efficiency dictates that aluminum supply 

must meet aluminum demand in all regions for all time 

periods although the fiction of a single regional firm is 

assumed. In turn, the demand for aluminum governs the 

upstream product demands for bauxite and alumina. Regional 

aluminum demands are defined by linear, revenue equations 

that are calculated as a function of long-run average costs 

and demand elasticities. 1 

Each producer faces an aggregated revenue function that is 

a summation of the individual equations. 

Here, dynamic elements of the industry are captured 

through lags in adjustment of smelting capacity. 

Adjustment costs act to restrict the number of plants that 

can be added in a single period. The technique mirrors 

1 More typically, future levels of demand are defined by 
inverse demand relations that are estimated as functions of 
GNP, prices of aluminum and prices of substitutes (see e.g. 
Kennedy 1976). Here, the lack of definitive demand 
elasticities, the dependency of aluminum demand on that of 
the final product demand, and model specification biased such 
regression-based attempts. Since a supply variable (LRAC) is 
used to approximate a satiation price, the resultant linear 
relation cannot be described as a demand function. Therefore 
the term inverse revenue relation is applied. However, the 
term demand relation is retained often so the reader may 
follow the more typical formulation. Appendix 1 explains the 
choice of demand elasticities. 



industry practice as plant gestation takes time, and 

capacity goods are specialized, making investment 

irreversible except by depreciation. 

3.2 Investment uncertainty and rational expectations 
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Determination of inter-temporal investment patterns 

first requires a means of evaluating investments, i.e., an 

analysis of incremental cash flows. In the case of 

aluminum, those cash flows from new investments can be 

highly uncertain. Raw materials costs are cyclical and 

stochastic due to trade distortions such as tariffs and 

levies, exchange rate fluctuations and at times political 

events. Revenues also are volatile due to the cyclical and 

stochastic nature of aluminum demands and prices. These 

uncertainties and the imperfectly adjustable and 

irreversible capacity investments prescribe the cash flow 

methodology followed here. 

The methodology quantifies the industry cost structure 

such that uncertainties relating to costs may be addressed 

by the firm through sensitivity analyses and "what if" 

scenarios. Much uncertainty for revenues originates from 

aluminum price fluctuations. Typically, the firm addresses 

this volatility by forecasting output prices from 

postulated rules, which then generate some pattern of 

investment behavior. This in turn generates an actual 

price series. 1 Here, the intertemporal problem with 

ITypically the postulated rule makes anticipated prices 
a function of past prices, i.e. "adaptive expectations," 
without calculating the option price of opportunities to 
delay investments. 



uncertainty is formulated (following Lucas and Prescott 

1971) by applying "rational expectations" theory to the 

physical and market uncertainties of investment. 
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Rational expectations requires that the subjective 

distribution over future prices held by each producer 

coincides with the true distribution that emerges from the 

model. It does not require that the actual price in each 

period equals the mean forecast price. Rather, the 

imperfect forecasts are as good as they can be, given the 

intrinsic uncertainty involved. For the aluminum investors 

here it is assumed that all regional demand curves are 

known, and the demand shift parameters that introduce 

demand growth are known through time. Thus all investors 

face identical, rationally expected demands from which 

aluminum prices and investment patterns emerge.! 

3.3 Investment decisions 

consider the ith firm in a competitive industry where 

productive capacity (kit) and output (Yit) are related by 

the production relation 0 ~ Yit ~ kit , and physical plant 

(i.e. capacity) depreciates at an annual rate (0), 0<0<1 • 

Then kito is the investment rate that just maintains the 

productive capacity kit (see table 3.1 for investment model 

notation). Following Lucas and Prescott (1971, 660) and 

Newcomb et al. (1989, 272), the firm can relate capacity 

and physical investment (zit) over time by the difference 

!Taking this methodology one step further, the stochastic 
nature of demand (see Newcomb and Reynolds 1986) could be 
introduced with the derived investment patterns to obtain 
expected price fluctuations from which firm profits could be 
determined. 



Table 3.1 Notation of investment theory 

ki~ accumulated capacity in smelter region i at time t 

Yi~ aluminum production in smelter region i at time t 

Xij~ aluminum shipments from region i to j at time t 

qjt aluminum consumed in demand region j at t 

Zit annual tons of investment capacity in region i at t 

PZit unit investment cost in region i at t 

Ii~ investment cost at time t 

Pjt price of aluminum ingot in demand region j at t 

r real interest rate per period, r~O 

o depreciation rate of investment capital, where O~o~l 

B cash flow discount factor, where B=(l/(l+r)) 

as aluminum investment adjustment cost parameter 

bjf~ 

ajf~ 

€j 

Cit 

aluminum demand slope value for growth f in j 

aluminum demand satiation price for f in j at 

demand price elasticity for aluminum in region 

aluminum smelting unit costs in region i at t 

at 

t 

j 

aluminum unit shipping cost from region i to j 

t 

at t 
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equation 

(3.1) 

In maintaining the necessary concavity conditions of the 

total cost function, investment costs (Iit) are defined by 

the quadratic relation 

(3.2) 

where pZ is the unit investment cost (in SUS per ton) and d 

is an adjustment cost parameter. The non-linear term 

d/2*zit2 describes a "constant rise in adjustment costs." 

For discussions of adjustment costs, see Lucas (1967b) and 

Mussa (1974). 

Now the net present value (NPV) of the ith firm, given 

the price of aluminum Pt' a discrete time discount factor 

(B) where B = l/(l+r), and the cost of capital (r) where 

r~O, is 

To obtain the pattern of industry investment through time, 

it is assumed that the objective of all firms is to 

maximize their net expected value (V) with respect to an 

investment-output policy, given an anticipated demand-price 

sequence and production costs. 

3.4 Net quasi-welfare optimization 

Introducing aluminum unit costs (cit) and shipping 

(sijt) cost schedules, the objective function is formulated 

where the industry's "net quasi-welfare" is maximized over 
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a discrete time period T 1: 

T t 
MAX W = I: B l:.I:(p'tq't - CitYit - SijtXijt - Iit). (3.3) 

(q,k,x,y,z) t=l ij J J 

Net quasi-welfare is defined as the sum of consumer's and 

producer's surplus. Here, producer surplus is determined 

from revenues net the full cost of mining, refining, 

smelting, transportation, trade and investment. An optimal 

. * * * * * solution is determined by choosl.ng q , k , x , y and z to 

maximize W subject to the Kuhn-Tucker necessary and 

sufficient conditions. 

The intuitiveness of the objective is illustrated in 

figure 3.1. The figure diagrams an equilibrium e for a 

simple two region supply and aggregate demand market. The 

maximand W of the quadratic objective above is the sum of 

the consumer's surplus (area A) plus the producer's surplus 

(area B). The quantity is maximized at ql, the competitive 

equilibrium. 2 

The objective W is maximized subject to the Kuhn

Tucker first-order conditions, i.e., constraints on 

(i) consumption 

'i?x ijt 
~ 

:?! qjt' for all j and t, 

(ii) production 

Yit :?! I:x, 't' , ~J 
J 

for all i and t, and 

(3.4) 

(3.5) 

1Maximizing "net quasi-welfare" follows the formulation 
of Takayama and Judge (1971). 

2Further elaboration on multi-commodity equilibrium 
problems in a programming framework l.S provided in the 
comprehensive discussions of Takayama and Judge (1971). 
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Figure 3.1 Net quasi-welfare optimization 
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(iii) capacity 

kit ~ Yit' for all i and t. 

And investment dynamics are introduced through the 

investment-capacity constraint or relation 3.1 above, 

(iv) investment 

kit ~ Zi,t-l + (l-S)ki,t-l' 
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(3.6) 

(3.7) 

An optimal solution requires that the marginal returns 

to capacity are equivalent for welfare and profit 

maximization, i.e., the competitive equilibrium is Pareto 

Optimal and the Pareto optimal equilibrium is competitive, 

in inter-regional multi-market trade (cf. Samuelson 1952; 

Newcomb and Reynolds 1986). Here, assuming a competitive 

market, the equivalence holds with uncertain demands when 

producers exhibit rational expectations over future output 

prices (cf. Lucas and Prescott 1971). 

3.5 Investment costs 

Engineers, accountants and economists have 

historically employed different concepts of costs. The 

engineer was concerned with the actual costs of production 

inputs such as labor and materials necessary to construct 

or operate a plant. The financial accountant was most 

concerned with the consistent bookkeeping for costs in 

preparation of annual income statements and balance sheets 

with particular interest given to requirements of tax and 

shareholder reporting. The economist considered costs as 

resource and factor input payments necessary to maintain 

efficient levels of production. Managers concerned with 



profits as reported on the income statement grouped costs 

as operational or investment, an approach consistent with 

that of accountants. 
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Today's managers and economists employ restricted 

profit functions in both short-run and long-run situations. 

For investment costs in particular, economists are 

challenged with reconciling the accountants' rules to that 

of the long-run (equilibrium) marginal cost minimization or 

NPV maximization. A less demanding but further 

complication results from accountants' depreciation of the 

capital costs of a project throughout the accounting life 

as determined by tax laws rather than either the remaining 

present value of the assets or the actual engineering life 

and obsolescence return of the investment of a project. 

Once the investment decision is made, the capital costs 

(now sunk) are transformed into depreciation flows 

representing return of the investment on the income 

statement to distinguish it from return on investment. 

Depreciation flows are halted only if the production unit 

is permanently "scrapped" after which the remaining book 

value (less any scrap value) of the unit is taken as a 

capital loss on the income statement. Accounting 

investment costs therefore become annualized flows, 

independent of the level of output, as long as that 

production unit is operating. When the economist takes a 

unit cost approach where investment costs are not 

"annualized," i.e., averaged over the annual or levelized 

annual output and thus vary on a per unit basis with the 

level of annual output, a composite approach must be taken 
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to investment costs. 1 

For alumina refineries, investments here are unit

costed. Because refineries are very inefficient outside a 

narrow output level near capacity, their unit operational 

costs rise sharply if production varies from the optimum 

level. with plant output levels assumed nearly constant, 

the economists' average cost will be nearly constant and 

thus in zero growth or steady-state assessments approximate 

the economists' marginal cost. Then with simulated 

constant returns the sum of the economist's per unit 

investment costs will in growth assessments assuming 

irreversibilities approximate the accountant's annualized 

payments in all time periods. Here, given the assumptions 

ease of modeling, the economist's unitized method chosen is 

close to the accounting conventions. For mines, although 

output can vary somewhat on an annual basis, the investment 

costs are small enough relatively to permit treatment on a 

per unit basis also. 

Smelter investment costs, however, are annualized due 

to their large magnitude and the variable output of each 

plant. Investment accounts for 16 percent of total ingot 

costs. Plant output may be varied by starting or stopping 

individual pot lines (approximately 115 thousand mt in the 

newest smelters). For aluminum, investment enters the cost 

function as annual payments invariant with output, i.e. the 

accounting method. The annual capital costs plus 

1 The necessary and sufficient conditions for accounting 
average return on investment to be equivalent to the 
economists, internal rate of return is addressed by Franks, 
Boyles and Earlton (1985, 83-84). 



77 

depreciation for the return on and of initial investment in 

each smelter including the two years necessary to build the 

plant are calculated to amortize gross investment over the 

20 year accounting life of each plant. 

3.6 Trade distortions and competitive equilibrium 

Most world trade today is based on the theory of 

"comparative advantage" which provides that each country 

has symmetric market access (full exchange) to specialize 

in and produce goods for which it enjoys a relative 

advantage over its trading partners, irrespective of any 

"absolute advantages" that may exist in production of a 

good. In the case of aluminum for example, comparative 

advantage suggests that even a country having an absolute 

advantage in smelting due to low-cost electrical power, may 

achieve welfare gains by importing aluminum and producing 

other products with its power resources. 

The major premises underlying the theory of 

comparative advantage are that of free trade and 

homogeneity of products and resources (cf. Hogendorn and 

Brown 1979, chap.10i Salvatore 1983, chap.2). Here, 

concern is with the former free-trade premise and the 

particular trade distortions within the aluminum industry. 

Distortions can not only alter trade under comparative 

advantage but also under absolute advantage. Since 

determination of the existence of comparative advantages 

requires, at minimum, a comprehensive analysis of the 

domestic economies of each producer country, the present 

study is based on the more readily quantifiable criteria of 

absolute advantage. 
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3.6.1 Resource subsidies 

Two categories of subsidies are defined by united 

states trade laws: (1) export subsidies, and (2) domestic 

subsidies. 1 Though export subsidies are considered by 

most u.s. industries to be the more harmful, both are 

permitted under the General Agreement on Trade and Tariffs 

(GATT) and domestic subsidies are the most prevalent in the 

case of aluminum. Domestic subsidies are defined as those 

given to help a company's (country's) internal operations 

without regard to the ultimate destination of a product or 

without any export-related performance requirement. Many 

forms of this subsidy can be employed by governments to 

support the domestic resource industry, e.g., liberal tax 

treatment, low cost capital loans, construction of 

transportation facilities, barter arrangements, favorable 

monetary exchange controls, government export corporations 

and low cost inputs to production. Whatever the methods, 

all subsidies affect existing producers by increasing world 

supply irrespective of international demand and thereby 

distorting the efficiency of comparative advantages. And 

when combined with asymmetric market access or dumping they 

produce "beggar thy neighbor" results. 

Figure 3.2 illustrates the affects of resource 

subsidies on a competitive equilibrium. Without subsidies 

the two-region, free-trade model has an equilibrium output 

e. with a production subsidy of the amount s, the new 

equilibrium occurs at g. The net social loss is the area efg. 

ISee Bello and Holmer (1984) for a discussion of 
subsidies and u.s. trade laws. 



Figure 3.2 Effects of resource subsidies on 
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In the aluminum industry and the smelting stage in 

particular, the most prevalent and distorting subsidies are 

those to capital and electric power, and, though less 

common, those given directly as export subsidies. 

subsidies to capital or power are difficult to quantify. 

In the case of capital, smelters are typically financed 

through a comprehensive package involving capital from 

mUltinational firms, host country contributions, and 

international development agencies. Subsidies occur most 

often from public guarantees to private loans that reduce 

lender risk and therefore, indirectly, interest rates, or 

from direct public loans at lower-than-market rates. In 

either case, quantifying a subsidy requires the calculation 

of· a market interest rate that includes project risk for 

that financing from sources other than the corporation's 

internal funds. 

In the following cost module, resource subsidies are 

eliminated by adjusting factor input prices to reflect 

traded prices. since electric power subsidies most affect 

the location of new capacity, adjustments here are limited 

to electric power. 

3.6.2 Exchange rate fluctuations 

Exchange rate fluctuations can, in the short run where 

disequilibrium exists, affect both the demand and supply 

side of aluminum. For demand, fluctuations can affect the 

quantity of aluminum demanded in each region by shifting 

the regional demand function for aluminum, and through 

movements along the demand curve. The magnitude and 

direction of demand shifts depends on the income effects of 
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reevaluation. Movements along the demand curve can occur 

by relative price differentials in aluminum substitutes 

that accrue when sUbstitutes are both locally produced and 

imported. Assuming that fluctuations represent a temporary 

disequilibrium, longer-term sUbstitution effects are 

unlikely. 

On the supply side, an artificial lowering of a 

domestic exchange rate, i.e. a devaluation of the local 

currency, makes those non-traded goods such as labor 

relatively cheaper thus lowering production costs. Figure 

3.3 illustrates the effects of a local currency devaluation 

on the supply curve and NSP, where an artificial 

devaluation of the Brazilian Cruzado lowers the supply 

function from Sbl to Sb2, causing a net social loss of area 

efg. In the present supply-orientated study, only the 

supply side effects of exchange rate fluctuations are 

considered. 

3.6.3 Royalties, levies and tariffs 

The distortion effects of tariffs and levies on a 

competitive short-run equilibrium are straightforward here 

as there are assumed no secondary demand effects or 

alterations in the terms-of-trade. Protective tariffs on 

imported products such as alumina and aluminum act as 

protection for domestic producers by artificially raising 

the prices of competing foreign producers, with the tariff 

revenues generally an important source of government 

funding. Figure 3.4 illustrates the introduction of a 

European protective tariff(t). The tariff increases 

domestic output and decreases imports. Foreign production 
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Figure 3.3 Effects of local currency devaluation on supply 
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Figure 3.4 Effects of European protective tariff on NSP 
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is reduced and there is a net NSP loss in both European and 

World markets. The tariffs can create long-term efficiency 

effects as new investment reflects the distorted 

equilibrium. 

Levies or export tariffs have been imposed typically 

with the purpose to increase revenues from exhaustible 

resources. They are imposed under the assumption that the 

domestic industry will not be significantly affected in a 

negative way, and without regard for the net global social 

loss (see figure 3.5). 

In the aluminum industry, governments of some lesser

developed countries such as those in the Caribbean and 

Africa have assessed levies to bauxite exports and promoted 

formation of the International Bauxite Association (IBA).! 

3.7 Solution techniques 

For quadratic optimization problems concerned with 

determining production, investment and price paths, the two 

solution techniques are optimal control and dynamic 

programming. Here the solution technique follows Bellman's 

(1957) dynamic programming approach, where the paths are 

optimized over all time periods according to the principle 

of optimality (see chapter one). The ability of dynamic 

programming to model the disaggregated regional supply 

functions here at a micro level makes it the best solution 

technique. 

! Further discussions of the IBA and pr1c1ng effects of 
levies are given in Holloway (1988) and pindyck (1977). 



Figure 3.5 Effects of bauxite levies on NSP 
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CHAPTER 4 

MATHEMATICAL FORMULATION OF THE ALUMINUM INDUSTRY 

This chapter defines the spatial and temporal 

equilibrium for aluminum markets using a period-dynamic, 

concave programming approach. First the demand module is 

developed, followed by the variable cost, investment and 

trade components. The chapter continues with the necessary 

conditions for an equilibrium and concludes with a note on 

the GAMS programming language. 

4.1 Aluminum industry sources and sinks 

An explicit description of the economics of regional 

markets, and how they are combined to generate efficient 

global equilibrium quantities supplied and demanded can be 
I 

simply formulated algebraically. The notation is described 

in appendix 2 and the model is detailed in appendix 3. 

Following equations 3.2 to 3.7, the objective function 

for the global industry can be written as 

(4.1) 

where ITt denotes aluminum revenues, It is aluminum 

investment costs, and ~St represents industry total unit 

costs including production, trade, shipping, and the 

unitized capital costs of investment for bauxite and 

alumina. The maximization is subject to constraints on 

material flows, production capacities and investment for 

bauxite, alumina and aluminum. The model output consists 

of production y, shipment x, capacity k and investment z 
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vectors for each of the commodities. 

4.2 Aluminum revenue schedules 

Total aluminum revenues are nft = jPdjft qjt' where 

aluminum prices (pdjft> in the consuming regions are defined 

by linear, inverse revenue functions, 

The subscript f designates a particular path of demand 

growth. Demand is shifted intertemporally by the gradient 

values, b jft , and the intercept values, ajft. 

The regional revenue functions are defined and 

validated for two rates of straight-line growth: a 

relatively high rate (WB) based on the World Bank's "base" 

case consumption for the year 2000 and extrapolated to 

2010, and a low rate (RG) extrapolated from a regression 

analysis of actual consumption (1967 to 1989 data). For 

both rates of growth, first the slope parameters are 

calculated followed by the intercept values. Historical 

world and regional consumption with the two predicted 

target demands are provided in figures 4.1 - 4.6 • 

The gradient or slope values are determined from 

where (Gjf)t+l is the geometric growth factor. The factor 

is determined by first calculating bjEt=l and b jft=30 using 

qinitj and qj for the year 2010 respectively. Then Gjf is 

defined as 
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Figure 4.2 
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Figure 4.3 
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Figure 4.4 EUR Aluminum Consumption, Actual and. Targeted (1955-2000) 
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Figure 4.5 PB Aluminum Consumptiqn, Actual and Targeted (1955-2000). 
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Figure 4.6 AF Aluminum Consumption, Actual and Targeted (1955-2000) 

AF ALUMINUM CONSUMPTION 
600,r------------------------------------------------------------------------------~ 

500 

en 
400 Z a 

I-
() 

a: 
I-w 
~ 300 
u.. 
0 
en 
Q 
z « en 200 ::> 
a 
I 
I-

100 

01~-4~~~~~----~--~----~--~----~--~--~~ 
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 

YEAR 
D Historic + Worldbank Predicted 0 Regression(1967 -89) \0 

W 



94 

since the model begins with the year 1982 (t=2) but qinitj 

is referenced to 1980, the growth factor is adjusted to the 

power of t+2. 

The satiation prices or intercept values are 

calculated 

where the term [(ajf)t (a'jf)t j dictates intertemporal 

change. The arithmetic component (ajf) and the geometric 

growth component (a'jf) are chosen such that model

determined, regional consumption mirrors predicted 

consumption for both high-growth (WB) and low-growth (RG) 

scenarios. The price-elasticities (€j) and other revenue 

parameter data are given in appendix 4. 

4.3 Industry supply schedules 

The industry supply schedule includes costs of 

production, trade, shipping and investment for the three 

commodities. Supply costs are dissected to a level such 

that individual production inputs as well as processes can 

be modified through 'what if' scenarios to analyze 

technical innovations, changes in input prices, exchange 

rate fluctuations and other trade distortions. The level 

of cost break-down for each of the mining, refining and 

smelting processes is determined by the contribution of 

each factor component to the total cost. 



Bauxite mining costs are initially placed in six 

categories: l 

Production Cost Percent of Percent of 
Factor ($ per mt) BX Cost Ingot Cost 

Labor $ 3.6 13 ~ 
0 0.6 ~ 0 

Fuels 3.2 11 0.5 
Materials 3.5 13 0.6 
Inland Trans 3.70 13 0.6 
Levies 9.90 35 1.7 
ca~ital 4.20 15 0.7 
To als $28.10 100 ~ 4.7 ~ . 0 0 

Bauxite accounts for 4.7 percent of aluminum ingot costs. 

As previously discussed, for the net present valuation, 

investment or capital costs are not annualized, but 

unitized and treated as variable production costs to 

approximate return of and on capital as a function of use. 

As noted they are a relatively small 0.7 percent of ingot 

costs. 
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To reduce modeling requirements, for bauxite the 

conventional variable costs of labor, fuels and materials 

are combined into operating costs which then constitute 37 

percent of bauxite costs or 1.7 percent of ingot costs. 

Total unit mining cost components thus become operating, 

lanatrans and capital. 2 with their consolidation as unit 

costs, operating costs are constructed as weighted averages 

of the corresponding input mixes. 

loata are for Guinean bauxite, calculated from World Bank 
figures (Brown et. aI, 1983), assuming that the bauxite is 
refined and smelted in the Eastern US with an ingot cost of 
$2240 per ton and 3.74 mt of bauxite per mt of ingot. 

2 The cost category of lanatrans includes only those 
overland bauxite transportation costs from the mine to the 
refinery or ocean port. 
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Alumina refining costs are similarly broken down into 

cost areas: l 

Production cost Percent of Percent of 
Factor ($ per mt) Alumina Cost Ingot Cost 

Bauxite $ 62 18 9., 
0 4.7 9., 

0 

BX Transport 32 9 2.4 
Caustic Soda 20 6 1.5 
Lime 4 1 0.3 
Energy 64 18 4.9 
Labor 22 6 1.7 
Other 30 8 2.3 
Tariffs 0 0 0.0 
Capital 119 34 9.0 
Totals $353 100 9., 26.8 9., . 0 0 

Alumina accounts for 26.8 percent of ingot costs, with the 

significant costs being bauxite and capital. For modeling, 

the variable inputs for alumina are designated as above: 

caustic-s, lime, energy, labor, other and capital. 

Capital, as discussed for bauxite, is considered unitized 

to approximate return on and of investment for efficiency 

of modeling. Bauxite is a variable input to production 

but, as an intermediate product, it is excluded from the 

vector of alumina inputs. Similarly, tariffs and bx 

trans port ( i. e. ocean II shipping" ) costs are modeled 

separately, as discussed below. 

lNote that the process is American Bayer and 2.2 mt of 
Guinean bauxite is required for 1.0 mt of alumina. All costs 
are calculated in mt of alumina. 



The major aluminum smelting costs can be 

partitioned: l 

Production Cost Percent of 
Factor ($ per mt) Ingot Cost 

Alumina $ 600 26.8 % 
Elect Pwr 630 28.1 
Labor 95 4.2 
Thermal-E 33 1.5 
Coke 252 11. 3 
Fluorides 25 1.1 
pitch 25 1.1 
Other 220 9.8 
Tariffs 0 0.0 
ca~ital 360 16.1 
To als $2,240 100.0 % 

97 

. 
The highest cost smelting inputs, besides alumina, are 

electric power, coke and capital. Of these, only electric 

power varies significantly among locations and, as shown 

later, demands special cost modeling. Similar to the 

refining process, alumina, tariffs and capital are excluded 

from the variable cost vector which is thus composed of 

labor, thermal-e, coke, fluorides, pitch and other. 

Mathematical development of the supply module begins 

with total production and trade costs, followed by shipping 

and investment costs. In equation 4.1, the production, 

trade and shipping costs are combined to ~St' due to the 

embedded nature of trade costs in both production and 

shipping. For the initial bauxite component below, these 

costs will be separated and introduction of trade 

distortions will be detailed. 

lcosts in mt of aluminum, where 1.7 mt of alumina are 
required for 1.0 mt of ingot. Costs are from Brown et. al 
(1983, p.40). 
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4.3.1 Bauxite costs 

Bauxite costs include costs from the mining process 

through delivery to the refinery. Development of the cost 

equation begins with variable costs followed by addition of 

the exchange rate price adjustor, trade distortions and 

shipping costs. 

4.3.1.1 Unit production costs 

Total unit bauxite mining costs for all regions in 

time t (unit average costs are time independent) are 

defined by 

~ ~ ~ wn ...m .. .m where g v me g,v,me J;J g,v,me ¥ gvt' 

wng,v,me is the unit quantity of each me factor input 

required by the production function to mine one mt of 

bauxite. The unit factor prices are given by pn and g,v,me 

the tons of bauxite mined are Y"gvt. 

The unit regional cost data are chosen to define the 

'representative' bauxite mine for each of the 12 mining 

regions. Each region has unique prices and quantities of 

production inputs (see table 4.1). Note that regional 

costs for refining and smelting below are also based on a 

'representative' process for each region. 

4.3.1.2 Exchange rate price adjustor 

To account for exchange rate fluctuations in the 

bauxite unit cost equation, factor prices are multiplied by 

an exchange rate price adjustor 

~ ~ ~ wn pn erfm Y" g v me g,v,me g,v,me g,me gvt· (4.2) 
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Table 4.1 Bauxite unit production costs in SUS per rot 

INLAND 
AVC CAPTL TRANS TOTAL 

JAMAICA-T 11.00 4.20 0.20 15.40 
JAMAICA-M 11.00 4.20 0.20 15.40 
GUYANA 12.60 5.80 2.80 21.20 
SURINAM 11. 00 4.20 5.70 20.90 
BRAZIL 12.60 5.80 4.80 23.20 
VENEZUELA 11.80 5.10 5.20 22.10 
GREECE 15.40 5.80 8.00 29.20 
AUSTRAL-N 10.20 4.20 1.20 15.60 
AUSTRAL-W 10.20 4.20 0.90 15.30 
INDONESIA 8.10 4.20 4.00 16.30 
GHANA 10.90 5.10 2.50 17.50 
GUINEA-T 10.30 4.20 3.70 18.20 
GUINEA-M 10.30 4.20 3.70 18.20 
CAMEROON 10.30 4.80 18.00 33.10 

Source: Brown et al. (1983) 



The adjustor, er~g,mc' is defined by 

ntfmg,mc= (0,1), ie. 0 for traded inputs and 1 for non

traded inputs, and e~g is the exchange rate adjustor. 
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The er adjustor contains, for each country, the 

percent change in foreign currency valuation with respect 

to the $US. For example, an adjustor of -0.20 indicates a 

20 percent devaluation of the foreign currency with respect 

to the US$. Conversely, a positive 0.20 adjustor indicates 

a 20 percent revaluation of the foreign currency or a 20 

percent devaluation of the US$. For the base year (1980), 

er= 0.00 for all countries. The adjustor is exogenous and 

time independent so the effects of once only changes in 

exchange rates are modeled. The non-traded and traded 

portion of costs for the industry are listed in table 4.2 . 

4.3.1.3 Trade distortions 

The trade costs of supplying bauxite to the refinery 

include levies on bauxite mined in region g, levymg' and 

tariffs on bauxite imported to refinery region h, tarifm
h • 

Levies are treated as unit production costs and tariffs are 

applied as unit shipping costs. The total trade costs for 

time tare 

(4.3) 

where xmghvt represents shipments of v-type bauxite from 

mining region g to refining region h. Table 4.3 contains 

the industry trade data. 
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Table 4.2 Exchange rate data: non-traded portion of costs 

Non-Traded Proportion of Bauxite Cost 

JAMAICA-T 
JAMAICA-M 
GUYANA 
SURINAM 
BRAZIL 
VENEZUELA 
GREECE 
AUSTRAL-N 
AUSTRAL-W 
INDONESIA 
GHANA 
GUINEA-T 
GUINEA-M 
CAMEROON 

AVC 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

CAPTL 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

Non-Traded Proportion of Refinery Costs 

CAUSTIC-S LIME ENERGY 
CAPITAL 

USA. T-AB 0 0 0 
USA. M-MAB 0 0 0 
CANADA. T-AB 0 0 0 
CANADA. M-MAB 0 0 0 
JAMAICA. T-AB 0 0 0 
JAMAICA. M-MAB 0 0 0 
GUYANA. T-AB 0 0 0 
SURINAM. T-AB 0 0 0 
BRAZIL. T-AB 0 0 0 
VENEZUELA. T-AB 0 0 0 
EUROPE. MN-EB 0 0 0 
EUROPE. T-AB 0 0 0 
EUROPE. M-MAB 0 0 0 
AUSTRAL-N. M-MAB 0 0 0 
AUSTRAL-W. T-AB 0 0 0 
GUINEA. T-AB 0 0 0 
GUINEA. M-MAB 0 0 0 
GHANA. T-AB 0 0 0 

Non-Traded Proportion of Smelter Costs 

NA-W US-E CAN-E LA EUR 
LABOR 1 1 1 1 1 
THERHAL-E 0 0 0 0 0 
COKE 0 0 0 0 0 
FLUORIDES 0 0 0 0 0 
PITCH 0 0 0 0 0 
OTHER 1 1 1 1 1 

Source: Brown et al. (1983) 

LABOR OTHER 

1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
1 1 0 

PB AF 
1 1 
0 0 
0 0 
0 0 
0 0 
1 1 
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Table 4.3 Aluminum industry tariffs and levies (1980) 

Bauxite Levies ($ per mt of exports from mining region g) 

country 

JAMAICA-T 
GUYANA 
GHANA 
GUINEA-M 

Bauxite Tariffs 

country 

JAMAICA 
SURINAM 
GUINEA 

Levy 

10.00 
21.20 
2.50 
9.90 

($ per mt 

Tariff 

12.00 
5.00 

35.00 

of 

country 

JAMAICA-M 
INDONESIA 
GUINEA-T 

Levy 

10.00 
1.40 
9.90 

imports to mining region 

country Tariff 

GUYANA 15.00 
VENEZUELA 5.00 
GHANA 5.00 

g) 

Alumina Levies ($ per mt of exports from refinery region h) 

country 

SURINAM 
GUINEA 
GHANA 

LmlY 
19.275 
20.238 

4.819 

Alumina Tariffs ($ per mt of imports to smelter region i)l 

country 

LA 
EUR 
AF 

Tariff 

16.50 
18.48 

165.00 

Aluminum Tariffs ($ per mt of imports to demand region j)2 

Country 

LA 
EUR 
PB 

Tariff 

837.00 
130.00 
205.00 

~ Based on alumina price of ~330 per mt. 
Based on $1,860 per mt del1vered price of aluminum. 

Source: Brown et al. (1983) 
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4.3.1.3 Shipping costs 

Transport costs for bauxite, alumina and aluminum 

include local or intra-regional hauling, usually by land 

from mines to refineries, refineries to smelters or 

smelters to fabricators, and the inter-regional shipping, 

usually by ocean transport. The costs enter the industry 

supply function as unit variable costs: Smgh for bauxite, 

srhi for alumina and SSij for aluminum, where, for example, 

the bauxite unit shipping costs are from mining region g to 

smelting region h. 

For bauxite, the transport costs are incorporated in 

two ways. Overland or local transport from the mine to 

ocean port facilities is included as an input factor 

wmg,v,mc. Unit costs for ocean freight, smghv ' are 

calculated by multiplying the shipping rate per nautical 

mile per mt by the mileage between ocean ports and adding a 

fixed charge per mt. Two variable rates apply, depending 

whether the shipping ports are large or small. Table 4.4 

contains bauxite shipping costs. Total bauxite shipping 

costs are 

~g ~ ~v sm gh xn ghvt for time t. (4.4) 

Combining the costs of production, trade and shipping, 

i.e. relations 4.2, 4.3 and 4.4 total bauxite costs to the 

refiner at time t are ~mt, where 

~mt = ~ I: [(L (wm ...m erfm ) +levy ,1/l) Y,1/I g v mc g,v,mc J;J g,v,mc g,ma ¥ g ¥ gvt 

(4.5) 
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Table 4.4 Bauxite shippin9 costs from mining region g 
to refinery reg10n h (in $ per mt) 

USA CANADA JAMAICA GUYANA SURINAM BRAZIL 

JAMAICA-T 6.159 10.086 0.000 8.302 9.076 8.682 
JAMAICA-M 6.159 10.086 0.000 8.302 9.076 8.682 
GUYANA 12.154 14.577 8.302 0.000 4.274 6.726 
SURINAM 13.188 14.840 9.076 4.274 0.000 6.189 
BRAZIL 10.998 12.332 8.682 6.726 6.189 0.000 
VENEZUELA 8.211 9.846 6.147 5.008 5.826 6.433 
GREECE 24.848 18.458 21.086 19.167 18.868 18.904 
AUSTRAL-N 27.531 31. 830 28.198 41.725 40.548 29.708 
AUSTRAL-W 29.454 30.920 26.060 45.152 37.340 29.151 
INDONESIA 32.060 28.873 30.428 41.973 41. 674 30.742 
GHANA 16.978 19.225 14.984 18.512 19.329 13.750 
GUINEA-T 14.780 16.844 16.580 15.726 23.120 9.500 
GUINEA-M 14.780 16.844 16.580 15.726 23.120 9.500 
CAMEROON 25.089 28.923 26.281 21.939 30.644 18.714 

+ VENEZUELA EUROPE AUSTR-N AUSTR-W GHANA GUINEA 

JAMAICA-T 6.147 13.839 28.198 26.060 14.984 16.580 
JAMAICA-M 6.147 13.839 28.198 26.060 14.984 16.580 
GUYANA 5.008 18.249 41.725 45.152 18.512 15.726 
SURINAM 5.826 18.102 40.548 37.340 19.329 23.120 
BRAZIL 6.433 13.614 29.708 29.151 13.750 9.500 
VENEZUELA 0.000 13.654 27.834 28.333 12.982 10.820 
GREECE 19.329 12.201 33.016 28.732 15.945 20.600 
AUSTRAL-N 27.834 29.432 0.000 10.011 26.235 31.861 
AUSTRAL-W 28.333 26.780 10.011 0.000 21.198 22.700 
INDONESIA 29.624 22.933 8.300 8.300 22.376 24.860 
GHANA 12.982 12.207 26.235 21.198 0.000 5.986 
GUINEA-T 10.820 10.892 31. 861 22.700 7.230 0.000 
GUINEA-M 10.820 10.892 31.861 22.700 7.230 0.000 
CAMEROON 20.060 21.532 43.100 25.820 5.916 9.714 

* Fixed Cost = ~3.5 / mt * Var Cost = 0.0024 / mt / nautical mile - large ports 
* Var Cost = 0.0036 / mt / nautical mile - small ports 
* Small Ports: Linden, Paramarib, Douala, Itea, Freetown 

Source: Brown et ale (1983) 
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4.3.2 Alumina costs 

Total alumina costs include the cost of bauxite, 

value-added refinery costs and the trade and shipping costs 

to delivery alumina to the smelter. Similar to development 

of the bauxite costs of equation 4.5, total alumina costs 

to smelters at time tare 

(4.6) 

Data for refinery inputs and prices are found in table 

4.5 and shipping costs are in table 4.6. Exchange rate 

data and tariff and levy data were previously given in 

tables 4.2 and 4.3 respectively. 

4.3.3 Aluminum costs 

The cost of supplying aluminum to j consuming regions 

include alumina costs, production costs and the costs of 

trade and shipping. Total aluminum (i.e. industry) costs 

to demand regions at time tare 

(4.7) 

where avcPwri,pa = peleci,pa pwrtechi pwrinpt. There are no 

quasi-fixed investment costs for smelters in ~St Smelter 

investment is considered fixed and enters below. 

Determination of the average cost of power avcpwri,pa 

includes a technological change factor, pwrtechil that can 

make one-time changes (at t=l) in the amount of electrical 
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Table 4.5 Refinery input cost matrix ($ per mt alumina) 

Location. Process cost component 

CAUSTIC-S LIME ENERGY LABOR OTHER CAPITAL 

USA. T-AB 16 4 59 20 30 113 
USA. M-MAB 17 4 63 22 30 119 
CANADA. T-AB 16 4 59 20 30 113 
CANADA. M-MAB 17 4 63 22 30 119 
JAMAICA. T-AB 17 4 59 9 30 124 
JAMAICA. M-MAB 15 4 63 10 30 131 
GUYANA. T-AB 15 4 59 9 30 124 
SURINAM. T-AB 15 4 59 9 30 124 
BRAZIL. T-AB 15 4 59 9 30 124 
VENEZUELA. T-AB 15 4 59 9 30 124 
EUROPE. MN-EB 25 4 66 22 30 127 
EUROPE. T-AB 16 4 59 20 30 113 
EUROPE. M-MAB 20 4 64 22 30 119 
AUSTRAL-N. M-MAB 20 4 64 22 30 127 
AUSTRAL-W. T-AB 12 4 59 20 30 124 
GUINEA. T-AB 15 4 59 9 30 142 
GUINEA. M-MAB 20 4 64 10 30 149 
GHANA. T-AB 15 4 59 9 30 140; 

Source: Brown et ale (1983) 
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Table 4.6 Alumina and aluminum shipping costs 

Alumina Costs from Refinery h to Smelter i ($ per mt) 

US-E NA-W CAN-E LA EUR PB AF 
USA 0.000 18.634 11. 875 12.247 17.080 31. 536 19.225 
CANADA 11. 875 23.304 0.000 13.804 12.768 36.551 21. 846 
JAMAICA 6.602 15.996 11.183 9.545 15.562 32.315 16.898 
GUYANA 13.837 18.696 16.731 7.353 21.117 49.157 21.431 
SURINAM 15.071 18.900 17.045 6.712 20.941 47.751 22.407 
BRAZIL 12.247 21.160 13.804 0.000 15.299 34.076 15.459 
VENEZUELA 8.996 18.642 10.903 0.000 15.347 31. 889 14.563 
EUROPE 17.080 27.891 12.768 15.299 0.000 33.754 13.658 
AUSTRAL-N 31. 536 21.123 36.551 34.076 33.754 0.000 30.024 
AUSTRAL-W 33.779 28.280 35.490 33.426 30.660 0.000 24.147 
GUINEA 16.660 28.560 19.068 10.500 12.124 36.588 6.401 
GHANA 19.225 31. 276 21. 846 15.459 13.658 30.024 0.000 

* Fixed Cost = $3.5 / mt 
* Var Cost = ~0.0028 / mt / nautical mile - lar1e ports 
* Var Cost = 0.0043 / mt / nautical mile - sma 1 ports 
* Small Ports: Linden, Paramarib, Douala, Itea 

Aluminum Costs from Smelter i to Demand Region j ($ per mt) 

US LA EUR PB AF 

NA-W 0.00 87.53 91.11 47.28 105.63 
US-E 22.74 55.33 52.50 95.05 68.38 
CAN-E 18.60 57.54 37.10 112.96 57.90 
LA 33.75 25.74 46.14 109.55 55.07 
EUR 37.76 57.00 0.00 111. 68 36.45 
PB 66.94 84.78 101. 00 39.00 68.60 
AF 66.13 36.00 40.28 80.47 70.22 

* Fixed Rate: ~4.00 per mt 
* Frgt Rate : 0.01 per mt per nautical mile 
* The freight cost to US is the minimum of PORTLAND or NY. 

Source: Brown et ale (1983) 
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power required per metric ton of aluminum. Electric power 

prices, peleci,pc' are categorized into four groups defined 

by pc, where pc = (actual,locost,mdcost,hicost). Actual 

prices are the present (1980) prices paid by the typical 

~melter in each region. Locost, mdcost and hicost define 

the three price levels of power available for new 

greenfield smelters. Electric power can be generated from 

flared gas or high-head hydro at $0.020 per kwh, low-head 

hydro at $0.030 per kwh, and coal-fired or nuclear plants 

at $0.050 per kwh. In some regions, ie the US-E and EUR, 

the only available power for greenfield smelters is the 

relatively high-cost coal- or nuclear-generated power. 

Each power price has an associated capacity kpwrsi,pc that 

limits the total amount of power available in each price 

category. Data for shipping rates, power prices and 

capacities, and smelting inputs and prices are found in 

tables 4.6, 4.7 and 4.8 respectively. 

4.3.4 Investment costs 

Total investment costs for bauxite mines are 

alumina refineries are 

and aluminum smelters are 
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Table 4.7 Smelter power prices and capacities 

Electricity Prices in $US per kwh 

ACTUAL LOCOST MDCOST HlCOST 

NA-W 0.020 0.030 0.050 0.050 
US-E 0.024 0.050 0.050 0.050 
CAN-E 0.004 0.030 0.050 0.050 
LA 0.020 0.020 0.030 0.050 
EUR 0.020 0.050 0.050 0.050 
PB 0.012 0.020 0.050 0.050 
AF 0.0048 0.020 0.050 0.050 

Note: LOCOST Electricity generated with flared gas is 
considered at $0.020 per kwh; Hydro power is priced 
at $0.020 per kwh for high head rivers and $0.03 ~er 
kwh for low head rivers. HlCOST refers to coal f1red 
or nuclear plants. 

Smelter capacity for Power Rates in thousands mtpy 

ACTUAL LOCOST MDCOST HlCOST 

NA-W 1993 1043 0 7000 
US-E 3150 0 0 5000 
CAN-E 843 238 0 5000 
LA 864 2214 2151 7000 
EUR 3946 0 0 8000 
PB 1839 2193 0 7000 
AF 414 690 0 5000 

Source: Brown et ale (1983) 
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Table 4.8 Smelter inputs and prices 

Production Inputs per mt Aluminum 

NA-W US-E CAN-E LA EUR PB AF 

LABOR 8.6 8.6 8.6 8.6 8.6 8.6 8.6 
THERMAL-E 4.4 4.4 4.4 4.4 4.4 4.4 4.4 
COKE 0.375 0.375 0.375 0.375 0.375 0.375 0.375 
FLUORIDES 30 30 30 30 30 30 30 
PITCH 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
OTHER 1 1 1 1 1 1 1 

Unit Prices of Smelter Inputs in $us per unit1 

NA-W US-E CAN-E LA EUR PB AF 

LABOR 11 11 11 5 11 11 5 
THERMAL-E 4 4 4 4 4 4 4 
COKE 360 360 360 360 360 360 360 
FLUORIDES 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
PITCH 250 250 250 250 250 250 250 
OTHER 220 220 220 220 220 220 220 

1 Based on 200,000 tpy new smelter 

Source: Brown et ale (1983) 



for all t, where pinvi = (lfactri) (pzsi)kfactr, where the 

capital recovery factor for continuous compounding1 is 

defined by 
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The smelter location factor (lfactri' where Ifactri~l) 

adjusts the unit cost of smelter investment in any region 

where the building of a greenfield facility would require 

associated investment in infrastructure. 

The resulting regional supply function for aluminum is 

step-wise linear for each producing region. Linearity 

occurs from constant marginal costs (equal average costs) 

over the entire range of mine and refinery output. The 

steps occur as electric power prices can vary with 

increasing levels of smelter capacity. The fixed, capital 

costs for all production processes are unitized. For 

aluminum the costs are calculated from an assumed T year 

life of the smelter and production at maximum capacity. 

The methodology here assumes all investment costs of 

accumulated capacity sunk for bauxite, alumina and aluminum 

prior to time t<l, i.e, Imt<l=Irt<l=Ist<l=O. At time t=l 

the first investment occurs and at t=2 the investment 

becomes productive capacity. Also at t=2, investment costs 

are being incurred for t=3. Figures 4.7 and 4.8 illustrate 

time t=l and t=2 respectively. 

lSee cf. DeGarmo et ale (1984,p.113). 



Figure 4.7 Aluminum market equilibrium at time t=l 

Canada 
p 

p 

pl 

Supply Countries 

p 

Se[t=l ) 

Rest of World 

SW[t=l) 

Supply and Demand Markets 

Consumer Surplus 

NSP= A+B 

ql Q 

112 



Figure 4.8 Aluminum market equilibrium at time t=2 
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4.4 Constraints 

The objective function W is optimized subject to K-T 

first-order conditions on material flows, production 

capacities and intertemporal investment. The following 

sections detail these conditions. 

4.4.1 Material flows 

For the demand-driven model here, material flow 

constraints link the intermediate products of bauxite and 

alumina to the production and, ultimately, consumption of 

aluminum, and force material balances in each production 

process as determined by the production function. 

Description of the flow constraints begins with the 

upstream process of mining. 

In bauxite mining, production of each v-type bauxite 

in region g must be greater than or equal to (GE) the 

shipments of bauxite from g 

ymgvt ~ ~xmghvt' for all g,v and t. 

The sum of bauxite shipments to h, adjusted by the bauxite

to-alumina ratio as defined by the production function, 

must be GE the alumina 

output from h 

~ xmghvt / bxratiogv ~ yrhvt ' for all h,v and t. 

Total production of alumina from all v-type processes in 

refinery region h must be GE the sum of all alumina 
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shipments from h to i 

~ rhvt ~ ~ rhit' for all hand t. 

The sum of alumina shipments from all h to i, adjusted by 

the alumina-to-aluminum ratio, must be GE aluminum produced 

in i by all pc-types of electric power 

1; xrhit / aaratio ~ ~c1Si,pc,t' for all i and t. 

Total aluminum production from i must be GE the total 

shipments from i 

~ yS. t ~ J~ xS;J't, for all i and t. pc ~,pc, ... 

And lastly, the sum of aluminum shipments from all i to j 

must be GE aluminum consumption in j 

4.4.2 Capacity 

Capacity constraints here limit production of bauxite, 

alumina and aluminum to the available resources. Beginning 

with bauxite, the v-type reserves in g must be GE the 

intertemporal sum of v-type bauxite produced in g 

bauxresgv ~ ~ ymgvt, for all g and v. 

In addition, the bauxite v-type capacity in g must be GE 

production from g, for the first time period 

capminlgv ~ ymgvt, for all g,v and t=l, 



116 

and all time periods thereafter 

k m
gvt ~ ymgvt, for all g,v and t>~. 

Similarly for alumina refineries, the v-type capacity in h 

must be GE the production from h 

capref~hv ~ yrhvt , for all h,v and t=~, and 

k r
hvt ~ yrhvt ' for all h,v and t>~. 

And lastly for aluminum smelters, the pc-type capacity in i 

must be GE the production from pc-type power in i 

capsmeltli,pc ~ YSi,pc,t' for all i,pc and t=~, and 

kSi,pc,t ~ YSi,pc,t' for all i,pc and t>~, and 

the capacity of pc-type power must be GE the smelting 

capacity in i 

kpwrsi,pc ~ kSi,pc,t, for all i,pc and t. 

4.4.3 Investment 

The investment constraints introduce a lagged 

structure for investment and capacity, ie a difference 

equation. For bauxite, mine capacity in t equals the sum 

of investment in t-~ plus the depreciated capacity in t-~ 

k m
gvt = zmg,v,t_l + (~-o)kmg,v,t_l' for all g,v and t>~. 

The parameter 0 is the annual depreciation rate of capital 

stock which, for the 'base' case, is set at five percent. 

A similar investment relation exists for alumina refineries 
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k r
hvt = Zrh,v,t_l + (l-o)krg,v,t_l' for all h,v and t>l, 

and aluminum smelters 

kSi,pc,t = ZSi,pc,t_l+(l-o)ksi,pc,t_l' for all i,pc and t>l. 

4.4.4 Second-order conditions 

The K-T second-order conditions complete the quadratic 

programming model. The conditions require that all 

consumption, production, product flows, capacities and 

investment be non-negative for time t. For example, the 

aluminum conditions are: 

qji; ~ 0, for all i,j and t, 
S 

Y i,pc,t ~ 0, for all i,j,pc and t, 

k S 
i,pc,t ~ 0, for all i,j,pc and t, 

S 
x iji; ~ 0, for all i,j and t, and 

ZS i,pc,t ~ 0, for all i,j,pc and t. 

4.5 Model solution 

The period-dynamic programming algorithm is solved 

using a general algebraic modeling program called GAMS with 

a quadratic optimization package MINOS. The production 

data, i.e., the unit cost and input data are first compiled 

using a spreadsheet program. These data are imported to 

GAMS where the model listed in appendix 5 is solved. 
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CHAPTER 5 

RESULTS, CONCLUSIONS AND EXTENSIONS 

Previous chapters have discussed the framework and 

theoretical underpinnings of the industry study. Focus is 

now on implementation of the model: specification of input 

parameters, validation and interpretation of the results. 

5.1 Summary of model and results 

The model was optimized using several scenarios, 

obtained by differing economic, cost and trade parameters, 

to simulate patterns of trade and investment (see table 5.1 

for model names and descriptions). The results detail the 

time-path equilibriums of consumption, production, 

shipment, capacity and investment in aluminum, alumina and 

bauxite. For simplicity of discussion, the results below 

are provided as comparisons or changes with respect to 

predetermined 'norm' or base models. The more detailed 

results are available. 

Two base models are employed, WBTB or "high" demand 

growth and RGTB or "low" growth. The models are both 

established on initial 1980 trade data, differing only on 

the targeted rates of demand growth. The WBTB base model 

contains the relatively high demand-growth target (WB) with 

trade barriers (TB) existing in 1980. The RGTB base model 

has the relatively low demand-growth rate target (RG) also 

with trade barriers, where growth rates are determined from 

linear-regression analysis of actual consumption data from 

1967 to 1989. Table 5.2 contains actual, apparent aluminum 

consumption from 1952 to 1990. The target consumption data 
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Table 5.1 Model Scenario summary 

Model Name Description 

WBTB base model with "high" World Bank suggested 
demand growth rates and 1980 trade barriers. 

RGTB 

RGFT 

RGTBRV 

RGTBDV 

WBFT 

base model with "low" regression-determined 
demand growth rates and 1980 trade barriers. 

Free trade model with regression growth, 
i.e. RGTB with no trade barriers. 

RGTB base model with a 35 ~ercent revaluation 
of $US and $Can from 1980 evels. 

RGTB base model with a 15 percent revaluation 
of $US and $Can from 1980 levels. 

Free trade model with high demand growth, 
Le. WBTB with no trade barriers. 

WBFTNPS Free trade model with no power subsidies, 
i.e. WBFT without power subsidies. 

TBPWR WBTB base model with a decrease in smelter 
power requirements from 13,500 to 8,500 kwh 
per mt of aluminum. 

TBALD WBTB base model with an increase in the 
adjustment cost parameter for smelter 
investment (ALD) from 0.100 to 0.200. 

TBZINT WBTB base model with a decrease in the real 
rate of interest from 8.0 percent to zero. 

TBDELTA WBTB base model with an increase in the 
capital depreciation rate from 5.0% to 10.0%. 

TBELAST1 WBTB base model with a change in the 
elasticity of demand from -0.889 to -0.689 
for all regions except NA. 
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Table 5.2 Apparent Aluminum Ingot Consumption, 1952-1990 
(in thousands mt) 

Consumption Regions 

US LA EUR PB AF TOTAL 
1952 1,055 25 573 8 1 1,661 
1953 1,479 20 516 9 1 2,025 
1954 1,610 23 666 13 2 2,313 
1955 1,675 23 832 16 4 2,550 
1956 1,700 27 837 20 6 2,590 
1957 1,682 27 812 19 8 2,549 
1958 1,735 34 832 108 8 2,717 
1959 2,028 36 1,014 143 10 3,232 

1960 1,633 41 1,304 186 13 3,177 
1961 1,910 51 1,166 216 12 3,355 
1962 2,226 65 1,277 231 11 3,809 
1963 2,429 73 1,342 244 19 4,108 
1964 2,581 86 1,503 362 29 4,561 
1965 2,975 111 1,576 404 32 5,099 
1966 3,191 121 1,773 497 36 5,618 
1967 3,817 126 1,766 590 35 6,335 
1968 4,439 139 2,044 734 41 7,395 
1969 4,469 146 2,397 941 60 8,013 

1970 4,312 151 2,541 1,030 72 8,107 
1971 4,884 231 2,449 1,134 62 8,760 
1972 5,312 286 2,670 1,360 66 9,694 
1973 5,393 340 3,133 1,754 69 10,690 
1974 6,170 395 3,385 1,572 107 11,629 
1975 4,652 402 2,842 1,447 111 9,455 
1976 5,923 410 3,492 1,903 118 11,846 
1977 5,088 435 3,499 1,756 126 10,903 
1978 5,316 487 3,565 2,058 133 11,559 
1979 5,357 550 3,837 2,229 136 12,109 

1980 4,782 590 3,852 2,043 172 11,439 
1981 4,492 520 3,522 2,010 192 10,736 
1982 3,877 505 3,650 2,106 189 10,327 
1983 4,468 548 3,817 2,327 199 11,359 
1984 4,793 645 3,931 2,216 203 11,788 
1985 4,627 710 3,961 2,297 205 11,799 
1986 4,637 800 4,160 2,372 201 12,170 
1987 4,874 840 4,479 2,438 231 12,862 
1988 4,999 778 4,722 2,925 234 13,658 
1989 4,777 807 4,957 3,039 245 13,825 
1990 4,642 862 5,020 3,294 220 14,038 

Source: American Bureau of Metal statistics, Inc. , 
Secaucus,NJ, Various Issues. 
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for 1980 to 2010 are found in table 5.3 for the WB case and 

table 5.4 for the RG case. Graphical comparisons were 

presented in figures 4.1 through 4.6 • 

In summary, the study results confirm the hypothesis 

that, with competition and free trade, u.s. aluminum 

smelting investment (and capacity) does not decrease, 

rather it increases as capacity is lost by Pacific Basin 

and higher-cost European suppliers, both presently 

protected with high tariffs. Using the relatively high WB 

demand growth rates, US-E capacity increases by 28 percent 

and NA-W by 49 percent as EUR capacity falls by 22 percent 

and PB by 32 percent. 

The studies reveal four additional conclusions. 

(1) Jamaica and Guyana have bauxite absolute advantages. 

(2) Guyana and Surinam have alumina absolute advantages. 

(3) Under marginal cost pricing, electric power subsidies 
have a negligible affect on regional and world-wide 
aluminum capacities in the long-run, but dramatic 
effects in the mid-term. 

(4) Once-only exchange rate changes alter investment 
significantly and rapidly. Thus the¥ impact largely 
in the short- and mia-term. Under h1gh demand growth 
however, the expected effects occur in a continuing 
trend. 

5.2 Base case: input parameters and model validation 

The simulation models here describe the Western world 

aluminum industry as it presently exists (1980) under 

competitive equilibrium with distortions, then depict the 

industry under high and low demand growth scenarios. The 



122 

Table 5.3 Aluminum Ingot consumption from 1980 to 2010 
Target World Bank-predicted1 (WB) for 1990 to 2010 

(in thousands mt) 

Consumption Regions 

US LA EUR PB AF TOTAL 

1980 4,782 590 3,852 2,043 172 11,439 
1981 4,989 658 3,979 2,201 191 12,018 
1982 5,196 726 4,107 2,360 210 12,598 
1983 5,402 794 4,234 2,518 228 13,177 
1984 5,609 862 4,361 2,676 247 13,756 
1985 5,816 930 4,489 2,835 266 14,335 
1986 6,023 998 4,616 2,993 285 14,915 
1987 6,230 1,066 4,743 3,151 303 15,494 
1988 6,436 1,134 4,870 3,310 322 16,073 
1989 6,643 1,202 4,998 3,468 341 16,652 

1990 6,850 1,270 5,125 3,626 360 17,232 
1991 7,057 1,339 5,252 3,785 378 17,811 
1992 7,264 1,407 5,380 3,943 397 18,390 
1993 7,470 1,475 5,507 4,102 416 18,969 
1994 7,677 1,543 5,634 4,260 435 19,549 
1995 7,884 1,611 5,762 4,418 453 20,128 
1996 8,091 1,679 5,889 4,577 472 20,707 
1997 8,298 1,747 6,016 4,735 491 21,286 
1998 8,504 1,815 6,143 4,893 510 21,866 
1999 8,711 1,883 6,271 5,052 528 22,445 

2000 8,918 1,951 6,398 5,210 547 23,024 
2001 9,125 2,019 6,525 5,368 566 23,603 
2002 9,332 2,087 6,653 5,527 585 24,183 
2003 9,538 2,155 6,780 5,685 603 24,762 
2004 9,745 2,223 6,907 5,843 622 25,341 
2005 9,952 2,291 7,035 6,002 641 25,920 
2006 10,159 2,359 7,162 6,160 660 26,500 
2007 10,366 2,427 7,289 6,318 678 27,079 
2008 10,572 2,495 7,416 6,477 697 27,658 
2009 10,779 2,563 7,544 6,635 716 28,237 
2010 10,986 2,632 7,671 6,794 735 28,817 

1 1990-2010 Data Predicted by World Bank Demand Growth 
Rates 

Source: American Bureau of Metal Statistics, Inc., 
Secaucus, NJ, Various Issues. 
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Table 5.4 Aluminum Ingot Consumption from 1980 to 2010 
Target Regression-predicted lRG) for 1990 to 2010 

(in thousands mt) 

Consumption Regions 

US LA EUR PB AF TOTAL 

1980 4,848 537 3,656 2,024 159 11,224 
1981 4,850 570 3,774 2,116 169 11,479 
1982 4,851 602 3,892 2,209 179 11,733 
1983 4,852 635 4,010 2,302 189 11,987 
1984 4,853 668 4,128 2,394 198 12,242 
1985 4,854 701 4,246 2,487 208 12,496 
1986 4,855 733 4,363 2,580 218 12,750 
1987 4,857 766 4,481 2,672 228 13,005 
1988 4,858 799 4,599 2,765 238 13,259 
1989 4,859 832 4,717 2,858 248 13,513 

1990 4,860 864 4,835 2,950 257 13,767 
1991 4,861 897 4,953 3,043 267 14,022 
1992 4,863 930 5,071 3,136 277 14,276 
1993 4,864 963 5,189 3,228 287 14,530 
1994 4,865 995 5,307 3,321 297 14,785 
1995 4,866 1,028 5,424 3,414 307 15,039 
1996 4,867 1,061 5,542 3,506 317 15,293 
1997 4,869 1,094 5,660 3,599 326 15,548 
1998 4,870 1,126 5,778 3,692 336 15,802 
1999 4,871 1,159 5,896 3,784 346 16,056 

2000 4,872 1,192 6,014 3,877 356 16,311 
2001 4,873 1,225 6,132 3,970 366 16,565 
2002 4,874 1,257 6,250 4,062 376 16,819 
2003 4,876 1,290 6,367 4,155 385 17,074 
2004 4,877 1,323 6,485 4,248 395 17,328 
2005 4,878 1,356 6,603 4,340 405 17,582 
2006 4,879 1,388 6,721 4,433 415 17,837 
2007 4,880 1,421 6,839 4,526 425 18,091 
2008 4,882 1,454 6,957 4,618 435 18,345 
2009 4,883 1,487 7,075 4,711 444 18,600 
2010 4,884 1,519 7,193 4,804 454 18,854 

1 1990-2010 Data Predicted by Regression on 1967-1989 
Actual Consumption Data 

Source: American Bureau of Metal Statistics, Inc. , 
Secaucus,NJ, Various Issues. 
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input parameter values for the base models relate to the 

1980 market conditions: 

Parameter Description 

real interest rate 
depreciation rate of capital 
bauxite investment adjustment cost 
alumina investment adJustment cost 
aluminum investment adjustment cost 
demand price elasticity for all j 
stochastic demand shift for all ],t 
bauxite depletion price adjustor 
alumina-to-aluminum ratio 
kwh electricity per mt of aluminum 

Base Value 

0.080 
0.050 
0.007 
0.001 
0.100 

-0.889 
0.000 
0.000 
1.93 
13,500 

The investment adjustment cost parameters are chosen 

to produce a realistic maximum annual regional investment: 

660 kmt of smelting, 1,300 kmt of refining and 2,500 kmt of 

mining. These quantities are based on an assumed maximum 

of six smelting pot lines of new investment per year with 

1.93 mt of alumina per mt of aluminum and 2.1 mt of bauxite 

per mt of alumina. 

Using these parameters, smelting capacities for the 

WBTB base model are closely similar to those of the World 

Bank model for the year 2000: 

WORLD BANK WBTB BASE CASE 
kmt Percent kmt Percent 

NA 7,500 32.0 7,300 32.3 
LA 4,800 20.5 5,100 22.8 
EUR 4,300 18.4 4,300 18.9 
PB 4,100 17.5 4,700 21.1 
AF 2,700 11. 5 1,100 4.9 

TOTAL 23,400 100.0 22,500 100.0 

For WBTB, only the Pacific Basin (PB) and Africa (AF) 

capacities vary significantly from the World Bank norm. AF 

capacity reaches a maximum of 1,100 kmt here and in all 
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other model scenarios. To reach the World Bank AF total of 

2,700 kmt would require further assumptions on the 

availability of new sources of low-cost hydro-electric 

power. 

The WBTB and RGTB base models are validated on the 

demand side, as discussed in chapter four, by selecting 

annual linear shift parameters (ajf) and geometric shift 

parameters (ajf) for the demand intercepts (ajft). The 

parameters are chosen such that regional, model-predicted 

aluminum consumption from 1982 through 2010 most closely 

mirrors estimates of the World Bank (WB) and regression 

analysis (RG). 

Results from the RG models may be more predictive of 

actual 2010 conditions as the structural changes of the 

1980s are represented in the demand estimates. RG 

consumption for 2010 is 18,700 kmt versus WB estimates of 

29,000 kmt. The higher WB consumption has more pronounced 

effects on changes made to the base model. The results for 

the WB high growth scenario, with trade barriers (WBTB), 

are tabulated in the following tables. Table 5.5 provides 

the model-predicted consumption, table 5.6 the mine 

capacities, table 5.7 the refinery capacities, table 5.8 

the smelter capacities, table 5.9 the mine investment, 

table 5.10 the refinery investment, and table 5.11 the 

smelter investment. The model-predicted trade flows are 

detailed in table 5.12 for bauxite, table 5.13 for alumina, 

and table 5.14 for aluminum. Appendix 6 contains all other 

results for the RG models and for parameter sensitivity 

analyses. 



Table 5.5 WBTB Model Results - Aluminum Consumption in 

VARIABLE Q.L aluminum consumed injth demand region 

IA EUR PB AF US TOTAL 

1982 749 4147 2387 221 5545 13049 
1983 822 4277 2550 241 5711 13601 
1984 877 4322 2657 255 5734 13845 
1985 932 4355 2889 270 5812 14258 
1986 994 4448 3099 286 5950 14777 
1987 1057 4571 3295 303 6113 15339 
1988 1121 4706 3484 320 6296 15927 
1989 1187 4852 3665 338 6497 16539 
1990 1252 5001 3829 356 6705 17143 
1991 1317 5147 3960 373 6911 17708 
1992 1383 5295 4032 391 7126 18227 
1993 1452 5457 4032 410 7365 18716 
1994 1519 5610 4083 429 7595 19236 
1995 1581 5735 4216 446 7791 19769 
1996 1644 5861 4350 463 7992 20310 
1997 1706 5978 4479 480 8186 20829 
1998 1771 6101 4613 498 8393 21376 
1999 1837 6228 4751 517 8609 21942 
2000 1904 6349 4886 535 8824 22498 
2001 1973 6467 5021 554 9038 23053 
2002 2034 6556 5194 571 9213 23568 
2003 2097 6641 5393 589 9388 24108 
2004 2164 6735 5583 607 9581 24670 
2005 2228 6883 5775 625 9755· 25266 
2006 2307 7002 5973 647 9992 25921 
2007 2395 7141 6178 671 10266 26651 
2008 2484 7334 6388 701 10536 27443 
2009 2585 7492 6597 729 10850 28253 ~ 
2010 2686 7636 6792 757 11148 29019 t.) 

0\ 



Table 5.6 WBTB Model Results - Bauxite Mine Capacities in Thousands of MT ~1982-2010) 

VARIABLE CAPMINE!. apac!tyofbauxilommosm 8 

1982 
1983 
19&4 
19&5 
1936 
1987 
1988 
1989 
1990 

1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
z001 
z002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 

JAMAlCA-T JAMAlCA-M 

8420 
8341 
8323 
8370 
8490 
3670 
8874 
9091 
9319 
9561 
9799 

10036 
10m 
10562 
10839 
11105 
11381 
11634 
11861 
12019 
12268 
12454 
12640 
12836 
13066 
13339 
13652 
13983 
14300 

4350 
4132 
3926 
3730 
3543 
3392 
3236 
3222 
3204 

3236 
3226 
3172 
3084 
2989 
2896 
2789 
2716 
26&4 
2698 
2733 
2766 
2791 
2791 
2775 
2751 
2714 
2647 
2521 
2410 

GuYAlo!A SURINAM 

3720 

3534 
3357 
3189 
3030 
2878 
2735 
2598 
2468 

234S 
2227 
2116 
2010 
1910 
1814 
1723 
1637 
1555 
1478 
1404 
1334 
1267 
1204 
1143 
1086 
1032 
980 
931 
885 

5260 
5277 
5352 
5490 
5699 
5966 
6255 
6552 
6856 
7171 
7478 
7780 
8099 
8427 
8761 
9080 
9405 
9705 
9973 

10229 
10452 
10670 
1~ 

11110 
11367 
11669 
12011 
12372 
12731 

BRAZIL VENEZUELA 

5150 
5177 
5278 
5458 
5727 
6072 
6456 
6871 
7310 
7761 
8205 
S648 
9112 
9591 

10083 
10565 
11043 
11495 
119U 
12300 
12638 
12959 
13265 
13588 
13946 
14347 
14785 
15234 
15655 

561 
1154 
1736 
2467 
31&5 
3905 
4614 
5312 
600S 
6674 
7324 
7976 

S625 
9268 
9883 

10496 
11072 
11601 
12123 
12597 
13058 
135a1 
13959 
14436 
14947 
15489 
16035 
16551 

GREECE AUS'IRAL-N AUS'IRAL-W INDONESIA 

8803 

8363 
7945 
7547 
7170 
6812 
6471 
6147 
5840 
5548 
5271 
5007 
4757 
4519 
4293 
4078 
3874 
3681 
3497 
3322 
3156 
2998 
2848 
2706 
2570 
2442 
2320 
2204 
2094 

16250 
15437 
14666 
13932 
13236 
12574 
12013 
1lS72 
11260 
11088 
10950 
10881 
10816 
10837 
10902 
10992 
11117 
11259 
11413 
11590 
11776 
12013 
12299 
126U 
12940 
13263 
13636 
13990 
14317 

13500 
128ZS 
121&4 
1157S 
11061 
10673 
10337 
10046 
9794 

9573 
9368 
9182 
9027 
8898 
8792 
3695 
3623 
&589 
&536 
8602 
3626 
8681 
8772 
8892 
9026 
9171 
9326 
9482 
9623 

1215 
1154 
1097 
1042 
1078 
1192 
1349 
1539 
1753 
1982 
2205 
2427 
2667 
2920 
3182 
3431 
3697 
3997 
4322 
4656 
4984 
5340 
5731 
6154 
6582 
7015 
7451 
7884 

8293 

GHANA GUiNEA-T GUINEA-M 

279 
708 

1183 
1713 
2306 
2951 
3613 
4283 
4955 
5619 
6255 
6868 

7478 
8080 
S668 
9222 
9769 

103215 
1088) 

114U 
11904 
12382 
12&48 
13314 
13803 
14324 
14871 
15423 
15941 

1440 
1379 
1363 
1423 
1567 
1781 
2030 
2304 
2596 
2894 
3178 
3452 
3735 
4020 
4302 
4559 
4818 
5094 
5376 
5642 
5875 
6101 
6320 
6548 
6805 
7103 
7439 
7794 
8139 

12100 
11495 
10931 
10374 
9&56 
9363 
8895 
&450 
8027 
7626 
7245 
6882 

6538 
6211 
5901 
5606 
5326 
5059 
4806 

4580 
4409 
4296 
4233 
4193 
4193 
4243 
4341 
4473 
4595 

TOTAL 

80481 
78383 
76748 
75629 
75230 
75509 
76219 
77289 
73694 
80409 
82081 
83745 
&5592 
87589 
89701 
91728 
93902 
96150 
98410 

100672 
102785 
105010 
107344 
109830 
112571 
115629 
118948 
122326 
125523 

f-l 
!\.) 
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Table 5.7 WBTB Model Results - Alumina Refinery Capacities in Thousands of MT 
(1982-2010) 

VARIABLE CAPREF.TOT total capacity oC alumina refineries in h 

1982 
1983 
1984 
1985 
1986 
1987 
1988 
1959 
1m 
1991 
1992 
1993 
19\11 
1996 
1996 

1997 
1996 
1999 

20c0 
2001 
2002 
200l 

2001 
200S 
200S 
2001 
2001 
200} 

2010 

GUYANA SURINAM 

350 
332 
316 
300 
28S 

327 
426 
554 
696 

838 
922 
954 
972 
9S5 
907 
862 
819 
778 

739 
702 

667 

633 
602 
S72 
543 
516 
490 

466 

442 

1320 
1254 
1191 
1132 
1075 
1021 
970 
922 
876 
832 
790 

751 
713 
678 
644 

612 
581 
SS2 

524 
498 
473 
450 
427 

406 
385 
366 

348 
330 
314 

BRAZIL VENEZUElA AUSTRAL-N AUSTRAL-W 

500 
475 
735 

1217 
1702 
2161 
2S78 
2943 
3252 

3S«l 
3r05 

40Sl! 
4309 
4557 
480! 
5031 
S2S9 
5474 
5672 
58S7 
6018 
6171 
6317 
6471 
6641 
6832 
7040 
7254 
7455 

97 
448 
835 

1227 
1611 
195) 
2322 
2648 
2959 
3264 
3577 
3816 
4227 
4553 
4861 
51S1! 
5433 
5671 
5861 
6026 
61//} 
6331 
6516 
6724 
6949 
715) 

7394 

3670 
3486 
3382 
3602 
3909 

4250 
4545 
4m 
4905 
4918 
4918 
4916 
4916 
4926 
4955 
4996 
5053 
5115 
5188 
5268 
5353 
5461 
5500 
S733 
5882 
6035 

6116 
6359 
6SC6 

3670 
3486 
3312 
3279 
3243 

3139 
3066 
3019 
3000 

3016 
3049 
3106 
320S 
3347 
3537 

3766 

4014 
4217 
435) 
45S4 
4733 
4948 
5111S 
5413 
5646 
S886 
6130 
6373 
6600 

GHANA 

31 
133 
224 
261 
288 
367 
50s 
691 
903 

1130 
1352 
1551 
1713 
1809 
1825 
111«> 
1855 
ISW 
1882 
1894 
1906 
1917 
1928 
1938 
1948 
1957 
1965 
1974 

USA 

7220 
6859 
6516 
6100 
58Sl 

5659 
5543 
5468 
5426 
5399 
5366 

5334 

5315 
5310 
5317 
532S 
5317 
530l 
5264 
5193 
5075 
4933 
4m 
4634 
4523 
4443 

4396 
4378 
4382 

CANADA 

1230 
1168 
1110 
1059 
1072 
1119 
1159 
1272 
1363 
1440 
15~ 

1563 
1631 
1707 
1791 
ISW 
1929 
1976 
1997 
1981 
1915 
1820 
1729 
1642 
1568 
1522 
1509 
1521 
15S8 

JA.'dAICA 

28«l 
2616 
2563 
2435 
2351 
2324 
2344 
2406 
250l 
2614 
2723 
2834 

2963 
3109 
3273 
3441 
3516 
37SO 
3884 
3987 

4046 
4OI!S 
4106 
41SO 
4221 
4319 
4442 
4578 
4709 

EUROPE 

70SO 
6697 
67//} 

7066 
7366 

7576 
7616 
7616 
7616 
7616 
7616 
7617 
7616 
7615 
7616 
7616 
7694 
7893 
8210 
8649 
9215 
9871 

10SSS 
11281 
11971 
12660 
13334 
13959 
14515 

GUINEA 

660 

627 
596 
566 
538 
511 
485 
461 

438 
416 
395 

375 
357 
339 
322 
306 
290 
276 
262 
249 
237 
22S 
214 
203 
193 

183 
174 
165 
157 

TOTAL 

28510 
27113 
26720 
27518 
28Sl7 

29602 
30740 
31920 
33066 
34180 
35178 
36124 
37125 
38154 
39199 
40202 
41255 
42348 
43422 
44491 

45487 
46529 
47613 
48764 
50027 
51437 
52967 
54528 
56008 

.... 
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Table 5.8 WBTB Model Results - Aluminum Smelter Capacities in Thousands of MT 
(1982-2010) 

VARIABLE CAPSMELT.L capacity of aluminum smelters in i 

NA-W US-E CAN-E LA EUR PB AF TOTAL 

1982 1993 3150 843 864 3946 1839 414 13049 
1983 1993 3022 843 1063 3946 2341 393 13601 
1984 1941 2871 843 1212 3946 2655 378 13846 
1985 1937 2801 843 1433 3946 2889 409 14258 
1986 1966 2800 843 1708 3946 3099 414 14776 
1987 1992 2840 843 2008 3946 3295 414 15338 
1988 1993 2903 843 2316 3946 3484 442 15927 
1989 1993 2981 843 2609 3946 3665 502 16539 
1990 2012 3057 843 2871 3946 3829 585 17143 
1991 2073 3116 853 3078 3946 3960 683 17709 
1992 2172 3150 892 3245 3946 4032 790 18227 
1993 2298 3150 946 3448 3946 4032 895 18715 
1994 2440 3150 1002 36n 3946 4032 989 19236 
1995 2593 3150 1052 3930 3946 4034 1063 19768 
1996 2743 3150 1081 4194 3946 4092 1104 20310 
199; 2881 3150 1081 4463 3946 4205 1104 20830 
1998 2984 3150 1081 4715 3986 4356 1104 21376 
1999 3036 3150 1081 4939 4089 4542 1104 21941 
2000 3036 3150 1081 5119 4254 4754 1104 22498 
2001 3036 3150 1081 5225 4481 4976 1104 23053 
2002 3036 3150 1081 5229 4774 5194 1104 23568 
2003 3036 3150 1081 5229 5115 5393 1104 24108 
2004 3036 3150 1081 5229 5486 5583 1104 24669 
2005 3036 3150 1096 5229 5876 5775 1104 25266 
2006 3036 3150 1154 5231 6273 5973 1104 25921 
2007 3059 3152 1239 5268 6652 6178 1104 26652 
2008 3103 3182 1341 5331 6996 6388 1104 27445 
2009 3158 3228 1449 5407 7310 6597 1104 28253 
2010 3216 3286 1555 5489 7577 6792 1104 29019 

I-' 
t\) 

\0 



Table 5.9 WBTB Model Results - Mine Investment in Thousands of MT (1982-2010) 

VARIABLE lNVMINE.L investmClll inncwminingcapadtying 

1982 

1983 

1984 

19&5 

1986 
1987 

1988 

1989 
199:1 
1991 
1992 
1993 
1994 
19!1S 
1996 
1997 
1911!! 
1999 
2(0) 

200l 

2002 
2003 
20<» 
200S 
2005 
2Of11 
2001 
2(0) 
2010 

lAMAICA-T lAMAICA-M SURINAM 

342 

399 

463 

538 

60S 
638 
661 

682 
709 
716 

727 
758 

784 

806 
808 
831 
823 

809 
lUI 

793 

800 
808 
828 
872 
927 
980 

1014 

lOIS 
946 

26 

64 
101 

143 

192 
153 

107 

71 
59 

56 

38 

66 
104 

148 

171 
169 

163 
139 

124 

115 

101 

68 
7 

15 

280 
339 
406 
483 

552 

587 
610 

632 
6S8 
66S 
676 

707 
733 

756 

757 
780 
770 
753 
755 

734 

741 
748 

769 
813 

870 

926 

962 

967 
899 

BRAZIL VENEZUELA AUSTRAL-N AUSTRAL-W INDONESIA 

28S 
359 

444 

542 

631 
688 
738 

782 
817 
832 

854 
896 
935 
972 
987 

1001 

10<» 
991 
984 

953 

953 

954 
986 

1037 
1098 
l1SS 
1188 

1183 

1091 

561 

621 

690 

770 
842 
878 

905 

929 
957 
969 

984 
1018 

1048 
1074 

1019 
1107 

1101 
1090 
1095 
IOID 
1091 
1103 
1127 
1174 

1233 
1289 
1321 

1318 
1230 

68 
160 

267 
390 

417 
449 
507 
561 

607 

635 
675 

698 

716 

748 

766 

826 

886 
928 
959 

990 

1017 

1035 
1027 
944 

66 
164 
198 
226 

250 
268 
274 
2S3 

304 
322 

339 

342 

363 
397 

426 

445 
455 
486 

524 

559 

578 
597 
613 

623 

615 

562 

88 
168 
216 
2S7 

292 
317 

322 
332 
362 
386 

407 

409 
437 

486 

525 
550 

561 

605 

6S9 

709 
735 

762 

787 

806 
803 
740 

GHANA GUINEA-T GUINEA-M GUINEA-T GUINEA-M 

443 
511 

589 

679 

760 

809 
851 

887 
912 
917 

926 
954 
975 

992 
988 

1001 

1045 
1070 

1076 

1062 
1074 

10&5 

1109 
1154 
1211 

1264 
1295 
1289 
1203 

11 
53 

128 
215 

292 
338 
376 

407 
428 
429 

433 

455 
472 

483 

472 
486 
518 

536 

535 

515 

519 

525 
543 

585 
639 
691 

727 
735 

676 

14 

58 

108 

151 

171 
210 

259 

310 

349 

345 
273 

14«1 
1319 
1363 

14Zl 

1567 

1781 

2030 

2304 
2596 

2894 
3178 

3452 
3735 
4Q;D 

4302 
45S9 

4818 

5094 
5376 

5642 
5875 

6101 

6331 

6S48 
680S 
7103 
7439 
7794 
8139 

7990 
8787 

8348 
7983 

7748 
7509 

7561 
7958 

8006 
7626 
7245 
68S2 
6S38 

6211 

5901 
5606 

5309 
50S9 

4806 
4SBO 
4409 
4296 
4233 
4193 
4193 
4243 
4341 
4473 
4S95 

I-' 
W 
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Table 5.10 WBTB Model Results - Refinery Investment in Thousands of MT 
(1982-2010) 

VARIABLE INVREF.TOT total investment in new refinery capacity in h 

GUYANA BRAZIL VENEZUElA AUSTRAL-N AUSTRAL-W GHANA USA CANADA JAMAICA 

1982 31 
1983 283 97 70 104 
1984 519 356 389 132 97 4 
1985 545 409 487 128 49 67 38 
1986 57 544 434 536 58 40 72 101 91 
1987 115 525 445 508 84 93 167 125 136 
1988 149 494 449 454 106 159 202 144 179 
1989 170 456 441 372 132 209 232 154 216 
1990 177 450 442 258 167 246 245 145 238 
1991 125 444 444 246 184 272 237 137 240 
1992 79 442 452 243 209 279 235 134 247 
1993 65 454 476 247 254 267 248 146 271 
1994 32 464 500 255 303 240 260 157 294 
1995 472 524 276 357 181 273 169 319 
1996 470 538 289 406 107 274 169 332 
1997 479 536 307 437 107 259 153 329 
1998 478 540 317 403 107 250 143 332 
1999 472 532 326 374 107 228 120 321 
2000 468 510 340 393 107 192 84 297 
2001 454 474 348 406 107 142 32 259 
2002 454 457 375 452 107 111 1 240 
2003 455 444 403 484 107 85 225 
2004 470 471 422 487 107 100 250 
2005 494 501 436 504 107 121 7 278 
2006 523 533 450 522 107 146 33 310 
2007 550 562 462 538 107 175 62 338 
2008 566 578 471 549 107 201 89 357 
2009 563 573 467 546 107 223 113 360 
2010 520 520 429 502 107 230 123 311 

EUROPE 

406 
635 
654 
579 
418 
381 
381 
381 
381 
381 
381 
381 
381 
381 
458 
584 
712 
850 
998 

1117 
1207 
1224 
1255 
1288 
1307 
1292 
1254 ~ 

1129 w 
~ 



Table 5.11 WBTB Model Results - Smelter Investment in Thousands of MT 
(1982-2010) 

VARIABLE INVSMELT.L investment in new smelting capacity in i 

NA-W US-E CAN-E 1A EUR PB AF 

1982 100 29 42 243 197 594 
1983 47 42 202 197 431 4 
1984 94 74 42 281 197 367 50 
1985 125 140 42 347 197 355 25 
1986 124 180 42 386 197 351 21 
1987 101 205 42 408 197 354 48 
1988 100 223 42 409 197 355 82 
1989 119 225 42 392 197 347 108 
1990 161 212 52 351 197 323 127 
1991 203 190 82 321 197 270 141 
1992 235 157 99 365 197 202 144 
1993 257 157 103 402 197 202 138 
1994 275 157 101 437 197 204 124 
1995 279 157 81 460 197 260 94 
1996 276 157 54 479 197 317 55 
1997 246 157 54 475 238 361 55 
1998 201 157 54 460 302 403 55 
1999 152 157 54 427 369 440 55 
2000 152 157 54 361 440 459 55 
2001 152 157 54 266 517 467 55 
2002 152 157 54 261 579 459 55 
2003 152 157 54 261 627 460 55 
2004 152 157 69 261 664 471 55 
2005 152 157 113 263 691 487 55 
2006 174 160 142 298 693 504 55 
2007 198 187 164 327 676 518 55 
2008 210 205 liS 343 665 528 55 
2009 216 220 179 352 632 525 55 
2010 201 218 161 337 550 482 55 I-' 

w 
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Table 5.12 WBTB Model Results - Bauxite Shipments from Mine to Ref: 
in Thousands of MT (1982,1990,2010) 

VARIABLE XB.L l:auxll. shipped fran Slop-1)pO refinery III h 

INIEX 1 '" 1982 IN1EX1", 199J 
T-AB M-MAB MN-EB T-AB M-MAB MN-EB 

JAMAICA-T. USA 4372 JAMAICA-T. USA 5276 
JAMAICA-T. JAMAICA 4048 JAMAICA-T. JAMAICA 400 
JAMAICA-M. USA JAMAICA-M. USA 1413 
JAMAICA-M. JAMAICA 2700 JAMAICA-M. JAMAICA 1791 
GUYANA .GUYANA 700 GUYANA .GUYANA 1393 
SURINAM .sURINAM 2772 SURINAM .sURINAM 1839 
SURINAM .USA 2488 SURINAM .USA 3349 
BRAZIL .BRAZIL 1050 SURINAM .CANADA 164S 
BRAZIL .USA 2693 SURINAM .EUROIl! 23 
BRAZIL .CANADA 1407 BRAZIL .BRAZIL 6830 
GREECE .EUROIl! 7036 GREECE .EUROIl! 4668 
AUSTRAL-N.AUSTRAL-N 8074 AUSTRAL-N.AUSTRAL-N 10792 
AUSTRAL-W.AUSTRAL-W 12478 AUSTRAL-N. USA 468 
INDONESIA. EUROPE 1112 AUSTRAL-W.AUSTRAL-W 9794 
GHANA .EUROIl! 267 INDONESIA. AUSTRAL-W 262 
GHANA .GUU£A 12 INDONESIA. EUROPE 1492 
GUINEA-T .GUU£A 14«) GHANA .GHANA 1521 
GUINEA-M .EUROIl! 799J GHANA .EUROIl! 3434 

GUINEA-T .EUROIl! 1633 
GUINEA-T .GUU£A 963 

INIEXI~ 2010 GUINEA-M .USA 1568 
T-AB M-MAB MN-EB GUINEA-M .CANADA 836 

JAMAICA-T. USA 44!2 GUINEA-M .EUROIl! 5602 
JAMAICA-T. JAMAICA 9818 
JAMAICA-M. USA 1387 
JAMAICA-M. CANADA 360 
JAMAICA-M. JAMAICA 664 
GUYANA .GUYANA 88S 
SURINAM .sURINAM 659 
SURINAM .USA 3845 
SURINAM .CANADA 1968 
SURINAM .EUROIl! 6248 
BRAZIL .BRAZIL 156S5 
VENEZUELA. VENEZUELA 1SS27 
VENEZUELA. CANADA 1024 
GREECE .EUROIl! 1673 
AUSTRAL-N.AUSTRAL-N 14317 
AUSTRAL-W.AUSTRAL-W 9623 
INDONESIA. AUSTRAL-W 8293 
GHANA .GHANA 4342 
GHANA .EUROIE l1S99 
GUINEA-T .EUROIE 7793 
GUINEA-T .GUU£A 345 
GUINEA-M .EUROIl! 45!lS 
GUINEA-T .GUINEA 403 
GUINEA-M.CANADA 60 
GUINEA-M .EUROPE 4183 

.... 
IN 
IN 



Table 5.13 WBTB Model Results - Alumina Shipments from Refinery to Smelter, 
in Thousands of MT (1982,1990,2010) 

VARIABLE XA.L alumina shipped from hth refinery to ith smeher 

NA-W US-E CAN-E 1A EUR PB AF 
1982 GUYANA 176 155 
1982 SURINAM 1168 152 18 
1982 BRAZIL SOO 
1982 AUSTRAL-N 3670 
1982 AUSTRAL-W 
1982 USA 4455 3549 121 
1982 CANADA 670 
1982 1AMAICA 1625 802 413 
1982 EUROPE 7050 
1982 GUINEA 

660 

NA-W US-E CAN-E 1A EUR PB AF 
1990 GUYANA 696 
1990 SURINAM 876 
1990 BRAZIL 3252 
1990 VENEZUELA 33 2289 
1990 AUSTRAL-N 515 4390 
1990 AUSI'RAL-W 3000 
1990 GHANA 691 
1990 USA 5426 
1990 CANADA 1363 
1990 1AMAICA 1797 473 231 
1990 EUROPE 7616 
1990 GUINEA 438 

NA-W US-E CAN-E 1A EUR PB AF 
2010 GUYANA 442 
2010 SURINAM 314 
2010 BRAZIL 7347 108 
2010 VENEZUElA 743 1960 1443 3247 
2010 AUSTRAL-N 6S08 
2010 AUSTRAL-W 6600 
2010 GHANA 1974 

2010 USA 4382 
2010 CANADA 1558 
2010 1AMAICA 4709 
2010 EUROPE 14515 I-' 

W 
2010 GUINEA 157 ,j::>. 



Table 5.14 WBTB Model Results - Aluminum Shipments from Smelter to Demand Region 
in Thousands of MT (1982,1990,2010) 

V ARIABl.E XL aluminum shipped from ito j 

LA EUR PB AF US 
1982NA-W 441 1552 
1982 US-E 3150 
1982 CAN-E 843 
1982 LA 749 115 
1982 EUR 3946 
1982 PB 1839 
1982 AF 201 106 106 

LA EUR PB AF US 
1990 NA-W 2012 
1990 US-E 3057 
1990 CAN-E 843 
1990 LA 1252 470 356 793 
1990 EUR 3946 
1990 PB 3829 
1990 AF 585 

LA EUR PB AF US 
2010 NA-W 3216 
2010 LA 2686 2803 
2010 EUR 7577 
2010 PB 6792 
2010 AF 59 757 287 

f-l 
w 
01 
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5.3 Free trade case results 

The introduction of free trade, i.e., the lifting of 

bauxite levies, alumina and aluminum tariffs (see table 4.3 

in chapter four), had the greatest effect on smelter 

capacity under high demand growth. Results for the year 

2010 indicate the magnitude of change from free trade and 

the dependence on demand growth rates: 

Smelter High-Growth (WB) Low-Growth (RG) 
country kmt % kmt ~ 0 

NA-W +1,580 + 49.3 + 515 + 24.0 
CAN-E +1,226 + 78.8 + 134 + 14.1 
US-E + 932 + 28.4 0 0.0 
LA + 620 + 11.3 + 373 + 11.0 
AF + 40 + 3.6 0 0.0 
EUR -1,722 - 22.7 0 0.0 
PB -2,210 - 32.5 0 0.0 

Under high growth, the North and South American producers 

gain capacity while the European and Pacific Basin smelters 

lose capacity. Capacity in EUR is replaced by LA (964 kmt) 

and AF (1,144 kmt). North America becomes a net exporter 

as NA-W replaces 2,380 kmt of PB capacity and only 1,713 

kmt is imported from LA. 

The year 2010 results from regression-based demand are 

similar to table 5.5 results from the mid-1990s of the 

higher growth rates. Figure 5.1A graphs the changes in 

smelting capacity with free trade from 1982 to 2010 under 

WB growth and figure 5.1B graphs the capacity changes under 

RG growth. From the years 1982 to 2000 under high growth 

there is no clear trend in capacity changes. After 2000 

though, the Latin and North American producers are clear 

winners while European and Pacific Basin producers lose 

capacity. Under the lower growth scenario, the winners and 
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losers are not yet defined by the final model period 2010. 

with trade barriers, the highest bauxite levies are in 

Guyana ($21.20 per mt), Jamaica ($10 per mt) and Guinea 

($9.90 per mt). Removal of these levies creates a large 

demand for bauxite from these sources, indicating an 

absolute advantage in bauxite for these countries. Ghana 

and Australia have the largest absolute disadvantage, both 

losing over seven kmt per year by 2010. Other significant 

volume losers are Venezuela, Indonesia and Brazil. The 

following table details the capacity changes from the trade 

barrier base model: 

Bauxite High-Growth (WB) Low-Growth (RG) 
country kmt % kmt l!:-0 

Jamaica +11,744 + 70 +8,606 + 81 
Gu¥ana +11,181 +1,263 +6,087 + 688 
Gu~nea + 4,036 + 32 +4,673 + 72 
.Greece 0 0 0 0 
Surinam 762 6 515 7 
Indonesia - 2,738 33 838 22 
Brazil - 3,694 24 -3,868 35 
Venezuela - 3,934 24 -4,014 34 
Ghana - 7,104 45 -6,275 56 
Australia - 7,722 32 -1,265 8 

Most of the increased production from Guyana, Jamaica and 

Guinea remain in the source country for refinery use. The 

notable exceptions are additional shipments from Jamaica to 

USA, and Guyana to Europe. Bauxite capacity changes under 

free trade, for the two different demand growth rates, are 

graphed in figures 5.2A and 5.2B . 



Figure 5.1A Aluminum smelting capacity changes 
with free trade and 

high (WB) demand growth rates 
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Figure 5.1B Aluminum smelting capacity changes 
with free trade and 

low eRG) demand growth rates 
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Figure 5.2A Bauxite mine capacity changes 
with free trade and 

0 
UJ 
Z 
~ 
~ 
§ 
« 
In 
LL 
0 .... 
~ 

o w 
Z 
~ 

'iii 
(: 

~ 
~ -

w· 'iii' 
I::: c 

Xm:l« ~ 
~ 

lJ. 
o 
~ 

high (WB) demand growth rates 

WBTS VS WBFT FREE TRADE (1) 

12.0 
10.0 
8.0 
6.0 
4.0 
2.0 
0.0 

-2.0 
-4.0 
-6.0 
-8.0 

1982 1990 2000 2010 
1985 1995 2005 

o JAMAICA-T + JAMAICA-M o GUYANA 
'V WORLD 

6. SURINAM x BRAZIL 

weTe VS weFT FREE TRADE (2) 
12~r-----------------------------------------------------' 

10.0 
8.0 
6.0 
4.0 
2.0 

O.O~-§~~~~~~~~~~~~~~~~~jE;:~::~~~--j -2.0r 
-4.0 
-6.0 
-8.0L-~----~------~-------r------~--------~-------r~ 

1982 1990 2000 2010 
1985 1995 2005 

o VENEZUELA + GREECE 0 AUSTRAL-N A AUSTRAL-W '<J WORLD 

weTe VS WBFT FREE TRADE (3) 

12.0.---------------------------------------------------~ 

10.0 
8.0 
6.0 

4.0~--.. ~~~;;;;;;~~::::::~~:;~~~;;~~::~~~_i 2.0 
0.0 

-2.0 
-4.0 
-6.0 
-8.0~-.----._------_.------_.------_.--------._------_.~ 

1982 1990 2000 2010 
1985 1995 2005 

o INDONESIA + GHANA o GUINEA-T A GUINEA-M 'V WORLD 



141 

Figure 5.2B Bauxite mine capacity changes 
with free trade and 
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The refinery capacity results from free trade show that 

Guyana, surinam and Jamaica have the largest capacity 

increases while the bigger losers are Europe and Australia: 

Refining High-Growth (WB) Low-Growth (RG) 
Country kmt % kmt ~ 

0 

Guyana +5,591 +1,265 +3,044 + 689 
Surinam +5,380 +1,713 +3,019 + 961 
Jamaica +2,207 + 47 + 993 + 28 
USA + 798 + 18 + 799 + 28 
Ghana + 235 + 12 + 106 + 5 
Guinea 0 0 0 0 
Canada -1,255 81 238 45 
Venezuela -1,418 19 -1,912 34 
Brazil -1,760 24 -1,854 35 
Australia -4,265 33 94 1 
Europe -4,615 32 -1,889 25 

The increased output of Guyana, Surinam and Jamaica is 

shipped primarily to North America: surinam to NA-W (4,332 

kmt) and EUR (1,242 kmt), Guyana to NA-W (4,924 kmt) and 

CAN-E (1,109 kmt), and Jamaica to US-E (2,960 kmt) and CAN

E (3,957 kmt) while eliminating 4,709 kmt to NA-W. The 

decreased output of Europe, Australia, Brazil and Canada 

results from fewer shipments to home smelters. Venezuela 

eliminates 4,146 kmt of shipments to North American 

smelters but increases shipments to Latin America. Figures 

5.3A and 5.3B illustrates the dynamic capacity trends for 

refining. 

5.4 Smelter power subsidy elimination 

Electric power for smelting is considered subsidized here 

ii the 1980 'Actual' rate is lower than the lowest rate 

available for new capacity. The new capacity rates are 
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Figure 5.3A Alumina refinery capacity changes 
with free trade and 
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Figure 5.3B Alumina refinery capacity changes 
with free trade and 
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standardized for all regions based on the type of power 

generation plant: 

Power Rate category 
Actual Locost Hicost 

NA-W $0.020/kwh $0.030/kwh $0.050/kwh 
US-E 0.024 0.050 0.050 
CAN-E 0.004 0.030 0.050 
LA 0.020 0.020 0.030 
EUR 0.020 0.050 0.050 
PB 0.012 0.020 0.050 
AF 0.0048 0.020 0.050 . 
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'Locost' electricity generated with flared gas is 

considered at $0.020 per kwh. Hydro power is priced at 

$0.020 per kwh for high head rivers and $0.030 per kwh for 

low head rivers. 'Hicost' refers to coal fired or nuclear 

plants. with the definition of subsidized power here, the 

only non-subsidized power is in the LA smelting region. 

The power rates are obtained from Brown et ale (1983). 

comparing the free trade model with WB growth rates 

(FTWB) to one with no power subsidies (FTWBNPS) those 

smelters using 'Locost' hydro power were gainers. The 

biggest losers were US-E and EUR where power costs went 

from hydro rates to coal-fired rates: 

Smelter High-Growth (WB) 
country kmt ~ 0 

NA-W + 255 + 5.3 
CAN-E + 318 + 11.4 
US-E - 406 9.6 
LA + 70 + 1.2 
AF + 1 + 0.1 
EUR - 280 4.8 
PB 41 0.9 

Eliminating the large power subsidies to PB and CAN-E had 

no dramatic affect on their capacities. And by the year 

2010 there was little affect on the total capacity of 
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smelters. However in the near term, as figure 5.4 

illustrates, an elimination of power subsidies caused large 

capacity fluctuations which reached a peak in 1992. The 

US-E and EUR lost nearly 1,500 kmt of capacity before 

increased aluminum demand initiated reinvestment. 

5.5 Exchange rate fluctuations 

As expected, fluctuations in exchange rates affected the 

regional market shares of aluminum smelting capacity. The 

results were dependent on relative costs bf the smelting 

region and rates of demand growth. Three scenarios were 

studied: (1) using low growth rates, a once only (year 

t=l) 35 percent revaluation of the $US and $Can from 1980 

values, simulating monetary conditions in the first quarter 

of 1985, (2) again using low growth rates, a 15 percent 

devaluation of the $US and $Can in t=l, where the $US 

reached rates similar to those of 1992, and (3) using WB 

growth rates, a 15 percent devaluation in t=l. 

Revaluating the $US and $Can reduced capacities in both 

US-E and NA-W regions and LA appeared as the swing 

producer. Figure 5.5 shows that the currency revaluation 

first affects NA-W capacity which reaches a maximum 

relative decline of 41 percent (812 kmt) in 1994. US-E 

capacity declines reach a maximum of 57 percent (1,697 kmt) 

in 2005 before beginning to recover. 

Figure 5.5 also shows that a 15 percent devaluation of 

the $US and $Can in 1980 had no capacity affect on the 

lower cost NA-W and CAN-E producers but did increase 

capacity of the relatively high cost US-E producer, 

reaching a maximum of 41 percent (763 kmt) in 1998. LA, 
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Figure 5.4 Aluminum smelting capacity changes 
with free trade and no power subs1dies, 

decrease in power input 
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Figure 5.5 Smelting capacity changes with exchange rate 
fluctuations and regression rate of demand growth 
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again acting as a swing producer for NA, decreased capacity 

by 21 percent (595 kmt). After 1998 the capacities trend 

back to their original path as aluminum demand increases 

require newer capacity with higher cost power sources. By 

2007, the affects are insignificant. with the third 

scenario using higher WB growth rates, figure 5.6 

illustrates the expected effects of a North American 

currency devaluation as NA-W, US-E and CAN-E capacities 

increase while EUR, PB and to a lesser extent LA decrease. 

From these studies of a once-only repegging of 

currencies, it is apparent that fluctuations have notable 

affects on regional smelting capacities, and that the 

timing of affects depend on aluminum demand growth. 

Nominal fluctuations of currencies may not have lasting 

affects on capacities, though regional profits are surely 

influenced. 

5.6 Parameter sensitivity analysis 

Sensitivity analyses are studied for demand growth rates, 

smelter power consumption, real rate of interest (RRINT), 

capital depreciation rates (DELTA) and smelter adjustment 

cost parameter (ALD). Some effects of higher versus lower 

aluminum demand growth rates have been discussed earlier. 

In general, results from slower (RG) rates tend to mirror 

higher (WB) results up to the late 1990s. In specific 

scenarios the results vary since WB rates increase smelter 

capacity demand more rapidly and thereby allow less 

capacity depreciation during a similar time period. And as 

new capacity is added over time it is more likely to be 

using higher-cost power. The results of these opposing 



150 

Figure 5.6 Smelting capacity changes with exchange rate 
fluctuations, WB vs RG rate of demand growth 
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trends can be seen in the free trade study in figure 5.1 

and the exchange rate fluctuations in figure 5.6. The RG 

growth results are not nearly as conclusive as the WB 

results. 

Figure 5.7 depicts the effects of a reduction in the real 

rate of interest to zero (r=O), an increase in the capital 

depreciation rate from five to 10 percent, and a rise in 

the smelter adjustment cost parameter from 0.10 to 0.20 • 

In all scenarios, there are no tax considerations. An 

interest rate fall increases the smelter capacities of EUR, 

LA and PB relative to the remaining regions. A rise in the 

capital depreciation rate has the largest affect on the 

same regions. A rise in smelter adjustment costs reduces 

EUR capacity while increasing the fluctuations of LA 

capacities. In addition, a change in the elasticity of 

demand from 0.889 to 0.689 for all regions except the US 

had only a minor effect on capacities. These results are 

all expected and their relatively small magnitude indicate 

that the model's performance is stable, not critical to 

parameter selection. 

5.7 Conclusions 

As discussed above, the hypothesis is confirmed that, 

under the free trade and absolute advantage criteria, u.s. 
capacity increases at the expense of European and Pacific 

Basin capacity. Thus, the major determinant in the 

location of new smelter capacity is the existence of 

barriers to trade. This contradicts the literature which 

cites low-cost electric power. LOW-cost power remains 

important in the short- and mid-term but in the longer-run, 
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Figure 5.7 Aluminum capacit¥ changes with sensitivities 
of real rates of 1nterest, capital depreciation 
rates and smelting adjus~ment cost parameter 
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with power priced at market rates worldwide and the 

availability of new hydroelectric generating capacity 

limited, power becomes less of a factor in locating new 

smelter capacity. 
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In the upstream markets for bauxite and alumina, Jamaica 

and Guyana have absolute advantages bauxite mining. The 

factors which determine advantage, i.e., those that vary 

the most significantly among regions, are inland 

transportation costs, ocean transport to refinery, and the 

bauxite-to-alumina ratio. Jamaica has the lowest overland 

transport costs of any region (due to relatively short 

distances to refineries and ports that can be traversed 

with belt conveyors), combined with a relatively moderate 

bauxite-alumina ratio. surinam has relatively low overland 

transport costs, a good location with respect to refineries 

and the lowest bauxite-alumina ratio. 

In alumina refining, surinam and Guyana have absolute 

advantages. The major cost shares of alumina are the 

inputs of bauxite and energy but the cost which varies most 

among refineries is that of bauxite transportation. Both 

Surinam and Guyana have access to lower-cost bauxite at 

relatively cheap transportation costs from the mines to 

refineries. 

Fluctuations in exchange rates from equilibrium levels 

can impact investment decisions in the short- and mid-term 

but only if investors are assumed myopic. with once-only 

changes that are assumed to bring rates to an equilibrium, 

and high demand growth, the effects on investment can be 

long term. 

In all scenarios the results were well-behaved. The 
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sensitivity analyses illustrated that changes in parameters 

had well-defined results. The robustness and stability of 

the model makes this study amenable to further extensions. 

5.8 Extensions and revisions 

The study here could be the basis for extensions in 

several areas. The aluminum cost function could be 

reformulated to include technical change, vintage capital, 

and lumpy investment. On the demand side, the regional 

inverse demand functions could be developed using 

econometrics. The study could be expanded geographically 

to include the Soviet bloc and Mexico. And lastly, the 

study could look at aluminum prices and regional profits 

with stochastic demand shifts. 

5.8.1 Technical change 

The World Bank and this study treat technical change in a 

generalized, exogenous manner, providing for once-only 

technical advancement. A more appropriate treatment would 

introduce technical change intertemporally. with a survey 

of the industry and ongoing technological research, a time 

pattern of change could be estimated and the results 

incorporated in an investment schema. Also endogenous 

technical change, through investment, would simulate the 

ability of firms to mitigate any higher production costs 

arising from absolute disadvantages in factor endowments by 

adopting regionally appropriate technologies. The 

technique would require the addition of engineering process 

functions in an linear-programming submodel that could 

determine the most appropriate available technology for 
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each "greenfield" investment. 

5.8.2 Vintage capital 

The present methodology would require modification to 

account for vintage capital, if the capital life differed 

from the model life or if pre-1980 capital were not 

considered a sunk cost. Inclusion of vintage capital would 

be necessary to gain the benefits of a technical change 

module. 

5 •. 8.3 Geographical extensions 

with recent changes in the world political situation, 

particularly in the former East Bloc countries and soviet 

Union, more trade flows may occur between these countries 

and the modeled western world. As more information on the 

general cost structure of the soviet capacity is made 

available, the model may be extended. 

Also, Mexico could be introduced explicitly as a low cost 

power source due to an abundance of natural gas. The 

results could shed insight to the proposed North American 

Free Trade Agreement (NAFTA). 

Additionally, the present regional aggregation with a 

"representative" facility in each region could be further 

disaggregated to the country level, or further to the plant 

level. At some point however, the value of additional 

model complexity has diminishing returns due to the cost of 

acquiring information. 

5.8.4 Lumpy investment 

In the present study, initial investment was fully 
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divisible. In reality, investment in greenfield facilities 

may be quite lumpy (see Brown et ale 1983). The minimum 

ef·f icient aluminum pot line approaches 130 thousand mt. 

The minimum sized alumina refinery is near 1,500 thousand 

mtpy. And bauxite mines exhibit scale economies that make 

1,200 to 2,000 thousand mtpy capacities efficient, 

depending on amount of infrastructure. To accommodate 

lumpy investment, an integer optimization program is 

required. 

5.8.5 Trade distortions 

The trade module here offered the most dramatic of 

changes. This encourages the extensions to many differing 

scenarios on specific exchange rate manipulations and 

levies, subsidies or tariffs could be studied. 

Subsidies, especially those to electric power, could be 

modelled on a case-by-case basis with added data on 

opportunity costs. Subsidies to capital could be 

investigated. 

Lastly, taxes could be studied, as in many instances tax 

subsidies exist in the form preferential treatment and tax 

holidays. 

5.8.6 Aluminum demand functions 

The model could be extended to better define aluminum 

demands. Demand equations could be estimated, using 

econometric time-series data, as a function of regional GNP 

and exchange rates. Thus, growth of demand and 

subsequently supply would be predicated on the given levels 

of GNP and the exchange rate parameter for each region. 
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5.8.7 Rents 

The present study provided a pattern of intertemporal 

investment. Following sargent (1987), the model could be 

rerun with the investment pattern predicted here (and 

possibly with inclusion of the stochastic demand component) 

to calculate rents for aluminum. 

In the resultant expectations framework, supply and 

demand would not always be in sync, but the random 

movements in market prices around long run competitive 

price could be obtained. This would reflect a rational 

expectations environment in which firms respond to expected 

future market prices based on observed and expected 

capacity utilizations rather than resource constraints. 
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APPENDIX 1 DEMAND PRICE-ELASTICITIES 

The demand elasticities here are initially assumed a 

negative 0.889 in all demand regions (based on Mason's 

(1972) estimate for the U.S.). Pindyck (1977) estimates 

long-run and short-run elasticities for the U.S. at (-1.0) 

and (-0.20) respectively while Banks (1979, p.90) estimates 

are (-0.80) and (-0.13). Though the U.S. long-run data 

appear relatively consistent, global data by country is less 

so. Faucett (USBM, 1986) reports short-run price

elasticities that are positive for Mexico, Italy, South 

Africa and the Pacific Basin countries of Japan, Taiwan, 

Australia and South Korea. Positive elasticities, absent 

identification problems, do not accord with demand theory 

for inputs, suggesting a measurement problem. For example, 

the phenomenon could result from the method of accounting 

for apparent consumption in which unadjusted aluminum ingot 

consumption is measured rather than the actual consumption 

of final products. Attempts to correlate individual country 

GNP or prices to aluminum ingot consumption would not be 

accurate since the level of ingot consumption is correlated 

to the demand for final products such as automobiles, which 

is correlated to the economic fortunes of the automobile 

demand country. For example, the demand for aluminum in 

South Korea depends on U.S. automobile demand, thus the u.S. 

economy, rather than the Korean domestic GNP and incremental 

changes in local aluminum prices. To avoid 

misidentifications here, the regional demand (i.e. revenue) 

functions are all determined using price-elasticities of 

(-0.899). The significance and cost of using such a common 

value is addressed through sensitivity analysis. 



APPENDIX 2 MODEL NOTATION 

PROCESS (Product) Identifying Superscript 

m = minin~ (bauxite) 
r = refin1ng (alumina) 
s = smelting (aluminum) 
a = demand (aluminum) 

SETS 

f = WE, RG; index on demand growth rates 

~ = 1., 2, · .. , G; index on bauxite mining regions 
= 1., 2, · .. , Hi index on alumina refinery regions 

i = 1., 2, · .. , I; index on aluminum smelter re~ions 

i = 1., 2, · .. , J; index on aluminum demand reg10ns 
= index on 
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1., 2, · .. , T; model time periods 
v = 1., 2, · .. , V; index on bauxite type/refinery processes 

index pc = 1., 2, · .. , PC; on smelter power cost types 
me = 1., 2, · .. , MC; index on bauxite mining in~uts 
re = 1., 2, · .. , RC; index on alumina refinery 1nputs 
se = 1., 2, · .. , SCi index on aluminum smelting inputs 

PARAMETERS 

r = real interest rate per period, r~O (=O.08 for base) 

o = depreciation rate of investment capital, where O~o~1. 
(=O.050 for base) 

Bt = cash flow discount factor at t, where B=(1./(1.+r)) 

am = bauxite investment adjustment cost parameter (=O.007) 

ar = alumina investment adjustment cost parameter (=O.002) 

as = aluminum investment adjustment cost parameter{=O.035) 

b jft = aluminum demand slope value for growth f in j at t 

ajft = aluminum demand satiation price for f in j at t 

€j = demand price elasticity for aluminum in region j 

WE = World Bank regional demand growth rate 

RG = Regression-Determined regional demand growth rate 



, 
a jf 

lracj 

kfactr 
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= annual demand intercept arithmetic growth for 
all j and f, where ajf ~ 0 for all j and f 

= annual demand intercept geometric growth for all 
j and f, where a jf :::; 0 for all j and f 

= annual demand slope geometric growth for all j 
and f, where Gjf :::; 0 for all j and f 

= initial aluminum consumption in region j at t=l 

= expected lrac of aluminum in region j at t=2000 

= capital recovery factor for smelter investment, 
assuming a 20-year life at r rate of interest 

bxratiogv = mt of v-type bauxite from region g to produce 
one mt of alumina 

aaratio 

pwrinpt 

pwrtechi 

bauxresgv 

capminlgv 

= mt alumina to produce one mt aluminum (=1.93) 

= kwh electricity per mt of aluminum (=13,500) 

= technical chanEe factor for smelter power usage 
where o:::;pwrtec i:::;l 

= bauxite v-type reserves in region g at time t=l 

= bauxite v-type mine capacity in region g at t=l 

capreflhv = capacity of v-type refinery in region h at t=l 

eapsmelti,pc= capacity of pe-type smelter in region i at t 

kpwrsi,pc 

lfactri 

= electric power capacity for pc-type power in i 

= location adjustment factor for smelter unit 
investment price in region i 

COST PARAMETERS 

wn g,v,mc 

r h,v,rc 

S w i,sc 

pmg,v,mc 
s 

p h,v,rc 

= bauxite mining input type me, for v-type 
bauxite in region g 

= alumina refining inputs type re, for v-type 
process in h 

= aluminum smelting inputs type sc, for region i 

= bauxite mining input prices for me input in g 

= alumina refining input prices for re input in h 



P
S. 
i,sc 

pZmg 

~~ 
PZsi 

pe1eci,pc 
m 
s~ 

T 
S hi 

T 
S ij 

d 
P jt 
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= aluminum smelting input prices for sc input in i 

= unit investment costs for greenfield mines in g 

= investment costs for greenfield refineries in h 

= unit investment cost of greenfield smelters in i 

= costs of pc-type electric power in i ($ per kwh) 

= bauxite unit shipping costs from mining region g 
to refining region h 

= alumina unit ship~ing costs from refining region 
h to smelting reg10n i 

= aluminum unit shipping costs from smelting 
region i to demand region j 

= aluminum market prices in demand region j at t 

TRADE PARAMETERS 

levyfflg 

tarifm
h 

levyTh 

tarifT
i 

tarifS
j 

= non-traded factor inputs of bauxite m1n1ng, 
where ntfmg,mc=(O,l) for all g and me 

= non-traded factor inputs of alumina refining, 
where ntfTh,Tc=(O,l) for all hand rc 

= non-traded factor inputs of aluminum smelting, 
where ntfSi,sc=(O,l) for all i and sc 

= exchange rate adjustor for g countries mining 
bauxite 

= exchange rate adjustor for h countries refining 
alumina 

= exchange rate adjustor for i countries smelting 
aluminum 

= levy on exported bauxite from mining region g 

= tariff on imported bauxite to refining region h 

= levy on exported alumina from refining region h 

= tariff on imported alumina to smelting region i 

= tariff on imported aluminum to demand region j 



162 

VARIABLES 

yngvt 
r y hvt 

= v-type bauxite mined in region g at t 

= alumina refined by v-type process in region h at t 

ySi,pc,t = aluminum smelted by pc-type power in region i at t 

qjt = aluminum consumed in region j at t, where qjt~O 
for all j and t 

xmghvt = 

rhit = 

S 
X ijt = 

k m
gvt = 

k r
hvt = 

bauxite shipped from mining region g to refining 
region h for v-type processing at t, where xmghvt~O 
for all g,h,v and t 

alumina shipped from refining region h to smelting 
region i at t, where xrhit~O for all h,i and t 

aluminum shipped from smelting region i to demand 
region j at t, where XSijt~O for all i,j and t 

bauxite mine capacity in region g at t, where 
kmgvt~O for all g,v and t 

alumina v-type refinery capacity in region h at t, 
where krhvt~O for all h,v and t 

k S i pc t = aluminum pc-tjpe smelter capacity in region i 
" at t, where k i,pc,t~O for all i,pc and t 

m 
Z gvt 

r 
Z hvt 

= bauxite v-type mine investment in region g at t, 
where Zmgvt~O for all i,v and t 

= alumina v-type refinery investment in region h at 
t, where zrhvt~O for all h,v and t 

zSi,pc,t = aluminum pc-tjpe smelter investment in region i 
at t, where z i,pc,t~O for all i,pc and t 



APPENDIX 3 MATHEMATICAL MODEL 

OBJECTIVE FUNCTION 

MAX V = ~ Bt[n - ~St - It], 
q;K~X,y,Z ~ t 
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where n t is aluminum revenue, ~St represents industry costs 

including production, trade and shipping, and It is the cost 

of investment. 

REVENUE SCHEDULE 

Total aluminum revenues are nft = ~djftqjt' where 

aluminum prices are defined by the revenue relation, 

pdjft = ajft + b jft qjt • 

The satiation price (ajft) is calculated as 
t ' t ajft = lracj (Ej+l) IEj + [(ajf) (a jf) ] , 

where Ej is the demand elasticity in j, ajf is the 

arithmetic and a'jf is the geometric growth rate of ajft • 

The slope or gradient value b jft is defined 

bjt = LRACjl (Ejqinitj) (ajf) t+l, 

where ajf is the annual geometric growth rate. 

COST SCHEDULES 

(1) Total bauxite costs to refineries at time tare 

~mt = ~t [(~c(wng,v,mc ~g,v,mc erFfI'g,mc) (l+¢)t 



where the exchange rate price adjustor is 

erIfUg,mc: = (l+ntfmg,mc: erng). 

(2) Total alumina costs to smelters for time tare 

wr
t = W

1l1
t + ~ r~((}c: (wX'h,v,rc: prh,v,rc: erprh,rc:) 

where the exchange price adjustor 

erprh,rc: = (l+ntfrh,rc: erh) • 

(3) Total aluminum costs to demand regions at time tare 
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W
S 

t = wr 
t + ~i [~c: (~'f: (W

s 
i,sc: pS i,sc: erps i,sc:) +avcpwr i,pc:) 

avcpwri,pc: = pe1eci,pc: pwrtechi pwrinpt, and 

erps i,sc: = (l+ntfS i,sc: ers i) • 

(4) Total investment costs for bauxite mines are 

I m
t = I m

t _1 + ~~(pZmg zmgvt+ d m/2 (Zmgvt ) 2) for all t. 

Alumina refinery investment costs are 

I r t = I r t-1 + 1i~ (pZrh zrhvt+ d r /2 (Zrhvt) 2) for all t, 

and aluminum smelter costs are 

I S
t = I S

t _1 + fie (pinVi ZSi,pc:,t+ d S/2 ( Zsi,pc:,t)2) 

for all t, where pinvi = (lfactri) (PZsi) kfactr, and the 

capital recovery factor is defined by kfactr = rerT/(erT_l). 
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CONSTRAINTS 

(1) Material Flow 

a) bauxite v-type production from g ~ shipments from g: 

ymgvt ~ ~ghvt' for all g,v and t 

b) sum of bauxite shipments to h ~ alumina output of h: 

~xmghvt/bxratiogv ~ yrhvt ' for all h,v and t 

c) alumina production from (v,h) ~ shipments from h: 

~yrhvt ~ ~xrh~t' for all hand t v ~ ... 

d) sum of alumina shipments to i ~ aluminum output: 

~rhit/aaratio ~ ~cYsi,pa,t' for all i and t 

e) aluminum production from (pc,i) ~ shipments from i: 

~ yS. .... > ~xs"t for all i and t pa ~ , pa ,.. -] ~J' 

f) aluminum shipments to j ~ consumption in j: 

~xs...... > q .... , for all ]' and t 
~ ~J" - ] .. 

(2) Capacity 

a) bauxite v-type reserves in g ~ total mined in g: 

bauxresgv ~ ~gvt' for all g and v 

b) bauxite v-type capacity in g ~ production from g: 

capminlgv ~ ymgvt, for all g,v and t=l 

k m
gvt ~ ymgvt, for all g,v and t>l 



c) alumina v-type capacity in h ~ production from h: 

capreflhv ~ yrhvt ' for all h,v and t=l 
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d) aluminum pc-type capacity in i ~ production from i: 

capsmeltIi,pa ~ YSi,pa,t' for all i,pc and t=l 

kSi,pa,t ~ YSi,pa,t' for all i,pc and t>l 

e) aluminum pc-type power capacity in i ~ pc-type 

smelting capacity in region i: 

kpwrsi,pa, ~ kSi,pc,t, for all i,pc and t 

(3) Investment 

a) bauxite mine capacity in t equals sum of investment 

in t-l and depreciated capacity in t-I: 

k m
gvt = capminIgv ' for all g,v and t=I, and 

k m
gvt = zmg,v,t_l+(I-o)kmg,v,t_l' for all g,v and t>I 

b) alumina refinery capacity in t = sum of investment 

in t-l and depreciated capacity in t-I: 

k r
hvt = caprefIhv ' for all h,v and t=I, and 

k r
hvt = zrh,v,t_l+(I-o)krg,v,t_l' for all h,v and t>I 

c) aluminum smelter capacity in t = sum of investment 

in t-I and depreciated capacity in t-I: 

k S , = 
~,pc,t 

k S
, = 
~,pc,t 

and t>I 

capsmeltIi,pc' for all i,pc and t=l, and 

ZSi,pa,t_l + (l-o)kSi,pc,t_l' for all i,pc 



Appendix 4 ALUMINUM REVENUE DATA 

Demand Regions 
US LA EUR PB AF 

qinit(j) 1 4,851 602 3,892 2,209 179 
WB 2010 q(j) 10,986 2,632 7,671 6,794 735 
'RG 2010 q(j) 4,884 1,519 7,193 4,804 445 

lr~c(j) 2 1,845 1,832 1,844 1,872 1,886 
€ (]) 0.889 0.889 0.889 0.889 0.889 

b (j,WB, 1) 0.428 3.420 0.533 0.953 11.865 
b (j ,RG, 1) 0.428 3.420 0.533 0.953 11.865 

b (j,WB,30) 0.189 0.783 0.270 0.310 2.888 
b (j ,RG,30) 0.425 1.356 0.288 0.438 4.767 

Calculated regional revenue intercept growth rates: 
, 

ajf a jf 

WB RG WB RG 

US 75 35 0.935 0.934 
LA 215 60 0.918 0.929 
EUR 95 75 0.947 0.934 
PB 155 35 0.930 0.970 
AF 193 60 0.920 0.932 

Calculated revenue slope growth rates (Ojf): 

US LA EUR PB AF 

WB 
RG 

0.97001 0.95204 0.97764 0.96325 0.95399 
0.99977 0.96963 0.97974 0.97444 0.97006 
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1 Based on regression analysis for data 1967 to 1989, in mt. 
2 Real expected costs (in $/mt) for year 2000, from Brown 

et al. (1983). 



APPENDIX 5 GAMS PROGRAMMING MODEL 

* GAMS FILE FOR DYNAMIC ALUMINUM PROBLEM 

$TITLE ALUMINUM NSP MODEL 
$OFFSYMXREF OFFSYMLIST OFFUELLIST OFFUELXREF 

depreciation rate of investment capital /0.05/ 
real rate of interest /0.08/ 
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SCALARS 
DELTA 
RRINT 
BXDEPL 
BXD 
AAD 
ALD 
URATIO 
KFACTR 
P~ 
PWRINPT 

annual bauxite depletion allowance /0.00/ 
bauxite investment adjustment cost param /0.007/ 
alumina investment adJustment cost param /0.010/ 
aluminum investment adjustment cost param /0.100/ 
tons of alumina per mt of aluminum /1.93/ 
capital recovery factor: 20yr life at RRINT 
capital cost {$ per mt) of new smelters /2900/ 
kwh of electr1city per mt of aluminum /13500/ ; 

SETS 
T production time periods 

/1982, 1983, 1984, 1985, 1986, 1987, 1988, 1989, 1990 
1991, 1992, 1993, 1994, 1995, 1996, 1997, 1998, 1999 
2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008 
2009, 2010, 2011, 2012, 2013/ 

G bauxite source countries 
/JAMAICA-T, JAMAICA-M, GUYANA, SURINAM, BRAZIL, VENEZUELA 

GREECE, AUSTRAL-N, AUSTRAL-W, INDONESIA, GHANA, GUINEA-T 
GUINEA-M, CAMEROON/ 

H alumina supply locations 
/USA, CANADA, JAMAICA, GUYANA, SURINAM, BRAZIL, VENEZUELA 

EUROPE, AUSTRAL-N, AUSTRAL-W, GUINEA, GHANA/ 

I aluminum smelter regions 
/NA-W, US-E, CAN-E, LA, EUR, PB, AF/ 

J aluminum demand regions 
/LA, EUR, PB, AF, US/ 

P bauxite ty~e-refinery process 
/T-AB Tr1hydrate-American Bayer 

M-MAB Mixed-Modified American Bayer 
MN-EB Monohydrate-European Bayer/ 

GTOP(G,P) bauxite country to process map 
/JAMAICA-T. T-AB, JAMAICA-M. M-MAB, GUYANA. 

SURINAM. T-AB, BRAZIL. T-AB, VENEZUELA. 
GREECE. MN-EB, AUSTRAL-N. M-MAB, AUSTRAL-W. 
INDONESIA. T-AB, GHANA. T-AB, GUINEA-T. 
GUINEA-M. M-MAB, CAMEROON. T-AB / 

K smelter power cost type 
/ACTUAL, LOCOST, MDCOST, HICOST/ 

T-AB 
T-AB 
T-AB 
T-AB 
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HTOP(H,P) refinery location to process map 
IUSA. (T-AB, M-MAB), CANADA. (T-AB, M-MAB) 

JAMAICA. (T-AB, M-MAB), EUROPE. (MN-EB, T-AB, M-MAB) 
GUYANA. T-AB, SURINAM. T-AB 
BRAZIL. T-AB, VENEZUELA. T-AB 
AUSTRAL-N. M-MAB, AUSTRAL-W. T-AB 
GUINEA. (T-AB,M-MAB), GHANA. T-AB I 

ITOK(I,K) smelter to electric power map 
INA-W. (ACTUAL, LOCOST, HICOST), US-E. (ACTUAL, HICOST) 

CAN-E. (ACTUAL, LOCOST, HICOST), EUR.(ACTUAL, HICOST) 
LA. (ACTUAL, LOCOST, MDCOST, HICOST) 
PB.{ACTUAL, LOCOST, HICOST), AF.(ACTUAL,LOCOST,HICOST)I 

BC bauxite production cost components IAVC, CAPTL, TRANSI 

RC refinery production cost components 
ICAUSTIC-S, LIME, ENERGY, LABOR, OTHER, CAPITALI 

SX aluminum smelter production cost components 
lLABOR, THERMAL-E, COKE, FLUORIDES, PITCH, OTHERI 

GHTRADE{G,H) BX to AA country flows with no trade barriers 
IJAMAICA-T.JAMAICA, JAMAICA-M.JAMAICA, BRAZIL. BRAZIL 

GUYANA. GUYANA, SURINAM. SURINAM, VENEZUELA. VENEZUELA 
GREECE. EUROPE, AUSTRAL-N.AUSTRAL-N, AUSTRAL-W.AUSTRAL-W 
GHANA. GHANA, GUINEA-T.GUINEA, GUINEA-M.GUINEAI 

HITRADE{H,I) AA to AL country flows with no trade barriers 
IUSA.{NA-W, US-E, CAN-E), CANADA. (NA-W, US-E, CAN-E) 

GUYANA. LA, SURINAM. LA, BRAZIL. LA, VENEZUELA.LA 
EUROPE.EUR, AUSTRAL-N.PB, AUSTRAL-W.PB, GUINEA.AF 
GHANA.AFI 

IJTRADE(I,J) supply to demand region aluminum flows with no 
trade barriers INA-W.US, US-E. US, CAN-E. US, LA.LA 
EUR.EUR, PB.PB, AF.AFI 

GHP(G,H,P) bauxite mine to alumina refinery flows; 
GHP{G,H,P) = GTOP(G,P) * HTOP{H,P); 

PARAMETERS 
BETA(T) discount factor 
AVCBAUX{G) avc (per mt) of bauxite from region g 
AVCREF(H,P) avc of pth refinery process in region h 
SMELTUCST(I) smeltin9 unit costs-time invariant ($ ~er mt) 
AVCPWR(I,K) avg var1able power cost ($ per mt alum1num) 
PINV(I! amortized price of new capacity ($ per mt) 
LRAC(J long run average cost of aluminum in j 
AJ(*,J demand intercept (satiation price) for j 
B(T,J) demand slope for region j in t; 

******************** 
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* COST DATA 

TABLE BAUXCST(G,BC) bauxite production * ($/mt of bauxite) INLAND 
cost data 

JAMAICA-T 
JAMAICA-M 
GUYANA 
SURINAM 
BRAZIL 
VENEZUELA 
GREECE 
AUSTRAL-N 
AUSTRAL-W 
INDONESIA 
GHANA 
GUINEA-T 
GUINEA-M 
CAMEROON 

AVC CAPTL TRANS 
11.00 4.20 0.20 
11.00 4.20 0.20 
12.60 5.80 2.80 
11.00 4.20 5.70 
12.60 5.80 4.80 
11.80 5.10 5.20 
15.40 5.80 8.00 
10.20 4.20 1.20 
10.20 4.20 0.90 
8.10 4.20 4.00 

10.90 5.10 2.50 
10.30 4.20 3.70 
10.30 4.20 3.70 
10.30 4.80 18.00 i 

TABLE REFCST(H,P,RC) refinery cost matrix ($ per mt) 
* Location. Process Cost Component 

CAUSTIC-S LIME ENERGY LABOR OTHER CAPITAL 
USA. T-AB 16 4 59 20 30 113 

M-MAB 17 4 63 22 30 119 
T-AB 16 4 59 20 30 113 
M-MAB 17 4 63 22 30 119 
T-AB 17 4 59 9 30 124 
M-MAB 15 4 63 10 30 131 
T-AB 15 4 59 9 30 124 
T-AB 15 4 59 9 30 124 
T-AB 15 4 59 9 30 124 
T-AB 15 4 59 9 30 124 
MN-EB 25 4 66 22 30 127 
T-AB 16 4 59 20 30 113 
M-MAB 20 4 64 22 30 119 
M-MAB 20 4 64 22 30 127 
T-AB 12 4 59 20 30 124 
T-AB 15 4 59 9 30 142 
M-MAB 20 4 64 10 30 149 

USA. 
CANADA. 
CANADA. 
JAMAICA. 
JAMAICA. 
GUYANA. 
SURINAM. 
BRAZIL. 
VENEZUELA. 
EUROPE. 
EUROPE. 
EUROPE. 
AUSTRAL-N. 
AUSTRAL-W. 
GUINEA. 
GUINEA. 
GHANA. __ T-AB ___ 15 ____ 4 ___ 59 ___ ~ __ ~_ 140; __ _ -------

TABLE SMELTINPT(SX,I) production inputs per mt aluminum 
NA-W US-E CAN-E LA EUR PB AF 

LABOR 8.6 8.6 8.6 8.6 8.6 8.6 8.6 
THERMAL-E 4.4 4.4 4.4 4.4 4.4 4.4 4.4 
COKE 0.375 0.375 0.375 0.375 0.375 0.375 0.375 
FLUORIDES 30 30 30 30 30 30 30 
PITCH 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
OrrHER 1 1 1 1 1 1 1 . , 
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TABLE SMELTPRIC(SX,I) unit prices of smelter inputs ($/unit) 
NA-W US-E CAN-E LA EUR PB AF 

LABOR 11 11 11 5 11 11 5 
THERMAL-E 4 4 4 4 4 4 4 
COKE 360 360 360 360 360 360 360 
FLUORIDES 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
PITCH 250 250 250 250 250 250 250 
OTHER 220 220 220 220 220 220 220 . , 

* *Based on 200,000 tpy new smelter 

TABLE 

NA-W 
US-E 
CAN-E 
LA 
EUR 
PB 
AF 

PWRFACTR(I,*) KWH PWR consumed 
HICOST 

per mt of aluminum 
ACTUAL LOCOST MDCOST 
111 
111 
111 
111 
111 
111 
111 

1 
1 
1 
1 
1 
1 
1 ; 

TABLE PELEC(I,*) Electricity Prices in $US per kwh 
ACTUAL LOCOST MDCOST HICOST 

NA-W 0.020 0.030 0.050 0.050 
US-E 0.024 0.050 0.050 0.050 
CAN-E 0.004 0.030 0.050 0.050 
LA 0.020 0.020 0.030 0.050 
EUR 0.020 0.050 0.050 0.050 
PB 0.012 0.020 0.050 0.050 
AF 0.0048 0.020 0.050 0.050; 

* LOCOST: Electricity generated with flared gas is 
* considered at $0.020 per kwh; Hydro power is priced at 
* $0.020 per kwh for high head rivers and $0.03 per kwh for 
* low head rivers. 
* HICOST: Refers to coal fired or nuclear plants. 

TABLE BXSHIP(G,H) bauxite shipping costs, g 
USA CANADA JAMAICA GUYANA 

JAMAICA-T 6.159 10.086 0.000 8.302 
----:;:JAMAICA-.;:;M~- 6 .159 10~086- (r-:--mro-- 8. 302 

GUYANA 12.154 14.577 8.302 0.000 
SURINAM 13.188 14.840 9.076 4.274 
BRAZIL 10.998 12.332 8.682 6.726 
VENEZUELA 8.211 9.846 6.147 5.008 
GREECE 24.848 18.458 21.086 19.167 
AUSTRAL-N 27.531 31.830 28.198 41.725 
AUSTRAL-W 29.454 30.920 26.060 45.152 
INDONESIA 32.060 28.873 30.428 41.973 
GHANA 16.978 19.225 14.984 18.512 
GUINEA-T 14.780 16.844 16.580 15.726 
GUINEA-M 14.780 16.844 16.580 15.726 
CAMEROON 25.089 28.923 26.281 21.939 

to h ($ per mt) 
SURINAM BRAZIL 

9.076 8.682 
--g-:-OTo 8 . 68"2--

4.274 6.726 
0.000 6.189 
6.189 0.000 
5.826 6.433 

18.868 18.904 
40.548 29.708 
37.340 29.151 
41.674 30.742 
19.329 13.750 
23.120 9.500 
23.120 9.500 
30.644 18.714 
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+ VENEZUELA EUROPE AUSTRAL-N AUSTRAL-W GHANA GUINEA 
JAMAICA-T 6.147 13.839 28.198 26.060 14.984 16.580 
JAMAICA-M 6.147 13.839 28.198 26.060 14.984 16.580 
GUYANA 5.008 18.249 41. 725 45.152 18.512 15.726 
SURINAM 5.826 18.102 40.548 37.340 19.329 23.120 
BRAZIL 6.433 13.614 29.708 29.151 13.750 9.500 
VENEZUELA 0.000 13.654 27.834 28.333 12.982 10.820 
GREECE 19.329 12.201 33.016 28.732 15.945 20.600 
AUSTRAL-N 27.834 29.432 0.000 10.011 26.235 31.861 
AUSTRAL-W 28.333 26.780 10.011 0.000 21.198 22.700 
INDONESIA 29.624 22.933 8.300 8.300 22.376 24.860 
GHANA 12.982 12.207 26.235 21.198 0.000 5.986 
GUINEA-T 10.820 10.892 31. 861 22.700 7.230 0.000 
GUINEA-M 10.820 10.892 31.861 22.700 7.230 0.000 
CAMEROON 20.060 21. 532 43.100 25.820 5.916 9.714; 

* Fixed Cost = ~3.5 / mt * Var Cost = 0.0024 / mt / nautical mile - large ports 
$0.0036 / mt / nautical mile - small * Var Cost = 

* Small Ports: Linden, Paramarib, Douala, Itea, 
ports 

Freetown 

TABLE AASHIP(H,I) alumina shipping costs, h to i ($ 
US-E NA-W CAN-E LA EUR PB 

USA 0.000 18.634 11.875 12.247 17.080 31.536 
CANADA 11.875 23.304 0.000 13.804 12.768 36.551 
JAMAICA 6.602 15.996 11.183 9.545 15.562 32.315 
GUYANA 13.837 18.696 16.731 7.353 21.117 49.157 
SURINAM 15.071 18.900 17.045 6.712 20.941 47.751 
BRAZIL 12.247 21.160 13.804 0.000 15.299 34.076 
VENEZUELA 8.996 18.642 10.903 0.000 15.347 31.889 
EUROPE 17.080 27.891 12.768 15.299 0.000 33.754 
AUSTRAL-N 31.536 21.123 36.551 34.076 33.754 0.000 
AUSTRAL-W 33.779 28.280 35.490 33.426 30.660 0.000 
GUINEA 16.660 28.560 19.068 10.500 12.124 36.588 
GHANA 19.225 31.276 21.846 15.459 13.658 30.024 
* Fixed Cost = $3.5 / mt 
* Var Cost = $0.0028 / mt / nautical mile - large * Var Cost = $0.0043 / mt / nautical mile - small 
* Small Ports: Linden, Paramarib, Douala, Itea 

per mt) 
AF 

19.225 
21.846 
16.898 
21. 431 
22.407 
15.459 
14.563 
13.658 
30.024 
24.147 

6.401 
0.000; 

ports 
ports 

TABLE ALSHIP(I,J) aluminum sea transport costs ($ per mt) 
US LA EUR 

NA-W 0.00 87.53 91.11 
US-E 22.74 55.33 52.50 
CAN-E 18.60 57.54 37.10 
LA 33.75 25.74 46.14 
EUR 37.76 57.00 0.00 
PB 66.94 84.78 101.00 
AF 66.13 36.00 40.28 

PB AF 
47.28 105.63 
95.05 68.38 

112.96 57.90 
109.55 55.07 
111.68 36.45 

39.00 68.60 
80.47 70.22; * Fixed Rate: $4.00 per mt * Frgt Rate: $0.01 per mt per nautical mile * The freight cost to US is the minimum of PORTLAND 

********************* 
or NY. 
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* CAPACITY DATA 

PARAMETER BAUXRES(G) bauxite reserves for gth region (mmt) 
/JAMAICA-T 1050, JAMAICA-M 592, GUYANA 700, SURINAM 490 

BRAZIL 4070, VENEZUELA 500, GREECE 1200, AUSTRAL-N 3400 
AUSTRAL-W 1200, INDONESIA 700, GHANA 500, GUINEA-T 300 
GUINEA-M 5200, CAMEROON 1020/; 

PARAMETER BXALRATIO(G) ratio: tons bauxite per ton alumina 
/JAMAICA-T 2.2, JAMAICA-M 2.7, GUYANA 2.0, SURINAM 2.1 

BRAZIL 2.1, VENEZUELA 2.1, GREECE 2.45, AUSTRAL-N 2.2 
AUSTRAL-W 3.4, INDONESIA 2.2, GHANA 2.2, GUINEA-T 2.2 
GUINEA-M 2.25, CAMEROON 2.3/; 

PARAMETER CAPMINE1(G) Mine capacities (1000 tpy) 
/JAMAICA-T 8420, JAMAICA-M 4350, GUYANA 3720 

SURINAM 5260, BRAZIL 5150, VENEZUELA 0 
GREECE 8803, AUSTRAL-N 16250, AUSTRAL-W 13500 
INDONESIA 1215, GHANA 279, GUINEA-T 1440 
GUINEA-M 12100, CAMEROON 0 /; 

TABLE CAPREF1(H,P) initial refinery capacity (1000 tpy) 
T-AB M-MAB MN-EB 

USA 5060 2160 0 
CANADA 670 560 0 
JAMAICA 1840 1000 0 
GUYANA 350 0 0 
SURINAM 1320 0 0 
BRAZIL 500 0 0 
VENEZUELA 0 0 0 
EUROPE 627 3551 2872 
AUSTRAL-N 0 3670 0 
AUSTRAL-W 3670 0 0 
GUINEA 660 0 0 
GHANA 0 0 0 ; 

TABLE 

NA-W 
US-E 
CAN-E 
LA 
EUR 
PB 
AF 

ALPWRCAP(I,*) smelter power capacity 
ACTUAL LOCOST MDCOST HICOST 

1993 1043 0 7000 
3150 0 0 5000 

843 238 0 5000 
864 2214 2151 7000 

3946 0 0 8000 
1839 2193 0 7000 

414 690 0 5000; 

(1000 mtpy) 

PARAMETER LFACTR(I) location factor for smelter capital 
/NA-W 1.0, US-E 1.0, CAN-E 1.0, LA 1.1 

EUR 1.0, PB 1.1, AF 1.25/; 
******************* 
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* DEMAND SUBMODEL 

TABLE AGR(J,*) growth rates of demand intercepts 
WB WB1 RG RG4 

US 75 0.935 35 0.934 
LA 215 0.918 60 0.929 
EUR 95 0.947 75 0.934 
PB 155 0.930 35 0.970 
AF 193 0.920 60 0.932; 

TABLE BGR(J,*) growth rates of demand slopes 
WB RG 

US 0.97001 0.99977 
LA 0.95204 0.96963 
EUR 0.97764 0.97974 
PB 0.96325 0.97444 
AF 0.95399 0.97006; 

PARAMETER QINIT(J) initial aluminum consumption (1980) for J 
IUS 4851, LA 602, EUR 3892, PB 2209, AF 1791 

PARAMETER LRAC(J) expected aluminum cost in j at t=2000 
IUS 1845.2, LA 1831.6, EUR 1844.2, PB 1872.2, AF 1885.6/; 

PARAMETER ELAST(J) demand price elasticity of region j 
IUS 0.889, LA 0.889, EUR 0.889, PB 0.889, AF 0.889 I; 

AJ(T,J) = LRAC(J) *(ELAST(J}+l) IELAST(J)+AGR(J,"WB") *ORD(T) 
*AGR(J,"WB1")**(ORD(T)}; 

B(T,J)=LRAC(J)/(ELAST(J)*QINIT(J»*BGR(J,"WB")**(ORD(T)+1); 

* Note AJ and B adjusted from 1980 to 1982 by adding 2 yrs. 

******************* 

* TRADE DATA 

PARAMETERS 

BXLEVY(G} levy on bauxite ($ per mt) 
IJAMAICA-T 10.0, JAMAICA-M 10.0, GUYANA 21.2, SURINAM 0.0 

BRAZIL 0.0, VENEZUELA 0.0, GREECE 0.0, AUSTRAL-N 0.0 
AUSTRAL-W 0.0, INDONESIA 1.4, GHANA 2.5, GUINEA-T 9.9 
GUINEA-M 9.9, CAMEROON 0.0 I 

BXTARIFF(H) tariff on imported bauxite ($ per mt) 
IUSA 0, CANADA 0, JAMAICA 12, GUYANA 15 

SURINAM 5, BRAZIL 0, VENEZUELA 5, EUROPE 0 
AUSTRAL-N 0, AUSTRAL-W 0, GUINEA 35, GHANA 5 I 



175 

AALEVY(H) levy on alumina ($ per mt) 
IUSA 0, CANADA 0, JAMAICA 0, GUYANA 0 

SURINAM 19.275, BRAZIL 0, VENEZUELA 0, EUROPE 0 
AUSTRAL-N 0, AUSTRAL-W 0, GUINEA 20.238, GHANA 4.8191 

AATARIFF(I) tariff on imported alumina ($ per mt) 
/US-E 0, NA-W 0, CAN-E 0, LA 16.50, EUR 18.48 

PB 0, AF 1651 
* Based on alumina price of $330 per mt. 

ALTARIFF(J) tariffs on aluminum imports to j ($ per mt) 
IUS 0, LA 837, EUR 130, PB 205, AF 0 I; . 

* Based on $1,860 per mt delivered price of alum1num 
********************* 

* EXCHANGE RATE MODULE 

TABLE BXERFACTR(G,*) non-traded proportion of cost 
Ave CAPTL 

JAMAICA-T 0.5 0 
JAMAICA-M 0.5 0 
GUYANA 0.5 0 
SURINAM 0.5 0 
BRAZIL 0.5 0 
VENEZUELA 0.5 0 
GREECE 0.5 0 
AUSTRAL-N 0.5 0 
AUSTRAL-W 0.5 0 
INDONESIA 0.5 0 
GHANA 0.5 0 
GUINEA-T 0.5 0 
GUINEA-M 0.5 0 
CAMEROON 0.5 0; 

TABLE AAERFACTR(H,P,RC) non-traded proportion of cost 

USA. 
USA. 
CANADA. 
CANADA. 
JAMAICA. 
JAMAICA. 
GUYANA. 
SURINAM. 
BRAZIL. 
VENEZUELA. 
EUROPE. 
EUROPE. 
EUROPE. 
AUSTRAL-N. 
AUSTRAL-W. 
GUINEA. 
GUINEA. 
GHANA. 

T-AB 
M-MAB 
T-AB 
M-MAB 
T-AB 
M-MAB 
T-AB 
T-AB 
T-AB 
T-AB 
MN-EB 
T-AB 
M-MAB 
M-MAB 
T-AB 
T-AB 
M-MAB 
T-AB 

CAUSTIC-S LIME ENERGY LABOR OTHER CAPITAL 
000 1 1 0 
000 1 1 0 
000 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
o 0 0 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
000 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
000 1 1 0 
o 0 0 1 1 0 
o 0 0 1 1 0; 



TABLE ALERFACTR(SX,I) 

LABOR 
THERMAL-E 
COKE 
FLUORIDES 
PITCH 
OTHER 

NA-W US-E 
1 1 
o 0 
o 0 
o 0 
o 0 
1 1 

non-traded 
CAN-E LA 

1 1 
o 0 
o 0 
o 0 
o 0 
1 1 

proportion of 
EUR PB AF 
111 
000 
000 
000 
000 
1 1 1i 

cost 

PARAMETER AAEXRATE(*) ER 
IUSA 0, CANADA 

adjustor for AA 
0, JAMAICA 
0, SURINAM 
0, GREECE 
0, GUINEA 
0, CAMEROON 

JAMAICA-M 0, GUYANA 
VENEZUELA 0, EUROPE 
AUSTRAL-W 0, INDONESIA 
GUINEA-M 0, GHANA 

and BX producers 
0, JAMAICA-T 
0, BRAZIL 
0, AUSTRAL-N 
0, GUINEA-T 
o Ii 
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o 
o 
o 
o 

PARAMETER ALEXRATE(I) ER adjustor factor for AL producer 
INA-W 0, US-E 0, CAN-E 0, LA 0, EUR 0, PB 0, AF 0 Ii 

* EXRATE equals change in foreign country currency valuation 
* with respect to the SUS (e.g., a factor of -.20 would 
* indicate a 20 percent devaluation of the foreign currency 
* with respect to the SUS or, conversely, +.20 a 20 percent 
* increased valuation). 
****************** 

* CALCULATIONS 

= (l/(l+RRINT»**ORD(T)i 
= BAUXCST(G,"AVC")* (l+BXERFACTR(G,"AVC")* 

AAEXRATE(G» + BAUXCST(G,"TRANS")i 
AVCREF(H,P) = SUM(RC,REFCST(H,P,RC)*(l+AAERFACTR(H,P,RC) 

* AAEXRATE(H»)- REFCST(H,P,"CAPITAL")i 
= RRINT* EXP(20*RRINT)/(EXP(20*RRINT)-1)i 
= LFACTR(I) * PUK * KFACTRi 

BETA(T) 
AVCBAUX(G) 

KFACTR 
PINV(I) 
SMELTUCST(I) = SUM(SX,SMELTPRIC(SX,I)*SMELTINPT(SX,I) 

*(1+ ALERFACTR(SX, I) * ALEXRATE(I»)i 
AVCPWR(I,K) = PELEC(I,K) * PWRFACTR(I,K) * PWRINPTi 
******************** 

VARIABLES 
NSP sum of 
BXTRDCST(t) 
AATRDCST(t) 
ALTRDCST(t) 
BXINVCST(t) 
AAINVCST(t) 
ALINVCST(t) 

Net Social Payoffs over time (in $1000} 
bauxite levy and tariff costs at t (in 11000) 
alumina levy and tariff costs at t in 1000 
aluminum import tariff costs at t in 1000 
mine investment costs in g at t in 1000 
refinery investment costs in h at t lin 10001 
smelter investment costs at t (in 1000) 
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* The following quantities are in 1000s of mt 
Q(t,j) aluminum consumed in jth demand region 
YB(t,g) bauxite mined in 9 at t 
YA(tch,p) alumina produced 1n p-type refinery in h 
Y(t,1) aluminum produced in ith smelter region 
YPWR(t,i,k) aluminum produced with k-cost power in i 
XB(t,g,h,p) bauxite shipped from g to ~-type refinery h 
XA(tchli) alumina shi~ped from h ref1nery to i smelter 
X(t,1,j) aluminum sh1pped from i to j 
CAPMINE(t,g) capacity of bauxite mines in g 
CAPREF(t,h,~) capacity of alumina refineries in h 
CAPSMELT(t,1) capacity of aluminum smelters in i 
INVMINE(t,g) investment in new mining capacity in g 
INVREF(t,h,~) investment in new p-type refiner¥ in h 
INVSMELT(t,1) investment in new smelting capac1ty in i; 

POSITIVE VARIABLES Q, YB, YA, Y, YPWR, XB, XA, X 
CAPMINE, CAPREF, CAPSMELT; 

* BOUNDS OF INVESTMENT VARIABLES TO FACILITATE SOLUTION 
INVMINE.LO(t,g) = 0 ; 
INVMINE.UP(t,g) = 1700; 
INVREF.LO(t,h,p) = 0 ; 
INVREF.UP(t,h,~) = 1500; 
INVSMELT.LO(t,1) = 0 ; 
INVSMELT.UP(t,i) = 750; 

******************** 

EQUATIONS 

OBJ accounting: discounted Net Social Payoff 

* INVESTMENT COST EQUATIONS (IN ~lOOOS) 
BXFIXCOST(t) accounting: m1ne 1nvestment cost at t 
AAFIXCOST(t) accounting: refinery investment cost at t 
ALFIXCOST(t) accounting: smelter investment cost at t 

* BAUXITE FLOW EQUATIONS (ALL QUANTITIES IN 1000MT) 
BXDEMAND(t,h,p) bauxite demand in p refinery in h 
BXSUPPLY(t,g) bauxite shipped from g <= bx mined in g 
BXCAP(t,g) bauxite mined in g <= capacity g at t 
BXRES(g) total bauxite output in g <= reserves 
BXINVEST1(t,g) intertemporal mine investment for t=l 
BXINVEST(t,g) intertemporal mine investment for t>=2 

* ALUMINA FLOW EQUATIONS (ALL QUANTITIES IN 1000MT) 
AADEMAND(t,i) satisfy alumina demand for i smelter at t 
AASUPPLY(t,h) alumina shi~ped from h <= AA refined in h, t 
AACAP(t,h,p) alumina ref1ned in h p <= capacity of h p t 
AAINVEST1(t,h,p) intertemporal refinery investment for t=l 
AAINVEST(t,h,p) intertemporal refinery investment for t>=2 
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* ALUMINUM FLOW EQUATIONS (ALL QUANTITIES IN 1000MT) 
ALSUPPLY(t,i) aluminum shipments from i <= production in i 
ALDEMAND(t,j) aluminum shipments to j >= demand in j at t 
PWRDEMND(t,~) satisfy power demand for smelter region i 
PWRCAP(t(i,k) capacity constraint for k-ty~e power in i 
ALCAP(t,~) aluminum production <= ca~ac~ty 
ALINVEST1(t(i) intertemporal investment ~n i for t = 1 
ALINVEST(t,~) intertemporal investment: t>l ; 

********************** 

* ALUMINUM DEMAND EQUATION 

* OBJECTIVE FUNCTION AND REVENUES 
OBJ .. NSP =E= SUM(t,BETA(t)*(SUM(j,AJ(t,j)*Q(t,j) 

- B(t,j)/2 * Q(t,j)**2) 

* BAUXITE COSTS 
- SUM(g, (AVCBAUX(g)*(l+BXDEPL)**ORD(t)+BXLEVY(g» 
* YB(t,g) + SUM(h, (BXSHIP(g,h) + BXTARIFF(h) 
$(NOT GHTRADE(g,h») * SUM(p $GHP(g,h,p), XB(t,g,h,p) 
$GHP(g,h,p»» - BXINVCST(t) 

* ALUMINA COSTS 
- SUM(h, SUM(p$HTOP(h,p),(AVCREF(h,p)$HTOPCh,p) 
+ AALEVY(h)}* YA(t,h,p) $HTOPCh,p» + SUMC~, (AASHIP(h,i) 
+ AATARIFF(i) $ (NOT HITRADE(h,~»)*XA(t,h,~»)-AAINVCST(t) 

* ALUMINUM COSTS 
- SUM(i, SMELTUCST(i)*Y{t,i)+SUM(k$ITOK(i,k), AVCPWRCi,k) 
$ITOK(i,k)* YPWR(t,i,k)$ITOK(i,k» + SUM!j, (ALSHIP(~,j) 
+ ALTARIFF(j) $ (NOT IJTRADE(i,j») * X(t,~,j») 
- ALINVCST(t»); 

* FIXED COSTS 
BXFIXCOST(t) •• BXINVCST(t) =E= BXINVCST(t-1)+ SUM(g, 

BAUXCST(g,"CAPTL")*INVMINE(t,g)+BXD/2* INVMINE(t,g)**2); 

AAFIXCOST(t) .• AAINVCST(t) =E= AAINVCST(t-1)+ SUM(h, SUM(p 
$HTOP(h,p), REFCST(h,p,"CAPITAL")* INVREF(t,h,p) 
+ AAD/2* INVREF(t,h,p)**2»; 

ALFIXCOST(t) •• ALINVCST(t) =E= ALINVCSTCt-1)+SUM(i, PINV(i) 
* INVSMELT(t,i) + ALD/2* INVSMELT(t,~)**2); 

* BAUXITE FLOW CONSTRAINTS 
BXDEMAND(t,h,p) $HTOP(h,p) .• SUM(g$GHP(g,h,p), XB(t,g,h,p) 

$GHP(g h,p) / BXALRATIO(g» =E= YA(t,h,p); 
BXSUPPLy(t,g) •• SUM(p $GTOP(g,p), SUM(h $HTOP(h,p), 

XB!t,g,h'P)$GHP(g,h,P») =L= YB(t,g); 
BXCAP t,g) •• CAPMINE(t,g) =G= YB(t,g)i 
BXRES g).. BAUXRES(g)* 1000 =G= SUM(t, YB(t,g»i 
BXINVEST1(t,g)$(ORD(t) EQ l) •• CAPMINE(t,g) =E= CAPMINE1(g)i 
BXINVEST(t,g) $(ORD(t) GT 1) •. CAPMINE(t,g) =E= 

INVMINE(t-1,g) + (l-DELTA)* CAPMINE(t-1,g)i 



* ALUMINA FLOW CONSTRAINTS 
AADEMAND{t,i) •. SUM{h, XA{t,h,i» =G= Y{t,i)* AARATIO; 
AASUPPLY{t,h} •• SUM(p $HTOP(h,p),YA(t,h,p)$HTOP{h,p» 

=G= SUM{i,XA{t,h,i»; 
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AACAP{t,h,p) $HTOP{h,p) •. CAPREF{t,h,p)$HTOP{h,p) =G= 
YA{t,h,p)$HTOP{h,p); 

AAINVEST1(t,h,p) $ (ORD(t) EQ 1) •• CAPREF{t,h,p)$HTOP{h,p) 
= E = CAPREF1{h,p)$HTOP(h,p)i 

AAINVEST{t,h,p) $(ORD{t) GT 1) •• CAPREF{t,h,p)$HTOP(h,p) 
. = E = INVREF{t-1,h,p)$HTOP{h,p)+ (l-DELTA) 

* CAPREF(t-1,h,p)$HTOP{h,p); 

* ALUMINUM FLOW CONSTRAINTS 
ALSUPPLY{t,~) •• Y{t,~) =G= ~~(j, X(t,i,j),); 
ALDEMAND{t,~) .• SUM{~, X(t,~,J» =G= Q(teJ); 
PWRDEMND{t,~) •. SUM{k $ITOK{i,k), YPWR{t,~,k» =G= Y!t,i); 
PWRCAP{tei,k) $ITOK(i,k) .• ~LPWRCAP{i,~) =G= YPWR{t,~,k); 
ALCAP{t,~).. CAPSMELT(t,~) =G= Y(t,~); 
ALINVEST1{t,i) $(ORD{t\ EQ 1) •. CAPSMELT{t,i) =E= 

ALPWRCAP (i, "ACTUALf,) ; 
ALINVEST{t,i) $(ORD{t) GT 1) .. CAPSMELT(t,i) =E= 

INVSMELT{t-1,i) + (l-DELTA)* CAPSMELT{t-1,i); 
******************* 

MODEL ALUMNSP I ALL I; 
ALUMNSP.OPTFILE=l; 
OPTIONS RESLIM=1000000, SOLPRINT=OFF; 
OPTIONS DECIMALS=l, LIMCOL=O, LIMROW=O; 
SOLVE ALUMNSP USING NLP MAXIMIZING NSPi 

* DISPLAY PARAMETERS 
OPTIONS DECIMALS=3i 
DISPLAY 

OPTIONS 
DISPLAY 
OPTIONS 
DISPLAY 
OPTIONS 
DISPLAY 

DELTA 
RRINT 
BXDEPL 
ALDi 
DECIMALS=Oi 

PWRINPTi 
DECIMALS=3i 
AGRi 
DECIMALS=5; 
BGRi 

* DISPLAY MATERIAL FLOWS 
OPTIONS DECIMALS=O; 
DISPLAY 

Q.L 
CAPMINE.L, CAPREF.L, CAPSMELT.L 
YB.L, YA.L, Y.L 
INVMINE.L, INVREF.L, INVSMELT.L 
XB.L, XA.L, X.L; 
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