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G:!:,OSSARY 

General and Econorc~~.c 

CCA = Current Cost i\cc0~lri '- lng (Bi rd, [ 8 I ) . 

CPI: Cer:trall~1 F l:.:...nned i:<_ , 10mies 

GDP Gross Domestic Prcd~cc 

GNP Gross Nationai Pruducc 

HCA Historic Cost Acco~nt (Bird, L8]). 
I 1 , . LDC5= Least Deve opt.:>rJ. Count_· 1.es 

MEC = MarKet Econony Countries 

mils= 1/1000 USO 

R+D = Research and D~velop~ent 
I 

TNC~= Trans-National Conpa~ies 

UN = United Nations 

UNIDO = United Nations Industrial Development Organization 

Unit of measures 

all tons are metric tons (t) 

all temperatures are Celsius grades (°C) 

A.C. = alternating current 

g/l gramm/liter 

kA Kiloamper 

ks/c = kg/capita 

kWh = kilowatt hour 

MN ~ Mega'1ewton 

tpy or t/y = tons per year 



A. INTRODUCTION 

One of the main recommendations of the First Expert 

Group Meeting on the Non-ferrous Metals Industries, held 

in Vienna, 18-21 March 1985 [1), was to conduct studies 

relating to th2 selection of technolJgies in the aluminium, 

copper, nickel, zinc, lead and tin industries that would be 

more suitable for developing countries, with the aim of 

promoting a more integrated and self-reliant development in 

these countries. 

The first study should be based mainly on the studies 

that have been carried out up to now, giving special atten­

tion to the research thac has been done on reducing the size 

of the plants. 

On this basis the drafter was requested by the UNIDO 

Secreteriat to prepare a study "Technological Alternatives 

in the Aluminium Industry" with the following terms of re­

ference: 

a) To analyse the present situation of technology in 

the non-ferrous metals industries under study in the deve­

loped and developing countries; 

b) To examine the r.1ain research prograrrunes presently 

being conducted in the field of ~~chnology, giving their 

objectives, characteristics, resu~ts and possible date of 

implementations. In order to easily u1~erstand where the 

main technologjcal chans?s and/or alternatives are currently 

being introduced, as well as to obtain ~ clear view on what 

kind of technological routes the author is talking about, 

layo'.lts concerning mining extraction, refining and further 

processing must be developed. 

c) On the basis cf the analysis of the present situa­

tion and research being conducted, to determine the possi0i­

lities of developing new technologic~l alt~rnatives that a~e 

more d0~ualc for (lCV~J oring countries. Al:;o to de term inc. 
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the main technical and economic characterist:cs of the pos­

sible technological alternatives concentrating on their main 

advantages and disadvantages for developing countries; 

d) To propose a possible programme of cooperation {both 

North-South and South-South) to develop adequate technologies 

for the non-ferrous metals industries in developing countries. 

The structure of the present study corresponds to the 

terms of reference indicated by the UNIDO Secreriat. As sug­

gested a careful an~lysis of the previous studies was under­

taken with particular attention to those prepared through the 

activitieE: of the Negotiation Branch [1] and of the Metallur­

gical Industries Section [2]. 

According to the terms of reference the main objective 

of the exerc~3e is to determine the possibilities of develcp­

ing new technological alternatives that are more adequate for 

developing countries, indicating the main advantages and dis­

advantages of the possible technological options. For this 

purpose a review of the relevant publications was undertak0n 

in order to examine the research progranunes actually being 

carried out in the field of Aluminium Industry technology and 

a tentative assessment was made about the possibility cf ar­

plica~ion of their expected results in ~eveloping cou~tries. 

Obviously the presented res11lts should be considered with 

justified caution, which is immediate cor.sequerce of the 

nature of the task to be perf~rrned, but also due to the fact 

that the presented analysis of the technological possibilities 

and options is ~ased solely on the relevant publications and 

the experience in Aluminium Industry of the drafter. There­

fore it migh~ be expected that durin0 the process of prepara­

tion of the Consultation Meeting, through t~e contribution of 

collegues, experts in Aluminium Inoustry, the nur.1ber of technc­

logical alternatives more ad0quate for developing countries 

might be considerably increa~ed and the conc 1 usions of the 

present study consequently amended. 
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B. FRAMEWORK OF THE STUDY 

1. THE ALUMINIU~ nmUSTRY 

Most of the integrated aluminium companies, in addi­

tion to the mining, chemical and metallurgical operations 

transforming the ore into aluminium in1ots and semis, are 

converting the metal into different ~roducts (beverage cans, 

radiators for home heating, cables, etc.). To increase their 

share in the downstream fabrication business seems to be a 

generally adopted policy of the majority of the primary pro­

ducers. When considering the technological alternatives in 

Aluminium Industry, more adequate for developing countrj_es, 

the problems related to the conversion of the metal have to 

be very carefully considered because, in most cases, the metal 

is reaching the end user through this process. Therefore in­

dications will be given concerning the viable size of conver­

sion processes and the quality and quantity of semis requested 

for these technologies. They will be related to different 

levels of p~rcapita aluminium consumption which could be en­

visaged in developing countries at corresponding steps of 

economic development. Nevertheless, in order to maintain the 

present study within coherent substantive limits, under Alu­

minium Industry bauxite mining, alumina-, aluminium and semis 

production will be understood. 

2. SELECTION OF TECHNOLJGIES 

Most of the processes and devices being used for the 

extraction of aluminium from bauxite correspond to a medium 

level of technological sophistication. There are relatively 

few exceptions e.g. the automatic regulation of some tec~no­

losical processes, the production of composite-materials, 

the development and fabrication of high-duty alloys. f 31 
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The majority of the main pieces of equipment, used in 

this industry, can be produced in any country ~~ving a rela­

tively developed mechanical industry; R dnd D activities 

concerning this equipment are being carried out in most of 

the developed countries. Regarding t:r,e practical industrial 

realisation of R and D results, concerning new technological 

processes and new types of equipment, the big companies have 

the best possibilities. They only have the necessary means 

to create and introdu~e major innovations on an industrial 

scale; operate paralelly, if appropriate, in several fields 

of important R and D activities. This is particularly true 

concerning the alumina and aluminium production, if one has 

in mind the size of the up-to-date industrial units. There­

fore, without any dcubt, the big six TNC's, ALCAN, ALCOA, 

KAISER, P£YNOLDS, ALUSUISSE and PECHINEY have, for the time 

being, th~ technological leadership in the Aluminium Industry. 

It should be, nevertheless, noted that there are several other 

companies operating in various countries, e.g.: FRG, ITALY, 

JAPAN, USA, USSR, not directly connected with the above men­

tionned TNC's, having a technological knowledge close to that 

of these TNC's, either concerning the majority of the opera­

tions in the Aluminium Industry or regarding a part of them. 

These companies can be considered as possible sources of Alu­

minium Industry technology. It should also be noted that 

technology for this industry can be purchased via the major 

industrial consultants. 

One can agree with the opinion expressed 0y the UN 

Centre on Transnational Corporations [4J that in the most 

cases there is no major difficulty in the purchase of Alu­

minium Industry technology. Excep~ions might occur with 

regard to relatively recent technological innovations, pos­

sibly under testing or concerning new very specific products. 

Gene~~l1y speaking one could say that the market of the 

s~andard aluminium technologies is rather a buyer's market. 
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Attenticn is also drawn to the fact that in the cost 

of the aluminium metal reaching the consumer there are three 

important inputs the price of which are mainly detLrmined by 

the location of the industrial objects. These are the qua­

lity of the bauxite, the price of the electrical energy used 

in the smelter and finally the transportation costs involved 

in the whole process of transformation of the ore into metal. 

The individual or consolidated influence of these three items 

on the profit of the operations might be stronger than that 

of slight differences in the technological level of the plants. 

This might be one of the reasons of the relatively good re­

sults achieved by some smaller. companies on the aluminium 

market. 

Actually there is no universally adopted methodology 

which would allow for choosing among technological alterna­

tives, which is the most suitable in any given set of cir­

cumstances. 

It might not be the objective of the present study to 

try to define relevant criteria, nevertheless it s~ems to be 

of purpose to explain some considerations on the constantly 

recurring question of "appropriate technology''. [5] 

According to Mr.Biritz [5] a technology is adequate 

when it satisfies four conditions, which are: 

purely technologi~al constraints and parameters, 

limitations posed by the ability and know-how of 

the pe~sonnel to practice the technology, 

conformity to the economic requirements under which 

it has to operat~, 

conformity to the prevailing socio-political en­

vironment. 

Mr.Eiritz defines also subparametcrs to the above in­

dicated parameters establishing correlation among process 

t2chnology: product, its application; raw materials; economic 

benefits; manpower; socio-political constraints. 
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From his findings tre following main issues are 

quoted: 

1) The adequacy of technology can only be defined 

for a sinqle industrial plant and operation and it is not 

directly applicable to an identical factcry 3omewhere else. 

The adequacy of products can be valid for a country or even 

for a subregion if prevailing economic conditions are similar. 

E.g. semis produced by strip casting can be suitable for co­

vering the demand in several developing countries starting 

with broader application of aluminium fer different purposes. 

2) The economic cor.ditions under which the enterprise 

has to operate should be clearly defined: . 
I) the olant is expected to make a profit; 

II) the plant is to be subsidized, at least for some 

period of time; 

III) the plant is to make a social o~ other contribu­

tion to the country, with profits being of second­

ary importance. 

3) Prucess industries technologies, e.g. chemical, 

petrochemical and metallur~ical operations cannot practically 

allow changes, if basic economic conditions are to be met, 

the only variation to be considered is the size of the plant. 

4) ~he definltion of appropriate technology is a con­

tinuing and never ending process for industry and its very 

survival depends on it, be it in developed or in developing 

countries. 

An attempt will be made in order to be more specific 

on these basic issues when dealing with the technological 

processes being used in the Aluminium Industry (Chapter D) . 

A description of the sequence of operations for defin­

in~ industrial manufacturing technologies, established by 

Mr.Biritz is attached for easy reference. (Annex 1). 
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c. PRESENT SITUATION a~ THE ALUMINIUM INDUSrRY 

1. DE~1AND - SUPPLY 

World consumption of primary aluminium shows a rapid 

increase frcm about the fifty's. About 2 million tons of 

primary aluminium were produced in 1950, but 3 millicn tons 

5 y~ars later and 4.5 million tons in 1960. The level of 

pruduction increased rapidly and reached the 10 million tons 

in 1970. 

Recently this trend changed consiJerably. Annex 2. 

gives the relevant picture 1973 to 1983 [6]. Allthough the 

world total aluminium consumption (primary + secondary) su~­

passed the 20 million tons in 1983, a considerable part of 

it was secondary metal (over 25 %) and the increase was not 

more than 3800 thousand tons during this period. More than 

haJf of this amount represented, however, additional second­

ary consumption, so the total increase on primary metal a­

mounted only to about 1700 thousand tons. 

According to Zorn [7] the consumption growth rate 

between 1970 and 1983 was 3 % per annum in primary aluminium. 

Regarding a shorter period, however, the ~ncreasing repre­

sented only about 1.9 % per annum in the MEC-s during the 

period of 1973 to 1979 and even less, only 0.5 % per annum 

during the period of 1979 to 1985 (Bird [BJ). The increase 

of CPE countries' consumption was somewhat higher, about 

3 % per annum. 

It can be stated hence that the previous dynamic 

growth in consumption of this metal stopped and the actual 

trend of it is rather a very modest one. 

A~tually ~he growth of aluminium consumption is usually 

smaller than the annual growth of rate of industrial produc­

tion in most MEC-s. On contrary the growth of aluminium end­

uses is greater' than that of industrial production in most 

developing coun~rics. 
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The 2roduction of the primary metal did not always 

follow the demand. Consumption of d~e primary alu~.1iniurn 
was decr~asing in the early eighties, but production cut­

b3cks came late, so inventories increased rapidly and 

reached a level in the vicinity of 3 million tons. This 

caused a rapid decline in prices. High interests worked 

in the same direction. 

Consumption of aluminium is very different in various 

areas of the world. The wcrld-average is 3.5 kg /capita/ 

year. Three countries: USA, Japan, FRG consume over 20 kg 

/capita/ year. The relevant figure for most of the developed 

countries is 9-15 kg recently. Developing countries use much 

less. There are some with a consumption of about 1 to 3 kg 

/capita/ year (e.g. Brazil 2.9 kg/c; Mexico 1.7 kg/c) and 

even the 5 kg /capita/ year is reached e.g. in Hong Kong 

and Venezuela, but most developing countries consume below 

1 kg /capita/ year, even below 0,5 kg /capita/ year (e.g. 

Egypt 0.9 kg/c; India 0,4 kg/c; Ghana 0.5 kg/c) and the use 

of aluminium of most LDC-s is even below this level. 

2. CAPACITIES 

Capacities of metallurgical grade alumina plants, 

smel~ers and semifabrication are shown in Annexes 3. 4. and 

5. per continent based on 1984 and 1983 data respectively. 

(King [9] and [10]). These data indicate clearly that there 

is a considerable surplus capacity in all phases of aluminium 

production. The total smelter capacity was over 18 million 

tpy 1984, whilst the demand in prim~ry aluminium was only 

about 15 million tons in the world at the same time. This 

demand would need less than 30 million tons of metallurgical 

grade alumina, but the capacities amounted to nearly 40 mil­

lion tons in 1984. Semi-fabrication capacities were also in 

excess in 1983. 
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An increase of these capacities is foreseen within 

the next years. There are slight differences in various 

forecasts for smelters (e.g. between King [9] and Bird [8]), 

but it is expected that the smelter capacity of the MEC-s 

shall increase by about 2 million tpy till 1991. Differences 

between the es~imations of increase of alumina capacities 

are larger; Bird [8] expects a small increase only, while 

King [9] could imagine even an increase of 3 ~illion ~PY· 

At the same time, however, the possible close downs have 

also to be consi.dered in respect of both smelters an alumina 

plants. Considering these as well, the smelter capacities 

might increase by 1.5 million tpy only and the increase of 

alumina capacities could be very little. There are ~o large 

expectations in increasing semi-fabricatian capacities in 

the near future (till 1987). 

3. PRICES 

The pri~~ of the primary metdl grew stadily - apart 

from shorter recession periods - up till 1980. A strong 

recession resulted, however, in the steep drop in prices 

thereafter and they are "sick" since. There are smelters 

which can hardly cover even their marginal (variable) costs, 

not speaking about their total costs including capital char­

ges. According to Bird [8] the marginal costs on average 

smelters amounted to 51.7 cen~ per pound (1137.4 USD/t) 

and the total costs to 63.4 cent per pound (1394.8 US8/t) 

in 1984. At the same time LME aluminium prices have been 

below the top 52.7 cent per pounu level of July 1984 (they 

were, however, over this figure previously). 

Bird [8J had set up an analytical supply curve for 

1985 to indicate the amount of s~elter capacity that can 

profitably stay in production at different levels of the 

aluminium price (Annex 6). This demonstrates clearly the 
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situation. It is easy t~ understand that smelters working 

much above their costs are cutting back their production. 

The situation is si~ilar, if even not worse, regard­

ing alumina plants. 

4. ROLE OF ENERGY PRICES 

Energy prices increased since 1973. Aluminium smelt­

ing consumes a considerable amount of power, about 14500 

kl"Jh A. C. per ton of metal. The cost of this power differs, 

however, considerably in various regions of the world. Ac­

cording to the indi~ations of a staff review of the World 

Bank [11] 1980 klvh prices for existing aluminium smelters 

were between 3 to 26 mils, if low ones, and 20-25 mils were 

estimated for new smelters. These prices are higher today 

and they vary between about 8 mils to 50 mils or even higher 

per kWh. So smelters have to pay a power bill within the 

wide range of about 116 USO to 725 USD per ton of metal. 

This explains some close-downs as well as th2 relocation 

tendencies of this industry towards cheap ener~w sources 

(.1s observed by e.g. Z'rn [7] too). 

Alumina plants processing expensive bauxite deposits 

and operating with unsatisfactory technology concerning energy 

conservation were also closed. 

5. RECYCLING 

Annex 2. shows that share of secondary metal in the 

total aluminium consumption increased fro~ 18 % in 1973 to 

25 % in 1983. 
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In some developed countries the share of r2cycled 

metal was much higher than the indicated average value 

(Bird [ 8]) : 

Italy 

I'RG 

Japan 

USA 

UK 

41. 1 

30. 3 

26.4 

32.4 

26. 1 

% 

n 

" 
% 

% 

% 

Further increase of the share of secondary metal in 

the aluminium consumption might be expecteG. 

6. COMPETITIVE .MATERIALS 

"Specific property" is a very usefull characteristic 

when comparing competitive materials. This can be expres­

sed as fol.:ows: 

Specific property = wanted oroperty in end use 

specific gravity X weight unit price 

The "wanted property" could be one of the follov:ing: 

tensile strength, yield strength, fatigue strength, conduc­

tivity, elastic module, etc. 

Using the above equation the most suitable material 

for a given end-use may be determined, but only if a do~inant 

single property is in the focus. Aluminium is on the top if 

conductivity is taken for wanted property. This is the reason 

why aluminium is generally preferred in power transport. 

Aluminium has, however, an excellent or at least very 

good combination of Eroperties which meet very well numerous 

end-use requirements. This is the reason of its wide range 

application in various branches of industry, but also of the 

limits of its use. 

As indicated, aluminium is first only in one "specific 

property", therefore there are several materials and metals 

competing with aluminium, sue~ as copper, wood, stcc~ high 
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strength low alloyed (HSLA) steel and last but not least 

plastics. Synthetic materials seeQ to be the largest com­

petitors for the future. 

To a certain extent secondary aluminium is also a 

"competition" for the primary metal. 

Competitors from the point of view of the growth of 

consumption of primary aluminium are the aluminium high 

quality products themselves. 

Weight reduction of the finish2d products can be ac­

hieved by application of high-duty aluminium alloys and/or 

high quality extrusions. Price of such items is allthough 

higher, bl·t less material is needed for the fabrication of 

the same end-product (e.g. higher strength by 10 % results 

in 3-5 % materials saving, when considering mechanically 

loaded structures) . 

7. REASONABLE EXPECTATIONS FOR THE FUTURE 

The short term will bring no considerable changes, this 

is the essence of what e.g. Bird [8] states. A very slight 

increase in the consumption may be expected till 1990, maybe 

2 % per annum and the "sick" aluminium prices may "cure" to 

a certain extent. No new capacities are necessary 

within this period. 

This situa~ion might change, however, considerably 

after 1990. Bird [8] expects an annual growth rate in in­

dustrial production approching that of the pre-oil crisis in 

the period of 1990 to 1993. This should bring an increase 

in aluminium consumption, too. The relevant data are shown 

in Annex 7. 

The difference, however, between the periods 1964-73 

and 1990-93 is respect of aluminium is, that in the period 

before the oil-crisis the annual growth of rate in aluminium 

consu~ption was in average much higher than that in industrial 

production, whilst in the 1990-93 period the annual growth 
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rate of aluminium consUI11ption is expected to be in average 

slightly below the annJal grow~h r~te in industrial produc­

tion. Newertheless, the estimated 4.2 % increase per annum 

in world average indicates a brighter future for this in­

dustry. 

This annual growth would mean, howeve~, that capaci-

ties would be fully utilizea by 1993 and new capacities have 

to be built to follow the demand. 'I'his would, however, be 

only possible if both aluminium and alumina prices raise con­

siderably. An excessive increase in metal price, 'vould work 

against the expected growth of rate. This situation might 

foster further relocation of the aluminium industry towards 

good bauxite and cheep power possibilities and these circum­

stances might represent an opportunity for developing countries 

to further increase their share in different Aluminilli~ Industry 

operations. 

8. IS ALUMINIUM A MATURE METAL? 

Comparing with other structural metals the aluminium 

is the youngest and it had the highest rate of growth in the 

last decades. Aluminium is the only metal of which intensity­

of-use (i.e. consumption per GDP) is ~stimated to increase 

in all group of countries by 2000 [12). In this sens2 alu­

minium isn't a mature metal. According to another expecta­

tion [8] average growth rate of world aluminium conslli~ption 

will be lower than the general industrial growth rate. A 

growth rate of aluminium consumption surpassing the world 

average might be expected, however, in developing countries, 

hence aluminium can not be considered a mature metal in 

rcpect of these countries. 

Technologies used for bauxite mining, alumin3 and alu­

minium production are well established. Their theoretical 

background is well-known. Important possibilities of economy 
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of scale seem to be exhausted, smaller developments parti­

cular:'._ · c-Jncerning energy conservz.tion might be continously 

expec .·d. A radical change in these processes will very 

probably net happen during the present century. Computer 

process control may bring, however, important economic 

results. 

Theoretical background of the mechanical technologies 

is yet less clarified, rather technologies based on emp;ricdl 

results prevail. The future might bring hence more iQportant 

development in semi-fabrication processes. Corr.puter process 

control might bring additional economic results. 

Regarding the products and their application one could 

rather say that these are not mature yet. Aluminium is not 

too young but there are still avenues to be explored for 

using it in the most economic way. Recycling of aluminium 

reached already a considerable level, but "designing for 

scrapt-aptness" is still not yet implemented in many fields 

of app4licationS. 

New developments expected in the fabrication techno­

logy, the production of new alloys and composite-materials 

might strengthen the position of the aluminium in the 

competition with other materials for the different fields of 

application.$. 

9. CONCLUSION 

The situation of the aluminium industry is not bright 

today, but it might change and even considering non-o~timis­

tic forecasts one rnigh expect a considerable additional con­

sumption, mainly in developing countries. A further reloca­

tion of th~ aluminium industry towards high quality bauxites 

and cheapest en8rgy resources might be e~pected after 1990. 

These phenomena justify a carefull review of possibilities 



- 15 -

for creating additional aluminium facilities in these co­

untries. Probable technological alternatives suitable to 

correspond to possible needs of these countries merit spe­

cial attention. 
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D. ANALYSIS OF ALUMI~IUM INDUSTRY TECHNOLOGY 

1. BAUXITE 

1.1 Bauxite Geologl 

Aluminium is the most abundant metal in nature rep­

resentating about 8.2 % of the earth's crust. It is a com­

mon constituen~ of many minerals, where it is normally pre­

sent in combination with silicon and oxygen, with hydroxyde 

groups, with iron, titanium and calcium and to a lesser ex­

tent with various other elements. The most important alu­

minium ore is bauxite, which is a sedimentary rock, contain­

ing at least 50 % of Al-, Fe- and titanium-oxides and 

hydroxydes, with dominance of Al-minerals. 

The Manual Principles and Methods of Bauxite Prospect­

ing issued by UNIDO contair,s a review of geology, mineralogy, 

spectrography and origins of bauxites and methods of pros­

pecting including indications on drilling technics, the 

organizai:.ion of exploration c~paignes, the preparation of 

exploration reports and the computerized reserve's calcula­

tion [13]. 

Bauxite, currently the main source of aluminium, ac­

counts for only a small part of the aluminium found in the 

world. Other possible sources of this metal may be clas­

sified as follows [11]: 

i) igneous rocks, the most important being anorthosite, 

nepheline syenite and phonolite. Of these nepheline syenite 

has the highest commercial importance. 

ii) sedimentary rocks, such as clays and shales. The 

high alumina clays have important applications in the ceramics, 

refractories, chemical and paper industries. 

iii) rrctamorphic and mctasomatized rocks, of which alunitc 

is the most promising. 

Aluminium is technically obtainable from non bauxite 

sources, but at present, in the majority of cases, the Bayer 
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bauxite technology has significantly lower costs than the 

alternative processes [11]. 

The identified world bauxite reserves increased from 

9 billion tons [14] ~o about 50 billion tons [15] in 10 years, 

the yearly bauxite mining representing actually about 100 mil­

lion tons. The impressive increase in the bauxite reserves 

is, without any doubt, related to the development on the uti­

lisation of up to date geolosical methods. From these e.g. 

the application of airborne- [16] and satellite-borne [17] 

remote sensing systems and the use of geostatistics [18] in 

bauxite deposits evaluation could br mentionned. 

Bauxite deposits may be divided in two classes: karstic 

and lateritic. Karstic bauxites are usually fine-grained, 

they are associated with limestone.:; and tend to have a higher 

iron content. Lateritic bauxites are found with aluminio­

silicate rocks and are coarser grainec. The structu~e of 

the deposits and ~ne impurities found are different for these 

two classes of deposits [11]. 

The chemical and mineralogical composition of bauxites 

can be characterised by the data listed in Table 1: 

I£nanination 

alt.nnina 

siljca 

iron-oxide 

'I aiJle 

USUAL CONSTITUENTS OF BAUXITES 

Chemical carposition Mineralogical carposition 

4<r65 % gibbsite A1203, 3H2() 
boetunite Al20J, H20 
diaspore A1203, H20 

0.5-10 :c, ~z Si02 
kaolinite A120J, 23i02, 2H20 

~~--,3~-~3=0,---,,,-6~~~~--.h~erou~- ~ite Fe2()3 
g~thite Fe2()3, H2(l 

~~~~~~~--~~~~~~ ~~~~ 

tit~nium oxide o.5-3 % anatase Ti02 
rutile Ti02 

water 1c:r34 ii in gibbsiw, bceillnite, dlas-
-- pore, kaolinite, g~thite 

traa.~ elerrents Mn,P,V,Cr,Ni,Ga,Ca,Mg etc. 

organic substancr!s 
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With respect to the selection of technology the mi­

neralogical composition of the ore is of paramount importance, 

and accordingly, because of practical considerations the 

bauxites can be listed into the following five types: 

i) trihydrate type: with glbbsite as main mineral and 

monohydrate content less than 5 % of the alumina c~ntent of 

the ore. 

ii) trihydrate type containing quartz: th2 same as the 

previous one but with an important part of the silica content 

in non-reactive form. 

iii) trihydrate mixed type: with gibbsite as main mine­

ral, but monohydrate content over 5 %. 

iv) monohydrate boehmitic type: containing mainly mo­

nohydrate with less than 5 % of diaspore. 

v) monohydrate mixed type: coehmitic bauxite wi~h 

diaspore content exceeding 5 %. 

Concerning quantitative distribution trihydrate types 

08cur in the largest amount, the lateritic bauxites belong­

ing basjcally to these groups representing about 85 % of the 

world's reserves [13]. Karstic bauxites are generally of 

monohydrate type, though they can have a considerable gibbsite 

content too. Trihydrate type bauxites are the cheapest to 

process because of lower temperature and pressure require­

ments. Among the rnonohydrates, diasphore is the most dif­

ficult to treat [11]. 

Apart from the bauhite types [11J there are other 

importcint factors to be considered when assessing the prac­

tical value of a given deposit. The alumina content of the 

ore is basically determining the amount of bauxite to be 

processed for the production of a given qu.:mtity of alumina. 

The most harmful impurity is reactive silica causing alumina 

lesses. Non-reactive silica is not particularly important. 

Other main impurities such as iron and titanium oxides are 
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practically insoluble during bauxite digestion. Nevertheless 

additional equipment is needed for their mechanical separa­

tion from the alumina liquor. Highly soluble impurities of 

the bauxite such as organic substances, carbonates, chlorides 

and sulfates are also influencing processing conditions. 

When evalua~ing bauxite deposits, besides the type and 

quality of the ore mining costs in~luding infrastructure re­

quirements have to be taken in consideration [11]. Attention 

is drawn to the necessity of including technological evalua­

tion in the process of laboratory testing of bauxite quality. 

Annex 8. illustrates the world bauxite ressources with 

regard to their state o~ development [15]. Annex 9. contains 

the r~levant classification system for bauxite ressources 

[19J. It may be noted that about 70 % of the reserves are 

concent~ated in four countries namely Guinea, Australia, 

Brazil and Jamaica. 

1.2 Bauxite Mining 

The character of mining operations depends on whether 

the ore is located on surface or requires underground mining. 

Open-pit mining: may be applied in dependence of thick­

ness and physical properties of overburden and degree of 

mechanization available. As a general approach the open-pit 

method is suitable if the overburden is of favourable physi­

cal proprieties (e.g. dry, sandy), anj the strip ratio is 

less than five. 

Most of the bauxite produced in the world is mined by 

open-pit methods. The main phases of ~he operations are 

shown on Annex 10. 

Extraction involves removal of ovcr0urden by bulldozers, 

draglines and large wheel excavators, with the use of ex­

plosives for hard terrains. The bauxite is extracted by 

similar methods and the overburden is replaced to restore 



- 20 -

the surface of the mines for re-use as forest or agricultural 

land (11]. 

Where beneficiation is necessary, it generally consists 

of wet processes to reduce silica and clay content [20]. 

Most bauxites require crushing for ease of processing. 

The next stage is drying, which m~y be done at the mine site 

or at the refinery. If the bauxite is to be shipped great 

distances, it is usually dried at mine in order to reduce 

transport costs. Drying is carried out in rotary-kilns at 

moderate temperatures to remove free moisture [11j. 

In case of large-scale fully mechanized operations 

0.4-0.7 rnanhours are required per ton of bauxite extracted. 

Indications concerning the up to dale processes and equip­

ment being used e.g. in Australia can be found in the 1983 

November issue of the Engineering and Mining Journal [21]. 

The investment costs vary within wide limits. The 

main factors are: scale of the operation, strip ratio, pos­

sible treatment of the ore a~ mine (drying, beneficiation, 

classification, etc.), spec~fics of lo8ation, infrastructure 

required. A methodology to estimate capital costs for bauxite 

mines in function of these factors is explained in [11). 

Accordingly, to open, e.g., a mine of 4 rnillioD tpy in Brazil 

would cost about USD 70/tpy (expressed in USO value 1980). 

A mine in G~inea of the same capacity would cost only USO 

51/tpy due to the difference in strip ratio. 

Concerning operating costs the figures shown in ~able 

2 can be extracted for iJlustration from the am~lc documen­

tation reflected in [11 ]. 
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Table 2 

OPERATIONAL COSTS AND CAPITAL CHARGES OF BAUXITE 

PRODUCTION 

Year 2000. USD/tpy of dry bauxite 

A·Jstralia Brazil Guinea Jamaica 

Qr:erating Costs 10.20 12.60 10.30 11 .00 

Capital Charges 4.20 5.80 4.20 4.20 

Total 14.40 18.40 14.50 15.20 

The "Total" indicated in Tab:..e 2 gives only an in­

dication concerning the differences in various coses related 

mainly to the geological characteristics of the deposits. 

In order to make comparisons on the appropriateness of using 

a particular bauxite, information on the quality of the ore, 

costs related to internal transportation, levies and pos­

sible ocean transport should be also taken in consideration. 

Underground Mir.ing: In several countries, e.g., France, 

Greece, Hungary, bauxite is also extracted at underrJround 

mining. If large scale mechanization is applied, ore layers 

of the deposit less than 2 m thick are disregarded for mining. 

Man-power requirement might amount to 1.5-4 ma~-hours/ton 
according to the level of mechanization of the operations. 

Investment requirements arc generally considerably higher 

th~1 for open-pit mining. Geological conditions, particu­

larly presence of water, coal and gas mi~ht provoke additi­

onal complications and costs. 

A very rough estimate of the possible actual invest-

ment costs would lead to USO 80-150/tpy excluding the in­

vestment related to eventual water pumping. 
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2. ALUMINA PRODUCTION 

2. 1 Gern:ral 

About 35 million tonnes of alumina were produced in 

the world in 1980 and roughly 34.5 million tons in 1984. 

The non-metallurgical grade alumina production can be esti­

mated to approx. 2.5 million tons in 1984, the relevant 

figure for m~tallurgical grade aluminas being 32 million 

tons. 

As allready mentioned in Section C.) metallurgical 

grade alumina production capacities amounted to approx. 40 

million tons in 1984 [9] including also those producing 

alumina from non-bauxite materials. Allthough capacities 

had been finally closed since, there is still 

abundant production capacity. 

About 95 % of all alumina is being produced from 

bauxite. This situation might not change considerably 

till 2000 [22]. 

2.2 The Bayer process 

Alumina production .~··" of bauxite is almost exclusively 

carried out by the Bayer 1 -;s [ 23]. The essence of the 

process is the digesting o sh-grade bauxites w~th caustic 

soda solution, separation of the resul+-ing sodium aluminate 

solution from red mud residue, decomposition of the aluminate 

liquor, precipitation and separation of the r8sulting hydrate 

crystals and calcination of same. By returning the precipi­

tated aluminate liquor, the spent liquor, to the digestion of 

bauxi~e, the cycle of process becomes closed. 

A general flow sheet in form of main unit operations of 

this process is attached (Annex 11.) 
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Two main varieties of this process exist dependins 

upon the type of bauxite to be processed: 

the American Bayer 

the European Bayer process. 

Trihydrate bauxite can be digested in the easiest way 

and the applied temperature is maximum 140 to 145 °c. Proc­

essing of such bauxites is typical for alumina plants in 

America and Australia. At the same time such bauxites can 

be digested at caustic concentrations of about 120-140 g 

Na2oc/liter. Precipitation is effected at a concentration 

of 90 to 110 g/l Na2oc' the alumina hydrate is classified. 

The coarse g:;_,::!i.-is are transformed to sandy alumina through 

calcination, having a relatively high gamma content [24]. 

The American Bayer is called modified if the bauxite 

to be processed is of the trihydrate mixed type (gibbsite 

with minor amounts of boehmite). In such cases the tempera­

ture of digestion is raisec up to 240 °c with a minor in­

crease (to about 150 g/l Na 2oc) in the caustic concentration. 

l11, 24J Precipi~ation and calcination conditions are not 

modified, so the end product is sandy alumina. 

The digestion of monohydrate bauxites needs higher 

temreratures (220-260 °c). European plants use frequently 

such bauxites. In addition high pressure is also needed and 

a more concentrated caustic solution is beinq used (180-220 

g Na 2oc/liter). Precipitation concentration is 130-160 g/l 

Na 2oc, there is no classification, seeding is done with large 

seed quantities, hence the product is much finer. This hyd­

rate is calcined at a higher temperature. The obtained aJu­

mina consists to a large extent of alfa-particles (floury 

alumina) . 

The characteristics of sandy and floury alumina are 

indicated in Annex 12. 

However, the American and European Bayer technologies 

came closer recently. The European Bayer technology users 
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decreased their applied digestion-, and at the same time, to 

a certain extent, their precipitation concentrations in order 

to produce sandy alumina. On the other hand the American 

Bayer plants raised the precipitation concentration to some 

extent thus saving some energy in digestion, obviously in 

such a way that the coarse grain size of the hydrate would be 

retained. Some further details of this trend shall be dis­

cussed, however, in Chapter E.) 

Digestion temperatures of diasphoric bauxites are 210-

260 °c and even higher temperatures would be advantageous. 

Autoclave digestors are, however, not practical at tempera­

tures much over 260 °c due to the increasing wall thickness 

ne 0 ded at increased pressures correlated to these temperatures, 

so maybe the use of tube digestors would b8 more economic and 

suitable for this purpose, allowing temperatures up to 300 °c 
(see Chapter E.). Lime has to be used when digesting diaphoric 

bauxite. 

In part D la./ of the pr8sent report some ideas have 

been already explained concerning the influence of the bauxite 

composition particularly of that of the impurities on refinery 

conditions. Two additional observations: 

i) The red mud deriving from goethite containing 

bauxites shows generally poor settling and thickening capa­

bility. The problems related to the presence of goethite 

can be solved, however, with certain additives in digestion 

[25]. 

ii) The accumulation of some soluble impurities of 

the bauxites is undesirable because it decreases the effec­

tiveness of the technology (see Chapter E.). 

The quality of materials and energy consumed in produc­

tion of alumina depends primarily on the quality of bauxite 

used, the size of the plant, the type of alumina produced, 

the level of technology applied and finally on the equipment 

used. As an orientation the specific consumption as per 
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Table 3 be mentioned [23]: 

Table 3 

SPECIFIC CONSUMPTIO~ OF ALUMINA PLAN~S 

bauxite (dry weight) 

caustic soda 

fuel oil (for steaY.L production 

and calcination) 

electric power 

2.0-2.5 t/t alumina 

0.07-0.17 t/t alumina 

0.28-0.38 t/t alumina 

300-350 kWh/t alumina 

It has to be mentioned that 7-9 tons of water/t of 

alumina produced are also needed and in selected cases lime 

and flocculants should also be considered. 

In selected cases, it might be possible to produce 

electricity through cogeneration. The electric energy thus 

obtained might cover the need of the plant (see also 2.32). 

2.3 Al1mina plants 

In the 50's up-to-date alumir.a plants were established 

with production lines of 120-150,000 tpy. Production lines 

in alumina plants recently constructed are between 300-

500 ,000 tpy. The plant capacities reach million tpy and 

even higher. So e.g. the Sao Luis plant of Consorcio Alurnar 

in Brazil will have an initial capacity of 500,000 tpy to be 

extended to 1 million tpy later. Most of the Australian plants 

have capacities of million tpy or even more. The Kwinana 

plant of Alcoa has a capacity of 1.4 million tpy, the Pinjarra 

plant of Alcoa 2.5 million tpy; the newly built plant of 

Queensland Alu~ina at Gladstone has a capacity of 2.440 

thousand tpy with the aim of extension to 2.740 thousand tpy, 

etc. [9J. 

Annex 13. (reproduced from f11]) illustrates the influence 

of different factors on capital costs for alumina refinierics. 
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Increasing the size of production lines results not only in 

decreasing speci=ic investment costs, but also operation 

costs can be reduced having larger units (e.g. sDecific heat 

and electric power consumption as well as manpower require­

ment) [ 23]. The location factor referred to in thf~ Annex ./3. 
varies from 1.00 in developed countries to 1.25 in c2velop­

ing ones. The reasons lay partially in the differences of 

the existing general infrastructure. 

Alumina production requires relatively large space, 

e.g. a 600,000 tpy capacity requires land of 80-100 hectars 

(territory within fence only) plus space for red mud ponds 

which could be even 2-4 times bigger according to the given 

conditions [23]. 

The main off-sites and infrastructure needed for an 

alumina plant are: 

a) port 

b) energy supply 

c) water supply 

d) red mud pond 

e) housing estates 

f) rail-road, road 

Ad a) For the production of 1 ton of alumina 3.5~4 

tonnes of materials ~re to be moved. This is one of the 

reasons why alumina plants are often located as close as 

possible to sea-ports. Costs of the port installation vary 

according to local conditions. For a 600,000 tpy plant the 

cost of port construction was estimated to 10-20 million 

USO in 1978. [23J 

Ad b) Several possibilities for the heat and electric 

energy supply of alumina plants exist, depending on the ap­

plied technology and the conditions off~red by the locatio~ 

of the plant: 
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(i) A reliable electric network exists at the site: 

In such cases - based on economic considerations -

choice should be made between two possibilities 

Purchased electric energy and own steam production: 

The total electric energy requirement of the plant is covered 

from the network. Boilers ar2 erected for steam supply to 

operate at the pressure corresponding to the digestion techno­

logy. Low pressure steam is produced by pressure reduction; 

Cogeneration: A power plant is erected in the terri­

tory of the plant for energy production by back pressure 

turbine. This variant makes possible to use tne heat content 

of the steam raised in the boiler partly for conversion to 

shaft power in the turbine and partly for low temper~ture 

process heat. The advantage of back pressure power genera­

tion depends entirely on the low temperature heat requirement 

of the plant. 

In case of low temperature digestion technology the 

majority of the total electric energy requirement can be 

produced by cogeneration. For this purpose adequate boiler 

pressure has to be selected and an extraction/back-pressure 

turbine is installed. The network is being used in that case 

for the compensation of possi~le load fluctiations and for 

emergency cases. 

(ii) A reliable electric r,etwork does not exist at the 

site: 

In such cases an independent power plant has to be es­

tablished with the technological options explained above. 

Obviously that part of the electricity demand of the alumina 

plant which can not be supplied by cogeneration and the neces­

sary spare capacities require the erection of appropriate 

power generation facilities through condensation. 

In connection with the investment costs of a ~owcr plant 

it has to be mentioned, that these costs vary to a large ex­

tent depending on the technica~ solution. In case of a co-
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generation power plant with a 300,000 t~y plant with high 

pressure, hish temperature digestion th2 costs amounted e.g. 

to 17 % of the total investment costs in the early 70's. 

Ad c) The specific technological water consumption of 

an alumina plant is generally 7-9 m3/t of alumina plus drink 

water for the plant and the housing estate. 

Ad d) From the point of view of environmental protec­

tion the red-mud pond is one of the critical elements of an 

alumina plant. The quantity of red-mud produced equals to 

or is even larger than that of the alumina. There are some 

alumina plants where the red-mud is disposed into the sea, 

but nowadays this is more and more prohibited. Using ponds, 

care has to be taken that there should be no such leakages 

through which ingredients of the red-mud can get into the 

soil. The ponds should be at the same time not too far from 

the plant because this increases pumping costs of the mud. 

The possibility of inexpensive disposal of red-mud might ~lso 

influence hence the selection of site. 

Ad e) In order to ensure undisturbed operation, housing 

estates located close to the plant are required even if there 

are larger settlements in the vicinity of the plant [23]. 

Often complete new settlements have to be created comprising 

in addition to housing also a shopping network, schools, educa­

tional and entertaining facilities, sanitary and other services. 

Ad f) Should the alumina plant not be located at the 

sea, a suitable rail-road connection might be necessary. In 

any case the alumina plant should be connected to the inland 

road system. 

2.33 Site 

Alumina plants were first part of an integrated co~plex 

from bauxite mining to aluminium smelters. The increasing 

demand in metal could, however, not be followed by the in-
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tegrated mines, hence either bauxite had to be imported 

;mostly from developing countries) and/or the alumina was 

produced at the site of the mines and this was shipped to 

the smelters. The most recent trend is again to have a 

complex from mining till smelting (e.g. in Brazil, Venezuela 

and Australia) . 

roads. 

Besides these important aspects, the most significant 

. siting factors are [23]: 

Vicinity of sea ports, waterways, railways and 

(The quantity of materials to be transported,not 

counting the red-mud, amounts to 3.5-4 times that of the pro­

duction of the plant) 

Satisfactory solution (independent of seasons) o~ 

technological and drinking water supply 

Possibility for inexpensive disposal of red mud and 

other waste material 

Meteorological and soil conditions 

Possibility of establishing the infrastructure 

required 

Location of the market for the alumina produced. 

(This question will be discussed in detail in Chapter F) . 

2.4 Operation of alumina plants 

2.41 Production costs 

Considering the cons,1mption figures mentioned in Ta.l:lle 

3 the production costs of 1 ton of alumina were estimated 

to be 147 USO in 1978 [231. This figure contained 57.6 USO 

for the cost of bauxite/t of alumina {or 24 USD/t of bauxite) 

with the remark, that in case the alumina plant has its own 

open-pit bauxite mine and only the net bauxite mining costs 

are charged, the production costs could be considerably 

reduced. Caustic soda was calculated with 150 USD/t and 

fuel oil with 65 USD/t. 



- 30 -

Due to the fact that especially fuel oil prices are 

much higher now, production costs of alumina are consider­

ably higher. Annex 14. shows the production costs of 10 

elder and 6 newer alumina plants including variable and 

capital costs in the 80's [26]. An analysis of these show 

that the smallest variable costs are reached in Australia 

(124-126 USD/t) and that there are plants where the vari­

able costs alone surpass 200 USD/t. 

Bird [ 8] refers to a st·1dy of alumina production costs 

and contract prices made available by James F. King. Accord­

ing to Bird, King allocates all smelters to one of five cost 

bands, as per Table 4. 

Table 4 

COST BANDS OF S~!ELTERS FOR ALUMINA PURCHASES 

very low under 1 75 USD per t delivered 

low 175-199 USO per t delivered 

medium 200-224 USO per t delivered 

high 225-249 USO per t delivered 

very high over 250 USO per t delivered 

In mid - 19 84 - he says further - the weighted average 

cif cost of alumina to aluminium companies was USO 204 per 

ton. At the s.:ime time spot market prices for alumina were 

much lower, 150 USO, or even below t~is fisure in 1985. 

A more recent document f 27J states clearly that there 

is no typical cost for alumina production. The cash cost 

components for alumina production differ from plant-to-plant, 

they cou~d vary between USD 60 (as a minimum) to 313 (as the 

maximum) per ton of alumina. This gives a s:innle average bf 

USD 186.50/t of alumina which is - by a coincidence - very 

near to the abovementioned weighted average of USO 204. The 

capital charges - varying between USD 70 to 190/t of alumina -

come on top of this. 

Estimates for production costs or alumina for the year 

2000 are explained inf 11]. Accordingly the total cost of 
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production (including capital charges) expressed in 1980 USG 

on f.o.b. basis will be from 292 USD/t to 378 USD/t at selected 

sites, depending on the bauxites processed and the sites. The 

lowest figure is allocated to local processing of Brazilian 

bauxite and the highest to the processing of Greek diasporic 

ore. The transport costs of alumina - if it is not conve~ted 

locally into aluminium - have to be added. These costs vary 

from 6 USD/t of alumina between Jamaica and USA East-cost to 

43 USD/t of alumina for Australian alumina to Western Europe. 

Allthough the local processing costs of Australian and 

Brazilian bauxites will be very close, if shipped to the USA 

East coast, the Brazilian one will be much cheeper (309 USD/t 

versus 335 USD/t). 

In most cases the maintenance works are done by the 

personnel of the plant, allthough there is always a possibi­

lity to engage a contractor com~any for this duty or for a 

part of it in developed countries. In developing countries, 

however, the plant has to care for the total maintenance in 

most cases. To be able to do this, appropriate workshops 

have to be set up in the plant and maintenance personnel has 

also to be considered. 

Maintenance and materials costs amount to about 8-9 % 

of self supplied alumina costs according to an USA aluminium 

price/cost model for the year 1984 [28). The actual amount 

of 19.1 USO is to be split equally between maintenance, rna­

ter~~l cost and misc. costs. 

Considering plants in developing countries, a spare 

parts stock representing about 3 % of the global value of 

invested hardware seems to be of purpose. 
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2.5 P~ocessing of low grade bauxites and non-bauxite 

materials 

Ti1ere are several methods for processing of low grade 

bauxites and non-bauxite materials [29]. Out of the possible 

processes the sintering technology, the combined processes, 

processing of nepheline and alunite have to be mentioned, 

because of their industrial realization. A brief description 

of these pr.ocesses can be found in Annex 15. Further on some 

aspects of the chloride processes are discussed in Chapter E.). 

2.6 Non-metallurgical grade alumina 

The expression non-metallurgical grade or special alu­

mina covers a range of various alumina products having special 

characteristics (purity, grain form, grain size, etc.) to be 

used in various fields of applications. Their price is higher 

than that of metallurgical grade alumina, the factor of in­

crease being between two and hundred. With increasing pro­

duct value the demand decreases. 

Production capacities for special aluminas can be esti­

mated to about 3 million tpy in the world, the overwhelming 

part of these facilities producing those special aluminas the 

price of which is not more than two- to three time that of 

the metallurgical alumina. They are used ~.g. as abrasives, 

ceramics and refractories. Most of these can be produced on 

the basis of the Bayer process, with certain modifications f 30): 

elimination of impurities, first of all of sodium. 

By modifying the Bayer precipitarion (using warm-precipita­

tion) the Na
2
o content of the alumina can be decreased to 

0.2 %; should be a need for even lower figures, partial washing 

after semi-calcination is indicated. 

adjusting the alfa-garruna content and the specific 

surface of the grains through calcination; 
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classification or micronization to obtain selected 

particle sizes. 

Problems related to the application and production of 

high-value aluminas are out of the scope of the present paper. 

2.7 By-products of alumina production 

There are two main by products of alumina production, 

vanadium and gallium. Their separation is possible as fol­

lows [24, 30]: 

A large proportion of the v2o
5 

content of bauxites is 

dissolved during digestion and accumulate in the process 

liquid circuit. The v
2
o

5 
rich salts are separated by crystal­

lization from the spent liquor either before or after its 

evaporation. 

In case of using lime technology in digestion the sepa­

ration of the V content is only possible in reduced quantity. 

Allthough there is a possibility to separate the vanadium 

after concentrating the spent liquor to about 200 g/l, but 

it is expedient to seDarate first a soda salt with low v
2
o

5 
content, and to cool the soda-free liquor, to adjust its P, 

V and F content to the appropriate ratio and to separate 

crystals of rich V content out of this liquor. 

The separated V-salts are generally processed into v
2
o5 

containing products of various purity or into terrovanadium. 

Most of the v 2o5 production processes can be characterized 

by the following process stages: 

Beneficiation (generally a fractionized crystalliza-

ti on) 

Dissolution of the crystal, production of vanadatc 

solution 

Purification of vanadate solution is various ways [241. 

Polyvanadates can be transformed ~nto larncllnr v
2
o

5 
in 

a multi-step procedure. 
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Practically the only source for Ga production is the 

production of alumina. The economy of Ga production depends 

on the amount of Ga going into solution from the bauxite, i.e. 

the Ga level of the solution, on the liquor purity and on the 

technology used for separation. The extraction is effected 

from the concentrated spe~t liquor (strong liquor). Its puri­

fication is necessary to reach a good yield in the separation 

of this metal. 

For separation of Ga the mercury- and thP aluminium 

cementation technologies are used. The latter is preferred 

due to environmental protection. The developed mercury process 

works actually with losses below 1 kg Hg/ 1 kg Ga, though it 

could become competitive again. 

2.8 Wastes (Red-mud) 

The only significant waste of alumina production is the 

red mud. Its chemical and mineralogical composition is ~ighly 

determined by the bauxite grade and the process technology. 

The main components are generally in the following range as Der 

Table 5. [31]: 

THE MAIN COMPONENTS OF RED-MUD 

Fe
2
o

3 
Al

2
o

3 
Si02 
Na 2o 
cao 

The main components of ~e 

Wei~t% 

30 
r 
J 

2 

liquid 

Table 5 

(on dry basis) 

to 60 

to 20 

to 20 

to 10 

to 8 

phase accompanying 

the residue are caustic soda and soda ash (0.5 to 8 g/l total 

Na
2
o concentration) and some 0.5 to 8 g/l Al 2o3 . 
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The impo:::-tance oF .:,,.nronmenta.l-friendly disposal of 

same was stressed allready under 2.32 d.). For further 

details see [31]. 

Red-mud is still a waste, its utilization is not yet 

solved. There are certain promiF'.ng possibilities [31], but 

none of these is applied in indusLri~l scale. Recovery of 

the sodium and alumina content of the :ed-mud does only solve 

part of the problem. Recovery of its iron content is feasible 

but has lost importance due to economic reasons. It can be 

used as an additive in iron production and for the replacement 

of pyrite sinter in cement p~oduction, however, the quantities 

used are not significant. Its application for soil ameliora­

tion, road building, etc. are al. of minor importance. Its 

processing to heavy ceramics might be a promising method to 

involve large quantities of red mud and to meet at the same 

time increasing requirements of the building industry. 

3. ALUMINIUM SMELTING 

3.1 General 

•Phe primary aluminium production of the world was near 

to 16 million tons in 1984. In addition more than 5 million 

tons secondary aluminium were produced. 

Production capacities for primary aluminium amounted to 

about 18.5 million tons in 1984, hence about 2.5 million 

tons of capacity was unutilized. 

3.: The Hall-H~roult process 

The only process being used on industrial scale for the 

production of primary aluminium is the 100 years old Hall­

Il~roul t process. The essencP of this process is the clcr,tro­

lysis of Al
2
o

3 
(alumina) in a Na

3
A1F

6 
melt at 960 °c in 50-

230 kA cells with consumable carbon anode, aluminium pool 

cathode. 
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The electrolysis pot is the basic unit of an aluminium 

smelter. Regarding the anode structure cells of two basic 

types have been evolved: the continous (Soderberg) and the 

prebaked anodes. There are horizontal- and vertical stud 

continous anodes. 

Horizontal type Soderberg anode cells have a closed 

main operating area with efficient local cell exhaustion, but 

i~ is difficult to apply them for amperages over 100 KA. This 

old type is not reproduced any more, but some 1/6 of the world's 

aluminium production facilities still used such anodes in 

1978 [23J. Their share is decreasing. 

The vertical stud Soderberg anode type pots may only 

partly be closed and so the efficiency of local cell gas 

exhaustion is 60-80 % only [23]. Some 1/3 of the production 

facilities were equipped with such pots in 1978, but this pro­

portion is also decreasing, notwithstanding the considerable 

development which has been achieved in the 70's on this type 

of pots (amperage up to 160 KA, significantly high prod~cti­

vity). 

One of the advantages of Soderberg anodes is that no 

separate anode baking shops are required, hence the specific 

investment costs are less for smaller capacities. 

Recent requirements and regulations on environmental 

protection and working place could be met with this type of 

cells, however, only through intensive ventillation of the 

furnace hall and with washing the total quantity of gases 

therefrom. 

Actually in at lest half of the world's aluminium pro­

duction facilities pots with pre-baked anodes are being used. 

These pots exist in sidebreak and a center break variants. 

The sidebreak ones had originally a fully open operating area, 

later they were covered with lids, but these had to be lifted 

when charging alumina. This liftung resulted, however, in an 

intensive hall pollution by cell gases, so additional gas 

washing had to be installed. 
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The center break type pots are considered to be the 

most up to date. These are working with a relatively well­

closed operating area, which is opened only partially and 

rarely. The charging of alumina takes place automatically 

in closed position. Local cell gas exhaustion is effective 

so there is nc need for roof gas washing [23]. 

The anodes are manufactured from petroleum coke and 

tar pitch. The manufacturing of Soderberg anode paste and 

that used for prebaked anodes is similar, but is case of 

prebaked anodes pressing and baking hav~ to be added. The 

shematic flow-sheet of the production of both is indicated 

in Annex 16. 

Environmental poll~tion is a serious problem with alu­

minium smelters. Pollution is caused by the flourine com­

pounds. In case of Soderberg anodes there are also tar dis­

tillate compounds among the main polluting components of the 

cell gas and also of the roof exhaustion. 

The quantity of fluorine emission is 15-18 kg/t of 

metal produced, i.e. a smelter with a capacity of 100,000 tpy 

would pollute avout 1500 tpy of fluorine if no gas washing 

is applied. The permitted upper limit of fluorine emission 

into the environment is today 0.5-2 kg per t of aluminium in 

most countries. Therefore the cell construction and the 

operating technology should ensure proper gas collection 

and the washing of the collected gas before exhaustion. 

The center break prebaked anode type cell seems to be 

the most appropriate for satisfactory gas collection. The 

washing of the gases was done earlier with wet scrubbers, 

but these are costly and the recuperation of the fluorine is 

expensive too. Recently dry gas scruboing has started to 

prevail, based on the adsorption of fluorine by alumina having 

a large active surface (sandy alumina). After having been in 

contact with the gas in the scrubber and having adsorbed the 

fluorine compound, the sandy alumina is forwarded to the pots 
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and fed through chargers into the process, recirculating 

thus the fluorine adsorbed. 

The parameters of an aluminium smelter (expres~ed in 

main material and power requirement per t of metal) were as 

per Table 6 in 1978 [23] 

Table 6 

PARAMETERS OF AN A~UMINIUM SMELTER (1978) 

alumina 1.93-1.96 t/t metal 

petroleum coke 0.44-0.47 t/t metal 

tar pitch 0.11-1.12 t/t metal 

fluorides 0.025-0.03 t/t metal 

electric power 15000-16000 kWh/t metal 

Newly built smelters w th prebaked anodes show, however, 

better characteristics ~ee Table n [8]: 

Table 7 

PARAMETERS OF PREBAKED ANODE SMELTERS NEWLY BUILT 

alumina 1 • 9 25 t/t metal 

petroleum coke 0.34 t/t metal 

tar pitch 0.09 t/t metal 

fluorides no data 

electric power 13693 kWh/t meta] 

Extrapolated figures concerning the possible develop­

ment of specific power consumption of smelters are indicated 

in Annex 17. [11]. 

3.3 Aluminium smelters 

Nowadays 160-230 KA pots are used. A pot of this 

amperage produces 300-550 tpy of aluminium. The pots are 

in series, the number of pots in series may vary between 
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120-240. One line produces hence in average 50-130,000 tpy 

of aluminium. In general a minimum of two pot lines are to 

be built nowadays in order to reach economic plant sizes 

[23]. This gives 100,000 tpy as a minimal capacity for an 

economic plant. 

Shorter lines require somewhat larger investment for 

electric equipment for the sawe capacity, but working con­

ditions are more 3afer with lower overall voltage of the 

potline. 

More than two pot~ines of a capacity of 130,000 tpy 

each might cause on the other end environmental pollution 

problems despite collection and cleaning of gases simply by 

its considerable quantity over an overall 260-300,000 tpy 

smelter capacity [23 p.31-32]. Nevertheless specific local 

conditions, financial considerations, the availability of 

cheep energy, the available market justify finally the se­

lection of the size of the smelter. 

Smelters of smaller capacities than about 100,000 tpy 

are, however, not justified in case prebaked anodes are used. 

Such anodes should be produced at the smelter, otherwise they 

cost more, their transportation is difficult and the proper 

utilization of the butts - r8presenting 20-30 % of weight -

cannot be solved. Smallest economic capacities for such 

anode plants correspond to a smelter of the about 100,000 tpy 

capacity. 

As for any industrial plant, unit capital costs for 

aluminium smelters diminish with increaing plant size [11]. 

However, savings due to economy of scale are rather limited, 

since large plants differ from small o~es only in the number 

of potlines installed. Considering the location factors ac­

cording to point 2. 31 as we 11 as other data f 11 J a smelter of 

100,000 tpy located in a developed country would cost USO 

3400/t capacity, while ~ 200,000 tpy unit would cost USO 

2900/t capacity under the same conditions. The same values 



- 40 -

for a r 0 mote location in a developing country are 7.!:e fol­

lowing: USD 4100/t capacity for a 100,000 tpy and USD 3600/t 

capacity for a plant twice that size. 

A smelter with a capacity of 100,000 tpy requires ~ 

territory of 30-40 hectares plus space for possible expansion. 

It should be not located nearer than 500 m to any settlement 

even if suitable environmental protection is secured. 

Regarding the infrastructure the main needs are as 

follows: 

a) transport facilities 

b) power 

c) water 

d) housing estates 

Ad a) Quantities to be transported in and out request 

about four times the capacity of the smelter. Either rail­

way and/or road system apt for heavy road transportation or 

a deep sea port is required. 

Special unloading faciliti2s are needed for alumina and 

carbonaceous materials. 

Ad b) The important questions of power supply is dis­

cussed serarately in para 3.4. 

Ad c) For the operation of a smelter industrial water 

is required amounting to 3-4 thousand m3 /100,000 t metal/ 

year, even in case of recirculation. Drinking and sanitary 

water is also to be ensuLed additionally. 

Ad d) Securing of operating staff may also have infra­

structural preconditions (housing, transportation, etc.). 
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3. 3 3 Site 

The ideal condition is when sources of cheap energy and 

qood bauxite reserves are close one to the other and the alu­

minium produced has local market possibilities or it can be 

transported by sea at low cost to buyer's market [231. 

These ideal conditions are not frequently prevailing. 

In the past smelters were rather constructed in developed 

countries, close to the aluminium market and as far as possible 

on possibly cheap electric power sources. Bauxite or alumina 

were imported. The increasing demand for aluminium required 

the establishment of larger and larger power generating faci­

lities for new smelters and relevant amount of cheap cost 

energy resources were frequently not ava~lable in the Jeveloped 

countries. Increasing transportation costs played also a role 

in the establishment of the actual scenario: concentration of 

the attention in location of new industrial objects a~parti­

cularly advantageous sites, or resecl'fcK ·,13' for the smelters 

locations with favourable energy prices and low transport 

costs. 

In case. C~ energy is available, but alumina a:i.d/or 

bauxite have to be imported the requirement for a smelter is 

to have cheap transport facilities. This is the reason that 

such smelters are set up at seasides or water ways. Continen­

tal tr<:·nsport costs of raw materials can namely add up to such 

amounts that a large part of the advantages of cheap power a;~e 

lost. 

Siting problems become more complex if the cheap energy 

is relatively far from the seaside, or wateL routes. In such 

cases besides the transportation costs of raw materials and 

the produced metal also those of the power have to be consi­

dered to find the optimal solution. In most cases, hodevcr, 

the building of a transmission line is still the better way 

even if it increases infrastructural investment costs. It 
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has to be considered namely that once power is at seashore 

it can also be used for other industrial objects. 

3.4 Power for smelters 

Since aluminium is highly i~tensive in electric energy, 

producers require low cost sources for power. Annex 18. 

shows a Table about cost of electric power for aluminium 

smelters (costed at generating sites) in 1980 USD per kilowatt 

hour [11]. The possible variations of the existing low cost 

energy sources are indicated, as well as the possible po~er 

costs to be expected from new projects. Hydroelectric power 

and flared gas offer the best possibilities for cheap power 

generation: 6 mils/kWh for specific projects to 20 mils/kWh 

for high head hydropower or flared gas and to 30 mils/kWh for 

low head hydropower. Coal and nuclear energy are considered 

at a higher cost, i.e. 50 mils/k~~, except for Australia. 

There are still large undeveloped energy resources in 

the world, mostly hydropower and flared gas. Oce~nia got 

also coal resources to be transformed into power [11]. 

In Annex 19. the current and possible new low cost e­

lectricity supplies available for aluminium smelting are in­

dicated [11]. From this Table some concl11sions can be drawn 

about the further relocation of the alurniniu~ industry in the 

future, a/lready mentioned in paras 4 and 7 of Chapter C. 

3.5 Operation of aluminium smelters 

Alumina, electric power and capital costs are the most 

important cost elements in aluminium smelting [11, 23). Com­

paring the data of 1978 [231 and those of 1983 [11] their 

weight is, however, somewhat different: 
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1978 [23] 1983 [ 11] 

- alumina 25-30 % 30 % 

electric power 20-25 g. 16-30 g. 

" 0 

- capital costs 25-30 % 16-35 % 

Bird gives more accurate data [8] in connection with 

case studies on 3 new plants. One of his case study results 

(Australia) is reproduced in Annex 20. The other two cases 

relate to a Canadian and a Brazilian smelter, having the same 

parameters. There are slight differences in both variable 

and total costs as follows: 

Variable cost 1987 

Total cost 19 87 

Cost in USD/t aluminium 

Canada 

1456.1 

1954.8 

Australia 

1506.8 

2041 . 5 

Brazil 

1373.9 

2034.8 

The differences in cost originate partially from dif­

ferenc~s in electricity and capital costs. Electricity ccsts 

are the lowest in Brazil (2.2.1 mils), but capital charges are 

the highest here (660.9 USD/t): Canada has a somewhat higher 

electricity cost (22.8 mils), but the lowest capital charge 

(498.7 USD/t), while the electricity costs are the highest 

in the Australian case (28.1 mils) with medium capit~l charges 

(534.7 USD/t) for 1987. 

Annex 21. reflects a prognosis for production costs of 

new smelters at selected sites in 2000 [ 11]. It seems that 

Brazil and Australia will be able to produce the cheapest 

aluminium in a new plant in 2000. 

Annex 20. illustrates maintenance labour and materials 

costs. Considering also the maintenance ccsts of the nrazilian 

and Canadian case one could say that the ~aintcnance costs 

amount to about 5 s of the variable costs. 
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3. 6 Wastes 

There are several wastes in a smelter. Anode butts 

form the largest quantity, about 20-30 % of anode material 

used. In an anode plar.t with the smelter these can be fully 

utilized (see Annex 16.). 

The cathode lining is from carbonaceous material. Dur­

ing the use it takes up fluorides. The lining has to be 

changed every five years in average. The amount of lining 

represents with an up-to-date cell over 200 KA about 30-35 

tonnes. So some 1500 t of waste have to be considered per 

year with 200 cells of that size. Either a fluorine extrac­

tion is made if the quantity is reasonable or the wastes have 

to be put into water-safe ponds. 

Dry scrubbing of fluorine containing gases is not pro­

ducing any waste. 
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D. ~ SEi·iI-rL;~wF.\CTU;;.r:1G 

u. 4. 1 ALmlINIDrv~ CONSUMPTION 

Aluminium consumption is intimately related to the ge­

neral standard of industrial development and through it to 

the rer capita Gross Domestic Product (GDP) of a country [12]. 

Although such correlations may also be governed by numerous 

other factors as well (e.g. natural resources, traditions, 

etc. in the region), they may serve as a useful point of 

departure for preparing analytical surveys and prognostica­

tion. 

As referred to ea~ier, aluminium usage may be strongly 

influenced by the emerqence of new structural materials and/or 

by the relative pricing of competing ones. It is due to com­

petition from such sources that in terms of time there may be 

lags in having Gross National Product (GNP) or Gross Domestic 

Product (GDP) correlated with per capita aluminium co~sumption. 

Earlier analytic surveys were prepared at a time when the 

growth rate of aluminium consumption was steadily rising and 

only little heed was given to the fact that the established 

relationships were not fully valid in case of countries having 

extremely high or small per capita aluminium rnnsumption f 32-

3 5 J • 

Up to the smelting stage, the flow of material3 is more 

or less easy to follow in view of the long-term agreements by 

which such movements are backed; from the semi-fabricating 

stag9 onward, however, statistical overlapping of certain 

figures (such e.g. in case of foil manufacture) or different 

methodologies of grouping materials from a statistical point 

of view, may easily present pitfalls to the analyst. 

In preparing a realistic assessment of aluminium con­

sumption, also the actual aluminium content of all exported 

and imported finished products too would have to be taken into 
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account; unfortunately, however, this is an almost un­

surmountable task. 

As pointed out earlier, developing countries are, 

as a rule, minor aluminium consumers, their aluminium usage 

lagging far behind that of world average. Only when a cer­

tain level of GNP has been reached does aluminium consump­

tion show a steadily rising upward trend until a "state of 

saturation" has been arrived at. The shape of the so-cal­

led S-curve valid for a given year may be approximated by 

theoretical considerations (Annex 22.) 

Owing to diversity in orders of magnitude, GNP [361 in 

relation to per capita aluminium consumption [37-39] is de­

monstrated for 1981 in a logarithmic manner as shown in 

Annex 23. 

Excessively high figures (Belgium, Norway, Hungary) 

may be traced back to the high aluminium conter-t of finished 

aluminium products exported. Where figures are very low, 

there is a great probability that the aluminium content of 

imported aluminium items has been disregarded. Annex 2:;J rep­

resents a static statistical compilation; therefore extra­

polation of the aluminium consumption for any given country 

can be established only after a thorough investigation of the 

characteristics of the expected development of the national 

economy. Notwithstanding deviations in the possible value 

of the above indicated correlation, it seems to substantiate 

the claim that by the end of this century a marked shift is 

to take place in aluminium consumption in f vour of develop­

ing countries [12). A similar conclusion is reached by an­

other author as well, who, however, suggests considerably 

more correlations to be taken into account on prognos!ticat­

ing aluminium consumption [8]. 
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4.2 SEMI-FABRICATING 

In contrast with alumina manufacture and aluminium 

smelting, in the semi-fabricating field a great diversity 

of items has to be produced. Even within a given heading 

of semi-fabricated items (e.g. strips), actual technologies 

employed may be varied. 

In 1983 world aluminium consumption (primary, secondary 

and direct use of scrap) was approximately 20.6 million tons 

[6]. This figure is almost identical with that of semi­

fabricated products including castings. 

Discounting areas of centrally planned economies, 74 

countries had smaller or major facilities for producing semi­

fabricated items in 1983; their number was more than 1,000, 

without calculating minor light metal foundries. 

According to available data [8] a~d excluding casting, 

the aluminium semi-manufacturing capacities of the world may 

be estimated to be 21.1 million tons [40]. Casting and pow~er 

usage taken as 25 i, the actual utilization of such world 

capacity may be estimated to be in the order of 70-75 %. This 

figure seems to be confirmed by several 80ncrete inquiries 

conducted in this respect. 

According to experience, semi-manufacturing projects 

are in the first place i~plemented in areas where domestic 

demanc for finished products is already high, and where such 

demand has u5ually to be provided for by imports. The instal­

lation of new capacities may in most cases also permit exports. 

To decide as to where and when it is feasible to launch 

semi-fabricating projects, is a complex issue calling for a 

careful consideration of different circumstances, coupled with 

effective market research. Such market research has not only 

to keep domestic demand, but also prospects of exports to 

surrounifding countries in mind, with probabilities of export­

ing - especially rolled items - to more distant regions a~d 
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thus c3tering for the world markets as well. In considering 

such exports, of course, duties and transport costs prevail­

ing at the would-be destinations would have to be taken into 

account. 

The matter is further complicated by the fact that in 

most developed countries items of commercial quality are ma­

nufacture~ by means of high-performance production lines with 

an impact on pricing in general, and a small margin of phase 

price differences in particular. The relative approximate 

pricing of several products is listed in Annex 24, as compiled 

on the basis of available references [41], [42]. The magni­

tude of profits may a great deal be influenced - next to trans­

port costs - by the import duties levied, which in case of 

semi-manufactures rnay be relatively high, depending on the 

country of destination. On the other hand, significant phase 

margin profits may be arrived at if high value-added items 

of stringent standards and, if desired, of high surface-finish 

are supplied (e.g. anodized profiles made from medium-strength 

alloys), or where in terms of tonnages demand by the customer 

is smaller than is usual with items of more conventional spe­

cifications. 

The basic technologies governing the siting and embrac­

ing the range of products to be manufactl1 red are surnmari zed 

in Annex 25. TPchnological break down of semis production 

for three developed areas is reflected in Table 8. [43] 

Table 8 

TECHNOLOGICAL BREAKDOWN OF SE.MI-MANUFACTURING OTJTPUT. 

Rolled product 
Extruded and dr 
Drop-forgings 

·r..; -,,., -

PER CENT 

U.S.A. 

65.8 
-0ducts 23.4 

1 • 3 

\'€stem Japan 
Europe 

51. 7 3 4 • 1 
33.0 57.4 

CJ. 6 0. 1 
' ........ ' 

-----------~-_. __ ___:_t_;___ ____ -#----------
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It will be observed that sheet and extruded profiles 

account for most of the production, with the output of forged 

pieces being relatively small. No major change in this pattern 

may be anticipated until the turn of the century. 

Following the outlines of Annex 25, the principal technc­

logies involved are briefly discussed below. 

Among the operations of reprocessing and finishing (se­

parated by a dotted line i,. the Annex 25) special mention has 

to be made of the two most important ones: foil manufacture 

and anodization. (The Annex contains also cross-references 

to sub-chapters.) 

4.2.1 Continuous casting 

The basic advantages of the process are ~anifest where 

metal in t ~ liquid state is directly ~eceived from the 

smelter an? J re-melting of the ingot is necessary. ror 

this reason, such equipment is usually sited at the smelter 

proper or at least not too far from it. In case of a sui­

table road system, transport of liquid metal over a discance 

of 500-600 kilometres, too, may throughout be economical, 

but in view of the capacities of the continuous casting 

facilities this is by no means an easy task. A wide strip 

continuous casting mill is usually designed to produce strip 

of up to 2,300 nun width and thicknesses from 4 to 40 milli­

metresi its usual annual capacity is 8-12,000 tons, though 

some with a 40 ton/hour or higher ~apacity too are in opera­

tion. Of course, operating larger capacities is generally 

more economical. As for continuous-cast narrow strips, they 

are usually manufactured in widths ranging from 200 to 300 

millimetresi their minimum economically feasible volume to 

be produced is 2,500 tons per annum. 

Rod wire continuous-casting cquipment _s usually de­

signed for capacities of 10-20,000 tons per annum, although 

some have annual capacities of u1 to 50,000 tons. 



- 50 -

4.2.2 Billet and slab casting 

Up-to-date casting m~chtmes served by moder1 furnaces 

are capable of extruding more than 50 billets of 150 mm dia. 

each simultaneously. Large-size slabs (e.g. 450 mm by 2,000 

mm in size) may be cast in batches of 10 simultaneously. 

Lay-out of an about 10,000-ton annual capacity casting shop 

[42) and of a smaller one [44] are to be found in Annex 26 

and 27, respectively. The design 0f auxiliary equipment to 

be fitted onto the casting machine is determined by the pro­

perties of the feed as well as by the desired purity and 

mechanical properties of the product to be manufactured from 
...... 
l ~. 

1.2.3 Mould-casting 

Aluminium mould-castings are widely used by the trans­

port, vehicle, building, electrical and mechanical engineer­

ing industries as well as in the manufacture of numerous 

mass-produced items. In most cases they are finished products 

ready for use, rarely calling for additional finish. Although 

in comparison to other metals their raw material may be ex­

pensive, such castings may be competitive with a good many 

items made from other structural materials. 

Mould-casting is a collective noun denoting a variety 

of different casting technologies. Of these, four are of 

especial importance ana these are compared in Table 9 by 

pointing out their essential features, the economically 

feasible minimum number of pieces to be produced, their usual 

weight, the conventional mechanical strength arrived at by 

casting an AlSi12 alloy and the pressure-tightness of such 

castings. 



'\ 

Table 9 

CHARACTERISTICS OF CASTING PROCESSES 

Processes Usual nurrber of W2ight of Castings Tensile strength Pressure 
econanic series (alloy AlSi 1 2) resistivity 
pieres/year kg/pie re MPa 

Sand casting 1 - 5,CXX> 5 - 3CO 160 middle 

Die casting 100 - 100,CXX> o. 1 - 50 180 gcxxl 

Lo.v pressure casting 500 - 100 ,OCXJ 1 - 50 185 exrellent 

High pressure casting 10,0CXJ - 1,CXX>,CXX> 0.01 - 20 200 acreptable Ul 
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It will be observed that a mould-casting shop may be 

run economically at smaller annual capacities than a semi­

fabricating plant. In case of sand castings even very modest 

capacities may suffice, whereas in respect of the different 

Jie -casting processes at least an annual capacity of 1,000 

tons is required to have it run economically, because of the 

time and costs involved in die-making. Of course - especially 

in car manufacture - even capacities ranging from 10,000 to 

50,000 tons per annum are being installed. 

To facilitate casting, aluminium used for such ends 

usually contains 5-15 % alloying constituents featuring a 

fairly wide range of toleraLces. For this purpose secondary 

aluminium is particularly suitable. Recycling of the metal 

starts with the collection of scrap, followed by its clas­

sification, preliminary handling and final remelting by a 

metallurgical process to secondary aluminium. Remelting of 

scrap is an energy-saving procedure. The energy necessary 

for scrap processing represents about 5 % of the power re­

quirement of the production of the primary metal [45]. Col­

lecting and classifying scrap effectively call for certain 

organizatory skills. A remelting facilicity handling at 

least 1,000 tons of scrap annually may already be a paying 

proposition. According to experience, secondary aluminium 

usage is growing faster than aluminium consumption in general. 

4.2.4 Rolling 

Today some 200 hot-rolling mills are operating in the 

world. Mand of them have a 100-500,000-ton annual capacity 

but in developed countries even such of considerably smaller 

capacities arc being operated. 

Cold-rolling mills, as a rule, are installed simul­

taneously with hot-rolling mills. However, in a good many 

cases the hot-rolled product - including continuous-cast 

strip - is transported over long distances to other destina-
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tions to be further processed by cold-rolling. This ex­

plains why there are about 50 % more cold-rolling mills in 

the world than hot-rolling ones. Where both are present, 

the usual cold-rolling capacity is about 60-100 % of its 

hot-rolling counterpart. If only cold-rolling facilities 

are installed, capacities vary within a large range. 

Of course, where output is small, teL~nical perfor­

mance data (productivity per capita or unit of area) are 

inferior to those of the larger mills. (Annex 28 and [42J.) 

4.2.5 Extrusion 

In contrast with the so-called direct process of ex­

trusion exclusively practised earlier, nowadays indirect 

extrusion is more and more gaining round, although for a long 

time to come direct extrusion is to remain more widespread. 

A cowparison of the two technologies is indicated in Annex 

29. Advantages of indirect extrusion, permitting more favour­

able conditions of friction, are discussed, along with con­

crete examples, in [46]. There are roughly 700 extrusion 

plants in the world. Their installed annual capacity usually 

varies from 3,000 tons to 10,000 tons, but also larger 

(80,000-100,000 tpy) as well as smaller (500-1,000 tpy) ones 

exist. Most of the smaller units located in developed co­

untries are designed to produce high-precision profiles. 

Annex 30 presents a simplified diagram of an extrusion 

plant. The capacity of each extrusion press is in direct 

proportion with the compressive force applied by it. In 

producing items of average commercial standard it amounts to 

200-300 t/MN/annum; with profiles of more complex design, 

the corresponding figure is 150-200 t/MN/annwn. Hence, by 

siting a single extrusion press, an annual capacity of 1,000-

3,000 tons may be installed. However, - apart from some ex­

ceptional cases - running a single press is unusual. 
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4.2.6 Forging 

Since forged alw~inium pieces are relatively expensive 

and to produce such of fully accurate sizes calls for the 

use of costly dies, forging is a paying technology only if 

large series are involved. The major customers of aluminium 

forgings are the aircraft and vehicle manufacturing industries. 

D.4.3 REPROCESSING OF SEMI-FABRICATED PRODUCTS 

A considerable part of semi-fabricated products dis­

cussed under heading D.4.2 are only sold to the customers 

after having undergone some further operations of processing. 

It is a co;runon feature of such operations that they are usu­

ally carried out by various equipments of relatively high 

productivity. Due to reprocessing, what finished item manu­

facturers have to do is more and more limited to the mere 

machining, cutting-to-size, drillifig etc. as well as to the 

joining (in the first place welding) of the semis purchased 

from the mills. Reprocessing technologies of semis include 

foil rclling, manufacture of corrugated profiles, roll-bonded 

sheets, ribbed tubes, welded tubes, pigments and various proc-

esses of surface finishing. 
Of these reprocessing technologies, foil manufacture 

and surface-finishing techniques may deserve special atten-

tion. 

4.3.1 Foil manufacture 

Strips of 800-1,600 nun widths and 0.2-0.5 nun gauges 

as a rule lend themselves well for transport in coils of 

4-10 tons each. Therefore foil mills need not necessarily 

be sited directly adjacent to a cold-rolling mill. 
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Foil-manufacture consists of two distinct types of 

operations: foil-rolling proper, and finishing of the pro­

duct thus arrived at. The latter is of special importance, 

in that only a part of orders to be receivPd calls for foil 

in natural silvery finish, whilst r..ost customers require 

coloured, patt~rned or printed ones, or such laminated with 

other materials to be used for packaging. Today some 1SO 

foil manufacturers are to be found in the world. Their 

typical annual capacities are ranging from 3,000 to S0,000 

tons, though mills of smaller or larger capacities too arc 

knm·m to exist. 

4.3.2 Surface finish 

\\nen corrosion resistance or a decorative effect is 

striven for, in case of rolled (flat) products usually a 

paint-, plastics- or lacquer-coating is added. In case of 

uneven or extruded surfaces often a process of anodization 

is applied. 
In the fi_rst case by choosing a suitable colour, and 

in the second case by depositing an electrolytically coloured 

anodized surface film or one directly obtained in the process 

of anodization (integral colour anodization), the desired 

effect may be arrived at. 
Owing to their continuous operation, wide strip paint-

ing lines have to be designed for large capacities. (Each 

unit to handle 10,000 tons or considerably more per annum.) 

The installation of such equipment is costly and economically 

only feasible if large volumes arc involved. 

Depositing an anodized oxide film is a tire-consuming 

process. In view of lhis - apart from a f0W exceptions -

the operation of such cquipme~t is intermittent, pcrmittinu 

the economical installation of smaller capaciti~s (1,000-

3 ,000 tpy). 
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D.4.4 General aspects of installing semi-fabricating plants 

Compared to alumina manufacture and smelting, the pro­

duction of semi-fabricated items is in specific terms a more 

labour-intensive, but considerably less energy-intensive 

process. In the production costs of semi-fabricated items 

the share of raw material costs and amortization of invested 

capital are two dominant factors. Varying with the nature of 

the product, the former may account for as much as 80 %, but 

even in case of reprocessed products it may usually be well 

beyond 40 %, (Annex 24) • 

Data concerning optimum capacities according to the 

type of technology involved are subject to considerable varia­

tions (e.g. rolling or forging). But even within a given 

major type of technology, a great deal depends on the actual 

specifications to be manufactured (e.g. proportion of unalloyed 

aluminium, the thickness of strip, etc). Indications on cap­

ital investment costs without a careful specification of the 

envisaged products may only furnish a very tentative estimate 

of the possible expenditure which might be involved in the 

realization of the project. 

Annex 31 reflects tentative estimates concerning invest-

ment costs of fabrication facilities compared to those refer­

ing to smelters [ 34),(47). Because the economically feasible 

minimum capacity of a semi-fabricating plant, this might be 

relatively small, involvment in these oper2tions might start 

with reasonably modest investment t'esources. 

D. 5 MANU:::'ACTU::U:: OF :?INISHED ITE:-1S 

Finished product man~facturers 3re in direct contact 

with the end-users and mostly determined by the markets. It 

is from such quarters where> indications as to competition from 

other materials may be forthcoming, while effective marketing 
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work may do a great deal in coping with such exigencies and 

in contributing to a further rise of aluminium consumption. 

The number of finished aluminiura items or such contain­

ing various amounts of aluminium may now be put at several 

ten-thousands. The situation is further complicated by the 

fact that in a good many cases an individual item may contain 

but a very modest amount of aluminium, which - though see­

mingly negligible to the end-user - may be of great signi-

ficance from the aluminium industry's point of view. 

in point is car manufacture.) 

(A case 

In improving existing and developing new products, use-

ful guidance may be obtained by preparing separate functional 

and value analyses. Their comparison may reveal expectations 

by the consumer as to the technical parameters desired on one 

hand, and the economic feasibility o: neeting such demands by 

the producer, on the other hand. Such exercises may also 

provide guidance in the choice of a suitable material (a compet-

ing one, or aluminium alloys). 

The life-cycle of aluminium finished products is highly 

varied; however, an average of five years may be regarded as 

a fair estimate. Hence, from time to time, the necessity 

arises to have designs updated or to come fOPNard with com9letPly 

new ones. This permanent drive for technical and product de­

velopment has to keep considerably larger tea~s of specialists 

busy than is the case in the other sectors of the aluminium 

industry. Such domestic innovations, may also from time to 

time be replaced, if necessary, by purchases of licences from 

abroad, especially when it comes to the introduction of a new 

product on the market. 
Prices per unit of volume arc subject to great varia-

tions, even where the bulk of a concrete item consists of 

aluminium structures. Same applies also to sm~ll-sizc obj~cts 

(e.g. artifacts) ~hose ~anufacturc - in spite o~ the small 

series in~olvcd - ~~y be troJg~oJ~ 0co~0~ical. 
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pointed out that with plainer items, in whose manufacture 

relatively few and simple operations are involved (e.g. hol­

loware), as a rule only large-scale production may be a pay­

ing proposition. In contradiction, however, where wages are 

low and investment resources are 1toor, the manufacture of 

deep-drawn kitchenware may even in smaller series be econo­

mical. 

Approximate optimum capacities for the large-scale ma­

nufacture of some selected finished items are dealt with in 

Annex 32 [ 47]. 

Here, too, capital expenditure is related to that of 

erecting a smelter. From a comparison of the corresponding 

figures it will be observed that specific investment costs 

for one ton of finished product may greatly vary with the 

type of product under review, and may be as much as 5 to 6 

times that of the ingot (e.g. in case of kitchenware) or just 

a fraction thereof (e.g. in case of furniture frames, ladders 

or scaffoldings). One point, hoNever, is especially signifi­

cant: reasonable size capacities for this type of products 

can be found in the 500-5000 tpy range. 
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E. MAIN DIRECTION OF RESEARCH PROGRAMMES 

1. ALUMINA 

The Scientific Corrunittee of the ICSOBA Symposium at 

Tihany [48] stated that the bulk of the world aluminium pro­

duction will still be provided by the Bayer process at the 

return of the millenary. Due to this in the forthcoming 

trends in the development of this process shall be mainly 

ir1vestigated. 

1.1 The Bayer process 

Allthough the Bayer process is used since long for the 

production of alumina, there are steady developments to this 

process. Various ICSOBA and AI~lE meetings discussed such 

developments and the Scientific Conunittee of the ICSOBA me­

eting at Tihany stated also the main trends of developm8nt 

as follows [48]: 

- to develop energy saving technology 

- to increase the role of high temperature digestion 

- to introduce high capacity equipment 

- to apply a fully ~utomated process and a comouteriz€d 

control system. 

One could add to these as an overall trend that due to 

the increasing costs of capital goods, the promcter of tech­

nical improvement will be more and more the better exploita­

tion of capital goods, the increase of the efficiency of the 

plant [49J. 

The main tasks oi the technical improvements of Bayer 

alumina plants are ~uwmarized in Annex 33. This shONS the 

5 main directions of R + D, their targets as well as the pos­

sible solutions (based on [49J: 

As can be seer f~0m this Annex the main lines of R + D 

activity lay in t:;c prcci pi tation ~nd the di:_;cstion steps of 

the process. 
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In precipitation the main line of development consists 

of those efforts which assure besides the high liquor yields 

of the European Bayer process (70-80 g/dm
3

) the properties of 

American Bayer product, i.e. a sandy alwnina. For this aim 

purification of the solution is necessary by removal of car­

bonate salts and of organics (where present) . The whole pre­

cipitation technology is under steady development to ensure 

optimal precipitation yields with sandy alumina. 

In digestion two trends can be found: in case of mono­

hydrate bauxites the increase of digestion temperatures is 

the trend. For this aim the newly developed tube d~gestors 

could also be used, especially with diasphoric bauxites. The 

effiracy of the digestion can calso be influenced by using 

additives if the bauxites used necessitates it. 

The adjustment of digestion and precipitation, futher 

the quantity of water to be evaporated contributes to the op­

ti~ization of the whole proce3s by increasing productivity 

and minimizing costs. Cost reduction is also the reason why 

attempts are made to reduce ca"Jstic consumption, whilst the 

red-mud washing is not only done for this purpose, but also 

to achieve a less environmental p0ll~ting mud. 

1.2 Non-Bayer processes 

An optimization of non-Bayer processes are also in 

course, these are, however, only of local importance. A more 

important activity are the R + D works to produce aluminium 

chloride. 
The production of aluminium chloride serves various 

purposes. This material can be used per se in the cliemicu.l 

industry (all though relatively small amuunts are needed), or 

to produce certain special aluminas, bnt j_ t might also ser'JG 

as an intermediate product in the produstion of aluminium. 

Aluminium chloride can be produced from iron-poor clays 
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(76th process) [50] or bauxite or garruna-alumina (Alcoa 

process) [ 51] . 
If starting from iron-poor clays these are sintered 

first with coke, followed by a chlorination in the presence 

of sulphur. Various chlorides are produced, which are sepa-

rated by distillation. 
In case of reactive gamma-alumina fuel oil i~ cracked 

into it in a fluidised bed reactor and the alumina-coke partic­

les are then chlorinated in a fluidised bed reactor at about 

650 °c in the presence of NaAlC1 4 L51]. 

Bauxite is calcined first and then subjected to a 

fluidised bed chlorination using a CO+ c1 2 gas mixture [511. 

Other chlorination technologies have also been deve­

loped, but all these processes are more or less only in the 

piloting stage. (About the production of aluminium from 

chloride see E.2.2.). 

2. ALUMINIUM 

Not only the production of alumina looks for more eco­

nomic solutions within the Bayer process, but also the Hall­

Heroult process is under a stady R + D activity. Besides 

this an intensive activity for the development of alternative 

pr0cesses is in course. 

2.1 The Hall-Heroult process 

Better economics and the meeting of strict environ­

mental prcs.;riptions is the aim of R + D activities in this 

field. The size of pots was increased first, but surpassi~g 

200 KA (230-250 KA) the results arc not very impressive. 

As a cumulative result of various developments, such 

as larger anodes, i1.1proved electrolyte c:omposition, lower 

op~rati~n temperatures, computer control of cell operation, 

cell design, cell life, emission co~trol and control of 



- 62 -

magnetic effects resulted in a lcwer energy consumption, but 

reduction of the energy consumption much below 12,100 kWh/t 

of metal is net expected [52]. 

R + D activities for some major modifications are, 

however, in course [52]. These are in the field of 

(i) developing new electrode materials a~d desi3ns 

(ii) changing the electrolyte composition. 

I~ the first Eield Kaiser develops a TiB 2 cathode, while 

Alcoa looks for a permanent anode un which oxygen is dis­

charged. The result 0£ both would be reduction of power con­

sumption. It is premature to judge viability of these ef­

forts. 

In the electrolyte composition field th2 use of lithium 

salts to reduce electrolyte resistivity is the actual trend. 

The results could be decreased power consumption, improved 

current efficiency, reduced fluoride emission and reduced 

operation costs. Results are, however, not yet clear-cut. 

Bird expects that gradual process improvements in ex­

isting smelters will bring in average 0.5 % cost reduction per 

year [8]. 

2.2 Alternative processes 

Several alternative processes were investigated. Out 

of these processes the following merit special attention: 

- the chloride process 

- direct carbothermic reduction 

The Alcoa chloride process (Alcoa Smelting Process or 

ASP) ...:onsists of the electrolysis of A1Cl 3 in LiCl.~JaCl mr::lt 

at 700 °c with multicell bipolar stack of graphite elcctrodes­

anode not consumed. (About the production of AlC1 3 see E.1.2). 

All though the electric energy consumed is less with the Ii'.~!' •:.!-ian 

with the Hall-H~roult process, the overall costs are onl1 

sligh~ly decreased if considering the chlorine production too, 

but the risks of the process seem to be hi0hcr. An improve-
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ment in the chlorination process and a J£~rease in costs 

could make this process, however, more attractive [51]. 

Pilot plants were closed [51]. 

Dire~t carbothe~rnic reduction of clays poor in iron 

into an Al-Si alloy is feasible and might be possible. 

The Kuwah2ra process consists of the briquetting of 

aluminous ores (e.g. bauxite or clay with some Bayer alumina 

addition) with coke, reduction of same into an Al-Si-Fe-Ti 

alloy in a reactor combining combustion and electric arc 

~eating at 2800 °c, separation of the aluminium by extrac­

tion using lead as the solvent followed by vacuum distilla­

tion of the aluminium-rich phase. It was estimated, that 

costs would be about USD 1000/t [52]. Mitsui Alumina Plant 

had built quite a large pilot unit, but experiments were 

stopped recently. 

E.3 SEMI-MANUFACTURING 

E.3.1 GENERAL CONSIDERATIONS 

While basic technological operations of semi-manufac­

turing (semi-continuous casting, rolling, continuous-casting, 

extruding, drawing, forging, die-casting) have been d2veloped 

over a good many decades past, they have in the mea:1cime been 

substantially improved in productivity and technol0gical 

standards. A more recent development is the relatively wide­

spread production of powder-metallurgical items, although 

basic technologies in this field are the same as have been 

practised in processing other metals and alloys for several 

decades past. 

Referring to relevant literature and following the gene-

ral outlines of the previous cha~ter, trends in developins 

individual major technologies arc summed up bGlow. 
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3.1.1 Continuous casting 

As in earlier years, the bulk of continuous-casting is 

done by equipment designed by Properzi of Italy, SCR (South­

wire Continuous Rod) of the U.S.A., SECIM of France and types 

manufactured in the Soviet Union. 

A special feature of recent developments is growing 

productivity (increase of coil diameters). In wide- and 

narrow-strip continuous casting special attention was devoted 

to improving quality and expanding the range of alloys to be 

handled by this technology. 

3.1.2 Billet and slab castinj 

Effective technologies of billet and slab casting funda­

mentally determine the quality and standard of semi-fabricated 

products. 

In preliminary operations the use of filtering has become 

widespread. A description of such equipment and its opera­

tion are to be found in Annex 34. The design and introduc­

tion of more up-to-date high-performance filters may be anti­

cipated in a not too distant future. [53] 

In semi-continuous casting, the use of moulds furnished 

with heat-insulated linings represent a relatively recent and 

now widespread novelty. Here controlled heat-dissipation is 

the principal aim, whereby high-standard billets and slabs 

may be won. Such processes and equipment are described in 

Annex 35. 

Conventional semi-continuous billet and slab casting 

technologies are nowadays sometimes computer-controlled by 

various producers (e.g. ALCAN): owing to optimum parameters, 

the resultant large-size and homogeneous billets and slabs 

are of excellent quality. 
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Kaiser Aluminum Company has developed a process for 

casting certain alloys susceptible to cracking. It features 

an inflatable wipers in the mould, removing water from the 

billets and slabs nt critical points wereby the rate of chil­

ling is only up to 320 °c intensiv2 [54]. 

Under a p::ocess developed by the British Aluminium 

Company, on casting slabs the position of the heat-insulating 

insets is variable inside the mould, facilitating thereby the 

automation of the process. (Hence its name: Variable Chill 

Depth Mould [VCDPJ System.) [55] 

In case of high-strength alloys difficult to cast, 

electro-magnetic moulds are used. By this method cutting the 

ends and milling the surfaces of slabs and billets may be 

~ispensed with, and homogenization times, too, may be reduced 

[ 56 J • 

Advanced casting technologies may result in roughly, 

90 % yields, permitting savings of energy and the handling of 

difficult, high-strength alloys. 

3.1 .3 Mould-casting 

In this field there is a marked trend towards reducing 

wall-thicknesses. This is especially true in respect of high­

pressure casting. More and more high-pressure casting machines 

are fitted with vacuum systems, with inblow of oxygen steadily 

gaining ground. Trials of controlling the rate of metal shots 

have been conducted with good results. Also in more and more 

up-to-date foundries robots are used, improving both produc­

tivity and the quality of castings. 

A novel process is extruding liquid metal and freezing 

it under nigh pressure (squeeze-casting, rheocastin~ [57Jf58J. 
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3.1.4 Rolling 

Recent research is in the first place aimed at increas­

ing yields, improving quality, and providing uniformity of 

the product. With this end in view, electronic control of 

the roll stands and ancillary equipment is steadily gaining 

ground, permitting a reduction of op~rating personnel. Also 

with regard to rolled semi-manufactures a marked shift towards 

more complex specifications (high-strength, narrow margin of 

tolerances, etc.) may be observed. 

~.1.5 Extrusion 

In extrusion technologies no dramatic breakthrough may 

be reported, though in some particular operations underlying 

the conventional pattern, considerable headway has been made 

especially in techniques of control. Demands for higher mecha­

nical strength could be met, cot1led with a reduction of average 

wall-thicknesses. Also au increasing percentage of output is 

nowadays furnished with surface-finish, Of the processes in­

volved, direct extrusion is expected to keep its dominant 

position in the medium term, though supecior properties of 

friction may bring indirect extrusion more into focus, despite 

the more complicated designs of such presses. 

In the short term, the extrusion of small pieces by the 

Conform-process may have fair prospects [59][60]. It is an 

economical technology, with the advantage that by utilizing 

the benefits of the prevailing friction force the extrusio~ 

process may become continuous. In this manner - starting from 

relatively small cross-sections - various thin-walled profiles 

and shapes may be manufactured. A diagram of the process is 

to be found in Annex 36. The Conform-process is - in principle -

also suitable for producing rods by the continuous extrusion of 

powders. 
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In addition to improving productivity and yield, electro­

nic control of the extrusion process is of paramount importance 

in bringing about throughout homogeneously distributed pro­

perties in the product, inasmuch as under other operating con­

ditions a "quasi-stationary" state may either not or only at 

a very late point of time be arrived at. 

3.1.6 Forging 

Owing tc the relatively modest market demand in forged 

pieces, technical development in this field is not very spec­

tacular. 

Present technologies strive to approximate, as far as 

possible, final shapes and dimensions fit for ready use. 

3.1 .7 Other technologies 

One of the most fundamental technologies of mass-manu­

facture - especially in case of more complex designs - is 

powder metallurgy. In the aluminium field it was introduced 

on an industrial scale over the last decade, expecially in 

countries producing ~arge volumes of passenger cars. 

Further future developments may in this connection be 

anticipated particularly when such properties are called fJr 

as cannot be ensured by conventional technologies (so-called 

"pseudo-alloys", composite materials). 

3.1.8 Alloy development; developing of micro-structure 

of products 

Technologies of semi-manufacture and the behaviour of 

the alloying elements determine in an inter-related manner 

the micro-structure of a rroduct and thro~gh ~t its very pro­

perties. 
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New technological solutions in casting and filtering, 

a suitably engineered combination of forming and heat-treat­

ment, as well as meeting the demand of custcnters and con­

suMers, have considerably improved the properties of the end­

product, by now more closely approximating general expecta­

tions. In the wake of these painstaking efforts and gratify­

ing results, the concept of "tailor-made" semi-manufactures 

is nearing its realization. [61] 

An effective combination of heat-treatment and for~ing 

(thermo-mechanical treatment) results not only in energy 

savings but also in the production of a micro-structure that 

has properties superior to those of the usual products. 

A new trend is the Al-Li-X combination of alloys, wherein 

"X'' is an additional alloying element. It is now rather widely 

employed by the aircraft industry and in space technology. 

E.3.2 REPROCESSING OF ALUMINIU~ SE~I-MANUFACTURES 

3.2.1 Foils 

There is now a marked trend for reducing foil gauges 

and introducing automatic methods of controlling and testing 

foil gauges. Special efforts are made to raise rolling speeds, 

a point calling for further technical development in the 

design of equipment and technology, coupled with modifica­

tions in the properties of the raw material. 

3.2.2 Surface finish 

Trends of demand call for more pleasant product surf aces 

ano enhanced resistance of the surface-coatings and films. 

Also higher productivity is striven for, but only in accord 

with rules pertaining to environmental protection. 
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F. TECHNOLOGICAL ALTERNATIVES MORE SUITABLE FOR DEVELOPING 
COUNTRIES 

1 • TECHNICAL SU~l:-lARY 

Chapters D and E showed that the extraction of bauxite, 

its refining into alumina as well as the production of the 

metal by electrolysis are well established technologies. All­

though a steady improvement of these processes is taki:1g place, 

fundamental changes are not expected by the end of this century. 

Bauxite resources known at present will not be a limiting 

factor to further growth of the aluminium industry [48]. The 

application of up to date methods of remote sensing might fa­

cilitate the identification of new ore deposits particularly 

in developing countries. Nevertheless the precessing of low 

grade bauxites and non-bauxitic materials into aluminium might 

have local importance, because some countries may want to proc­

ess their existing own raw material [481. 

An energy-centric aspect is dominating both in aluminium 

production and consumption, determining the development trend 

[48J. This and the better exploitation of capital soods - due 

to their increasing cost - is the promoter of the development 

of the Bayer and Hall-H~roult processes. Apart from the climatic 

factor there is no technical limitation to use these processes 

anywhere in their present or developed form, provided the erec­

ted facilities can be run and maintained in a given country, 

because when designing the plant a reasonable choice of auto­

mation and mechdnization was made and the personnel was exposed 

to an appropriate training. 

Due to environmental protection coming more and more 

into the fore new aluminium smelters are of the pre-backed 

anode type using sandy alumina. This is the reason that new 

plants are based on the production of this type of alumina and 

some older ones - if not producing sandy - are transformed to 

produce this variety of alumina. Developing countries have 
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mostly trihydrate type bauxite, the production of sandy alu­

mina causes no problem with such raw material. 

The development in semi-products' fabrication looks 

to be more dynamic. Allthough the basic production methods 

are well known since decades, but the efficiency of these 

processes as well as the production of products with in­

creased quality parameters lay steadily in the fore of recent 

development. Aluminium's success in the competition with other 

materials depends upon the steady improvment of the properties 

of its semi-products in order to meet better nuffierous end-use 

requirements. This objective and more economic production 

are the main development tendencies in this field. Therefore 

when establishing fabrication facilities the proper design of 

the product mix is of paramount importance. 

Size of units plays an i~portant role in the economy 

of production. As mentioned in Chapte~ D.) the size of an 

alumina plant grew from the previous 120,000-150,000 tpy to 

a line capacity of 300,000-500,000 tpy. Plant capacities 

reach or surpass hence often 1 million tpy. On the other end 

smelters are nowadays built wjth capacities of about 100,000 

to 300,000 tpy, the actual capacity depending on the line 

capacity. 

The above mentioned sizes of alumina plants and smelters 

do, however, not always coincide. Due to the fact that about 

1.95 t of alumina are required to produce 1 t of metal a 

600,000 tpy alumina plant would need an approx. 300,000 tpy 

smelter to absorb its production. There is often no possibi­

lity - due to various reasons, e.g. lack of el2ctric energy 

or financial means - to build such a complex at one site. 

In such cases an alumina plant has to have more than one 

smelter as consumer of its production, one nearby and the 

other(s) far away. In other cases, compromising solutions 

might be accepted and the rentability of the integrated plant 

would be the prevailing factor in the investment decision. 
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A further solution is to build e.g. only one line of the alu­

mina plant with the aim of later expansion. It is, however, 

an important point to have the consumer of the alumina before 

deciding to build a plant, because metallurgical grade al~­

mina can only be used to be transformed in a smelter into alu­

minium. 

Bauxite reserves play also an important role in deciding 

thE: size of an alumina plant. A new capacity of 600 ,000 tpy 

should have a reserve of at least 50-60 million tons of bauxite 

thus allowing operation of the plant for at least 30 years. 

Sizing of semi-production lines is an even more complex 

question. There are certain semi-products the transport of 

which is only econonic within a very limited area. Fortunately 

such semi-products can be produced in relatively small-size 

plants. This is typical for extruded products, where 1-3000 tpy 

production facilities might be economic. Rolled products on 

the other end are transportable even to long distances, but 

the size of their eccnomic production is much larger. Cast­

rolling units could be of smaller size, even 10,000 tpy units 

might be viable. Such production lines have to operate, 

however, in conjunction with a smelter and the spectrum of 

the semis production with this type of equipment is narro-

wer than with usual rolling mills and the fabrication o: some 

high-alloyed aluminium products is not possible. The size of 

economic rolling mills - which are indenpendent from a smelter -

is much larger, at least 40,000 tpy and the larger the capacity, 

the better ils economy. Cold rolling mills could be of a 

smaller size than the hot ones. It is ideal, however, to have 

both at the sar..e place, otherwise cin intermedici te productll has 

to be shipped to the cold mill, but it is also a common prac-

tice to set up cold Dills processing coils. For vi cib le sizes 

of other scni-production facilities reference is ~adc to 

Chu.pter D/4. 

Majority of the rolling mills arc located in the center 

of consurc.ption, suppl.::iw; ·11ith their products rcL:iti';cly larc;c 
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areas. Due to transportation reasons extrusion facilities 

are, however, located nearer to the customers. 

The location of finished product manufacturing faci­

lities depends on the type of product and the technology used. 

Special marketing an promotion can be carried out for finished 

products having a predominant aluminium content. Wire and 

cable manufacturing, facilities producing kit~chenware and 

other utensils, containers and certain aluminium products for 

the building industry could be typical ones. The setting up 

of such facilities depends - in the majority of cases - only 

frore the market, domestic prices of the product and the choosen 

technology, while the local production of other types of 

finished products depends to a l~ger extent from the general 

development level of the area under consideration. 

2. SOME ECONOMIC CONSIDERATIONS 

It was already mentioned in Chapter C.) that there are 

relocation tendencies in this industry and they will probably 

continue. The reasons of this relocution are, however, multiple. 

When the demand of aluminium could not be followed any more 

with the bauxite available in the developed countries, the 

utilization of the raw material resources in the developing 

countries started. First the bauxite was shipped to existing 

alumina plants, later alumina plants were built in the vicinity 

of the mines in developing countries. A further step is to 

set up an integrated plant at the bauxite location, provided 

that at the same place relatively cheap electric energy is 

also available. In that case the metal is shipped to the 

consumers. 

From the analysis of the present worldwide situation 

of the aluminium industry one can draw the conclusion that 

the geographical relocation tendencies might be amplified in 

this industry during the next decade. 
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The following factors might justify this opinion: 

the important idle capaci~ies in refineries, smelters 

and fabrication plants, 

the unfavourable evolution of the aluminium demand 

on the biggest markets notwithstanding the actual low prices, 

the decreasing share of metals/ among others thc..t of 

aluminium in the unit costs of industrial production due to 

structural changes, 

the strengthening compPtition of other materials, 

particularly that of plastics, which might be increased through 

the evolution of petroleum prices, 

recycling and application of high-duty alloys de­

creasing the demand in primary metal 1 

due to the structural changes worldwide in industry 

a possibly new pattern of the evolution of the development 

of the economy of the developing countries requiring> maybe.> 

less materials with a mix strongly deviating from the indica­

tions corresponding to the established correlations. 

The above explained phenomena allow to state that the 

present difficulties of the aluminium industry are not of 

temporary character but very prob~bJ~ they will be observed 

also a~ least during the first half of the next decade. This 

situation leads also to the conclusion that refinery and 

smelter activities will be more and more concentrated in im­

portant industrial objects located at the most favourable 

sites, a considerable part of which are in developing countries. 

Annex 37 shows the regional distribution of aluminium 

industry structure per continent in 1983-1984 and forecasts 

for the future. It can be clearly observed, that a consider­

able protion of bauxite originates from regions where its 

processing into alumina and aluminium is relatively small, but 

e.g. in Latin America the proportion of locally cefined bauxite 

is increasing. Similar trend could not yet be observed for 

Afric:i. 
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Annex 37 demonstrates also clearly that the present 

relocation of the aluminium industry concerns only to the 

alumina and aluminium production. Its objective is to de­

crease energy and transportation costs. Fabrication of semis 

is actually not involved in this process, it is mainly located 

in developed countries close to the consumers. Furthermore 

notwithstanding the increase in aluminium production in 

Oceania, considerable projects for the development of the 

semi-production in this continent could not be identified. 

Alumina and aluminium production are highly prod'.1ctive 1 

capital-, energy-, ore and material intensive ?rocesses, for 

semis manufacture practically capital, manpower and metal are 

needed. The average price of the fabrication products might 

reach the double of that of the ingot, therefore the possibi­

lities of broader involvment of developing countries in this 

process merit _Jarticular attention. 

The aluminium consumption is a critical pain~ concern­

ing the possibilities of the development of the aluminium 

industry in developing countries. In Chapter D/4. it was 

already mentioned, that there is a correlation based on ex­

perience between aluminium consumption and the GNP. Il0:1cver, it is 

not the only determining factor and conclusions drawn from 

the correlation of the GNP and aluminium consumption should 

be handled with caution and certain flexibility within rea­

sonable limits. Own aluminium sources e.g. combined with a. 

sufficient promotional activity might result in a larger than 

expectable aluminium consumption, which is still economic, as 

the example of various countries (e.g. France, Hungary, Ve­

nezuela) show. Allthough a national aluminium industry might 

be acting in the positive way•,Lhere are also countries like 

Hong Kong and South Korea consuming considerable amounts of 

aluminium (3-5 kg/capita/y) without having any bauxite. In 

these countries considerable semi-fabricati0n caracitics had 

been set up recently [10]. On the other hand tte specific 
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consumption of India or Indonesia wich large bauxite reserves 

and in India with a well built-out alwuinium production is 

very small, even below 0.5 kg. 

As already discussed in Chapter C.) a growth of alu­

minium consumption is expected in the years 1990-1993 (see 

Annex 7) . This expected annual growth of rate is in average 

4.2 % regarding the market-economy countries. The presumed 

growth of rate is, however, below this average figure in the 

USA and in Europe, i.e. the large consuming parts of the 

world. The only country expecting a growth rate over the 

average is France in this region. The growth of rate is ex­

pected, however, to be over this world average in Japan 

(4.8 %) and in th~ rest of the world (5.4 %) • This would mean 

that the consumption in developing countries, but most prcbably 

not in the LDC's, will increase considerably. This fact might 

influence the relocation tendencies. Gonzales-Vigil quotes 

in his study [12] Alcan Aluminium's Annual Re~ort for 1982 

saying: "Developing markets cannot be economically served by 

the high-volume production facilities used in mature markets. 

The multiple variety of small orders typical of a developing 

country must be served by a flexible capacity, capable of 

adjusting outputs to demands, and of growing by incremental 

stages." One might, accordingly, expect increased activity 

for the location of semi-fabrication facilities in develop-

ing countries, during the last decade of this century. 

Semi-fabrication facilities are established in the 

vicinity of the markets, nevertheless there is an important 

international trade in thE3e products (see Annex 38) [6J. 

This phenomenon is caused partially by technological, partially 

by economic reasons. The metal statistics shown in Annex 38 

indicate that the overall export figures of 15 countries, in­

cluding the largest users, in aluminium semi-fabricated pro­

ducts (partially including some finished products too) , added 

up to 2,290,791 tons in 1983 and imports of the same countries 
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reached 1,716,535 tons in the same year. The balance of 

574,256 tons in favour of the export were shipments to other 

developed but mainly to developing countries. 

The share of semi-products involved into international 

trade compared to the overall consumption is very different 

in the abovementioned countries. This share in big markets 

- with important production and con$umption of large vqrie­

ties of semi-products 'e.g. the USA) - is relatively smaller 

than that in relativel1 smaller countries for which the par­

ticipation in the inb~rnational division of labour is more 

imperative. 

Attention has to be drawn also to the fact, that the 

overwhelming part of this semi-fabrication trade consists of 

rolled products, which shows repeatedly that the larye capa­

city units are duminant and transportation costs are accept­

able for these products. 

The position of the developing countries in semi-fab­

ricated products international trade can also be illustrated 

with the following: 

(i) Table 10 contains indications concerning the trade 

of semi-manufactured aluminium products with developing 

countries [62] 

Table 10 

·1'RADE OF SEMI-PRODUCTS WITH DEVELOPING COUNTRIES 

Inports Exports Net trade 

of developing countries 
pos~ +-ion 

1963 101 ,CJXJ t 2,WJ t 99,CXX> t 

1970 132 ,CJXJ t 17,CXJJ t - 115,CXX> t 

1977 301,CXX) t 25 ,CXJJ t - 276,CXXJ t 

The import figures could have surpassed the 400,000 t/y 

since. 
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(ii) Annex 39 shows the semi-production facilities' 

capacity in selected developing areas in 1983, the possibl8 

capacities in 1987 as well as the consumption of primary metal 

ingot in 1981, based on [10]. 

3. POSSIBILITIES IN THE NORTH-SOUTH COOPERll.TION 

The tendencies for building new complexes in areas where 

bauxite and cheap energy are available,the expected increase 

in the overall aluminium consumption after 1990 and the larger 

than average share of the developing countries in ii justifies 

to suppose that a considerable future development in the alu­

minium industry will take place in developing countries. Ttc 

forecast of demand in aluminium in the developing countries 

adds a new element to the picture: not only refineries and 

smelters, but an increasing share in semi-fabrication facili­

ties might be expected in developing countries. This overall 

trend can be explained in a more articulated form as follows: 

Scarcity of bauxite in developed countries was one of 

the main reasons of relocation of alumina producing f~cilitics 

to developing countries. Availability of raw material and of 
lc,lcL; 

cheap power resources in Australia and in Brazilrto the erec-

tion of important refineries and smelters in these countries 

representing the most important recent event in the worldwide 

development of the aluminium industry. There are also im­

portant possibilities in other regions, particularly Africa, 

which have been utilized up till now only to a very limited 

extent, so a further development might be envisaged in this 

areas in the late 90's. 
The question of creating semi-fabrication facilities 

in developing countries is more complex. Increasing consump­

tion demand in some developing countries resulted already in 

the setting up of considerable facilities e.g. in Brazil, 

Mexico, or in some countries in Asia. There is, however, also 
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a further possibility for the utilization of fabrication fa­

cilities operating or to be erected in developing countries: 

As mentioned above, statistics show that there is a 

considerable trade of aluminium semi-products among developed 

countries. This trade is partly consequence of a reasonable 

international division of labour. Participation of some de­

veloping countries in this trade could be envisaged in the 

future especially of those, producing the metal and having 

a considerable local consumption of aluminium. It might be 

concieved that in selected cases, semis produced in these 

countries coulo be sold not cnly for covering local or pos­

sible subregional demands, but also partly in developed 

countries or in other regions. 

In this respect attention could be drawn to the possi­

bility of the redeployment of existing semi-manufacturing 

plants into developing countries. Especially equipment pro­

ducing up to date semis but having smaller capacities than 

those suitable for a large industrial country could be trans­

planted into a developing country where it could still well 

cover local needs and maybe even produce semis partly for ex-

portation. 
Acquisition of equity positions in plants operating in 

developed countries might in selected cases be possible for 

developing countries. Examples for this type of North-South 

cooperation are quoted in [63]. 

The question of how to set up semi-production facili-

ties that these should suit the best the needs of developing 

countries including possible deliveries for domestic, regional 

and inte~regional markets will be revie~ed under point F.5. 

4. COOPERATION AMONG DEVELOPING COUNTRIES 

Bauxit~ resources ar0 only one of th~ prerequisites 

for setting up a partly or fully integrated aluminium in­

dustry in a given co~ntry. Th~ justifying factors may be 
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the availability of cheap electric energy, the population 

of the country and the expected demand in the future in alu­

minium. Countries with a possible local and external market 

of about 100,000 tpy aluminiwn might consider to develop an 

integrated aluminium industry if having both bauxite and cheap 

power resources. Others could first of all take part in the 

international division of labour searching appropriate partner­

ship. 

Subregional, regional and even interregional cooperation 

among developing countries might be envisaged among the pos­

sibilities of creatiny important aluminium industry objects 

in developing countries. This has been seldom the case up 

till now. S..>me attempts were made :Lor such coopera+:.ions e.g. 

the JAVEMEX case between Jamaica, Venezuela and Mexico, which 

was converted later into a bilateral Jamaican-Mexican coopera­

tion, in the frame of which Jamaica would have produced the 

alumina and Mexico was thought to be the producer of metal 

from the alumina; or an other case: Indian authorities also 

showed interest in the erection of a smelter in Mozambique 

using Indian alumina. Information is not availab]e concern­

ing the realization of these ideas. Some further examples for 

South-South relations can be found in [621, but is has to be 

noted, that these examples 2re rather covering cases of co­

operation between plants belonging to TNC's and located in 

different developing countries. 

Iniciatives regarding cooperation among developing 

countries in the production of various semi-products could 

have sound bases even in lack of metal production in the area 

under consideration. Increasing demand in a region is aluwi­

nium products might well lead to such cooperations in the 

future. The production of a broad variety of semi-products 

needs namely a market of considerable size which is seldom 

available in one country as illustrated by th~ example of 

several jeveloped countries. 
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5. ESTABLISHMENT OF FABRICATING FACILITIES IN DEVELOPING 

COUNTRIES 

In envisaging the installation of semi-manufacturing 

facilities in developing countries, the followi11g options or 

combinations of them appear to be feasible [41][42]: 

Meeting the semi-manufacture demand of an already 

0perating finished item producing industry by the partial or 

full use of domestic semi-manufactures, to the extent of which 

the latter may suitably replace so far imported ones. This 

objective being achieved through relatively modest investments, 

the erected facilities usually performing final operations of 

fabrication with raw material imported (e.g. hot-rolled coils, 

etc.) ; 

Installatjon of continous-casting facilities to pro­

duce strip and rod wire by receiving liquid metal from an al­

ready existing adjacent smelter or one to be erected in the 

immediate vicinity, and thereby benefiting of heat energy 

savings; 

Installation of a fully integrated complex semi-ma-

nuf acturing plant, irrespective of where the smelter is located. 

On comparison, each of the above approaches have merits 

and drawbacks. These are more amply dealt with in references 

[41 J[42]. 

6. AVAILABILITY OF TECHNOLOGIES 

Most of the technologies described are available on the 

market. Exceptions might be recent development not yet fully 

prooved in large scale operations. There are hence practically 

no limiting factors in this respect to set up an aluminium 

industry in any developing country, provided the selected 

technology has been correctly adjusted to t~e available raw 

materials and local conditions. 
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About some further details of the possible transfer of 

technology in this field reference is made to an UNCTAD study 

[62]. It has,however, to be stressed as an addition, that 

the production of finished products needs relatively a con­

siderable amount of know how to be absorbed and its price 

might represent a relatively important share of the investi-

ment costs. 

7. rvi.ARKETING 

Marketing questions do not form part of the present 

study. Due to its importance, however, reference is made to 

l62J, dealing with these questjons in detail. 

8. SOME GENERAL REMARKS 

8.1 A certain correlation between GDP and aluminium con-

sumption was identified. Due to the fact that the present 

technical revolution brings new elements in the whole structure 

of the industry, it is most probable that this correlation 

should be reviewed. It would be more appropriate to set up 

trends for aluminium consumption of the future on a more arti­

culated basis, as e.g. Bird tried to do [8]. One should not 

only consider the overall pattern of development of the economy, 

but one should also carry out an analysis of the different 

fields of possible future application of the metal. 

8.2 Aluminium semi- and finished production needs relatively 

little energy and practically no additional raw materials. 

It has also to be taken into l:Onsidc;r;:ition th<:lt in t'10sr.:! activities 

the creation of emloyment considering investment cost is 

cheaper than in the case of setting up alumina plants or 
• smelters. 

8.3 Aluminium finished production facilities, the establish­

ment of which was based on appropriate marketing, in most cases 

increase the aluminium consumption of the area. This might 
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result in the backword integration of the aluminium industry 

first to local semis-fabrication and maybe later to the pro­

duction of metal in the country or its import within a schemE 

of cooperation. 

8.4 Access to professional information, acquisition of techni­

cal knowledge are important features in the promotion of the 

development of the aluminium industry in developing countries. 

Among the different possibilities the following are quoted: 

Dissemination of information in developing countries, 

technical and commercial, e.g. papers, periodics, pamphlets, 

catalogues, etc. 

Visits of experts from developing countries in Alu­

minium Institutes, enterprises, their participation at inter­

national meetings, UN, AIME, ICSOBA, etc. 

Experts group meetings with participants from develop­

ing countries. 

Participation in trainings or group trainings orga­

nized for specialists from developing countries. 

Creation of local R + D facilities in developing 

countries. 

Setting up aluminium advisory services in countries 

desiring to promote development of the use of aluminium in 

different fields of applications. 

9. THE ROLE OF UNIDO f21 

Since its establishment UNIDO ha~ always made particular 

efforts to contribute to the development of the aluminium in­

dustry in developing countries. UNIDO operates o~ requests 

from individu.:il governments through the proqramme of technical 

assistance. The operational a~tivities supported by the or­

gariization of sympozia, st>minars, export gro11p mcetin9s, work­

shops and the prepar~tion of studies, papers and other docu­

mentation. 
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Among the objectives of the project activities carried 

o~t by UNIDO in the field of aluminium two merit special at­

tention: 

Promotion of Research and Development Capabilities 

(China, India, Jamaica, Yugoslavia) 

Assistance to the establishment and operation of 

industrial units (China, Iraq, Indonesia, Mozabiqtie) 

Regarding supporting activities the following in~ortant 

undertakings of UNIDO can be quoted: 

Workshop on Case Studies of Aluminium Smelter Con-

struction in Developing Countries 

Organization of Group Training Progranunes on Alumina 

Production 

Confection of Studies dealing Manufactures of Se~is 

and use of Aluminium in Developing Countries 

The convening of the First Consultation in the Non­

ferrous Metals Industries represents an important milestone 

in UNIDO's activities in the aluminium field and it has to 

be reflected in the relevant programrne of the Organization 

in the future. 

Regarding operational activities it seems that ~he pos­

sibl~ contribution of UNIDO in the follwoing fields would be 

particularly ap~rccia~ed: 

Technical evalu~tion, laboc~tory testing of raw ma­

terials and other products 

Provision of expertise for efficient operation and 

modernisation of existing prodJction u~its 

P lanin<;, establishrnen .. of R -'- D uni ts 2.nd new oro -

duction facilities 

Creation of Advisory Service for Customers. 

In the opinion uf tho drafLcr of the ~resent report the 

follow up of the Co;1.::;u1tu.tion ~eetin(J ·11ill also require a :-on­

siderable expansion of the• supportinq ;:i.ctivi ties of u:Li:DO 
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principally with the objective to reveal further possibilil~­

es of the development of the Aluminium Industry in develop­

ing countries via subregional, regional and interregional 

cooperation. It seems to be desirable, that particular at­

tention should be payed to the development of aluminium semis 

and finished products manufacturing in developing countries. 

Action oriented studies as well as expert group meetingsshould 

also be initiated with a view to identify the possibilities 

of design and manufact 11ring of semi-fabrication equipment more 

suitable for the condit .. ons prevailing in developing countries. 

Improvement of the knowledge about the correlation between 

aluminium consumption and general development level of a given 

country might also be a subject of importance for UNIDO's 

supporting activitltS. 
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G. RECOMMENDATIONS 

1. DEVELOPING COUNTRIES may wish and companies operating in 

these countries are invited to consider: 

1.1 because of the reloc~tion tendencies of the aluminium 

industry to continue bauxite exploration usin0 up-to-

date methods, particularly for deposits which are suit­

ably located and possibly close to cheap energy resources, 

1.2 only under special conditions the local processing of 

non-bauxite materials or low grade bauxites, 

1.3 if having part~cularly cheap power resources the erec­

tion of a smelter even if they do not posess bauxite 

resources, 
1.~ to follow up of the developments of the Bayer and Hall-

H~roult technologies because very probably they will be 

prevailing in the aluminium industry at least by the 

end of this century, 

1.5 due to the special structure of the alumina as well as 

the ah1minium markets and the size of competitive f..:.tci­

lities, to explore - when appropriate - all possibiliti~s 

of subregional, regional and interregional cooperation, 

which could reasonably be conceived under fair and equit­

able conrlitions for the creation of the objects under 

consideration. In all cases appropriate feasibility and 

marketing studies are required in the decision making 

precess, 

1.6 whenever appropriate, local subregional, regional and 

interregional market possibilities when examining the 

problem~ related to the establishment of semis fabrica­

tion facilities. This action might be profitable - in 

frequent cases - even based on imported metal. Similarly, 

installation of production of finished goods in a coun~ry 

wilhout having any fabrication facilities miuht lead gra­

dually to a demand in semis which c&n induce later on 

the erection of facilities for semis production, 
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1.7 technological possibilities of gradual development of 

semis-production particularly the viable size of capa­

cities for the fabrication of extruded and rolled pro­

ducts through different suitable processes, 

1.8 the setting up of semi-fabrication facilities with 

second-hand equipment of high quality. This solution 

has generally also the advantage that in most cases the 

agreement includes the transfer 0£ technology, 

1.9 the establishment of R + D institutes for the al~~inium 

industry and advisory service for its customers. 

2. DEVELOPED COUNTRIES may wish and companies operating in 

these countries are invited to consider: 

2.1 when establishing new production facilities in the alu­

minium industry or replacing for different reasons ex­

isting ones to locate them possibly in developing countri­

es following an objective analysis of the ex~ecled pro­

duction costs and on the basis of mutually advantageous 

agreemen~s including financing, 

2.2 to review with particular attention i~ the framewo~k of 

relevant cooperation agreements the possibilities of 

involving companies operating in developing countries 

into the supply of aluminium semis of the market of 

developed sountries, 

2.3 to provid2 for developing countries information in the 

activities of R + D institutions, advisory services and 

new t€chnological achievements in the aluminium industry 

which might be useful for these countries in the selec­

tion among possible realistic options, 

2.4 to receive trainees from developing countries in parti­

cular in courses dealing with different problems of alu­

minium application. 
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3. UNIDO MAY WISH TO CONSIDER: 

3.1 to expand its operational activities as required from 

authorities of developing countries, 

3.2 to strengthen its supporting activities via preparation 

of action oriented studies and the organizaton of expert 

group meetings concerning the follwina important issues: 

to review possibilities of subregional, regional and 

interregional cooperation in the establishment Jf new aluminium 

industry objects at locations particularly suitable for this 

purpose, 

to identify possibilities of cooperation among dif­

ferent countries in the supply with aluminium semis and finished 

products of different r~gions, 

to investigate the modalities of design and ~anufac­

turing of equipment for aluminium semis production more suit­

able for the conditions prevailing in developing countries, 

~o initiate research in order to establish a more 

articulated correlation between the aluminium consumption and 

the overall development level of a given natio~al economy. 
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The present study was based first of all on technical 

and to a certain extent economic cons~derations. The tenta­

tive suggestions (Chapter G) were drafted on this basis. 

When establishing the recommendatior.s of the Consultation 

Meeting other important issues, e.g. the present international 

structure of industry, transport costs, financing problems, 

levies, duties and other commercial aspects (like those discus­

sed in [62],and particularly the differences in the economy of 

developing countries, will have also to be considered. 

le** 

Finally,st~ff members in the Negotiation Branch and in 

other Units of the Secreteriat were extremly helpful in pro­

viding guidance and information for the preparation of this 

Report. The helpful attitude of the colleagues was highly 

appreciated by the drafter. 
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Annex 1 

CONCEPT OF A METHODOLOGY FOR DEFINING APPROPRIATE 

TECHNOLOGY 

Extracted from Biritz [5] 

In a simplified form, co~siderations for defining ap­

propriate industrial manufacturing technologies should proce­

ed in the following sequence: 

(a) define the product in technical terms; if more than 

one product variation is possible, identify and de­

scribe each; 

(b) determine the markets for each oroduct varietv as­

suming several, reasonable price levels, and es­

tablic:i an order of "preliminary preferences" 

bEtween the various products. Other aspects of 

social acceptability must also be taken into account. 

(c) identify and list all process technologies for manu­

facturing the produ~~s; 

(d) identify which precess alternatives look ~est advan­

~ageous as regards (i) raw material availability; 

(ii) capital investment; 'iii) labor utiliza~ion; 

{iv) ease of operation and maintenance; etc; 

(e) define the exact economic parameters for the plant 

(i.e. expected profitability, available subsidies, 

etc.); 

{f) determine all envisaged mandatory soci~-nolitical 

constraints {1.e. plant location, labor hours, en­

vironmental i3sues, et~.) and estimate the resulting 

added cos ts ; 

(g) '~eL.:?rrr.ine tr.e availability of ~~ower to ope:.: ate the 

plant and its level of qualifications; 

{h) review various process possibilities in the light of 

raw materials availability, econo~ic, socio-political 

and manpower constraints and select one or more ~roc­

e.:;ses showing greate_?t promise in ;nost requirements; 

{i) Lreak-dcwn sel~cted pro~esses into i~diviductl pruces~ 

~f::cos and rLtermine whi::ll :>±: lho;;C? ca.n be '"OcEfi·::d to 



Annex 1 (cont.) 

minimize investment and operating costs, including 

allowing maximum labor utilization, if this is 

desired; 

(j) define optimum plant size to achieve desired pro­

duction rates within the context of the required, 

detailed feasibility study; 

(k) finally, the detailed feasibility study should iden­

tify clearly all key assumptions and critical input 

needs (e.g. training of personnel) fo~ successfully 

operating the plant after it has been built. 
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Annex 2 

ALUMINIUM CONSUMPTION 

1973 - 83 
thousand tons 

1. _±'c:>"t::.al world consumpt:i_o11 (primary + secondary) 

1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 

\~or ld less CPE 13 7 8 7 ·1 3 9 0 1 11065 1 3958 14463 15334 16141 15572 1 511 7 14861 16 355 

CP.t.:: countries 3020 3550 3500 3750 3900 4100 4175 4135 411 5 4180 4245 

J'otal 16809 17451 14565 17708 18363 19434 20316 19707 19232 19041 20600 
- - - -

2. Consumption of primary aluminium 

\\or ld less CPE 11189 11269 8619 11095 11366 12027 12618 11969 11 31 8 10948 12124 

CPE countries 2578 2763 2840 3024 3175 3316 3374 3321 3301 3336 3342 

Total 13767 14059 11459 14119 14541 15343 15992 15290 14619 14284 15466 

3. Consumption of secondary aluminium 

\\or ld less CPE 2598 2705 2446 286 3 3097 3307 3523 3603 3799 3913 4231 

CPE countries 444 687 660 726 725 784 801 814 814 844 903 

Tota.1_ 3042 3392 3106 3589 3822 4091 4324 4417 4613 4757 5134 

Note: Primary consumption of World less CPE countries in 1984: approx. 12450 th.tons 

F•2ference: l 6 J 



Annex 3 

CAPACITIES OF METALLURGICAL GRADE ALUMI::-JA PLANTS PER 

CONTINENT IN 1984 

in ?housand tons 

Europe ~iDcluding Yugoslavia and Turkey 

but excluding CPE countries) 

Europe (CPE conuntries) 

North America 

Latin America 

Oceania 

Far-East (excluding CPE countries) 

CPE countries of Asia 

Near-East 

6445 

6755 

7105 

6070 

9110 

2772 

920 

Africa 700 

Total 39877 

Reference: [ 9 ] 

(partially revised) 



ALUMINIUM S~lELTE.:R CAPACITIES PER CONTH:ENT 

IN 1984 

in Thousand tons 

Europe (including Yugoslavia and Turkey 

but excluding CPE countries) 

Europe (CPE countries) 

North America 

Latin America 

Oceania 

Far-East (excluding CPE countries) 

CPE countries of Asia 

Near-East 

Africa 

Annex 4 

4008 

3735 

5933 

1059 

847 

1292 

569 

377 

622 

Total 18432 

Reference: L 9] 

(partially revised) 



Annex 5 

ALU.MINIUM SEMI-FABRICATION CAPACITIES PER CONTINENT 

IN 1983 

in Thousand ~0ns 

Europe '· J ·1cluding Yugoslavia and Turkey 

b~t 2xcluding CPE countries) 

Eur0pe (CPE countries) 

North America 

Latin America 

Oceania 

Far-East (excluding CPE couutries) 

CPE countries of Asia 

Near-East 

Africa 

Total 

Notes: * estimated 

appr. 

appr. 

5103.5 

3500.-* 

7910. 5 

65 3. 5 

322.5 

2667.6 

570.-* 

160.6 

239.9 

21127.9 

- cnly primary semi-fabrication taken into considerri­

tion, i.e. only hot-rolling, but ~uc cold-rolling 

and no foil capacities: ~xtrusion and roa-manufactur­

ing capacittc~ included, but not wire manufacturing. 

Does not include casting capacities! 

Reference: [ 10 J (partially revised) , [ 40 l 
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EXPECTED ANNUAL GROWTH OF RATES 

1990-9::. 

in 
industrial prcduction 

USA 4.6 % 

Japan 5.8 % 

France 4.8 % 

Germany 3.8 % 

Italy 4.8 % 

UK 3.4 % 

Other Europe* 4 • 1 0 
1S 

Europe total* 4. 1 9-
0 

Rest of world* no data given 

World* 4.6 % 

Note: * .MEC-s only 

Reference: [ 8] 

Annex 7 

in 
aluminium consumption 

4.0 % 

4.8 % 

4.8 % 

3. 1 % 

3.8 % 

-0.2 % 

3.8 % 

3.4 9-
0 

5.4 % 

4.2 % 



l\nncx 8 

WORLD BAUXITE RESOURCES, CLASSIFIED ACCORDING TO THEIR STATE 0F DEVELOPMENT 

---
Identified Resources Undiscovered 

resources 
-

Country/continent Developed Undeveloped Hypotht..:-

Mine able Potential Reserves Potential Total ti cal 

reserves ores ores Speculative 

Australia 1,215 2,175 1 ,030 1,980 6,400 

Guinea 1, 210 250 3,345 13,990 18,795 
Cameroon - - 680 1 , 320 2,000 
otner Africa 50 - 720 1 , 885 2,655 

Africa 1,260 250 4,74:i 17,195 23,450 

Brazil 620 - 850 3,030 4, 500 { 
Jamaica 1,800 - - 600 2,400 
Surinam 200 - 200 1 , 5 70 1. 970 J > 50,000 
Guyana 90 250 - 820 1 , 160 
other America 65 5 295 2,325 2,6~0 

America 2,775 255 1 , 345 8,345 12,720 

India 50 - 1 ,0'10 1, 49 5 2,615 
Indonesia 40 40 500 500 1 ,080 
other Asia 35 5 ~60 790 990 :i::-

Asia 125 45 1 , 7 30 2,785 4,685 
::l 
::l 
C1l 

Europe 805 J45 - 325 1 , 4 75 x 

western World 6 I 180 3,070 8,850 30,630 48,730 
OJ 

State trade countr. not classified 1 , 960 

l\'orld Total 50,690 > 50,000 

Reference: l 15] 



Annex 9 

CLASSIFICATION SYSTEM FOR BAUXITE RESOURCES 

R e s o u r c e s 

Developed 

Min~able 
Reserves 

Potential 
Ores 

Definitions: 

Undeveloped 

R Potential 
eserves Ores 

Resources: Concentration of bauxite in or on the Earth's 

crust in such form that economic exploration is currently 

or potentially feasible. Resources = Reserves + Potent1al 

Ores. 

Developed Resources: Bauxite deposits/areas currently under 

exploitation. 

Undeveloped Resources: Known bauxite deposits/areas of 

bauxite, from which an economical exploitation can be ex­

pected in future. 

Reserves: That portion of resources from which bauxite is 

currently ec0nomically exploited under existing conditions, 

including cost, quality, geologic ev·~~nce and technology 

(category: Mineable Reserves of Developed Resources) or 

economical exploitation will be expected in future (cate­

gory: Reserves of Undeveloped Resources). 

Potential Ores: That portion of resources in the continuity 

of known deposits which are insufficiently explored at this 

time and for which quantitative estimates are based largely 

on broad knowledge (cateqory: Potential Ores of Developed 

Resources) or that portion of subeconomic resources which 

may become reserves as a result of changes in economic 

conditions or after further expioration (category: Potential 

Ores of Undeveloned Resources). 

Reference: [ 19] 



Annex 10 

~-1AIN PHASES OF THE BAUXITE MINING 

FROM EXPLORATION TO REFINERY'S GA'I'E 

/AFTER ALCOA OF AUSTRALIA' s LEAFLET/ 

Exploration and mine 
planning 

Rerove:ry of tirnberclearir1g 
urdergrowt:h and s8ilcover 

Blasing caprosk ...__ ___ _ 

Mini..'1g Bawdte 

crushing 

r---~-:::-~rt by conveyors 
~ains to refinery 

stodq:.i.le blerrling 
for quality 

REHABILITATI~ OF 
MINE SITE 

Landscaping 

Drainaae control 
soil return 
Deep ripping 
Revegetation 
M:::mitoring 

Dryi.."'1g 

Shipping 
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Annex 12 

CHARACTERISTICS OF FLOURY AND SANDY 

ALUMINA 

Sandy 
alumina 

Grain distribution % 

+ 150 um < 5 

75-150 um 60 

45- 75 µID 25 

45 um < 10 

Specific surface 

2 m /g > 30 

Alf a Al 2o
3 

content % < 30 

Angle of :cepose 

degree '\, 30 

LOI % 'V 1 

Floury 
a.lu;nina 

10 

40 

50 

5-10 

50-70 

40-50 

'\, 0, 5 



Annex 13 

CAPIV. '. COST FOR ALUMINA REFINERIES 

(US$ 1980) 

Total capital cost inclu~!ng infrastructure and location factors. 

0 

Reflnerv Size 

(Million tons per year) 

0 - 2.0 
2.0 - n x 2.0 
n x 2.0 

Capital Cost 

(Million US$) 

pf x lf x (330 + 720 x size) 
pf x lf x ( 885 x size) 
pf x lf x ( 1,062 x size) 

where pf: process factor 

0 
''-.' 

Process 

American Bayer 
Mocified A. Bayer 
Eurup1:.1n Bayer 
Soda-Sinter 

lf: location factors fro~ Table 13. 

Process Factor 

1.0 
1.06 
1.12 
1.30 

n: diseconomy of scale factor, between 2 and S depending on location. 

Sou recs: \./oods, D. "Financial Decision ~laking in the Process Industry," 
Prentice Hall, New Jersey, 1975. 

\./orld Rank consultant. 

Copied from: [ 1 1 ] 



Annex 14 

PRODUCTION COSTS OP SELECTED ALUMINA PLANTS 
{USD/t ALUMINA) 

Capacity Ba1JX.i te Other Energy Wages Total Capi-
th. tpy mate- etc. vari- tal 

rial able charges 

A. Old [>lants 

AoA. Pinjara Austr. 2600 26.3 13.7 56.9 39.6 136. 1 41.2 

G:>ve Austr. 1200 25. 1 14.8 54.0 36 .9 130. 7 49 .6 

~ Lilnen GFR 410 82.1 5.6 43.8 37.7 169.2 17.4 

PUK Gardann2 Fr. 710 82.0 9.6 46 .o 37.9 175.5 17 .5 

Alooa Pt.C. USA 1320 80.2 5. 1 so. 1 42.9 178.3 17.3 

Friguia Guinea 630 26.7 8.9 92.7 47.8 176. 1 39.6 

Alox Stade CTR 650 73.6 12. 1 46.7 40.0 172.4 43.8 

Ja.ralco Jam. 495 77.0 8.6 73.3 44.3 203. 1 41.5 

Eurallumina 1 taly 720 80.9 16.6 67.9 45. 1 210.4 48.8 

K.BatonRouge USA 930 100.5 10.6 66.7 56.5 234.3 41.2 

B. New plants 

Worsley Austr. 1000 30.8 13.9 44.0 35.8 124.4 135.8 

Interalum. Venez. 1000 77. 7 11. 4 17 .5 47.2 153.8 131.3 

AllnnEsp. Spain 800 84 .0 6.3 47.0 33.0 170.7 130.5 

NALCO* India 8(X) 39.5 18.0 72. 1 33.9 163.5 175.6 

Aunghinish Ireland 8(X) 86.9 5.6 50.0 39.3 181. 8 179 .5 

Alumar Brasil 500 79.7 15.9 53.0 41.4 189. 8 172. 6 

No~e: * expected values only 

Reference: [ 26 J 

Total 

177 .3 

180.3 

186.6 

193.0 

195.6 

215.6 

216. 1 

244.6 

.<..J:l. 2 

275.5 

260. 7 

285.0 

301.2 

339 .o 
361. 3 

362.5 



i--------------------------------------------------- ---

Annex 15 

DESCRIPTION OF smir: ~O:J-BAYER PROCESSES 

1. Sintering process 

On course of the sintering process baJxite or other alu­

minium-ferrous materials are blended with soda and lime and on 

treating it at 1350 °c the Al 2o3 content of same is converted 

to sodium alurninate, capable of being dissolved with low-con­

centrated soda solution. After leaching the sinter, the solu­

tion is separated from the insoluble residue and desilicated. 

The ';~arified solution is carbonated by the introduction of 

co 2-gas. Aluminium hydroxide crystals are washed and calcined 

while soda solution is recycled to the process. 

2. Combined procesc;es 

a) The paralelly combined process is used in cases the 

bauxite p~8cessed can be separated into two sorts of ores con­

taining different percentage of silica. In such cases high 

silica bauxite is sintered by the soda-lime process and the 

solution resulting after leaching is added to the aluminate 

liquor of the Bayer branch. 

b) A combination cf the Bayer and sintering process in 

series is also used. In this case first the bauxite is proces­

sed by the Bayer process, thereafter the red-mud is sintered 

with a view to regenerate the alumina con~ained in it. 

3. Nepheline processing 

This technology results in alumina, soda, potassium salt 

and cement as products. The process star~s with lime sinter­

ing, where the soda needed for the formation of soluble alumi­

nate is available in the processed rock itself. The recovery 

of alumina and alkali from the sinter is performed by a two­

stage digestion, followed by desilication, carbonization, hyd­

rate separation and calcination. After carbonating the solu­

tion, soda and potassium salts are crystallized. The mud, con­

taining calciumsilicate is used for cement production. 

4. Alunite processi~ 

The ore is roasted in two reactors in a fluidized bed. 

In the first phase ~n oxidizi~g atmosphere is used, while alu-



Annex 15 (cont.) 

minium sulphate is decomposed by a reducing gas in t~e second 

phase. The gas products of the reaction are used to 9roduce 

Sulfuric acid, while the reauced alunite is processed accord­

ing to a modified Bayer technology for the recovery of alumi­

na and sulfate salts. 

About the economy of these processes see: [29] 

Reference: [29] 
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Petroleum 
coke 

FLOW SHEET OF AN-.iDE PRODUCTION 

Grinding 

l 
Classification 
according to 
grain size 

l 
Meas iring out 
by grain f rac­
tions 

Used anode 
butts 

1~~~~~~~ Tar pitch 

He2.ting, mixing 

Anode mass 
for Soderberg 

Baking 

where applicable 

* 
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Annex 17 

u;p1_;Ts FOR ALU~· 'fJ:1 S:-!f::LTEIC:) 

(Per ~ctric ton of alu~lnum) 

Alu::iina, ::iet r ic to'.lS 

Ther::ial e1wrgy - million Btu 

Cokt>, metrtc tons 

Pitc~. =ctric tons 

Ot\·,..:r ..'.l)sts (=,;inter1.H1ce, over':1c.1,j) 

t:S S L 9 ,~O 

PreLakcJ Sy1;t ··•11 

1. 93 

13,500 - 14,J)J ~19d0) 
13,lGO (190)) 
12, ouu (l 9 '))) 
12,600 (19~S-~0~J) 

8.6 

4.4 

0.375 

JO 

0.10 

220 

/a ',,'e d~;:;1n~.c. as Anchony Birc Associates, an impro;.'e'.1i..;n~ 0:1 t.'lectr!c..il ener~y 
p r u ,! u ,· t l v i t :; o f 0 • 5 :~ a y c .1 r • 

/b Cry<>lLt..: .. wd alt~::inarJ flu0ric.le. 

Sourc:es: 1.{noc!s, Dougl.:is and Ja:it.'s C. Burrows, "The \..'orl.d ,\l•..!.:1inu .. 11-:ldu:·:;.re 

M.ir',,.et," Pr.ic;o;cr, l 9BO. 

Co;:i;.:iclny dat.i. 
Ant!1<1ny Eire A:;socL1tes, Al11minu:ci Annual Re\'~··w, !Ce:1rci.1ry l9Sl. 

\..'urlJ ilJ.nf- consultant.. 

Copied from: [ 1 1 J 
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CCST O~ ELEC7KIC :10 ... ~.~ FO~ Al.l'~ISV~ SMELTEH$ 
{CO~.iT~:8 AT Gt~·"'~~i\Afi~1t_.: ~lTES) 

c.J : .. 1.: :1 --t: ... ~ 

J.l· .. ._1! ,J 

t~r.o-.~r 1 .. : . ..:~r~....:d,•~.ir~~,:.,i:-.tr1 

. ,\ ( ... I'!, { L ll,J 

·_ .t c~ ~ ,. r :· , . , _ t: 

r,,' 

; _, ~ _ \.' 

l:t:'--i'l 

[ !. ,'. ~ I 

~I.:.'.:,. r J'>: 

;~ 1 i rt' , · r ; · • ,.. ' .: J 

!,t .. 1 .•• 11 ~~-t·r ,..·.:·.t AtricJ 

!.d r·· 

K,·~ L ·lt • .1,c -\r r~c-~ 

(USS 19HO klluw•tt hour) 

Exl•tln~ 

Le,·.; Cogt 

. oz lb 

.. o:.:.­

. cc:~ 

.CJ~ 

.0045 

.Ol 

.OlJrl 

/d 

.02& '"' • C::) 

.. (.\~ 

.U:'. 
• 01..2 

.02 

.02 

.02 

.02 

.Ou} 

.02 

.uo.:.o !__y_,_ 

.02 

Poslil~le 

Lo• c.) ~t 
For \ew 

sc .. lter8 

.0) 

.0) 

• 02 
• (~ 2 
• l}) 

. ()~ 

.OJ 

.0) 

.o~ 

• u2 
.(): 
.rJZ 

07 

.CJ 
• (J J 
.02 
O' 

• (J~ 

. c1: 

.0% 

Hlgh"r Co~t 
Elect rlc~ tf 

(co.ti or nucledr) 

.C) 

.0) 

.0) 

.05 

.us 

.OS 
le • ll 5 

.os 

.05 

.OS 

.n~ 

• n 5 
.cs 
.1~1) 

. l 5 

.05 

.c 5 

.o 5 

.I)) 

. (' 5 

.o) 
~') 

.o~ 

.CJ 

.os 
/h .05 

.0) 

.OS 

-- --· --------------------------------------
/.1 ~ •. ,._ ;..Gr~..! 3.Jr.~, ·~:ner~y in the Oevelupi11~ CuuntrteY," Au!otnqt t·)30, p . 

... \~ .tl.-,u -.t·eo ~urrtty Lt"ateor, "The Outl1,oii'. -tor Puvrr ln the Alu.;linu.w 

.'.1 

Ir1dw.~ r·;, :..1~ht ~t"t,tl A~e, Junr l9HO, p. Z6. The cap1t il cust of d co(.d 
•1(1'-'1'r ·,.\.int t~ t1bnut l'~;':~'i 1JU/I<.._,; conal.~1~rtn~ a r~al tdte of reoturn of :{.1-

l'1: .• ~1,j ~1vld~:1,~ by 7 1 ) 1 ~\J kwh/tc.w the Cdpi[Jl cu~;t c.u:'J~l•Jnent of ..:u1tl 

,; t-" 111: r . .t ,. J ;:i u"-' ~ r •Jul J b' 1 n the r tl n r:, ~ o t L: ~;SI) . ( ', ~ I k i.i r1 to t1 S ~ 0 • U 3 / io. w h . t f 
...,,. ,1d.! t~·1· ~-u~~ of C()1d Wt! ubta1n H r.ic~d cu~t Lln;.:e of L'..:.$rJ. 1J-,/.,"''1 -

1_1.(J>,, ,..._.~ ,jt_0;it::r~d1~'-\ on cu.ll ClLninK LUdt~, 'luallty 1tnd tran:Jport cu~r:. 

/~ :1, .• rctlJ ·Jt ~tr:e'.'t, U.S. Dr•prtrtrne-nt of the t11t,·r1or, "'Mln~rttl~ and ~.H~riJl:,­

-.1 .'~ .. nr·,.1 :_ur·1t~y ... July 19Kt, 1..9u~hln).t.tun, D.C , ra.1.:e 2. 

/,~ \ri- 1 ,r.' !:1.: ti> ~h., \rv'i<o;H''Hllkl A)o{ff"Pmf'nt. ht!t•w,.n th~ Surinarr.1~ Cvvf!rn::.~nl ttnd 

~Jl J ( l : (. I I . 

It '" 1·t.1l ·..,,.t·•n, :rinu.lr'/ ir; 1 l98l, menti<Jr1:1 th1tt V'1..-er froi:D tht: A~811.-111 f-:1·,;r;r 
wt:t .·1·,t ~:,)•l.(l~,;..,.ti,. 

\,1111 ,. , H'f' ! i '~ itt'" .. ~, ..... ,., P..1,-rtr1ciry ~f'r11.:rt1t•· ! with fl•r~rl i1,1u 

,",-;'.'"rt•,\ At "'~Sr'. ~/·•di, h·1,!r 0 1·l~·,-tf~rio:.1 rrL-,.rl tH ,,.~,~'). '.'/',·..1}1 

t 11 1 'i!.' ···"'·1~ r~o1·:s a11J ttt '.,~,.~'. , .... ·1 !·1r :c..,..1 ;,f',.! r!•"r•. 

l 1 1 I 
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Copied from: l 11 ] 

ELECTRICITY SUPPLIES AVAILABLE FC~ ALL:!1INUM S~ELTI~G 

(Gigawatt hours per year) 

L: n t tt·d Std~ t:S · ... t''5 t 

Cr.i ~ .. J ~~ t d [ ~ (~ f-.,\S t 

C.l n;": d .,.. ·~st 

C111.1.:1J !·:.1st 

J a::: .. l.c.1 
Cen~rdi.. :\::a>rt ... ~d/C.Jrtbh~an 

Guy.1nc1 
Sur! 11.11ne 

BrJL! l 
Ar,.,,.,ir !n.i 

'n·e~~ Eur· ;-H2 

East ~>J CC;-',e 

Asi .1n i.;::;:.," 

or .. .ini.1 
A'.:' .. \~; 
Kor•~a - T.< \ ·..;,1;-i 

Cht::.1 
J ap;1·1 

1 nd ! ;1 

Kt· st of A~ ! .1 

!1 i J' ! l ,, r: ·' s t 

1'orth .\tr~cJ 
Ghdi:.1 - t\e,;t of '.,'est Africa 

Gu l;iea 

Zaire 
Re,; t o f Ea •a A f r 1 c d 

Soul!. Afric:.1 

Curr rent /a 
Low Cost 

23, 5'.JO 
21 , )':)() 
3. 700 

11,700 

30 () 

890 
3,8r•u 
1, 91):) 

5) 50 I J 

37,90 1
: 

JL, 7u!J 
14, 7r)n 

7,200 

5, SJ l 
3, 9CU 
2,F.'>U 

8 SU le 
4, l rJO 
1,81.JU 
3,600 

l, 100 

New lb 
Lo'" Cost 

13, !GO 
3,000 

9) 600 
1, 7uO 

440 
26,2CO 
26, SC 0 
1J';,:.,0 

4 ,BO'.) 
2'J, IJCO 
15, 7uo 

i, no 

16,1.0') 

4, 2CO 
78, 'JiJO 

9,<:tCO 
39. 61JCJ 

5. 6110 
2 ,400 

le 

I (l 

/it !."t le.ired Ir''"' Hure.iu of V(nes, U.S. lkp.irtmt>nt of the lnterlor, "l'r!1.1.iry 
Al11~J;n11•:i P!.1r:tt1, \.ior.!.c.J·.,.ide," \,',1tJhln!l,lon, [J.C., 19tll. Suc!1 re;iurt 1',iV•"• 

ch,, .,.,,.r,·1"; 1Jf el1·ctrlc pn1•er for each 11l11rnl1Hl'.J plnnt. The lo·.,. co,;t i'""'''.r 
1'.. cu11:.f.1"r1··! only as th,1t genernter! hy hy.!ro..:lectric sourcetJ, coil! . .:id 

11:1t '.tr.ii 1~·1·; t nr ol l ex;iort in,'. cn1:nt r 11•:;. 

··~t !·::.1tt••! .i·, Pl.int Capuc lty (thuu,i.md r.1t) 

r.1t<') x 1: •. 1 f;l;.:,.11o1,1tt hour:;lt!1uut111nd mt. 

The elt>ctric po\.lt'r avnil.1bl1· 

x 0. 95 (cilpaciry ut 11L· .. 1r L·i:1 

\oi.',lS 

/b The fl,~ur•~> shu1Jn here correspond to 10~ of new hydrop1wer pot.·nt Lil :.'S': 
of fl.1r,·d .;.1.., plu,J 15,000 ~ii:.iwntt hour,; corrnlc.!cr,•c! for A1wtrnl~an c·u.1! 

( At·e -:- c1b l l' .',). 

S i)1 I ~ t' '' : hf' l" , , ; • ri t •• I r1 



L..--"' Lr·\J u u u w ' i L.i& 

AtJS IRALt<Slt1 

LOCATION 

n 
0 
·;:; DATES Ff.:011 ...,. 
(J 1-'UUlf.: 
p, ALUMINA 
,...,., 
~ 
0 
3 

HATU<IAL OUr'HH I T'i 
-----------------

CP 

ALUl1 !Nt1 1. 92S 
I' [ l f.:O L E U H [(J 1; E 0. 34 
Fl I LH 0.09 
llTHER l'IATEl\'IALS 
P~OUUCTIUN LABOUR 4. 1 
MAINIEHANCE LA&UUR 1. 9 

C:LELTHICllt l.W7J 

MAINTC:NANCE 11AfERIALS 
St:LlS ANli t1[:11IN 1. 4 

l AllUuR HtH.F I Vi 
IJtllVEt\Y 
UOf.:f\ING CMITAL 

IOTAL VARIA&LE COST 

CAflTAL SERVICING ( CCA I 

rorAL cosr < ccA 1 

CAPITAL SEkVlCING ( HCA ) 

lOlAL COST < HCA l 

HEHORAHDUl1 ITEMS ------

ALU111NA f'FdCE 
Ul:Llf\ICllY LOSI l'PLLS f'[R KUil 
UAGE RATE ' ~ER HOUk 
I U I P.L 11.;H-ll[JURS f·Ef.: TON HE 
ASSUNEU ~EB! ~ATIU 

11('1 CAP! IAL CUS} 

'\ 

w ' l u w u; w. u. w u w u u· w 
AIJS fktH IA 

CASE STUDY - NEU PLANT 

198) f'kOCESS PR::fiAl\Ell 

COAL SUIJkLE ur~ l"llUtk cos rs AllA E~T IM fE 
LOU COST !JANO 

1985 1Y87 1 '189 1991 1993 

f'R ICE CO!i T ms r cusr COST COST 

585.2 629 .5 659 671. 3 

4'1. 2 '.:13. 8 ~8.7 64. 1 

32.B J2.!l J2.8 J2. ll 

14-4 .6 144.6 144.6 144. 6 

54.6 '.:il.] 60.2 63.3 
2'.). 4 26.J 28 29.5 

Jll::i. 1 408 429.8 450. 5 

41. J 4. IJ 20.65 3?.1/ 
.... ') ~: 
.. ~. j ::'. .!. 6 24 .ll 26. 1 

51 .::! ::iJ .8 56.5 ~,9. 4 

82.6 82.6 82.6 82.6 

32.3 B.2 35 36.4 

. 
1506.8 1550 1632.7 169/.7 

490.8 4'10.8 4Y0.8 490.8 

199?.6 2040.B 2123. 5 21tHl.~ 

53'4.? 458. 2 392. 4 3J6 

2041. '.) 2008.2 2025 .1 203:l. 7 p 
!:l 
!:l 
CD 
x 

182.6 304 J'I l 342.] Jrn. 7 N .. , 
1 B. 3 2tl. 1 ;.!'I .Cl j 1. 4 3:.!. 'r' 

0 

8.27 
l. 4 
~ 1. s f'C T 
4~~1j.,l DQLLARG PER TONNE t.SS lll\ED 



n 
0 
·0 
f-'· 
r:J 
c., 

I~ 

~ 
0 
3 

0 0 

ALU~l\\;~ PRO!:lUCTION cos~s AT s~~u.cn:n SiiFS, YEAR :OO) (t:cw Plants) 

(~5$198'.J/mctric ton) 

United 
\.:es tern Middle 

S t:itc s Canada nraz 11 Europe Australia E:1s t Japan 

Alu::ina 620 620 5 7 5 670 560 580 600 

Po1.,er 63Cl 400 270 630 270 270 630 

Lat>)r 95 95 50 95 95 95 95 

T~er:nal Energy 33 33 33 33 33 33 33 

Coke 252 252 252 2 52 252 2 52 252 

Flu:>rides 25 25 25 25 25 25 25 

Pitch 25 2 5· 25 25 25 25 25 

Other 220 220 220 220 220 220 220 

Ca,-ital 
: 1 1c11·~~('5 /2 31)0 ](,() L, l (' 36'.J 390 1,1,0 390 

-

T,' '. ·' l in L''-> ~~ /~1t : ., ~ f,•} :> , (I .J'.l l , Hr,() 2' 3; '·' 1
1 

0 ~,I 1 I (lf,0 :' '2 7 J 

L: S ' r' t> O.G2 0. S" l'. SK l • I') 

i 11 l. 02 () H' 1. (1C, 

---~ ---- ---- -----

I. For· a 2 ~' : I , () ', ) J t () \1 [' t."' r ~· P ;~ r ST t) 1 ~ 1• r . 
.' '~ --
s~~rce: Cm::rH:tt'd fro::i Tables 18 t 0 21; Al uf'.111<1 costs fi·o::i T;ihle 1 7. 

'\ 

> 
:::i 
:::i 
m 
x 
N __. 
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SDlPLIFIED DIAGRMl OF ALUMINIU~l CONSUHPTIO:-.I IN 

FUNCTION OF GNP 

t.. 
(::I 

~ ...__.__ 

t! 
:<-...i 
Q_ 
8 
""' c::: 
Cl 
~ 

Ht{;h ratw· 
ti~an.rport, con.rf rudwn 
(pac)(aqmq} Jecfor of 
end u.reJ 

t----------

~ t----:----:--------~ 
i.;: Htqh rafw: 
~ eLectr/ca! .rector of 
§ end u.rer 

GNP/ capda/ year 
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P[R CAPITA Al CO~EU~WTION IN FUNCTIOX OF GXP 
(valid for 1981) 

---42 , I / 
30 • '"t'~O/ 

39.~ ~ 
20 37.J~ •• .:s 

Jt_ 
34 , .J5 

., 32 
10.' 3 • 2g 

10 / •23 • 
27. 26 25 
/ •• 21.24 

.22 • 
.f tB ,/ •21 
4 • fl~ •20 .1g 

3 15. • • 
14• / .13 

2 / •12 
/ 11• !De 

/ 
g / 8 • 
/ 7. • 

s./ •15 

°' 
4. 3. Q4 / 

~3 /~ 
q2 _/ 

Of 
1
100 500 1000 5DDD !DODO 50000 

GNP/ capita/ year (in UJA $) 

1. Indonesia 15. Taiwan 29. Sweden 
2. Pakistan 16. Argentina 30. Italy 
3. Philippines 17. Brazil 31. Hungary 
4. India 18. Carreroon 32. France 
5. Ghana 19. Denrrark 33. Australia 
6. Turkey 20. Venezuela 34. Austria 
7. Calamia 21. Hong Kong 35. Canada 
8. Malaysia 22. Israel 36. s·11i tzcr land 
9. Egypt 23. Finland 37. JaDan 

10. Ireland 24. Netherlands 38. Federal Rcncl>lic of r~nnany 
11. ~xi co 25. New Zealand 39. Belgilrl 
12. Portugal 26. Spain 40. ~,;ort1ay 

13. South Africa 27. Greece 41. U::.i tcd States 
14. South Cnrea 28. United Kingdom 42. Bcfri:c<tin 
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RE~ATIVE P~ICE OF DIFFERENT SEMIS 

Aluminium ingot 

Continuous-cast rod wire coils 

continuous-cast strip coils 

Unalloyed and weakly alloyed 
strip coils of 1.5-0.7 mm thicknes3 

Thin strip of commercial quality 

Thin strip of special quality 
/minimum/ 

Foil of commercial quality 

High-finis•h foil 

Low-~lloyed extruded sections 

Low-alloyed extruded sections of 
anodized surface 

Reference: [41][42J 

100 % 

115 % 

120-125 % 

130 % 

140 % 

150 % 

180 % 

210-250 % 

180-220 % 

220-250 % 
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PRI~CIPAL TECHNOLOGICAL OPERATIONS A~D PRODUCTS 

OF SE:U-:'-1ANUFACTURING 

Prtmary a/ummwm----~ 
Jc rap 
Alloyilg con.rfduenJ 

Jme!ting 

ContinuouJ 
caJtlnqr 4.2.f J'/ab and bl/let 4 2 2 ca.rhnq · · Die caJttnq 4.2 3 

~ 
Jt11p w~r~ 

Jfab.r and bi/feh Ca.rting.r 

Hot- ra/hng 4.2.4 ExtruJian 4.2.5 

42.6 
Cold - rolling 4 2 4.-- _ 

Forqmg 

-:-1 I - Zuln;, - __J --"'--

1 sLdtLnq, 
Heat treatment I 

, J'heartng 
I 

I Heat treatment 
L __ 

Plate and .rheet 
J'trtp 

r--~---, 
I ]) L.J"C I 

Foil 
L------..J 

I 
__ _J 

Heat treatment I forged 
I product 

__J 

Rod 
J'ectLon 

Tube 

,..------, 
1 Wire 1 
L-----..1 
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~fu-"\DITIO:.<AL SLAB AND BILLET CASTING SHOP h'ITH 'lERTICAL 

CASTING tfl.ACHINES 

r;:-----
1 
I 
I 
I 
I+ 
I 
I 
I 
I 
1+ 
I 
I 
I 
I+ 
I 
I 
I 

f 

(capacity above 10,000 tpy) 

+- f8 

+ 3 a 

+ 

70 + 

If 

13 14 15 I 0~ l± _ - - --- u.__ ....... _____ +..;.,_ _______ + _______ +;...i 

1 • Covered storage area for 
logs (base material) 

2. Electronic platform 
scale (weigher) 

3. Slag separator 
4. ~lting furnace 
5. Casting furnace 
6 • Casting machine 
7. Landle preheating 
8. M2lting furnace 
9. Casting furnare 

Reference: [42] 

10. Casting machine 
11. Induction furnare (master 

alloy production) 
12. Pig casting chain 
13. Charge preparation station 
14. Harrogenizing furnace 
15 • Cooling bendl 
16. Push Bench 
17. Billet machining lathe 
18. Billet -cutting saN 
19 • Overhead crane 
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CASTING SHOP WITH HORIZONTAL BILLET CASTING .MACHI:JES 

(capacity about 5,000 tpy) 

r----------------------
1 

I 
I 
I 
I 
I 
I 
I 

2 

4 
I 

3 

l ___________ _ 
I 
I 
I 
I 
I 
L ---

1. !<Elting and casting furnace 

2. Recur,erator 

3. M2ltfiltcr 

4. Horizontal billet-casting 
equipnent 

Reference: [441 

5. Interrrediate storage place 

6. Continuous horrogenization 
furnare 

7. Billet-cooling area 

8. Billet Discharge pallet 

6 
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SDr"'.:.MING-UP SOME FEATURES OF ROLLING MILLS 

Produc+-..ion related Production related 
'IyfE of plant to labour to operating area 

ton/head and year tons/rn2 and year 

Small and rredi.um-size plant, 
wide product mix, individual 
rolling mills. Annual prcr 
duction 30,<XX>-120,000 tons 

Large rolling mill, rroderate 
product mix, multi-stand hot­
rolling line. Annual produ~ 
tion 120,cx:x:r180 ,CXXJ tons 

Target rolling mill, narro.v 
product mix, taro.em rolling 
lines • Annual production 
150,CC0-300,000 tons 

Reference: [42] 

$ 

60 - 80 0.9 - 1.S 

120 - 180 1.3 - 1.8 

240 - 300 1.6 - 2.5 
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SCH:::::MATIC DIA.GRAf1 OF DIRECT (A) AND INDIRECT (B) 

EXTRUSION 

A 

I 2 3 4 6 7 8 

I g 4 2 

1. product 
2. die 
3. billet 
4. container 
5. pressing rod 
6. pressing disk 
7. ram 
8. pressing cyljnder 
9. stem 

Reference: [46] 
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LAYOUT CF EQUIPMENT I;J A:J EXTRUSION PL.M.NT 

1. Sloped rack for storage of logs, storage of logs and billets, 
2. Gas or oil fired log-, billet preheating furna02, 
2a. Induction billet preheating furnare, 
3. Horrogenizing c.:harrber, 
4. Hot billet 8.hear, 
5. Billet water cooler, 
6. Extrusion press, 
7. Die preheating furnace, 
8. Initial table, 
9. Hot cutting SCM c - shear, 

10. Run-out table, 
11. Puller, 
12. Lift transfer to the cooling table, 
13. Cooling table, 
14. Transfer conveyor over the OJOling table, 
15. 'l'ransfer conveyor to the stretcher, 
16. Stretcher, 
17. Transfer conveyor to the Ser# table, 
18. Saw table, 
19. Cutting saw, 
20. Saw gauge table, 
21 • Inspection table, 
22. Palletizing, 
23. Product storage before heat treat:rrent, 
24. Aging oven, 
25. Wire drcrHing rmchine, 
26. Profile rolling mJ.chines, 
27. Product storage before anodizing. 



Annex 31 

COST OF INSTALLING CAPACITIES FOR PROCESSING THE 

SAME TONNAGES OF SEMI-FABRICATED AND FINISHED ITEMS 

COMPARED TO SMELTERING~ 

(Index of smeltering =100) 

Type of plant or operation 

Aluminium smelter 

Scrap processing (remelting) 

Semi-manufacturing 

Continuous-cast wire 

Continuous-cast strip 

Cold-rolling (including rolling of 

continous-cast strip and foil) 

Extrusion plant (including drawing) 

Drop-forging plant 

Pressure die-casting 

Semi-manufacture finishing facilities 

Disc manufacture 

Tube welding 

Corrugated sheet manufacture 

Strip-painting 

Extrusion anodization 

Ref~rence: [34J[47] 

Per cent 

100 

10 

25 

30 

170 

140 

310 

220 

1 

10 

80 

35 

35 



Annex 32 

ECONOMICALLY FEASIBLE MINIMUM SIZE OF FACILITIES 

AND THEIR INSTALLATION COSTS 

(Index of smeltering 100) 

Plant Processed rretal 
Per cent 

Aluminium smelter 

Finished product manufacture 

Ki tcl1enware 

Cans 

Liquid gas bottles 

Casks 

Radiators 

Lamp posts 

Stranded wire,uninsulated 
conductor 

Cables,insulated conductors 

Containers and tanks 

Collapsible tubes and 
aerosol bottles 

Sandwich panels for the 
building industry 

Portals, small buildings 

Furniture frarne,ladder, 
scaffolding 

Refere:1ce: [47] 

100 

0.1 

2.25 

2.0 

0.4 

0.75 

1. 22 

4.4 

10 

1. 2 

5 

0.7 

1.0 

0.8 

Investrrent oosts 
Per cent 

100 

0.6 

7.2 

3.6 

1 

1.1 

1. 8 

0.9 

6 

2 

6.5 

0.6 

0.4 

0.2 

• 

• 

• 



t,'ci'-1.I:i TAS;~s OF THE TECHN!Ci\L 1MPROVEME:l'l'S OF ALmHNl\ PRODUC'l'ION 

: : :: ::.. r. C. i re :: t i on s c f ~~: + D T u ·r g c t: s 

l~:~rovene~t of c~~icacy of pre- To reach good p~rfor-
c:q,.:-tc.'_iO:l b~· i::c::-casing the n.u.:1cc.: i:1 !1rccipitation 
.. :.:_U:-. co:1ce:n:::::-:iti::.n cf the «-Jhilc sr:curinq rcCJ',1-· 
:~.;-~r cstcd alunina quali­

ties 

2. :;:!".crc:i.sing the digcstio:1. temp~­
:_- J ~ u :- ·~ :J. ~ t :'1 e p :!:_- r_) cc s sin :J of 
~:-.:.:10i .. :/~Ld.te b3--...:.;·:i tC:3 

T0 improve kinetics, 
to reach the tbeorc­
tic<il yield, to con­
sci-vc~ .--~nc'r<JY, to 
r)\)t;:t1_n \-1(:11 hi1ndablc 
rcu mu<l 

Possible solutions 

Purification of solution 
rcmov<tl of c.::irhont:\tc salts and 
r L' q c n c r zi L i on o f t 11 c i r :~ <'- 2 O c o n -
Lents by 

crystallizing evaporatipn 
c•1ustici:.:ation in tl:c \·1,-i.shing 
1 i r.e 
compl~x causticization\ 

removal of organics by \ 
. fL~CL1in'J magnL•siurn salts 

cvuporatjon of hydr:tt~ wash 
waler, oxalate separation 
liquor and/or salt ign~tion 
wet oxidLltion 

Develoument of technology 

c:i~JCJ lame ration 
hyc.lr-ate classifir:ation 

• mult:staye seeding 
cooliWJ ciurin'] pl:.c:>Cipitat ion 

I 

In autoclaves at 240-250 de 

in tube di0cstor at 2G0-280 °c 
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~ain dircctio~s o~ R + D 

3. Increasing efficacy of ex­
is~in~ digestion :incs 

4. Ene~go-tec~nolo?y, increase 
cf ca~i~al 9rc~uctivity, 
c1JtL:,iza~io;, cf tz;.e process 

5. Reduction of caustic 
COLS ~-1~.pl. ion 

• 

Tc:trgets 

To release the ljmita­
tions l)t the eq~d p­
~1e:1 t by inc:-·.::c:ts inc3 
the~ tc:npcruturc und by 
:nocliryir.<_1 tlw tec.::1no­
locjy 

To minimjze produc­
tion costs, to in­
crc :1sc ~) lan t produc­
t i \·i ty 

To reduce chemical 
and 0ttached losses 

'\ 

Possible solutions 

Technology using additives 

Coordination of digestion arid pre­
cipi tat.ion p.::ir.::imctcrs und of the 
quuntity of water to be evaporated 

I 
I 

Carbonate salt causticization 
Red mud causiticiz.::ition 1 

- Comolcx causticization I 
Hvc1rotermwl (high temoera~ure) 
t~ec:ttment of red mud (in ~ase of 
medium and 9oor quality bauxites) 
Mudornizution of red mud welshing by 
• mollification of settlers 
• hec:lvy-duty filters 

up to date flocculants 

• • • 
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Annex 34 

ALUMINIUM CONTINUOUS FILTERING PROCESSES AND FI&"1S 

PRODUCING THEIR EQUIPMENT 

Trade 
narre 

SNIF 

ALP UR 

MINT 

TAC 

Proress narre 

Spinning Nozzle Inert 
Flotation Process 

Treatment of Al in 
crucibles 

Finn Referenres 

Union Carbid [641 
Co. 

Pechiney 

Consolitated 
Aluminium 
Corporation 

Al can Smelters 
and Chemicals 
Ltd. 

[65] 

[66] 

[67, 68] 
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Annex 35 

ALUMINIUM SEMI CONTINUOUS CASTING PROCESSES AND FIRMS 

PRODUCING THEIR EQUIPMENT 

Trade Process narre Firm References 
narre 

LFRT Level Feed Kaiser Aluminum [ 69 l 
Reservoir Top 

New Hot Top Showa Aluminium [ 70] 

Industries 

Maxi Cast Wagstaff Co. [ 71] 

EMC Electro- Swiss Aluminium [ 7 21 
magnetic Ltd. 
casting 



OPERATIO:~AL ARRANGEMENTS OF CONFORM EXTRUSION 

Mh.CHINE 

I 

@ @' 

I 

© 

fD 

ti 

a) gravity feed 

b) feed precompaction 

c) tange11tial feed 

1. particulate feel 
2. preformed solid feed 
3. solid feed 
4. extrusion wheel 
5. groove root 
6. whee 1 face 
7. driven roll to assist feeding 
8. grip segment 
9. die 

10. product 
11. abutment 

Reference: [ 59 I [ 60 I 
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~-~~IONi\~ DISTRIBUTION OF ALm1I::JIU'.'1 nmuSTRY ST:"'\GES 

I ('.'1EC-s only) 
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Annex 39 

SEMI-FABRICATION IN SELECTED DEVELOPING AREAS 

(in thousand tonnes) 

Latin America 

Brazil 
Chile 
Colombia 
Costa Rica 
Cuba 
Equador 
El Salvador 
Jamaica 
Mexico 
Panama 
Peru 
Puerto Rico 
Trinidad-Tobago 
Uruguay 
Venezuela 

Total 

Africa 

Algeria 
Angola 
Cameroon 
Egypt 
Ghana 
Ivory Coast 
Morocco 
Nigeria 
Tanzania 
Zambia 
Zimbabve 

Total 

Primary semi-manufacturing 

capacity * 

1983 1987 

281. 8 381. 8 
5.- 5.-

35.1 35.1 
10.- 10.-
5.- 5.-

(cold rolling mill only) 
6.- 6.-
4.- 4.-

130.- 138.-
3.- 3.-

11.- 11.-
13.3 13.3 

(cold rolling mill only) 
5.1 5.1 

58.1 63.1 
653.3 766.3 

5.- 8.-
(foil and wire prod.only) 
35.- 35.-
so.- 50.-

(cold rolling mill only) 
0.5 0.5 

(cold rolling mill only) 
11.- 11.-
9.- 9.-

(wire drawing only) 
9.3 9.3 

119.8 122.8 

Consumption 
of primary 
aluminium ingot 

1981 

240.9 
3.-

14.2 • 
5.-
1. 5 

2.-
3.-

99.6 
2.-

10.-
10.-

3.-
73.6 (?) 

520. 3 

4.-

27.7 
45.-

o. 5 

9.-
6.-

8.-
101.2 



• 

Asia 

Bahrain 
Bangladesh 
Hong Kong 
India 
Indonesia 
Iran 
Irak 
Israel 
Jordan 
Korea,Republic 
Kuwait 
Lebanon 
:·lalaysia 
Philippines 
Pakistan 
Saudi Arabia 
Singapore 
Syria 
Taiwan 
Thailand 
Unites Arab Emirates 

Total 

Annex 39 (cont.) 

Primary semi-manufacturing 

capacity * 

1983 1987 

29.- 69.-
(cold rolling mill only) 
34.7 40.7 

352.- 355.7 
7.- (?) 7.- (?) 

34.- (?) 34.- (?) 
21.- 21.-
26.5 26.5 
6.- 6.-

211. 8 211. 8 
9.6 9.6 

16.- 16.-
41. 6 41. 6 
31. 6 31. 6 
10.8 13. 8 
10.5 10.5 
l. 6 1. 6 
5.- 5.-

70.3 110. 3 
52.2 52.2 
3.- 3.-

974.2 1067.2 

Consumption 
of primary 
aluminiurr ingot 

1981 

17.3 

21. 6 
249.6 
14.-
30.l 
26.4 
9.5 
5.-

111. 6 
8.-

11. 7 
25.-
17.-
6.-
6.-
1. s 
4.-

77.8 
45.-
2.-

689.l 

Notes: * hot rolling mill, extrusion and rod (for wire) 

capacities only 

Reference: [10] 
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