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ABSTRACT 

The sulfur supply situation in the international market is 

expected to change considerably in the future. Previously, sulfur 

supply came from mineral deposits and depended on the availability of 

reserves and conditions in the industry. These mineable deposits have 

deteriorated as production costs increased, a result of exploiting lower

quality reserves, increases in energy consumption, and environment costs. 

In addition, less expensive, non-discretionary, abatement sulfur has 

emerged as a result of the enforcement of public environmental regula

tions, product market specifications, and transportation technologies 

which require the removal of sulfur from sulfur-bearing products. 

These developments are seen as molding the conditions in the 

international sulfur market of the future. The market is expected to 

be characterized by: (1) a potential for an abundant supply of low-cost 

market-insensitive sulfur; (2) the declining role of those sources which 

have been supplying relatively high-cost discretionary sulfur; and (3) 

a broader supply base in terms of both source type and geogr~phical 

distribution. 

This study provides a future prespective of the non-communist 

international sulfur market in view of the emerging non-discretionary 

sulfur sources and the declining role of conventional sulfur sources. 

The international sulfur market is divided into ten regional 

markets, defined primarily by geographic location, production and 

xxiii 
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consumption concentration. Supply is divided into: non-discretionary 

and discretionary sulfur. Supply and demand are projected primarily 

econometrically, and surplus or deficit regions are identified. ~~o 

types of projection methods are used: regression based and non-regression 

based. The choice of the method used for a region is based on: (1) the 

availability of historical data, and (2) how closely the past and future 

economics of a region are expected to be related. 

The conclusions of this study are: (1) on world basis, sulfur is 

expected to be in continued excess; (2) virtually all sulfur is expected 

to come from non-discretionary sources; (3) some regions are expected to 

have a supply deficit, most will have supply surpluses; (4) the co

existence of deficit and surplus regions will result in inter-regional 

or international trade. However, the resulting trade pattern will be 

quite different from the present pattern; (5) the basis for price deter

mination and the relative levels are expected to change; and (6) discre

tionary sulfur will be permanently forced out of the market. 



CHAPTER 1 

INTRODUCTION 

Statement of Problem 

The state of sulfur supply in the international market is 

expected to change considerably in the future. In the past, sulfur 

supplied to the international market has been based on mineral deposits 

of (1) elemental sulfur, and (2) pyrites. Sulfur supply from these 

deposits has depended on two major factors: (a) the availability of 

sulfur reserves that could be exploited using known technology, and 

(b) economic conditions in the sulfur industry which have made such 

exploitation profitable. However, in recent years supply sources of 

a different nature have emerged as a result of government regulations. 

These regulations require removal of sulfur from sulfur-bearing pro

ducts in cases where uses and processing of such products may result 

in emission of unacceptable amounts of sulfur dioxide into the atom

sphere. Market specifications and transport technology also require 

the removal of sulfur from some sulfur products before they are used 

and transported. The supply of sulfur from these new sources is 

not determined by conditions in the sulfur market. The supply is 

deternlined not only by government air quality regulations, but also 

by energy production and consumption and by production of non-ferrous 

metallic sulfides. 

I 
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The sectors of the world sulfur industry which for a long time 

have been supplying 3ulfur from eleme~tal sulfur and pyrite deposits 

are experiencing problems related to unfavorable economics and resource 

depletion. \vith increasing costs of energy and the lack of discoveries 

of premium sulfur deposits \.;hich might be less expensive to ,=xploit, it 

is unlikely that the situation in these sectors \"ill get any better in 

the future. On the other hand, with the air quality regulations becom

ing progressively more stringent, \.;ith the trend tOHard exploiting 

reserves with more sour crude oil, and with the expected growth in 

energy consumption, the supply of sulfur from tne nc\, sources is 

expected to increase. Thus, on the supplY side, the future state of 

the international sulfur market can be characterized by: (1) a 

potential for an abundant supply of low cost sulfur produced fro~ 

sources 'vnich are insensitive to conditions in the sulfur market; (2) 

the dec1ininf role of those sectors \vhich have been supplying relatively 

high-cost but market-sensitive sulfur; and (3) a broader supply base in 

terms of both source type and geographical distri::ll1tion. 

Related Studies 

The first major economic study of the world sulfur industry was 

done by the U.S. Federal Trade Commission [I] in 1947. The study, 

,.;hich traced the history of the industry, was aimed at identifying pos-

sible violations of the American anti-trust laws by the U.S. sulfur 

companies. 

Hazelton [2] performed a second study of the sulfur industry. The 

study focused on the U.S. Frasch industry. Its objective was to relate 
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three of Scherer's [3] four attributes of industrial organization 

systems: structure, behavior, and performance. He related the three 

based on observations over the study period, 1900 to 1968. Sulfur 

market performance 'vas further evaluated based on past profit levels, 

past cost-price relationships and past resource utilization. Put in 

proper perspective, l1azleton's study can be described as a qualitative 

investigation of hm .... conventional theories of industrial organization 

applied to the U.S. Frasch sulfur industry during the study period. 

Buekes [4] performed a study of the sulfur industry for the 1950 

to 1977 period. The objective of the study was to trace the effects of 

recovered elemental sulfur on the structure anc perfor~ance of tr.e 

North American elemental sulfur industry [5]. Exce~t for the timing 

this study is similar to that done earlier by Bazleton. Although it 

was broader than Hazel ton's in that it covered the !.!exican and Canadian 

industries, because of his study period, the U.S. Frasch industry pre

dominated the sulfur industry in North America. Therefore, the study 

inevitably focused primarily on the U.S. Frasch sulfur industry. 

A more recent study was performed by Rieber, Okech and Fuller 

[6]. This study investigated the probable course of sulfur pollution 

and process control in the U.S. as it impacts, via production of 

sulfur values, the U.S. Frasch industry [7]. Rieber, et al [8], as 

an extention of the above study, performed a study which evaluated 

the regional impacts on the U.S. states of Texas and Louisiana of 

reduced Frasch sulfur production in terms of taxes, labor, income 

generated and resource use. The first study can be described as a 



projective economic study on the supply side of the industry. How

ever, again, this study focllses primarily on the U.S. Frasch sulfur 

industry. The second study, however, focuses primarily on the wel

fare implications of the Frasch sulfur industry in the only two 

states in the country which produced Frasch sulfur. 

No classic economic study has been performed on world 

sulfur. One trade association, the British Sulphur Corporation Ltd. 

issues a number of publications which cover the \vorld sulfur situa

tion. The first is a trade journal, Sulphur [9], which carries 

4 

general current information on world sulfur commodity situations. It 

occasionally carries some information on \Jhich speculation regarding 

the future situation of the commodity may be based. However, these are 

usually based on short-term considerations. Accordingly, no long-term 

future situations of the industry can be deduced from them. The second 

publication is the Statistical Supplement [10]. This publication is 

published twice a year in order to provide statistical summaLY of the 

material covered in past issues of the Sulphur journal. The third is the 

Quarterly Report [11]. As the title suggests, this is basically a 

quarterly summary of some information carried by the first journal. 

However, the contents and emphasis may vary from one issue to another 

because the publication is frequently issued as a confidential report 

with contents focused on the interests of a particular client. Finally, 

the association has published two editions of World Survey of Sulphur 

Resource~ [12, 13] the first edition was published in 1966 and the 

second in 1974. The publication covers sulfur resources. The resources 
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covered here are only those associated with sulfur sources which have 

been exploited on economic grounds. 

Manderson Associates recently performed two studies of the 

sulfur industry [14, 15). The first study was devoted to the sulfur 

industry, whereas in the second study sulfur was briefly covered in one 

section. The objective of that section was to update the first study. 

Both studies can be described as projective economic studies on both the 

supply and demand sides of the sulfur industry. In the first study, pro-

jections covered 1977-1985, whereas the second one covered the 1980-1990 

period. 

Like other previous studies, Manderson's study focused primarily 

on the North American sulfur situation. The scope of the studies is 

further limited by the fact that the studies were published as confiden-

tial reports to multi-client subscribers only. As stated in the first 

study: 

The objective of this report is to present the emerging North 
American and Mexican and Carribean sulfur outlook over the next 
eight years, from 1977 through 1985. Because of heavy client 
sponsorship by companies in the United States and Canada, the 
focus of this report is concentrated heavily upon these two 
countries. l 

This objective was reflected in the second study, also, except 

there the world sulfur outlook was reviewed but only to put the North 

Americal sulfur, phosphate and uranium industries into proper perspec-

tive. 

1. Manderson Associates, The North &~erican and Carribean 
Sulfur Outlook, 1977-1985, 1977, p. 1. 
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In both studie~ the expected sulfur supply and demand figures 

are given as estimates without explaining, either for the U.S. or the 

rest of the world, the basis on which these estimates were derived. An 

attempt was made to develop a projection model for sulfur recovered from 

crude oil in the United States. But questions arising from the way the 

model was developed raise some doubt regarding the suitability of using 

the model for projection of sulfur recovered from crude oil. This issue 

is discussed later in this section. 

Lack of the bases and methods of projection in the Manderson 

studies makes them incomplete projective studies. For projection of 

non-oiscretionary sulfur production, bases and methods of forecasting 

copper, zinc and lead smelter production; crude oil consumption; tar 

sand and heavy crude oil production; and natural gas production should 

be established. Also, major factors which influence recovery of sulfur 

from the primary products should be stated. These include: air pollu

tion control regulations; sulfur recovery process technology; and content 

of sulfur in the primary material or the amount of sulfur gases released 

in the process of extracting primary products. For projection of produc

tion of discretionary sulfur, the crucial factors include: actual and 

potential competition from the non-discretionary sulfur; reserve base; 

and government policies affecting development and exploitation of the 

reserves as well as those affecting consumption of sulfur from this 

source. With respect to sulfur demand, the key factors from which to 

derive the projections are expected fertilizer production and industrial 
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activities. Neglect of these key factors in the Manderson studies makes 

them unsuitable as projective economic studies of the sulfur industry. 

As earlier mentioned, Manderson Associates attempted to develop 

a forecasting model for U.S. sulfur production from refined crude oil. 

But it is doubtful whether it is a suitable forecasting mode. The model 

is said to have heen developed from a refinery sulfur balance equation. 

The equation simply states that the amount of sulfur recovered equals the 

amount of sulfur input less the amount in products and sulfur losses. 

\fuat raises the question is the relationship between the model and the 

sulfur balance equation. The final forecasting model is a linear regres-

sion equation with only one explanatory variable. No relationship be-

tween the model and the equation is given and not enough discussion or 

explanation on derivation of the model from the equation is provided. 

The author states: 

A computer program was written to perform all the necessary cal
culations for statistical fitting of the historical data on the 
model represented by equation (2)1. . . • A linear least square 
regression technique was used which assumed perfect knowledge of 
the independent variable which we called X. Initially, input 
data were combined by the program and then statistically to 
equation: (3) Y = MX + B.2,3 

A comparison between the sulfur balance equation and the final 

forecasting model implies that variable X in the forecasting model repre-

1. This refers to the sulfur balance equation. 

2. This is the final forecasting model where Y is the predicted 
variable, X is the independent variable, M is the slope, and B is the 
intercept. 

3. Manderson Associates, Inc., Phosphates, Phosphate Sulfur, 
Sulfuric Acid, Uranium: Their Emerging Interaction and Outlook During 
the Coming Decade (1980-1990), Vol. II, September 1979, Appendix B-6. 
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sents the variables in the sulfur balance equation. In essence X is a 

function of different parameters: weight fraction of sulfur in input 

crude and in products, densities of crude and products, the amount of 

crude input and refinery product mix and sulfur losses. A transition 

from sulfur balance equation to final regression equation (model) should 

have shown the relationship either between these parameters and X or 

between the two equations themselves. Alternatively, the body of the 

computer program which developed the regression model from the sulfur 

balance equation should have been included in the report. 

Furthermore, the input data on which the prediction of sulfur 

production from crude oil was based are out of date. Crude oil runs and 

refinery products projections used to derive expected sulfur recovery 

from crude oil were based on projections made in 1977 by the U.S. Depart

ment of Energy. The average crude oil sulfur contents used was low. It 

was generated by linear extrapolation of past crude oil sulfur content. 

However, as discussed later, sulfur content in crude oil has increased 

faster in recent years, and it is expected to increase even more rapidly 

in the future. Consequently, the average sulfur content in crude oil to 

be handled in the future is expected to be significantly above that used 

in the Manderson Associates' study. 

In summary, Manderson Associates' studies are limited by the fact 

that they concentrate on the North American sulfur situation only and 

that they lack the comprehensiveness expected of an adequate economic 

projective study. The projections are apparently based on an out-of-date 

data base. 
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This Study in Perspective 

In the future, the sulfur industry is expected to become more 

international than before. On the demand side, new markets are expected 

to emerge in the developing nations. On the supply side, as already 

mentioned, the base is expected to broaden in terms of both source type 

and geographical distribution. Also, with greater incentives for inter

regional as well as international trade created by the increasingly 

adverse impacts of the high cost of oil and impacts on national balances 

of payments, interregional as well as international trade in sulfur is 

expected to be much broader. These developments are expected to result 

in increasing complexity in the international sulfur market, creating 

complications in the area of decision making and public policy related to 

the industry. Therefore, this study aims at focusing on the interna

tional sulfur market to the extent of providing comprehensive information 

that would facilitate the handling of the bottlenecks in areas of policy 

and decision-making which result from the complexity of the market. 

Objective 

The expected regional sulfur/demand balances and their impacts 

on the future conditions of the international sulfur market are investi

gated. The study is restricted to the non-Communist world and covers the 

period from 1980 to 1995. The major issues addressed in this study are 

reflected in the objectives of the study. These are: 

1. To identify sources of and outlets for sulfur supply by region. 

2. To establish methods of forecasting regional supply of, and 

demand for, sulfur. 



3. To use these methods for forecast regional supply and demand. 

4. To identify surplus and deficit regions of the world. 

5. To determine the patterns of international trade expected to 

develop in light of the above considerations. 
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6. To deduce the market structure and modes of competition expected 

to develop in the international sulfur industry. 

7. To deduce the expected impact of the above conditions on price 

structure, price levels, and practices associated with price 

determination. 

8. To determine the overall effects of these conditions on the com

mercial producer of sulfur, i.e., the Frasch and pyrite industries. 

Background 

Sulfur Supply 

The supply of sulfur can be classified into two categories. These 

categories depend on whether or not the supply originates from production 

based on business and on the market conditions related to the economics 

of sulfur. The two categories are: 

1. Non-discretionary supply. 

2. Discretionary supply. 

Non-Discretionary Supply. Non-discretionary supply originates 

from sulfur production which is not determined by factors related to the 

economic conditions in the sulfur market. Instead, the factors which 

affect the production are related to (1) government regulations and poli

cies concerning environmental quality standards; (2) the levels and 
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patterns of energy consumption; (3) primary product quality required to 

meet some market specifications; (4) the physical or chemical state of 

the primary product required by transport modes and technology; and (5) 

the feasibility of technologies for converting sulfur-bearing materials 

to throwaway residuals, and the costs associated with such conversion, 

vis-a-vis the feasibility of the technologies and costs associated with 

conversion of the sulfur-bearing material to marketable products. 

Production of non-discretionary sulfur is associated with the 

following processes: (1) natural gas processing; (2) oil refining, includ~ 

ing refining of tar sands and heavy oils; (3) coal gasification and 

liquefaction; (4) power generation from hydrocarbon-based power plants; 

and (5) smelting of base rnetals--copper, zinc and lead. As far as the 

actual supply withi'l the period covered here is concerned, however, 

natural gas processing, oil refining and smelting of base metals are the 

only relevant processes. The levels of activity of these plus the factors 

mentioned above will determine the future size of the non-discretionary 

sulfur supply. The impacts of non-discretionary sulfur supply from coal 

liquefaction and gasification and from electric power generation on the 

overall sulfur supply is not expected to be significant before 1995. 

Commercialization of coal gasifi~ation and liquefaction, if it succeeds, 

is expected to be in its infancy over the time period. With the power 

plants, however, the difficulties associated with recovering sulfur from 

dilute sulfur dioxide streams in the stack gases has led to throwa,~ay as 

the choice for the disposing of the sulfur by-product from the power 

generation processes. 
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Regulations and policies which affect the non-discretionary 

supply of sulfur differ, depending on the level of development of indi

vidual countries. Regulations and policies which affect the non

discretionary supply of sulfur in more developed countries (MDC's) are 

those related to environmental quality standards, in particular those 

. restricting emissions of sulfur oxide (S02) into the air. In less devel

oped countries (LDC's), such regulations and policies are either non

existent or are relatively relaxed. 

A considerable number of activities related to sulfur generation 

in most LDC's has been identified. Sulfur is a key material in any 

economy. It provides a strong base for both the industrial and agricul

tural sectors. A national development policy which aims at maximizing 

the contribution of the products to the economy would, therefore, encour

age the recovery of sulfur. Thus, even though the LDC's may not be as 

concerned with air quality as are the MDC's, their national development 

plans, which aim at maximizing benefits from the primary products pro

duced, are expected to lead to the generation and recovery of significant 

amounts of sulfur by the LDC's in the future. The alternative is inter

national market purchases involving the use of scarce foreign currencies. 

With the exception of the smelting of non-ferrous metals, all of 

the above-mentioned processes are associated with energy consumption. 

Therefore, the levels and patterns of energy consumption and production 

are among the most significant factors in determining the non-discretionary 

supply of sulfur. Thus, given strict air quality standards, a high and 
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increasing sulfur content in the fuels used, and higher energy consump

tion will result in a larger non-discretionary sulfur supply. 

Finally, the amount of non-discretionary sulfur available to the 

market depends on the disposal method chosen. By-product sulfur can be 

converted to either a marketable product to be sold or to a throwaway 

material to be dumped at some site as a waste material. The choice of a 

throwaway product implies that relatively little non-discretionary sulfur 

will find its way into the market except, perhaps, as wall-board-quality 

gypsum. The underlying factors here include: (1) the relative costs and 

technical feasibility of the conversion processes, and (2) the ability 

to predict the environmental problems which may later result from dumped 

thrml7away product3. 

Discretionary Supply. The conventional sources of the discre

tionary supply of sulfur in the western world have been: (1) elemental 

sulfur deposits associated with salt domes, (2) deposits in bedded 

anhydrites and gypsum and deposits in unconsolidated volcanic rocks, and 

(3) ferrous sulfide deposits [16]. Technologies for exploiting these 

resources are well developed. Salt domes and bedded deposits are ex

ploited using the Frasch technology; the remainder have been exploited 

using conventional underground or open pit mining technologies. In terms 

of total costs--the costs associated with extraction and conversion-

elemental sulfur deposits are the cheapest cost-based source of sulfur 

[17]. Therefore, in the event of adequate resources and favorable market 

conditions, the exploitation of elemental deposits has the highest 

priority. 
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Potential sources of discretionary sulfur supply exist in anhy

drite and gypsum deposits, where sulfur exists in a combined form. The 

deposits are believed to represent the largest sulfur resource in the 

world. The technology for the recovery of sulfur from these resources 

exists, but current economic conditions are unfavorable for their recov

ery [18]. Thus, market conditions must change before these resources 

will be exploited on a large scale. Since the second category of sulfur 

supply, the discretionary supply, originates from the production of min

eral deposits which are exploited for their sulfur values, major factors 

influencing the supply are: (1) market conditions, (2) the availability 

of sulfur resources, and (3) the feasibility of the technologies that 

can be used to exploit the resources economically. 

Although these factors are more or less interrelated, market 

conditions seem to have a dominating influence on the status of the rest. 

Thus, the market conditions should be such that: (1) price/cost relation

ships allow for a sufficient profit to justify continuous production, 

(2) demand is large enough and stable enough to ensure the absorption of 

a large additional supply which might originate even from the exploitation 

of a single sulfur deposit, and (3) long-run market stability encourages 

investment in exploration activities that may lead to the discovery of 

new recoverable resources as well as improvements in, and the development 

of, technologies that enable the exploitation of known but currently 

uneconomic resources. 

Demand for Sulfur 

Sulfur is usually not consumed as a finished product in itself. 
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Rather, it is consumed primarily in the production of other intermediate 

or finished products. Its demand is, therefore, dependent largely on the 

demands for the final products in which the intermediate products are 

used and those for the finished products which consume sulfur directly. 

The forms in which sulfur is primarily consumed are: 

1. Sulfuric acid. 

2. Elemental sulfur. 

3. Sulfur dioxide. 

The bulk of the sulfur is consumed in the form of acid. Figure 1 shows 

typical shares of sulfur in the U.S. economy. According to the figure, 

about 90 percent of the sulfur is consumed as sulfuric acid, with the 

remainder consumed as either elemental sulfur or sulfur dioxide. Because 

the structure of the U.S. economy is similar to those of the other indus

trialized economies of Europe and Japan, the pattern of sulfur consumption 

in these economies is not expected to differ significantly. Thus, because 

the bulk of the sulfur is consumed as sulfurid acid, the conditions of 

demand for sulfur are closely linked to those of the demand for sulfuric 

acid. 

Figure 1 further shows the extent to which sulfuric acid is, in 

turn, consumed in an industrialized economy. Sulfuric acid is consumed 

in a wide variety of applications, with the fertilizer sector representing 

the major single consumer; most of the sulfuric acid. consumed in this 

sector is used for manufacturing phosphatic fertilizers. Although sulfur 

has been used as input in production of nitrogenous ammonium sulfate 
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fertilizer, this use has significantly diminished in recent years as a 

result of substitution of ammoni~m sulfate with high-nitrogen-content 

fertilizers and those with a double source of nutrient like ammonium 

phosphate, as well as a result of manufacturing ammonium sulfate from 

gypsum. The rest of the acid consumed in the industrialized economies is 

used in many different sectors of the economy, and no one sector dominates 

acid consumption. Because of the broad application of sulfuric acid in 

the industrial sector, the consumption of sulfur is closely correlated 

with the general level of industrial activity. Thus, economies which are 

highly industrialized and hence have a high GNP, consume the greatest 

amount of sulfur (see Figure 2). In simple, and less industrialized 

economies, however, the fertilizer industry would be a more dominant con

sumer of sulfuric acid. In short, demand for sulfur in developed econo

mies is determined ~y: (1) the demand for fertilizer, and (2) the general 

level of economic activity associated with the non-fertilizer (industrial) 

sector. Demand in the less developed economies is, however, largely 

determined by the demand for fertilizer alone. 

Additional factors which can affect the demand for sulfur through 

substitution also exist. On a regional basis, the factors that may 

affect the fertilizer-derived demand for sulfur include: (1) the variety 

of fertilizers that can be applied to the soils, (2) the availability of 

intermediate and other r3W materials used in the manufacture of fertili

zer, and (3) government policies with regard to the production and use of 

fertilizers. For non-fertilizer-based demand, these factors include the 

degree of substitution of other acids and processes as well as technologi-
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cal changes which might affect the extent of the use of sulfuric acid as 

an input in the finished product. 

Abatement Sulfur Disposal Scenario 

By-product sulfur can be recovered during extraction of the pri

mary material in different forms. These depend, mainly, on two factors: 

the form in which sulfur exists in the raw material and the technology 

of the extraction process. However, after separating the premium product 

from the sulfur product, the form to which sulfur material is converted 

for disposal depends on: the chosen method of disposal and economics asso

ciated with the disposal method. Figure 3 is a flow chart showing the 

abatement sulfur disposal scenario. 

If the market is chosen for the method of disposal, then sulfur 

would be converted to at least one of the following forms: elemental 

sulfur, sulfuric acid and sulfur dioxide. Elemental sulfur is saleable 

in either solid form or liquid form. Virtually all the elemental sulfur 

is recovered in liquid form. This is because the recovery takes place 

at temperatures above the melting point temperature for elemental sulfur. 

Solidifcation of elemental sulfur is not a necessary step during ele

mental sulfur recovery. Sulfur can be stored, transported and sold in 

liquid form. However, it is more expensive to keep sulfur in liquid form 

for a long time because of the heat energy required to maintain sulfur in 

the liquid form. Whenever possible, elemental sulfur is stored and 

marketed in dry bulk solid form. Ready availability of market for sulfur, 

the availability of facilities which can handle liquid elemental sulfur 
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as well as the environmental regulations imposed by nations in which 

elemental sulfur is handled and transported determine the choice between 

handling and transporting liquid and handling and transporting solid 

elemental sulfur. 

In some areas, where environmental regulations exist, the regu

lation may allow handling and transporting solid sulfur. But it is 

required that the solid sulfur be formed before it is either handled or 

transported. Formed sulfur poses little danger during handling or trans

portation since the amount of sulfur dust released during these processes 

is low compared to that realized during the handling and transportation 

of dry bulk sulfur. Figure 3 shows the types of forms to which dry sulfur 

is currently converted. They are: slate, prill, pellet and granulates. 

Here, too, the economics and stringency of environmental pollution regu

lations play the greatest role in the choice of the form. 

Sulfuric acid is another form of converted by-product sulfur 

disposed of through the market. As shmvn in Figure 3, the conversion of 

by-product sulfur to sulfuric acid requires that sulfur first be in the 

form of sulfur dioxide. This is converted to sulfur trioxide (S03) by 

reacting S02 with oxygen. Sulfur trioxide is then reacted with water to 

yield sulfuric acid. This process is called the contact process. The 

chemical reaction can be shown in two stages as follows: 

2 S02 + 2 02 t 2 S03 

S03 + H20 t H2S04 

The resulting acid is processed through a concentrator in order to achieve 
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that concentration which is economically transportable and which also 

meets market requirements and reduces problems related to freezing point 

or other problems inherent in an acid at concentrations between 72 and 

93 percent H2S04 . 

Sulfur dioxide can be ~old for direct use. However, the market 

for by-product sulfur in this form is relatively small. 

If by-product sulfur is to be disposed of as waste material, it 

must be converted to some solid material. The conversion starts with 

reacting sulfur oxide, usually sulfur dioxide, with scrubbing reagents. 

The product is either a solid sulfite or a solid sulphate. This material 

is eventually transported to dump sites for disposal. However, in some 

places this material may be sold, but rarely for its sulfur value. 

Approach and Methodology 

The international market is divided into regional markets. These 

are defined primarily by geographic location but to some extent by pro

duction and consumption concentration. These markets are: 

1. Northwestern Europe (excluding Spain and Portugal). 

2. Canada. 

3. u.S. 

4. Mediterranean (including Southern Europe, Spain, Portugal, Israel, 

Lebanon, and North Africa). 

5. Asian (west of the Middle East, including Japan). 

6. Oceania (Australia, Papua New Guinea, and New Zealand). 

7. Carribean and Central America. 

8. Mexico. 
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9. South America. 

10. Africa (excluding North Africa). 

Supply and demand forecasts may be made as a single number or as 

a range of values. Ranges are usually difficult to define and may have 

little statistical meaning. Therefore, a single-number forecast is used 

in this study. This is assumed as the midpoint around which year-to-year 

fluctuations are expected to occur. 

The supply and demand for each region is forecast and the regional 

balances for each year of the forecast period are computed. Supply is 

forecast by source--non-discretionary sources first and then discretionary. 

Non-discretionary sources are treated in the following order: 

1. Smelter operations 

2. Natural gas processing 

3. Crude oil refining 

Discretionary sources are treated in the following order: 

1. Frasch 

2. Pyrite 

Sulfur From Base Heta1 Smelters 

Copper, zinc, lead and nickel metals are produced primarily from 

sulfide ore minerals. During the smelting of concentrates for the recov

ery of these metals, the sulfide ore minerals react with oxygen to even

tually produce elemental metals or metal oxide as an intermediate product, 

and sulfur dioxide. The general chemical reaction equations for the 

smelter process are: 



MXS + 1-1/2 02 t M + XO + S02 for copper, and 

MXS + 2 02 t MO + XO + S02 for zinc and lead, 
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where M represents the base metal to be recovered and X represents metal

lic impurities existing in chemical combinations with the base metal and 

sulfur in the sulfide ore minerals. 

To conform to air quality regulations, the amount of sulfur 

dioxide that can be emitted into the atmosphere must be reduced to per

missible levels. Two technologies for reducing the sulfur dioxide are: 

(1) scrubbing, resulting in the production of a solid disposable waste 

material, and (2) contact process, resulting in the production of sulfuric 

acid which can either be sold or neutralized to a disposable waste material. 

Acid-producing technology is the most widely used. The produced 

acid is usually marketed. Investigations done to date indicate that 

applications of scrubbing techniques have been limited by technical prob

lems and the relatively high costs associated with the process compared 

to those associated with acid-producing process [19, 20]. Even though the 

feasibility of acid neutralization technology has been mentioned in the 

literature, no application of the method is identified. Use of the 

neutralization method requires additional investment in plant and facili

ties, as well as in land where the waste material would be deposited. 

Factors which may lead to the choice of neutralization as a method of 

disposing of acid include: (1) acid marketing costs higher than those 

associated with neutralization and waste disposal, and (2) a limited 

market for the acid. 

Market availability for smelter acid has been investigated. It 
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was found that in the past, the acid was readily sold. It was further 

found that about 78 percent of the ne\. capacity is already committed to 

the fertilizer industry [21]. Acid production is the most desirable way 

to meet S02 emission regulation requirements. It is, therefore, assumed 

in this study that smelters produce only acid in the process of reducing 

the S02 emissions to permissible levels. 

Basis for Forecast and Computation of Smelter Sulfur Production. 

Forecasts for the regional production of smelter acid are based on the 

following: 

1. Projected production of copper, zinc and lead from their sulfide 

ores. 

2. Permissible S02 emissions from the smelter operations. 

3. The emmission factor of S02 from smelter operations. 

In computing the sulfur equivalent of sulfuric acid produced from smel-

ters. first, the amount of SO evolved from smelter operations is computed. x 

Second, based on the required abatement efficiency, the amount of S02 

recovered is computed and converted to an acid equivalent. Finally, the 

sulfur equivalent of the acid is computed .. The formula for computing 

recovered S02 follows: 

where 

S .- = ER (ton) x (RE) x (ME) x (HT) x (PR) 
w 

Sw amount of sulfur oxide, converted to acid during a specified 

smelting operating period; the period here is one year 

S' S per metric ton of metal produced by a smelter 
w w 
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ER emission factor, which is defined here as the daily amount 

of S02 generated per ton of metal produced 

RE = recovery efficiency, defined as percentage of SO recovered x 

by an abatement process 

ME unit weight of concentrate required to produce a unit weight 

of metall 

MT total tonnage of metal produced during the specific period, 

one year 

PR production period in days 

The only variable to be projected here is metal production (~lT). 

Data are generated and treated on a regional basis in parts of this study. 

Data on emission factors (ER) compiled by the U.S. EPA [22] are applied 

for all projections of acid production. These factors are 627 x 10-3 and 

-3 550 x 10 metric tons per metric ton of concentrates of copper and zinc, 

respectively. -3 The factor for lead is 297.5 x 10 metric tons per metric 

ton of metal smelter product. For copper and zinc, approximately 4 and 2 

units of wieght of concentrates are required, respectively, to produce 

one unit weight of metal. 

Recovery efficiency, RE, is determined by air quality regulations 

and conversion efficiency of acid production technology. Present pollu-

tion control regulations require the elimination of fugitive emissions 

and the use of a double-contact conversion process to ensure compliance 

with the regulations. This means that virtually all the sulfur dioxide 

1. This applies only to instances where the emission factor (ER) 
is given as the amount of S02 emitted per unit ton of concentrate. 
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(S02) gas produced in the process of smelting is led to acid plants, 

where about 98 percent of it is converted to sulfur trioxide (S03) used 

for acid production. l According to the equation stated above, the fol-

lowing are the amounts of S02 converted to acid production per metric ton 

2 of metal pruduced by the smelters: 

(627 x -3 x (4) 2.46 mt 
1. For copper, S' 10 mt) x (.98) 

W mt of metal mt of metal 

-3 x (2) 1.08 mt 
2. For zinc, S' 

(550 x 10 mt) x (.98) 
W mt of metal mt of metal 

(297.5 
-3 (.18) .292 

3. For lead, S' x 10 mt) x mt 
W mt of metal mt of metal 

Computations of the sulfuric acid (H2S0
4

) equivalent and subse-

quent sulfur equivalent corresponding to these values of sulfur dioxide 

are based on the weight relationships involved in the chemical reaction 

that leads to the formation of sulfuric acid from sulfur dioxide. The 

chemical equation of this reaction can be represented as: 

Accordingly, one mole of S02 is converted to form one mole of sulfuric 

acid and one mole of the acid contains one mole of sulfur. In terms of 

weight relationships in the reaction, two unit weights of S02 are con-

1. Th' . 1 . 1 1 I" . h SO 1 ~s ~mp ~es an a most comp ete comp ~ance w~t x sme ter 
emission control requirements. 

2. The formula for copper applies to acid associated with the 
production of nickel in Canada as well. 
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verted to 3.06 units of weight of H
2

S0
4 

having one unit weight of sulfur. 

1 sulfur. Thus, the following are the formulas for determining the weight 

of sulfuric acid in metric tons.: 

2 2.46 x 1.53 x copper metal produced (}IT) 

For zinc, 1.08 x 1.53 x zinc metal produced (}IT) 

For lead, HZ.S04 = .292 x 1. 53 x lead metal produced (!>IT) 

The sulfur value--elemental sulfur equivalent--of the sulfuric acid is 

computed by dividing the sulfuric weight by 3.06 units. Alternatively, 

if the value of sulfur were to be determined directly from the amount Of 

S02 converted, the amount of SOZ W0~_j be divided by 2. 

Sulfur from Natural Gas 

Raw sour natural gas contains hydrogen sulfide (H
2

S) at levels 

which require most of the hydrogen sulfide to be removed before the gas 

is acceptable for both transportation and marketing. Hydrogen sulfide 

and natural gas exist as a mixture and the separation of the two is merely 

a physical process. However, because hydrogen sulfide is both toxic and 

explosive, its separation from the natural gas must be followed by an 

environmentally acceptable nlethod of disposal; it must be converted to 

the form which does not pose danger resulting from the toxic and/or 

1. One mole of sulfur dioxide (S02) weighs about 64 x 10-6 metric 
tons, that of sulfuric acid H2S04 weighs 98 x 10-6 metric tons, and that 
of sulfur weighs 32 x 10-6 metric tons. 

2. This is, in essence, a conversion factor; each unit weight of 
S02 converts to 1.53 units of 100% H2S04 . 
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explosive nature of hydrogen sulfide. At the current stage of tech-

nology, the Claus process is the most efficient, convenient and environ-

mentally safe method by which the hydrogen sulfide can be handled. As 

noted earlier, this process leads to production of sulfur in elemental 

form. As is the case of crude oil, virtually all the sulfur recovered 

from natural gas comes out in elemental form. 

Basis for Forecast and Computation of Sulfur Recovery from Natura~ 

Gas. The amount of recovered sulfur from a gas depends on: (1) the level 

of H2S in saleable gas accepted by the gas market, or that level accept

able by the transport technology, (2) permissible emissions of SO and 
x 

H
2

S from the Claus plant stack gas, (3) the concentration of H
2

S in the 

raw sour gas, and (4) the level of sour gas production (or plant input). 

Forecasting methods are discussed later, on a regional basis. 

However, two methods are used in forecasting the sulfur expected to be 

recovered from natural gas. The first uses a regressed relationship 

between sulfur production and acid production. In this method the past 

production of sulfur and natural gas is used to estimate the relationship. 

It is based on the assumption that future relationships will not be sig-

nificantly different from that of the past and that the levels of H2S in 

the gas to be produced in the future will not be also significantly dif-

1 different from the level of gas produced in the past. This method is 

used where past data on production of both natural gas and associated 

1. The relationship is used in situations where there are indica
tions, or where it is assumed, that the sulfur characteristics of natural 
gas reserves or resources, from which future gas supplies will come, are 
not significantly different from those reserves or resources which have 
been exploited earlier. 
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sulfur are available and where statistics show significantly strong 

relationships between the natural gas production and associated sulfur 

production. The second method, however, uses the following formula in 

computing the level of sulfur recovery expected in the future from sour 

natural gas operations: 

Sp 
(k

HS
) x (Vg) x (RE) x (32 x 10~3)1 metric tons 

(22.4) 

-3 (k
HS

) X (Vg) x (.98) x (32 x 10 ) metric tons 

224 

= (k ) x (Vg) x (1.40) x 10-3 metric tons 
HS 

where Sp is the amount of elemental sulfur produced or recovered, in 

metric tons, K
HS 

is the percentage by volume of H
2

S in processed gas, Vg 

is the volume in cubic meters of gas produced by operations which use 

the Clause process to recover sulfur, and RE is the recovery efficiency. 

Recovery efficiency is determined primarily by Claus technology. It is 

about 98 percent. 

The amount of gas processed by operations which use the Claus 

process (Vg) is the only variable to be projected. Gas is processed at 

the production site because, in order to transport it, the level of H2S 

must be low enough to avoid damaging corrosion. For the same reason, 

natural gas can only be stored after removal of H2S. Vg is, therefore, 

equal to the production of sour natural gas plant using the Claus process. 

Bases for the forecast are discussed by region. 

-6 1. This constant results from: (1) the molar weight of H2S, 32 x 
10 metric tons; and (2) the molar volume of H2S, 22.4 x 10-3 cubic 
meters at Standard Pressure and Temperature (STP). 
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Sulfur from Crude Oil Refineries 

Crude oil contains sulfur, most of which is chemically bound in 

complex organic compounds. Based on their sulfur content, crude oils 

are generally classified into two categories: sweet crude oil and sour 

crude oil. A sweet crude oil contains no more than 0.5 percent of sulfur 

by weight. Crude oil with sulfur content above 0.5 percent by weight is 

classified as sour. Due to carbon and sulfur chemistries, sulfur content 

of crude oils tends to be related to the density of the crude oils. High 

sulfur levels are generally associated with high molecular weight hydro

carbons. As a result, world heavy crude oils (those ~ith low number of 

degrees API) tend to be high in sulfur. Also, on distillation the sulfur 

in crude oil tends to remain in the heavier, higher boiling point frac

tions, leaving a relatively low sulfur content in the lighter, lower 

boiling point fractions. 

Environmental regulations and market product quality specifica

tions require that sulfur levels in crude oil products be relatively low. 

Therefore, sulfur recovery processes have come to be a part of crude oil 

refining operations. Sulfur recovery technologies involve treating crude 

oil and/or crude oil products with hydrogen. Hydrogen reduces sulfur in 

the organic compounds to hydrogen sulfide (H
2
S). Hydrogen sulfide is then 

passed to a Claus plant where it is reacted with oxygen to produce sulfur 

dioxide and water. Subsequently, sulfur dioxide reacts with excess hydro

gen sulfide to produce elemental sulfur and water. The Claus plant 

chemical reactions can be represented as follows: 



H2S + 1-1/2 02 t S02 + H20 

H2S + S02 t S + H20 
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As shown above, crude oil sulfur recovery technology leads to production 

of elemental sulfur. This explains "hy relatively insignificant amounts 

of sulfur in other forms are produced by refineries. 

Sulfur production from crude oil depends on the following factors: 

(1) crude oil throughput, (2) sulfur content of the crude oil, (3) refinery 

product slates, (4) process of refining, (5) sulfur recovery capacity, and 

(6) stringency of both air pollution control regulations and market speci

fications for qualities of crude oil products. In addition to the trend 

by industrialized nations toward imposing more stringent air control regu

lations, overall non-communist "orld future sulfur production from crude 

oil is seen in the light of some trends which are expected to characterize 

the non-communist oil industry. These trends are: increased dependency on 

heavy sour crude oil as a supply base for refinery feedstocks, changes in 

future petroleum product demand patterns expected to result in relative 

growths in demand for lighter, sweeter product, and subsequent increases 

in the capability of refineries to handle both heavy sour crude and 

recovered sulfur. 

Two major factors are expected to facilitate the non-communist 

world's great dependence on heavy, sour crude as a refinery feedstock 

supply base. The first is the relative abundance of heavy sour crude as 

opposed to the relative scarcity of light sweet crude. The second is the 

changing relationship between light sweet and heavy sour crude oil price 



33 

differentials and the costs associated with processing and desulfuriza-

tion of heavy sour crude to obtain high yields of lighter, sweet crude 

oil, products. 

Historical trends in crude oil reserve exploitation account for 

the present and future expected light sweet crude oil and heavy sour crude 

oil reserve ratio. In the past, greater preference has been shown for 

light as opposed to heavy sour crude oil. The relative ease with which 

refiners were able to meet both the demand for relatively high-priced 

light products as well as stringent air pollution control regulations and 

product quality specifications by refining this crude type was a major 

factor in this preference. As a result of the past trends, however, light 

sweet crude oil reserves were depleted faster than were heavy sour crude 

reserves. By the mid 1970's OPEC's heavy sour crude oil reserves had 

surpassed those of light sweet crude oil. But, they were still being 

exploited at much slower rater than were the light sweet crude reserves. 

Heavy sour crude oil reserves were 5.5 times those of light sweet crude 

oil [23]. However, reserve-to-production ratios, which can be used as a 

basis for comparing relative rates of exploitation, were approximately 50 

d 33 f h d 1 , h d 'I ' 1 1 an or eavy sour an 19 t sweet cru e 01 , respect1ve y. These 

trends continued into the 1970's as well. 

The U.S. has also experienced changes in the crude oil reserves 

relationship and relatively faster depletion of the light oil reserves. 

1. By country, however, these ratios may be different. In par
ticular, in Venezuela, almost all of the reserves are heavy and sour; 
in North Africa and Indonesia, the bulk of the reserves are light and 
sweet; finally, in the U.K. and Nigeria, the reserves are light and medium 
sour. 
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In the late 1960' s about 64 percent of U.S. crude oil reserves \vas 

classified as light sweet and 66 percent of production was light sweet 

crude oil [24]. In recent years, however, continued faster depletion of 

established light sweet crude oil reserves, coupled with discovery of neH 

heavy sour crude oil reserves, have resulted in substantial declines in 

"the proportion of light crude oil in the United States. With the dis

covery of Prudhoe Bay field in Alaska, the proportion of light S\veet crude 

reserves has declined to 42 percent. The role of light SHeet crude oil as 

a feedstock supply base in the U.S. is bound to be reduced by enhanced 

production of both Prudhoe Bay reserves and the Californian reserves. 

A greater proportion of crude oil reserves outside the OPEC and the U.S. 

are also in the heavy crude category. 

T\.o Horld petroleum companies, Amoco and Gulf, estimate that cur

rently more than SO percent of the non-community world's oil reserves are 

in the heavy sour crude category [25]. Therefore, barring any unforeseen 

large discovery of light sweet reserves in the non-communist world, crude 

oil refiners are expected to depend primarily on heavy sour crude as 

their feedstock supply base. 

As has already been mentioned, another factor, also expected to 

influence this trend, is that greater incentives to increased dependence 

on heavy sour crude in the future will be created by the already changed 

relationship betHeen light SHeet crude oil and heavy sour crude oil price 

differentials and costs associated with heavy sour crude conversion and 

desulfurization. In 1977, the price of one of the least desired crude 

oils, Saudi Arabian heavy with gravity 27° API and 2.S5 percent sulfur, 
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was about $11.70 per barrel. The price of one of the most desired crude 

oils, Algerian light (42 0 API and 0.10 percent sulfur) was about $14.37 

per barrel. Thus, differences in prices between the very heavy, sour 

crude and the very light sweet crude was about $2.67 per barrel. At the 

time, the total cost of conversion and desulfurization of the least 

desired crude oil to yield products equivalent in quality and quantity 

to those produced by straight distillation of the most desired light 

sweet crude was about twice the crude oil price difference. 

This relationship has, however, changed in recent years. The 

crude oil price differential has increased very rapidly both in absolute 

terms and in relation to conversion and desulfurization costs. The 1981 

price of Saudi Arabian heavy was about $31.00 per barrel; that of Algerian 

light about $41.00 per barrel. This brought the current heavy sour crude 

and light sweet crude price differential to about $10.00 per barrel. 

However, costs have not changed much. A study by Colin F. Carter [26] 

showed that the highest cost of converting and desulfuziaing Saudi Arabian 

heavy to an equivalent of a light sweet crude of 44.3 0 API and less than 

0.1 percent sulfur was about $3.35 per barrel in 1979. The current cost 

is about $3.95 per barrel [27]. In constant dollars, this value has in 

fact fallen. The least desired crude oil, based on gravity and sulfur 

content, in the market is probably the Bachaquero (14 0 API and 2.8 percent 

sulfur). The same study [28] has shown that the highest cost of convert

ing and desulfurizing this crude oil to an equivalent of crude oil with 

gravity of 44.20 API and a 0.2 percent sulfur was about $4.48 per barrel 

in 1979 and is about $4.87 per barrel currently. Thus, due to recent 
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trends in crude oil prices, heavy sour crude oil and light sour crude 

oil price differentials have increased to a level greater than double 

the costs of processing heavy sour crude to yield products equivalent to 

those produced by processing light sweet crude. In general, the price 

differential is expected to remain above these costs. This relationship 

is bound to facilitate greater dependence on heavy sour crude oil in the 

same manner that the past price differential-process cost relationship 

facilitated greater dependence on heavy sour crude oil. 

Against this background are the expected relative increase in the 

demand for lighter products and subsequent adjustments in the refinery 

sector to increase both heavy sour crude handling capability and recovered 

sulfur capacity. The adjustments are at various stages in the non

communist world. In Japan, where refiners and the economy have the longest 

history of dependence on heavy sour crude, virtually all the refineries 

are capable of handling this crude type and recover sulfur in order to 

meet both the market demand for crude petroleum products and air pollution 

regulations. Although the U.S. has until recently depended more on light 

sweet crude, the process of adjustment in the refinery sector is underway. 

By volume, the majority of refineries are already capable of handling 

heavy sour crude [29]. Furthermore, more investments aimed at expanding 

heavy crude oil capability expansion are being undertaken across the 

entire refining sector in the country [30]. A similar trend is expected 

to be followed in West Europe. The European market is bound to compro

mise the nature of their crude oils that will supply their refineries 

with their crude oil product demand pattern. Although the less developed 
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oil-producing countries are still in the process of developing their 

oil refining sectors, the trend has been toward construction of hydro-

processing based facilities as well as sulfur recovery plants. On the 

supply side, most of these nations are constrained by the relative 

abundance of heavy sour crude oils which they may not only develop and 

produce but also refine in order to maximize their earnings from the oil 

trade. On the demand side, they are constrained by requirements for 

lighter, sweeter products by industrialized markets. A move toward 

hydroprocessing and desulfurization is, therefore, inevitable. 

Basis for Forecast and Computation of Sulfur Recovered from Crude 

Oil. The general equation used here for computing the expected sulfur 

production from regional crude oil refineries can be represented as 

follows: 

where 

Sp W x E
f 

x P 
c s 

Sp the amount of sulfur produced from crude oil processed in 

the regional refineries in a year 

W the amount of crude oil processed in the regional refineries 
c 

in a year 

E
f 

refinery sulfur recovery efficiency, defined as percentage 

of sulfur available in crude oil recovered during refining 

and/or associated desulfurization operations 

P
s 

level of sulfur content in the crude oil processed in 

regional refineries 
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The only term, among the exogenous terms in the equation, which is 

expected to vary significantly with time is W , the amount of crude oil 
c 

processed. It is, therefore, the only exogenous variable projected so 

as to obtain the annual sulfur production from crude oil. The sources 

of data base for and the methods of projecting this variable differ from 

region to region. They are, therefore, discussed by region. 

The refinery sulfur efficiency, Ef , depends on refining and sulfur 

recovery technologies applied in processing crude oil. As has already 

been discussed, the shift is toward dependence on heavy sour crude as 

refinery feedstock. This situation dictates application by hydroproces-

sing and hydrodesulfurization technologies in the refineries. The 

already discussed adjustments in this sector, in essence, entail construc-

tion of refinery plants using these technologies. Sulfur recovery effi-

ciency for a combination of these technologies in a commercial-size 

refinery plant is about 90 percent l [31]. Thus, in a hydroprocessing 

and hydrosulfurization plant an average of about 90 percent of available 

sulfur in crude is recovered as elemental sulfur through a Claus plant 

whereas the remaining 10 percent remains in products and/or goes out 

the stack. Because the non-communist refineries are expected to apply 

the above technologies, the value of Ef , sulfur recovery efficiency, 

applying to the above equation is 0.90. 

The value of tenn Ps ' the percentage of sulfur in crude oil, is 

expected, on both regional and refinery bases, to be a function of crude 

1. Exxon Research Engineering has achieved an efficiency of about 
97 percent on a pilot plant processing Venezuelan heavy crude. 
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oil mix, as crude is expected to be supplied from several sources with 

no party in the crude oil industry expected to supply or receive a homo-

genous type of crude oil. On the supply side, the producers are expected 

to continue implementing the policy of concurent development and pro duc-

tion of crude oil which, though in the heavy sour category have a range 

of gravity and sulfur characteristics. On the demand side, the consumers, 

in an effort to increase their supply security, are expected to depend on 

crude oils from different sources and hence with different gravity and 

sulfur characteristics. 

In light of the shift toward heavy sour crude, the non-communist 

world's crude oil mix is expected to be similar to that of Japan. As 

already mentioned, Japan has the longest history of dependence on heavy 

sour crude. Its crude slate is considered to be the most advanced. For 

an eleven-year period, 1968-1978, average sulfur levels in crude refined 

in Japan were about 1.55 percent with 1.82 and 1.43 percent being maximum 

and minimum, respectively [32]. On the other hand, durirtg the same period 

the average sulfur level of the non-communist countries, including Japan-

ese, crude oil was about 1.32 percent with 1.36 and 1.29 being the maximum 

and minimum, respectively [33]. These figures would be much lower if the 

Japanese crude mix is excluded. However, changes which have already been 

pointed out are expected to make the crude oil mix handled in the non-

communist world be not significantly different from that of Japan. There-

fore, the value of P to be applied to the equation above will be 1.55, 
s 



the average sulfur level in the Japanese crude oil mix. l 

As a result of the above considerations, the general equation 

stated above becomes: 

Sp w 
c 

x .90 x .0155 = 0.01395 W 
c 

2 

with only one endogenous variable, Sp, and one exogenous variable, W . 
c 

Sulfur from the Frasch Industry 
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The Frasch industry has been the major supplier of sulfur to the 

international market for almost a century. This role may, however, 

change considerably in the future even though the Frasch industry may 

remain a major supplier of commercially produced sulfur. Sulfur deposits 

that can be economically exploited by Frasch technologies are found on the 

Gulf Coasts of the U.S. and ~lexico, in Iraq, and in Poland. Known re-

serves in these regions are either being exploited or have been exploited 

already. Table 1 summarizes changes in the status of the U.S. and ~lexican 

Frasch sulfur mines during the current century. 

The position of the Frasch industry has been weakening in recent 

years. In the U.S. Frasch sulfur industry alone, at least a total of 

eleven mines have been closed since 1970 (see Table 2), with only three 

new ones opened (see Table 1). The losses in production resulting from 

1. Except for Mexican and Central American and Caribbean Regions 
where 1.7% sulfur is used. More discussion on this is given in respec
tive sections. 

2. Except for the regions where expected sulfur recovery capacity 
is used to forecast sulfur production from refineries. 



Table 1. Status of U.S. and Mexican Frasch Sulfur Mines, 1980-1981a 

Property 

Sulphur Mine, LA. 
Bryan Mound 
Gulf Hill 
Hoskins Mound 
Big Creek 
Pa1angana 
Boling Dome 
Boling Dome 
Long Point 
Jefferson Island 
Grand Ecai11e 
Boling Dome 
Boling Dome 
Clemens Dome 
Orchard Dome 
Long Point 
Moss Bluff 
Starks Dome 
Spind1etop 
Bay St. Elaine 
Damon Mound 
Garden Island Bay 
San Cristobal 
Nash Dome 
Jaltipan 
Chacahou1a 
Salinas Mine 
Nopa1apa Mine 
Fannett Dome 

Producing Company 

Union Sulphur Co. 
Freeport Sulphur Co. 
Texas Gulf Sulphur Co. 
Freeport Sulphur Co. 
Union Sulphur Co. 
Duval Texas Sulphur Co. 
Union Sulphur Co. 
Texasgu1f Inc. 
Texasgu1f Sulphur Co. 
Jefferson Lake Sulphur Co. 
Freeport Sulphur Co. 
Duval Texas Sulphur Co. 
Baker-Williams 
Jefferson Lake Sulphur Co. 
Duval Corporation 
Jefferson Lake Sulphur Co. 
Texasgu1f, Inc. 
Jefferson Lake Sulphur Co. 
Texasgu1f, Inc. 
Freeport Sulphur Co. 
Standard Sulphur Co. 
Freeport Sulphur Co. 
Azufre Golfo de Mexicano 
Freeport Sulphur Co. 
Cia. Azufrera Panimericana 
Freeport Sulphur Co. 
Cia. de Axufre Veracruz 
Cia. Exp1oradora del Istmo 
Texasgu1f Inc. 

Starting 
Date 

12-27-04 
11-12-12 

3-19-19 
3-31-23 
3-06-25 

10-27-28 
11-14-28 

3-19-29 
3-19-30 

10-20-32 
12-08-33 

3-23-35 
6-02-35 
5-03-37 
1-29-38 
6-07-46 
6-24-48 
6-15-51 
5-12-52 

11-19-52 
11-11-53 
11-19-53 
12-07-53 

2-03-54 
9-26-54 
2-25-55 
5-03-56 
2-08-57 
5-06-58 

Closing 
Date 

12-23-24 
9-30-35 
8-10-36 
5-26-55 
2-24-26 
3-10-35 
8-30-29 

Producing 
10-19-38 

6-07-36 
12-12-78 

4-25-40 
12-18-35 
12-14-60 

4-10-70 
Producing 
Producing 
12-13-60 
2-02-76 

12-29-59 
4-20-57 

Producing 
5-05-57 

11-23-56 
Producing 

9-28-62 
12-26-69 

2-17-60 
2-28-77 

Current b 
Production 

898,735 

126,349 
159,163 

1,023,875 

942,965 

Total 
Productiona 

9,412,165 
5,001,068 

12,349,597 
10,895,09l 

1,710 
236,662 

8,009 
77,478,794 

402,105 
430,811 

40,398,426 
571,123 

1,435 
2,975,828 
5,494,557 
8,463,470 
9,191,228 

840,289 
9,837,450 
1,131,204 

139,618 
20,619,887 

162,027 
151,349 

28,040,589 
1,199,0l5 
3,868,957 

322,243 
3,477,251 "'" I-' 



Table 1. -- Continued 

Property 

Texistepec Mine 
High Island Dome 
Grand Isle 
Lake Pelto 
Gulf Hill 
Sulphur Mine, La. 
Nash Dome 
Fort Stockton 
Bryan Mound 
Chacahou1a 
Nopa1apa Mine 
Fort Stockton 
Lake Hermitage 
Caminada Pass 
Bully Camp 
San Cristova1 
High Island Dome 
Culberson 
Texistepec Mine 
Comanche Creek 
Phillips Ranch 
Cai110u Island 
Coachapa 

Producing Company 

Central Minero S.A. 
United States Sulphur Co. 
Freeport Sulphur Co. 
Freeport Sulphur Co. 
Texas Gulf Sulphur Co. 
Allied Chemical Co. 
Phelan Sulphur Co. 
Duval Corp. 
Hooker Chemical Co. 
John \01. Hecom 
Cia. Exp1oradora del Istmo 
Arco & Farmland Ind. 
Jefferson Lake Sulphur Co. 
Freeport Sulphur Co. 
Texas gulf, Inc. 
Union Texas Petroleum Co. 
Pan American Petroleum Co. 
Duval Corp. 
Cia. Exp1oradora del Istmo 
Texasgu1f, Inc. 
Duval Corp. 
Freeport Sulphur Co. 
Cia. Azufrera Panamericana 

S.A. 

Starting 
Date 

6-12-59 
3-25-60 
4-17-60 

11-26-60 
10-08-65 
9-18-66 

11-07-66 
4-15-67 
6-20-67 
7-28-67 

10-18-67 
1-10-68 
3-02-68 
3-17-68 
5-13-68 
7-05-68 

12-06-68 
9-30-69 
1-09-71 

12-08-75 
8-02-80 

10-14-80 
10- -81 

Total U.S. 
Total Mexico 

Closing 
Date 

11-20-61 
2-08-62 

Producing 
9-23-75 

12-28-70 
2-24-70 

10-31-69 
4-09-70 
8-10-68 
3-15-70 
1-11-71 

Producing 
3-17-72 
3-24"':'69 
7-08-78 
9-21-68 
5-28-71 

Producing 
Producing 
Producing 
Producing 
Producing 
Producing 

Current b 
Production 

1,112,797 

53,898 

2,155,440 
682,557 
398,813 

60,147 
264,836 
18,000 

6,254,053 
1,643,522 
7,897,575 

Productiona 

9,114 
36,788 

21,722,832 
5,621,501 

502,425 
67,719 

171,099 
578,559 

5,180 
154,063 
348,091 

1,587,425 
440,553 
325,486· 

1,724,915 
209 

110,384 
21,427,917 
6,292,571 
1,343,795 

79,673 
266,944 
18,000 

276,875,609 
39,061,592 

315,937,201 

a·Derived from industry data compiled by Duval Corp. for Frasch Sulfur Production to January 1981. 

b·Production is given in long tons (1.016 metric tons). 
.l>
N 
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Table 2. U.S. Frasch Mines Closed Between 1969 and 1981a 

Total 
Output 

(mHlion 
Operating Date F~.rst long 

Company ~Iine Closed ?roduction tons) 

Freeport Chacahuola, La. 3/1970 2/1955 1.35 

Freeport Sulfur IIine, La. 3/1970 12/1884 9.48 

Duval Orchard, Tex. 4/1970 1/1938 5.49 

Texasgulf (lId Gulf, Tex. 5/1970 3/1919 12.48 

Pan P.m Petro. l:ligh Island, Tex. 5/1971 12/1968 0.10 

Jefferson Lake Lake Harnil, La. 3/1972 3/1968 0.44 

Freeport Lake Pelto, La. 9/1975 11/1960 5.62 

Texasgulf Spindle Top, Tex. 2/1975 5/1952 9.80 

Texasgulf fannett DOT!1e 2/1977 5/1958 3.48 

Texasgu1f Bully Camp 7/1978 5/1958 1.68 

Freeport Grand Ecai11e 12/1978 12/1933 40.47 

Source: Sulfur, No. 122, Jan/Feb 1976, n.33 

List of Frasch sulfur froduction to January 1982 compiled by 
Duval Corp., and telephone conversation ''lith Ed\,'ard Reed, Freeport 
Public Relations, M.W. date: 8/31/79 

a. Only two mines, Orchard and Lake Pelto were in production 
throughout the periods specified above. The rest ,.ere either ne\J1y 
opened after the mid-1960's, or re-activated in the mid-1960's to 
take advantage of the boom which began at that time. 
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these closures amounted to about 1.4 million tons. With the newly 

opened mines adding only about .7 million tons, the net loss in annual 

production due to the closures was over .7 million tons. The difference 

between 1969 and 1980 production is, however, approximately one million 

tons (see Table 3). Therefore, a loss of about .3 million tons is asso-

ciated with the cut in production by operating mines. Production losses 

due to mine closures and cuts in production by operating mines have not so 

far been offset by the production gains due to opening of ne\v Frasch 

mines. Besides production losses, some reserves which were being ex-

ploited at the closed mines must have been permanently lost when the 

operations ceased. 

The main causes of the mine closures were: (1) economic depletion 

of the existing sulfur reserves, (2) the high cost of fuel, (3) market 

uncertainty, which increased the risk of committing capital to the dis-

covery and winning of ne\V reserves, and (4) the grmving competition from 

abatement sulfur. In order for these conditions to reverse, favorable 

market conditions will have to improve, changes in technologies associated \vith 

exploration and production will have to occur, and the discovery of new premium 

reserves that can be exploited using the present technology will be necessary. 

Except for high fuel costs, problems similar to those facing the 

U.S. Frasch industry seem to face the Mexican Frasch industry. Declining 

production trends can be observed from Table 4 since 1974. Only one 

mine has opened since 1971 (see Table 1). Also, a literature review 

reveals no recent discovery of reserves that would expand the supply base 

1. Based on computation from industry data tables compiled 
earlier prior to compilation of Table 1. 
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Table 3. u.s. Frasch Sulfur Production for 1~60-1980 period 

(thousand metric tons) 

Year Production 

1960 5,117.8 

1961 5,565.1 

1962 5,105.8 

1963 4,960.0 

1964 5,312.0 

1965 6,214.1 

1966 7,114.0 

1967 7,126.2 

1963 7,579.4 

1969 7,260.3 

1970 7,]94.3 

1971 7,137.4 

1972 7,406.€ 

1973 7,726.7 

1974 8,027.4 

1975 7,326.4 

1976 6,364.2 

1977 5,915.0 

1978 5,648.0 

1979 6,348.0 

1980 6,359.0 

Source: u.S. Bureau of Mines, Mineral Yearbooks 1960-1979, Vol. III. 
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Table 4. Mexican Frasch Snlfur Production, 1960-1979 

(thousand metric tons) 

Year Production 

1960 1,261.6 

1961 1,148.5 

1962 1,350.4 

1963 1,480.0 

1964 1,662.0 

1965 1,505.0 

1966 1,637.4 

1967 1,318.9 

1968 1,607.6 

1969 1,613.0 

1970 1,296.0 

1971 1,091. 0 

1972 861.0 

1973 1,544.0 

1974 2,222.0 

1975 2,071.0 

1976 2,041. 0 

1977 1,733.0 

1978 1,818.0 

1979 2,010.2 

Source: U.S. Bureau of Mines, Mineral Yearbooks, 1960-1979, Vol. II!. 
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in the near future. Finally, supplies from the Iraq deposits, mineable 

by the Frasch technique, are limited by production capacity and alterna

tive sources. The competitive position of the Iraqi Frasch sulfur is 

expected to depend on whether sulfur will be recovered from currently 

flared Middle East gas as well as on whether more refining is done in the 

region. 

In light of the conditions reviewed above, the existing mine pro

ductive capacity is seen as the maximum production a mine can achieve 

during any year in the future. The minimum may be zero. The minimum may 

result in depletion of the eixsting reserves, assuming the Frasch industry 

economics and the sulfur market conditions are able to support continua

tion of production to the point where the reserves are exhausted. On the 

other hand, the minimum may result from a mine closure, before the 

existing reserves are exhausted, due to unf~vorable changes in the Frasch 

industry and/or sulfur market in general. The basis of forecasting sulfur 

production is discussed by section later in the text. 

Sulfur from the Pyrite Industry 

The role of ferrous sulfide as a source of sulfur has been 

declining since the end of World War II. Although the detailed discus

sion is covered later in the text on a regional basis, generally the 

current picture and the expected situation of the world industry can be 

seen in light of recent and current status of the industry in regions and 

countries which have, in the past, been major producers of pyrite as a 

sulfur source. Japan, which retained one of the leading positions in the 

pyrite-based sulfur industry, closed most of its pyrite mines in recent 
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years, reducing production considerably [34]. Although Spain still 

remains the lqrgest producer of pyrite-based sulfur in the world, the 

industry owes its strength to government protectionist policy 'vhich 

restricts competition that would otherwise have come from foreign sources 

of sulfur, and the strength of acid-consuming industries in the domestic 

economy. Review of world sulfur resources [35] also shows that the in

dustry has declined considerably in the countries and regions which were 

significant producers of sulfur from pyrite. 

The situation has resulted primarily from reserve depletion, in

creased competition emerging from other sources of sulfur, the stringent 

air pollution control regulations which pyrite process plants are to 

conform with, and relatively costly capital required to modernize and/or 

replace old plants. It is unlikely that this situation will change in a 

direction that would favor the pyrite industry. The following assumptions 

are, therefore, relevant to the projection of sulfur production from 

pyrite: 

1. The production will have to come from the existing mines, pro

vided that reserves associated with them are sufficiently large 

to support the expected production. 

2. Competition from other sources will allow for some market share 

to sustain the expected production. 

In the event that neither of the above conditions exist, the pyrite 

industry is expected to disappear. 
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Method of Forecasting Demand 

The method of forecasting demand depends on the type of data 

available for each region. In some regions, particularly North America, 

Western Europe and Japan, data on the variables that can support the use 

of a regression model are available. For these regions, therefore, a 

regression model is used. On the other hand, there are some regions for 

which such data do not exist but where present activities suggest a change 

in the pattern or in the e~tent of sulfur consumption in the future. A 

non-regression model is used for such regions. 

Regression Model. As pointed out before, the demand for sulfur 

in industrialized economies depends on sulfur consumption in two sectors: 

(1) the industrial sector, and (2) the phosphatic fertilizer sector. A 

regression model is, therefore, developed based on historical data, and 

is then used for forecasting sulfur demand in these regions. Thus, the 

model will be specified as follows: 

where 

D = f(IP, FP) 
s 

IP index of industrial production 

FP phosphatic fertilizer production in tons 

DS consumption of sulfur 

The functional forms of the models are specified by region later in this 

text. To project the sulfur consumption, the explanatory variables are 

to be projected first. The method of forecasting the variables as well 

as the data source are discussed later in this text. Durbin-Watson (D.W.) 
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statistics and residual plots were examined to identify the existence 

of significant serial correlations in every regional model prior to using 

the model for forecasting. The results, for those cases in which D.W. 

indicated a problem, were not significant, as indicated by the plots. 

Non-Regression Model. Most less-developed regions have only a 

short history of fertilizer consumption and production as well as indus

trialization. Two major shortcomings arise from the use of the regres

sion model in these cases. First, reliable historical data are not 

available. Second, if reliable data were available, the regression model 

developed using such data would not be adequate for use in extrapolating 

the future. Because these countries are still at the development stage, 

the future fertilizer situation is not likely to be the same as in the 

past, thus making the model based on the past subject to misinterpreta

tion of the future. Both parameters and functional relationships of such 

a model will change significantly in the future. 

A non-regression approach is, therefore, used for projecting 

sulfur demand. The projection is based on a sulfur consumption/fertilizer 

output weight relationship. The general form of the formula is: 

SC = kF FP 

where SC is the amount of sulfur consumed and FP is the corresponding 

amount of fertilizer output. kF is a constant representing the amount 

of sulfur consumed per unit weight of fertilizer produced. This factor 

depends on fertilizer production technology and chemistry. The only 

variable projected here is FP. The forecasting method is discussed later 

in the text. It has been pointed out that regional consumption and 



production of fertilizer may be affected through substitution. It is, 

therefore, assumed here that types of fertilizer plants built or being 

built reflect the decision based on: 

1. Fertilizer requirements of soil. 

2. Raw material availability. 

3. Government policies which favor production and consumption of 

these types of fertilizers. 

Concepts of International Trade 
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The theory of international trade is well developed. Although 

expressed in various ways, the approach to explaining the causes of 

international trade basically does not vary. Trade is explained in terms 

of differences in the characteristics of some elements of the micro

economics of the trading economies. These elements include: (1) the 

factors of production: labor, capital, technology and natural resources, 

(2) the collective tastes of the consumers or institutions, and (3) pur

chasing power. The theory postulates that trading among different 

economies is caused by differences in tastes and consumption habits as 

well as the level and distribution of income in the trading economies. 

Strictly speaking, the theory refers to relative differences as opposed 

to absolute differences. 

However, as Henderson and Quandt [36] suggest, the differences 

between using micro-economic and macro-economic approaches in the analy

sis are justified primarily by the basic differences in the objectives 

and methods of such analyses, differences that cannot be justified on 

the basis of distinctions bet\~een the two branches of economics--micro 
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and macro-economics--since such distinctions are in a sense artificial. 

Aggregate attributes of macro-economics are merely sums of the individual 

attributes of micro-economics. The implication is, therefore, that the 

causes and the nature of international trade can be predicted on the 

basis of observation of some attributes of macro-economics without 

necessarily looking into the underlying micro-economic factors. These 

attributes are: (1) supply/demand relationships, and (2) transfer cost/ 

price differential relationships. In general, it can be predicted that 

any two economies 'viII be trading partners if one is deficient in a 

commodi ty and another has a surplus. The extent of such trade 'viII be 

determined by the relationships between transfer costs and differences 

in prices in these economies. This is inherent in the effects on net-

backs. 

Determiilants of Expected Pattern of 
International Sulfur Trade 

In general, future international sulfur trading patterns can be 

predicted on the basis of three determinants: (1) supply/demand balances; 

(2) transfer cost/price relationships; and (3) mix of sulfur forms. The 

manner in which supply/demand balances relates to international trade is 

discussed above. The role of the transfer cost/price relationship in 

determining trade patterns is based on the way it affects netbacks. Thus, 

a seller will tend to ship sulfur to markets or regions where the rela-

tionship provides for maximized netbacks. Regarding the mix of sulfur 

forms, the influence is via availability of some specialized facilities 

which can handle some form of sulfur. Some countries have imposed 
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regulations that require that sulfur be handled in certain physical forms 

in order to reduce the incidents of hazards and environmental pollution 

that may arise from handling sulfur. This has resulted in the existence 

of several forms of sulfur in the international market. These forms are: 

(1) liquid or molten, (2) formed, and (3) dry bulk. On the other hand, 

technical and economic feasibilities dictate that sulfur be recovered 

from some processes as sulfuric acid. In some regions, considerable 

amounts of capital have been invested in the construction of specialized 

facilities capable of handling only certain forms of sulfur. On the 

other hand, some regions lack these facilities. Consequently, those forms 

of sulfur which require very specialized facilities for handling can be 

shipped only to regions where such facilities exist. 

In short, the expected pattern of international trade in sulfur 

can be predicted from the following propositions: 

1. That for regions with a sulfur surplus, sulfur trade will have 

a priority over stockpiling. 

2. That regions with a sulfur deficit will be expected to import 

the amount of sulfur required to meet their excess demand. 

3. That for cases with more than one potential trading partner, an 

exporting region will ship its sulfur to the region from which 

1 it can get the greatest net return, assuming other considera-

tions remain the same. 

4. That in cases where specialized facilities are required to handle 

1. The price/transportation relationship is a factor in this 
proposition. 
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particular forms of sulfur, such facilities will be available. 

Buyers or sellers could make these available. 

Propositions 1 and 2 create a necessary condition for interna-

tional sulfur trade. Expected regional sulfur supply-demand balances are 

derived from supply-demand projections. Transport costs can be used to 

establish a basis for comparing the returns that an exporting region may 

get by shipping its sulfur to different potential importers. Computation 

of the actual amounts of returns are not necessary since the comparison 

can be based on the fact that higher transport costs lead to smaller 

returns and vice-versa. Also, for a given form of sulfur, only relative 

transport costs are relevant here. It is not necessary, therefore, to 

project future transport costs. Past freight rates can be used. It can 

be assumed that relationships between the freight rates will not change 

significantly in the future, although the actual values may change. This 

is a reasonable assumption because the literature reviewed reveals that, 

in the past, such relationships have remained almost the same [37]. 

Furthermore, the ocean freight market that handles the bulk of the sulfur 

traded in the international market is approximately competitive with 

route distances being the major factor determining differences in freight 

rates l [38]. 

For non-discretionary producers, the production cost is irrele-

vant because the product is produced so long as the production of the 

main product continues. For discretionary (commercial) producers, the 

1. Except for liquid sulfur, which is shipped by sellers or pro
ducers in leased or owned specialized carriers. 
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production cost must be such that at least a market price which will 

result in a positive netback exists after deduction of transport costs. 

The commercial producers must be able to compete in this market. The 

market may not necessarily be a free one. However, if such a cost/price 

relationship does not exist, the commercial or discretionary producer 

will not- have any reason to continue production. 

Finally, factors which are considered in predicting the mode of 

international trade--supply/demand relationships, .. transfer costs and 

available handling facilities--are also expected to be the determinants 

of the nature of competition and hence, pricing practices and price 

structures in the international market. Therefore, the mode of competi

tion, pricing practices and price structures likely to be developed in 

the international sulfur market are deducible from the resulting nature 

and patterns of the international trade in sulfur. 

Chapter 5 discusses the expected international sulfur trading 

patterns in view of the propositions discussed above and the resulting 

regional sulfur supply/demand conditions based on the projections. 



CHAPTER 2 

HORLD SULFUR SUPPLY 

Sulfur Production in Northwestern Europe 

The bulk of the sulfur produced in NorthHestern Europe is non

discretionary. Only the small amount of sulfur produced from pyrite in 

the area is discretionary. Production of non-discretionary sulfur in 

the region is tied to the following activities: (1) production of copper, 

zinc and lead; (2) production of natural gas and the refining of crude 

oil. 

Sulfur is recovered from copper, zinc and lead swelter opera

tions in this region in the form of sulfuric acid. Aside from acid 

production economics and technological feasibility which generally 

favors the recovery of sulfur in acid form from smelter operations, in 

Northwestern Europe the existence of a large market for sulfuric acid 

within the region itself as well as in the neighboring regions favors 

the production of acid. 

Although Northwestern Europe produces significant amounts of 

copper, zinc and lead metals from ore reserves within the region, sub

stantial amounts of concentrates of these metals are imported. Table 5 

shows the relationship between metal production in the region for the 

1960-1979 period. For this period, on an average annual basis, about 

39 percent of the copper, 49 percent of the zinc and 43 percent of the 
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Table 5. Northwestern Europe Copper, Zinc and Lead Mine Production Statistics 
for the Period 1960-1979 (Production in thousand metric tons of meta1)a 

Copper Zinc 
Hlne rrodun Ion 
•• '.reHta,1 

Kine Salter of Seiller Mtne s..lter 
'oe. Producllon ProchacUoh Production 'roductlon 'roduct1on 

1960 62.6 

1961 76.5 

1962 ".1 

1963 ".3 

1964 S4.5 

UiS 64.7 

1966 66.0 

lM7 61.4 

1961 77.6 

196' It., 
1970 It.l 

1971 ".6 

1972 100.1 

1973 121.1 

1974 122.7 

1975 "., 

1976 121.1 

1977 122.5 

1971 110.1 

1979 120.5 

140.2 

146.9 

15t.3 

153.' 

172.7 

184.2 

113.7 

2U.2 

2]0.1 

241.7 

216.6 

226.9 

290.5 

295.9 

309.2 

301.5 

]]0.0 

]]7.4 

301.1 

362.1 

U 

52 

50 

45 

1I 

lS 

36 

32 

14 

31 .. 
61 

" 
41 

40 

lZ 

19 

16 

18 

44 

237.9 

244.6 

2n.3 

291.4 

218.0 

299.5 

371.5 

lZ3.6 

352.1 

410.1 

476.1 

416.5 

4H.I 

4SO.7 

419.0 

2'7.9 

UI.4 

516.4 

~79.1 

602.6 

692.2 

701.7 

675.5 

681.1 

729.8 

152 •• 

771.7 

728.0 

160.1 

914.9 

195.0 

117.4 

1010.1 

1000.0 

117'.0 

975.0 

1110.1 

1229.4 

lIll.'9 

1296.1 

Min. 'ro;i.ut-Ion 
•• 'erctau._ 
of SMIUr Ktn. 
Production 'roducUoa 

" 
35 

17 .. 
19 

40 

59 

44 .. .. 
5) 

SI 

42 

41 

31 

41 

19 

42 .. 
4' 

1l4.3 

161.1 

142.9 

142.1 

145.2 

1S4.1 

204.1 

212.1 

229.4 

220.2 

221.6 

211.' 

214.4 

211.1 

181.1 

18).1 

196:1 

211.9 

206.2 

252.1 

..... 
S.lur 

Production 

lSt.1 

357.5 

360.5 

365.0 

lZO.5 

361.2 

361.1 

441.4 

422.3 

401.4 

432.9 

389.1 

4]0.1 

·UI.4 

413.4 

428.0 

410.2 

450.9 

4".1 

461.1 

Mlna 'roductlo,;" •• 'erc~t.,. 
of S.ltar 
'roducUoa 

]I 

40 

40 

19 

" 
4] 

56 

52 

S4 

47 

5J 

56 

SO 

46 

19 

.;] 

47 

46 

41 

S4 

•• Coeputatton of pTod~tlon £taurn .... ., on production .tarhtlta fra. U.~. Bunau of "In ••• "J.!!!!~Ir:. '01. t ud 
Ut. I'S. to 1979; u.s. Suuau of "tn.!. Hlner.11 C~It, 'roUh 19!J.::!!!!. for Copper. tine and lAad; and Aalrlcan lur .. u of 
Me'al SI.thlle Yearbook. 1911. 191). and 1979. 

b. Mine production h •• tner ••• ed; for dnc and lead even .h.re h •• recently Incre •• e .lI,htl,. 

\J1 ...... 
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lead smelter production came from indigenous mine production. Over 50 

percent of the smelter production came from imported concentrates. 

However, here it may be assumed that if the domestic resources are 

depleted, the region will retain a Japanese style in which the smelter 

industry is based on imported concentrates. 

Production of Non-Discretionary Sulfur 
and Production of Copper, Zinc and 
Lead in Nor~hwestern Europe 

Projections of smelter production of primary copper, zinc and 

lead for this region were not available. Therefore, regression equa-

tions describing the relationships between weighted average index of 

industrial production for the region and smelter production was used for 

projection. The equation was estimated for each metal using. smelter 

production data for the 1960-1979 period, shown in Table 5, and the 

weighted average index of industrial production for the same period, 

shown in Table 6. In order to forecast the smelter production using the 

estimated equations, it was necessary to first project the independent 

variable. This was done by using an equation based on regressing the 

past index of industrial production on time. Each equation was estima-

ted by using the SPSS computer package. 

According to the results of the regression, a linear equation 

best describes the relationships between past smelter production of each 

metal and the past weighted average index of industrial production. A 

linear equation also best describes the relationships between the index 

of industrial production and time. The equations are: 



Table 6. Northwestern European Region: Weighted Average Index of 
Industrial Production, 1960-1979 

Year Index 
(1975=100)a 

1960 58.6 

1961 61. 2 

1962 63.9 

1963 65.7 

1964 70.1 

1965 72.4 

1966 74.7 

1967 76.1 ' 

1968 81.0 

1969 39.6 

1970 94.1 

1971 94.3 

1972 100.0 

1973 106.0 

1974 108.0 

1975 100.0 

1976 106.7 

1977 108.7 

1978 100.1 

1979 114.3 

a. Computed from Organization for Economic Co-Operation and 
Development, MAin Economic Indicator: Historical Statistics 1960-
1979, June 1980. 
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(-3.3) (13.6)*1 

Copper, SP -79.0 + 3.6 II 

D.\L = 1.5 .91 N = 20 

(0.4) (13.1)1, 

Zinc, SP 26.5 + 10.0 II 

D.H. 1.23 .91 N 20 

(7.6) (6.0)* 

Lead, SP 232.4 + 2.0 II 

D.H. = 1.24 R2 .64 N 20 

R2 = .64 N 20 

(-13.0) (22.0)* 

Index industrial production, II -127.9 + 3.1 Tl-l 

D.H. = 0.9 

N = 20 

where the variable SP is annual smelter metal production in thousand 

metric tons and the variable II is the weighted average index of indust-

rial production (TM = 60 • 79). The projected weighted average index 

of industrial production derived by substituting the value of TM in the 

last equation is shown in Table 7. These data are put in the equations 

for copper, zinc and lead to get the expected smelter production for the 

1. These are t-statistics for the parameters of the regression 
equation. Every t statistic that is significant at the 5% level is 
marked by an asterisk in all equations in the text. 



Tah1e 7. 

Year 

1930 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

a. 

North\oJestern Europe rrojected Copper, Zinc and Lead Annual 
Smelter Production for the Period, 1980-1995 a 

Index of 
Copper Zinc Lead Industrial 

(Thousand (Thousand (Thousand Production 
metric tons) metric tons) metric tons) (1975=100) 

353.4 1227.5 472.5 120.1 

364.5 1258.5 478.8 123.2 

374.7 1289.5 485.0 126.3 

386.8 1320.5 491. 2 129.4 

398.0 1351.5 497.4 132.5 

409.2 1382.5 503.6 135.6 

/120.3 1413.5 508.6 138.7 

431. 5 1444.5 516.0 141.8 

442.6 1475.8 522.2 144.9 

453.8 1506.8 528.4 148.0 

465.0 1537.5 534.6 151.1 

476.1 1568.5 540.8 154.2 

487.3 1599.5 547.0 157.3 

498.4 1630.5 553.2 160.4 

509.6 1661. 5 559.4 163.5 

520.8 1692.5 565.6 166.6 

Projection performed as discussed above. 
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metals. Table 7 further shows the expected production. Corresponding 

expected sulfuric acid production is shown in Table 8. Table 9 shows 

the sulfur values of the expected acid production. The basis for deriv-

ing the acid production from smelter production and the air pollution 

control requirements assumed are discussed in Chapter 1. 

The assumptions on which the use of the equations for projecting 

smelter production and the weighted average index of industrial produc-

tion are based are that the patterns and growth rate of the industrial 

activities as well as those of metal consumption and production will not 

significantly change. Factors which may affect this situation include 

(1) prolonged recession, (2) technological changes, (3) capacity con-

straints, and (4) policies of the governments in the region. 

Forecasting Non-Discretionary Sulfur 
Produced from Natural Gas and 
Crude Oil in Northwestern Europe 

The data base used for projecting the future production of non-

discretionary elemental sulfur from natural gas and crude oil in the 

Northwestern European region was natural gas production and crude oil 

1 consumption projections performed by the International Energy Agency 

[39, 40], European Economic Community [41], and the Organization of 

Economic Co-Operation and Development [42]. These are available for 

individual countries in the Northwestern European region. In this 

1. As explained in Chapter 1, gas production is the relevant 
variable for elemental sulfur production for the gas, whereas crude oil 
consumption, rather than production, is the relevant variable for ele
mental sulfur production from crude oil. 



Table 8. Northwestern Europe Projected Production of Smelter Acid, 
1980-1995 (thousand metric tons H2S0

4
)a 

Copper Smelter Zinc Smelter J"ead ~me1 ter Total Smelter 
Year Based Based Based Add 

1980 1326.4 2028.3 211.1 3565.8 

1981 1371.2 2079.5 213.9 3664.6 

1982 1414.1 2130.8 216.7 3761. 6 

1983 1456.2 2182.0 219.4 3857.6 

1984 1498.0 2233.2 222.2 3953.~ 

1985 1540.1 2284.4 225.0 4()49.5 

1986 1581. 9 2335.7 227.2 4144.8 

1987 1624.1 2386.9 230.5 4244.5 

1988 1665.9 2438.6 233.3 4337.8 

1989 1708.0 2439.0 236.1 4433.1 

1990 1750.2 2540.6 238.8 4529.6 

1991 1791. 9 2591. 8 241.6 4625.3 

1992 1834.1 2643.0 244.4 4721. 5 

1993 1875.9 2694.2 247.1 4817.2 

1994 1918.0 2745.5 249.9 4913.4 

1995 1960.2 2796.5 252.7 5009.4 

a. Acid Production derived as discussed in Chapter 1. 
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Table 9. North,vestern Europe Projected Production of Smelter Acid 
and Sulfur, 1980-1995 (thousand metric tons of su1fur)a 

Sulfur 
Year Acid Value 

1980 3565.8 1165.3 

1981 3664.6 1197.6 

1982 3761. 6 1229.3 

1983 3857.6 1260.7 

1984 3953.4 1292.0 

1985 4049.5 1323.4 

1986 4144.8 1354.5 

1987 4244.5 1386.1 

1988 4337.8 1417.6 

1989 4433.1 1448.7 

1990 4529.6 1480.3 

1991 4625.3 1511. 5 

1992 4721.5 1543./) 

1993 4817.2 1574.2 

1994 4913.4 1605.7 

1995 5009.4 1637.1 

a. Sulfur value computed based on acid production in Table 8. 
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study, the figures were initially treated by country and then aggrega-

ted to get the data base for regional forecasting. 

Natural gas production and crude oil consumption data given by 

these sources reflect most recent programs and policies which the 

countries in the region are expected to implement in order to adjust to 

the expected future world energy situation as seen from current as well 

as from the most recent developments in the world energy situation. In 

general, the programs and policies aim at reduction of dependence on 

crude oil as an energy source and also at minimization of dependence on 

imported oil. The objectives would be achieved through: (1) extensive 

energy saving, (2) employment of funds to promote the use of non-crude 

oil internal energy source, (3) promotion of research and development 

for new energy technologies, and (4) an oil import ceiling. How close 

the sulfur production projection will be to the actual future production 

will depend largely on how close the countries in the region achieve the 

stated objectives. 

The figure for both natural gas production and crude oil con-

sumption were given for selected years: 1978, 1985, and 1990. For the 

use here, the figures for intermediate years are generated by interpola-

tion and those for 1990-1995 are generated by extrapolation. 

Derivation of Expected Sulfur Production 
from Expected Natural Gas Production 
in Northwestern Europe 

Only two countries in the Northwestern European region produce 

sour natural gas from which the sulfur has to be removed before the gas 
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is either marketed or transported. These countries are France and 

Germany. In France, sulfur is produced from sour natural fields at 

Lacq. Gas produced in other areas of the region is categorized as sweet. 

The production of sulfur from sour natural gas produced in France has 

made France the third largest producer of elemental sulfur in the west-

ern world, exceeded only by Canada and the U.S. French gas reserves are 

9 
approximated at 4,800 x 10 cubic feet. In Germany, sour patura1 gas is 

produced from sour natural gas fields in Lower Saxony. The German 

reserves are approximated at 7,300 x 10
9 

cubic feet. The need for the 

diversification of the energy supply base has compelled West Germany to 

increase exploitation of these sour natural gas reserves to supplement 

the s\veetened natural gas it imports fro.m the USSR and SHeet gas from 

other European countries. With the energy programs and policies already 

mentioned, resource availability will be the only major limiting factor 

on the production of sour natural gas in these countries. Besides, 

without much evidence of major discoveries of sour natural gas e1se-

Hhere in the region, these two countries are seen as the only predomi-

nant producers of natural gas-based elemental sulfur. Therefore, the 

data used here to compute the elemental sulfur production from sour 

natural gas are natural gas production for France and Germany only. The 

future relationship between gas production and sulfur production from 

natural gas processes is expected to be similar to past relationships. 

This relationship is described by an estimation equation. The 

equation is estimated using French and German production data for 1966-

1977. Exclusion of data for 1960-1965 is now, however, seen as appro-
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priate because this was an early stage of the gas industry. Here we 

are concerned with recent and future gas production. 

Natural gas-based elemental sulfur production is regressed on 

natural gas production using the SPSS computer package. The data on 

which the regression is based is sho,m in Table 10. The estimated 

regression equation together with relevant statistic's are shown below: 

(7.9) (4.25)* 

SD 1330.6 + 0.796 ND 

R2 .62 N 13 

where variable SD is the annual natural gas-based sulfur production in 

metric tons and ND is the corresponding annual gas' production in 10
9 

cubic feet. 

The gas production variable, ND, is projected here up to 1995 

using the data base from the sources mentioned above. These sources did 

not give gas production figures in cubic feet. However, rates of pro-

jected change in gas production given by these sources are applied here 

to project the expected associated elewental sulfur production to esti-

mate from the equation. Table 11 sho\vs the projected gas production and 

the associated elemental sulfur expected to be recovered from the gas, 

based on the estimated regression equation. 

Derivation of Expected Elemental Sulfur 
from Expected Crude Oil Consumption in 
Northwestern Europe 

Table 12 shows the total projections of crude oil consumption in 

Northwestern Europe derived by aggregating the projections, for each 



Table 10. Northwestern Europe Production of Sour Natural Gas and 
Associated Elemental Sulfur Recovered from the Gas for 
Period 1966-1979 

Sour Natural Gas. Production of Associated 
Production Elemental Su1fut 

Year (l09 cu. ft.) (103 metric tons) 

1966 306.7 1608.0 

1967 355.7 1646.0 

1968 417.6 1792.0 

1969 660.4 1735.n 

1970 812.1 1898.0 

1971 943.5 1923.0 

1972 1030.0 1889.() 

1973 1093.8 1962.0 

1974 1127.5 2180.0 

1975 1020.3 2110.0 

1976 1050.0 2197.0 

1977 1100.0 2542.0 

1978 1150.0 2620.0 

Source: U.S. Bureau of Mines, Mineral Yearbook 1965-1977, Vol. III 
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Table 11. Northwestern Europe Projected Production of Sour Natural 
Gas and Associated Elemental Sulfur for Period 1980-1995a 

Sour Natural Gas Production of Elemental Sulfur 
Production from Natural Gas 

Year (l09 cu. ft.) (103 metric tons) 

1980 1090.7 2205.0 

1981 1075.2 2186.0 

1982 1052.3 2168.0 

1983 1029.8 2141.0 

1984 1007.8 2133.0 

1985 978.0 2109.0 

1986 934.8 2075.0 

1987 893.5 2042.0 

1988 854.0 2011.0 

1989 816.2 1980.0 

1990 762.9 1938.0 

1991 745.7 1924.0 

1992 712.7 1898.0 

1993 681.2 1873.0 

1994 651.1 1849.0 

1995 626.6 1830.0 

a. Projected as discussed above. 
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Table 12. Northwestern European Region: Projected Crude Oil Consump

tion and Expected Associated Elemental Sulfur Recovery 
1980-1995 

Crude Oil Associated Elemental 
Consumption a Sulfur Recovery b 

Year (million metric tons) (thousand ~etric tons) 

1980 592.4 8,293.6 

1981 602.2 8,430.8 

1982 612.2 8,570.8 

1983 622.6 8,716.4 

1984 633.9 8,874.6 

1985 642.3 8,992.2 

1986 645.0 9,037 Jl 

1987 648.7 °,031.8 

1988 653.2 9,14 /1 .8 

1989 657.2 9,200.8 

1990 662.8 9,279.2 

1991 666.9 9,336.6 

1992 671.6 9,402.4 

1993 676.9 9,476.6 

1994 681. 7 9,543.8 

1995 686.4 9,609.6 

a. Regional aggregate derived as explained in the text. 

b. Derived based on the relationship deve1o~ed in Chapter 1 
for determining sulfur production from crude oil. 
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country in the region, performed by the sources mentioned above. Ex-

pected elemental sulfur production from the crude oil consumption is 

derived using the relationship developed in Chapter 1. Table 12 shows 

derived expected elemental sulfur production from crude oil, as well. 

Production of Sulfur from Pyrite 
in Northwestern Europe 

Discretionary sulfur is produced in. North\vestern Europe primarily 

as sulfuric acid from pyrite. Only a small amount of elemental sulfur 

is recovered, in Finland. Recently the status of pyrite resources and 

the extent to which these resources have been exploited as sulfur sources 

has been described by the British Sulphur Corporation Ltd. [43], and the 

Institution of Mining and Metallurgy [44]. These studies show that 

although substantial pyrite deposits exist in this region, their exploi-

tation as sulfur sources has been very limited because the bulk of these 

cannot be exploited economically. Most of the pyrites from \vhich sulfur 

has been extracted have been recovered as by-product concentrates from 

the sulfides of base metal ores. The economic condition of these base 

metals has been the overriding force behind the production of most of 

sulfur from pyrite in Northwestern Europe. The market value of pyrite 

was a factor only as far as the decision to process it to sulfur, after 

smelting, as opposed to dumping the concentrates as tails from base-

metals mills was concerned. 

Production of sulfur from pyrite in this region during the 1960-

1973 period was characterized by steady annual growth during the first 

ten years. This was followed by a relatively rapid decline in the 1970's. 
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As Table 13 shows, production in 1960 was about one million metric 

tons. In 1970, production was about 1.5 million metric tons, represent

ing an overall 50 percent growth the first ten years of the period. 

Production in 1970 was the peak for pyrite sulfur production during the 

entire period. Thereafter, production rapidly and steadily declined to 

about 0.76 million metric tons in 1978. Thus, in the 1970's, production 

of sulfur from pyrite declined by about 50 percent. 

This change of trend has nothing to do with the economics of the 

base metals. As can be seen from Table 5, the production of all of the 

base metals from the mines in the region continued to grow in the 1970's 

in line with smelter production growth, suggesting that market demand 

was also growing. However, mines which earlier processed pyrite concen

trates to recover sulfur found it more profitable to confine their 

activities to production of base metal concentrates than to produce both 

pyrite and base metal concentrates [45]. Therefore, the declining trend 

in the 1970's must be explained in terms of factors which are associated 

with the cost of recovery of sulfur from pyrite concentrates themselves 

or the mill tails as well as the overall sulfur market conditions in the 

region. 

Two major factors are held accountable for the observed decline 

in production of sulfur from pyrite concentrates in this region. These 

are: increased competition and stringent environmental pollution regula

tions which have been introduced by Northwestern European countries. 

Increased competition has come from the relatively cheap recovered 

sulfur available in the region. Cheap elemental sulfur penetrated some 
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Table 13. Northwestern Europe Pyrite-Based Sulfur Production for 

1960-1979 Period 

(thousand metric tons of sulfur) 

Year Production Year Production 

1960 1,009.9 1970 1,479.3 

1961 1,007.9 1971 1,287.3 

1962 1,038.4 1912 1,215.2 

1963 1,060.7 1973 1,041.1 

1964 1,083.1 1974 947.4 

1965 1,097.3 1975 893.5 

1966 1,014.0 1976 876.4 

1967 1,189.1 1977 832.2 

1968 1,280.5 1978 759.1 

1969 1,332.4 1979 698.4 

Source: United States Bureau of Mines, Ninera1s Yearbook, 1960-1979, 
Vo1s. I and II, British Sulphur Corporation Ltd. Statistical 
Supplement, No.1 March/April 1970; No. 14, Nov/Dec 1976; 
No. 17, Nay/June 1978, British Sulphur Corp. Ltd., World 
Survey of Sulphur Resources, 1974, Second Edition, pp. 1-58. 
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markets which were formerly supplied by pyrite-based sulfur. Besides, 

the high costs of meeting stringent environmental regulations introduced 

by the countries in this region also resulted in closure of a number of 

pyrite process plants, most of which were already old and could not meet 

the environmental quality requirements without major modification. As 

a result, pyrites are currently classified as a gangue mineral in most 

Northwestern European countries. 

Forecasting Sulfur Production from 
Pyrites in Northwestern Europe 

The impacts of these factors are not expected to change in the 

direction of favoring the production of sulfur from pyrite. Competition 

is expected to get stronger and the environmental regulations are also 

expected to become more stringent with time. The declining trend in 

production during the 1970's is therefore expected to continue into the 

future. Forecasting sulfur production from pyrites is based on these 

considerations. The average annual decline rate for the 1970-1979 

period is used to project sulfur production for the 1980-1995 period. 

The rate is about 8 percent and is computed by averaging annual decline 

rates between 1970 and 1979. The resulting projections are shown in 

Table 14. 

Summary 

The Northwestern European region is expected to produce sulfur 

from four sources: copper, zinc and lead smelters; natural gas; crude 

oil; and pyrite. Sulfur production from smelters, natural and gas 

crude oil is non-discretionary because the production of sulfur results 



Table 14. Northwestern Europe Projected Production of Sulfur from 
Pyrite, 1980-1995a 

(thousand metric tons) 

Year Production 

1980 642.5 

1981 591.1 

1982 543.8 

1983 500.3 

1984 460.3 

1985 423.5 

1986 389.6 

1987 358.4 

1988 329.7 

1989 303.4 

1990 279.1 

1991 256.8 

1992 236.2 

1993 217 .3 

1994 200.0 

1995 184.0 

a. Projected as discussed in the text. 
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from requirements to meet both air pollution control" regulations and 

market specifications for the end-products. Although substantial pyrite 

deposits exist in this region, their exploitation as sulfur sources has 

been very limited because the bulk of them cannot be exploited economi

cally. Most of the pyrites from which sulfur has been extracted have 

been produced as by-product concentrates from the base metal sulfide 

ores. 

As Table 15 shoHs, sulfur production from smelters and crude oil 

is expected to grow over the period. Sulfur from natural gas is expec

ted to increase until 1983 and thereafter decline. Sulfur from pyrite 

is expected to decline over the period. However, total sulfur produc

tion is expected to increase from about 12.3 to 13.3 million tons per 

year over the period. 

Production of Sulfur in Canada 

Virtually all of the sulfur produced in Canada is non-discretion

ary. In the past, pyrites have been the major source of discretionary 

sulfur. The historical production of sulfur from pyrites is shown in 

Table 16. As the table shows, production of sulfur from pyrite has 

declined to an insignificant level in recent years. Currently only one 

of the four mines which p~oduced sulfur from pyrite in the 1970's is 

still producing some sulfur, in acid form, from pyrites. Its average 

annual production of sulfur from pyrite at this mine js, however, less 

than 20,000 metric tons. This mine uses the pyrites from the concen

trates for production of acid for on-site uses only [46]. Production 

of sulfuric acid from pyrite in Canada is expected to cease altogether 
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Table 15. Summary of Future North\.restern Europe Total Sulfur Pro-
duction by Source, 1980-1995 
(thousand metric tons) 

Source 
Year Smelter Natural Gas Crude Oil Pyrite Total 

1980 1,165.3 2,205.0 8,293.6 642.5 12,306.4 

1981 1,197.6 2,186.0 8,430.8 591.1 12,404.7 

1982 1,229.3 2,168.0 8,570.8 543.8 12,511.1 

198} 1,260.7 2,141.() 8,716.4 500.3 12,618.4 

1984 1,292.0 2,133.0 8,874.6 460.3 12,759.9 

1985 1,323.4 2,109.0 8,992.2 l.23.5 12,848.1· 

1986 1,354.5 2,075 • .) 9,037.0 389.6 12,856.1 

1987 1,386.1 2,042.0 9,081.8 358.4 12,868.3 

1988 1,417.6 2,011.0 9,144.8 329.7 12,903.1 

1989 1,448.7 1,980.0 9,200.8 303.4 J.2,932.9 

1990 1,480.3 1,938.0 9,279.2 279.1 12,976.6 

1991 1,511. 5 1,924.0 9,336.2 256.8 13,028.5 

1992 1,543.0 1,898.0 9,402.4 236.2 13,079.4 

1993 1,574.2 1,873.1) 9,476.6 217.3 13,141.1 

1994 1,605.7 1,849.0 9,543.8 200.0 13,198.5 

1995 1,637.1 1,830.0 9,609.6 184.0 13,260.7 



Table 16. Canadian Pyrite Production for Period 1960-1979 
(thousand metric tons of sulfur) 

Year Pyrite Product jon 

1960 397.3 

1961 231. 6 

1962 233.7 

1963 221. 5 

1964 159.5 

1965 169.7 

1966 145.3 

1967 165.6 

1968 138.2 

1969 155.4 

H70 149.4 

1971 130.0 

1972 62.0 

1973 11. 2 

1974 24.4 

1975 9.1 

1976 15.2 

1977 12.2 

1978 12.0 

1979 12.0 

78 

Source: U.S. Bureau of Mines, Mineral Yearbook, "Sulfur and Pyrite," 1960-
1977. U. S. Bureau of Mines, Ninera1 Yearbook preprint 1977-1979 
Canadian Department of Energy, Mines and Resources, Canadian 
Mineral Yearbook, 1971-1977. 
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in the near future. Even though production of sulfur from pyrite is 

very small and insignificant in comparison to sulfur production from 

other sources, the Canadian government is currently discouraging the pro-

duction in order to broaden the market for smelter acid, the production 

of which the government expects to increase substantially in the future 

[47]. The current user of sulfur produced from pyrite will likely change 

to smelter acid. For this reason, future production of sulfur from 

pyrite in Canada is not considered in this study. Non-discretionary sul-

fur is expected to be the sole supply base of sulfur in Canada in the 

near future. Non-discretionary sulfur production in Canada is tied to 

the following: (1) production of copper, zinc and lead metals from 

Canadian smelters; (2) production of natural gas; (3) refining of crude 

oil; and (4) production of tar sand and heavy oil. 

Production of Non-Discretionary Sulfur 
from Copper, Zinc and Lead Smelte·rs 
in Canada 

Sulfur, as sulfuric acid, is recovered from copper, zinc and 

lead smelter operations in Canada. As is the case of Northwestern Europe, 

in Canada, aside from acid production economics and technological feasi-

bility, which generally favors production of acid, market availability in 

North America also favors the production of acid from Canadian smelters. 

Forecast of Production of Non-Discretionary 
Sulfur Produced from Copper, Zinc and Lead 
Smelters in Canada 

Future sulfur production from the copper, zinc and lead is 

forecast on the basis of forecasts of smelter production of these metals 
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made by the Canadian Department of Energy, Mines and Resources [48]. 

These smelter metal production forecasts are given in Table 17. The 

experts' subjective judgment method was used in forecasting the smelter 

production of these metals. The judgments were based on companies plans 

for new investments as well as on projections of real prices for these 

metals [49]. These forecasts were made through 1991. However, estimates 

for 1995, based on criteria similar to those on which the forecasts for 

the 1980-1991 period were made were available. These estimates are: 

700,000, 775,000 and 300,000 metric tons of metal for copper, zinc and 

lead respectively; the growth in production for all metals between 1991 

and 1995 is expected to be linear [50]. This linear production growth 

assumption allows the use of linear interpolation for determining expected 

smelter production of the metal for the years between 1991 and 1995. 

Table 18 shows the forecasts of sulfur production based on the metal 

production forecasts from smelters for the 1980-1995 period. 

Production of Elemental Sulfur 
from Natural Gas in Canada 

The bulk of the natural gas reserves in Canada, which are pro-

duced to meet Canadian domestic gas requirements and to supply export 

markets in the United States, have sufficiently high levels of hydrogen 

sulfide (H
2

S) so that removal is required before the gas is transported 

for marketing. Table 19 shows the distribution of H2S in these gas 

fields which produce over 90 percent of Canadian natural gas. Only 9 

fields have reserves with less than 1 percent (by volume) of H2S. Over 

80 percent of the listed Canadian gas fields have high levels of H2S. 



81 
Table 17. Canadian Projected Copper, Zinc and Lead Smelter Production, 

1980-1995 

(thousand metric tons) 

Copper Smelter Zinc Smelter Lead Smelter 
Year Production Production Production 

1980 505.0 585.0 161.0 

1981 530.0 620.0 185.0 

1982 550.0 620.0 195.0 

1983 555.0 630.0 195.0 

1984 555.0 570.0 214.0 

1985 555.0 590.0 230.0 

1986 555.0 610.0 230.0 

1987 555.0 650.0 230.0 

1988 555.0 690.0 230.0 

1989 625.0 715.0 260.0 

1990 675'.0 710.0 280.0 

1991 675.0 714.0 280.0 

1992 681.0 730.0 285.0 

1993 688.0 745.0 290.0 

1994 694.0 760.0 295.0 

1995 700.0 775.0 300.0 

Source: Canadian Department of Energy, Mines and Resources, Division 
of Non-Ferrous Minerals, Ottawa Canada; Telephone Conversation 
with the Division Director, G. E. Wittar (4-30-81). 
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Table 18. Canadian Projected Smelter Acid Production, 1980-1995 

(thousand metric tons of Sulfur) 

Copper Smelter Zinc Smelter Lead Smelter 
Year Based Based Based Total 

1980 621.2 315.3 23.5 960.0 

1981 651.9 331. 7 27.0 1,010.6 

1982 676.5 331. 7 28.4 1,036.6 

1983 682.7 337.1 31.2 1,051.0 

1984 682.7 307.3 33.5 1,023.5 

1985 682.7 318.8 33.5 1,035.0 

1886 682.7 347.8 33.5 1,064.0 

1987 682.7 347.8 33.5 1,OF4.0 

1988 682.7 371. 9 33.5 1,088.1 

1989 768.8 385.4 37.9 1,192.1 

1990 830.3 382.7 40.8 1,253.8 

1991 830.3 385.7 50.8 1,256.8 

1992 837.7 393.5 41.6 1,272.8 

1993 846.3 411.6 42.3 1,290.? 

1994 853.6 409.7 43.0 1,3')6.3 

1995 861.0 417.8 43.7 1,322.5 

a. Lcrived as discussed in the text. 



Table 19. Producing Canadian Natural Gas Fields: Hydrogen 
Sulfide Distribution~ 

H
2

S 

% Percentage by Volume Number of Fields 

< 1 9 

1- 9 16 

10-19 17 

20-29 2 

30-39 3 

> 39 0 

a. Computed from Canadian Mineral ~earboo~ 1977 

83 



84 

An analysis of the Canadian natural gas supply base has been 

made [51]. The analysis shows that additional natural gas production is 

expected to come from: (1) increased utilization of existing capacity; 

and (2) new capacity to be installed to utilize additional gas resources 

yet to be discovered in the vicinity of the present gas fields. Exploi-

tation of natural gas from the Canadian Frontier field is not expected 

to have a significant impact on the Canadian natural gas supply before 

1995 [52]. Gas characteristics are not expected to change significantly. 

Throughout the forecast period, the sulfur characteristics of natural gas 

produced in Canada are not expected to be significantly different from 

the characteristics of natural gas produced in the past and in recent 

years. 

Forecast of Production of Non-Discretionary 
Sulfur from Natural Gas in Canada 

Because there are no significant differences between the sulfur 

characte~istics of natural gas produced in the past and those expected 

to be produced in the future, any differences in sulfur production levels 

are based only on differences between the natural gas production levels 

alone. Some gas produced in Canada is re-injected to the reservoir. On 

an annual basis, this represents about 7.3 percent of the total produc-

tion. Of this, only about .5 percent of the production is reinjected 

unprocessed, implying that H2S in the mixture is also reinjected. It is 

also probable that this proportion of gas has relatively low levels of 

H
2
S. Because H

2
S is dangerous, safety considerations dictate that its 

level be low in gas reservoirs containing reinjected natural gas. Thus 
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overall, the amount of H2S in the gas reinjected is unlikely to change 

relationships between gas production and sulfur recovered in Canada. 

Therefore, in forecasting the future production of non-discretionary 

sulfur recovered from natural gas in Canada it is assumed that the rela

tionship between past gas production and sulfur production is not signi

ficantly different from the relationship between future gas production 

and sulfur production. This relationship is described by a mathematical 

equation. The equation is estimated using annual gas production and 

sulfur production for the 1960-1977 period.' These production data are 

shown in Table 20. To estimate the equation, past annual sulfur produc

tion was regressed on past natural gas production by using the SPSS 

computer package. The estimated equation was then used for forecast the 

expected sulfur production from natural gas. The estimated equation is: 

(7.99) (28.71)* 

SD 1613.63 + 0.0942 ND 

R2 = .98 N = 20 

where the d~pendent variables, SD, is annual sulfur production in metric 

tons and the exogenous variables ND is the annual natural gas production 

in cubic meters. 

Gas production forecasts used in estimatine the expected future 

sulfur production from natural gas were made by the Canadian National 

Energy Board [53]. According to this source, the natural gas production 

forecast was estimated within the framework of total energy and for 

various energy forms. The projection reflects the effect of energy 



Table 20. Canadian Production of Natural Gas and Sulfur Recovered 
from the Natural Gas, 1960-1979 

Natural Gas Production Elemental Sulfur Production 
Year (million cubic meters) (thousand metric tons) 

1960 14,180.6 248.9 

1961 18,630.6 359.5 

1962 2O,810.6 1,052.6 

1963 31,147.7 1,302.5 

1964 37,317.8 1,496.1 

1965 40,850.1 1,615.0 

1966 3S,01l.2 1,757.2 

1967 41,690.8 2,203.4 

1968 47,939.2 3,090.<) 

1969 56,027.9 3,773.9 

1970 64,505.6 4,309.0 

1971 70,791. 9 4,628.4 

1972 82,520.9 6,723.4 

1973 88,367.6 7,115.9 

1974 86,272.6 6,950.3 

1975 87,519.7 6,487.5 

1976 86,707.0 6,442.0 

1977 89,985.2 6,500.0 

1978 88,558.7 6,248.0 

1979 93,108.9 5,935.0 

Source: u.S. Bureau of Mines Mineral Yearbook "Natural Gas," 1960-
1980, Vo1s. II and III. Canadian Department of Energy, Mines 
and Resources Canadian Mineral Yearbook, 1971-1977. 
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and for various energy forms. The projection reflects the effect of 

energy conservation measures as well as expected interfuel substitution 

in Canada [54]. Table 21 shows the natural gas production forecast used 

here and the associated sulfur production forecasts. 

Forecast of Sulfur Production from 
Crude Oil in Canada 

Crude oil consumption forecasts used for deriving the expected 

future sulfur production from crude oil consumption was made by the 

Canadian National Energy Board [55]. The forecasts took into account the 

information given by individual oil companies regarding their perceptions 

of future oil and energy sectors in Canada. This information was given 

as forecasts accompanied with subjective information on the expected 

situation in energy and oil sectors. The Board also took into account 

their own independent vie,vs. In general, the forecasts are considered to 

be the average, reflecting considerations from nearly all oil companies 

in the country and those of the public sector regarding the future oil 

consumption situation. 

The key elements on which the forecast of Canada oil consumption 

was based are: the demand for petroleum products in Canada; degree of 

refinery utilization and flexibility; the industry's own use and loss of 

feedstocks; the levels of imports, regional transfers, and exports; and 

use of feedstocks from natural gas plants. The forecast reflects the 

availability of adequate capacity to meet expected product demand. It 

also reflects the high degree of flexibility which would enable it to 

meet the different product mix needed to meet expected product demand. 
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Table 21. Canadian Projected Production of Natural Gas and Associated 

Elemental Sulfur Recovery, 1980-1995 

Natural Gas Production Elemental Sulfur Production 
Year (million cubic meters)a (thousand metric tons) 

1980 86,230.1 6,559.4 

1981 86,484.8 6,533.3 

1982 88,380.9 6,711.9 

1983 89,497.8 6,826.5 

1984 91,918.4 7,451.1 

1985 94,267.3 7,266.4 

1986 92,965.5 7,137.5 

1987 91,097.7 f/,967.8 

1988 92,597.6 7,109.1 

1989 90,277.0 6,890.5 

1990 85,947.1 6,482.6 

1991 85,456.7 6,436.4 

1992 81,758.7 6,088.1 

1993 80,909.7 6,008.1 

1994 76,919.4 5,632.2 

1995 72,778.2 5,242.1 

a. Computation based on a projection done by the Canadian 
National Energy Board, Canadian Natural Gas Supply and Re~uirements, 
February 1979, pp. 141. 



Table 22 shows the projected Canadian crude oil consumption and the 

expected sulfur production derived from the oil consumption. 

Production of Sulfur from Tar Sand 
and Heavy Crude Oils in Canada 

89 

Significant amounts of oil are expected to be produced in Canada 

from the exploitation of tar sand oil reserves in the provinces of Alberta 

~ld gaskatchewan and heavy crude oil reserves from Lloydminster and Cold 

Lake. The sulfur content of the tar sand oils is estimated at 4.5 percent 

by weight. That of the heavy crude oil is estimated at 3 percent by 

weight. The difference between these oils and ordinary crude oil is based 

on their gravities or densities. These oils are heavier than ordinary 

crude oil. As far as heavy crude oil is concerned, the classification 

may cover the oil with densities close to those of ordinary crude oil. 

Here heavy crude ,oil refers to those oils which are too heavy to process 

in an ordinary oil refinery without upgrading. However, the purposes 

for which these oils are used are similar to those for which ordinary 

crude oil is used. Also, sulfur is undesirable in tar sand and heavy 

crude oils for the same reason that it is undesirable in ordinary crude 

oil. Exploitation of these reserves will therefore result in substantial 

production of additional sulfur in Canada. Sulfur will be recovered in 

elemental form, the form in which it is currently recovered. 

Forecast of Sulfur Production from Tar 
Sand and Heavy Crude Oils in Canada 

For tar sand and heavy crude oils to be transported and/or pro-

cessed in an ordinary refinery, they must be upgraded so that they have 



Table 22. Canadian Region: Projected Crude Oil Consumption and 
Expected Associated Elemental Sulfur Recovery, 1980-1995 

Crude Oil Associated Elemental 
Consumption Sulfur Recovery 

Year (thousand metric tons)a (thousand metric tons) 

1980 85,890.4 1,202.5 

1981 87,161. 7 1,220.3 

1982 88,433.0 1,238.1 

1983 89,704.3 1,255.9 

1984 90,975.5 1,273.7 

1985 92,246.9 1,291.6 

1986 93,219.3 1,2~1.5 

1987 94,191.7 1,318.7 

1988 95,164.1 1,332.3 

1989 96,136.5 1,345.9 

1990 97,109.1 1,359.5 

1991 98,369.7 1,377.2 

1992 99,630.3 1,394.8 

1993 100,890.9 1,412.5 

1994 102,151.5 1,430.1 

1995 103,412.1 1,447.8 

a. Projection figures were given in barrels per day. The conver
sion to annual consumption is based on 7.33 barrels of crude oil per 
ton and 330 working days per year. 
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characteristics which are similar to those of ordinary crude oil. The 

upgrading usually takes place· at, or close to, the production site. The 

upgrading plants and facilities are usually within the vicinities of the 

production. Also, desulfurization takes place during the-upgrading and 

not at the refinery stage as is the case with ordinary crude oil. Conse

quently, unlike ordinary crude oil, production rather than consumption 

is the relevant variable in estimating sulfur production from tar sand 

and heavy crude oil. The product of upgrading plants is called syncrude 

oil. 

The forecast of sulfur production from tar sand and heavy crude 

oil in Canada is based on the relationship between output of upgrading 

plants and sulfur production from the existing tar sand processing 

plants. These plants produce about l4.S pounds of sulfur per barrel of 

syncrude oil [S6]. These plants are designed to produce syncrude oil 

products which have low sulfur levels that will enable them to compete 

favorably with products of crude oil and meet the environmental standards 

required for use of the products. The relationship used here takes into 

account sulfur lost through stacks as well as sulfur left in coke. Syn

crude oil production forecasts used to forecast sulfur production from 

this oil were performed by the National Energy Board [S7]. The Board 

based its forecasts on: schedules of expansion of the existing tar sand 

oil plants; construction of new plants; expected changes in Canadian 

crude oil price relative to the world oil prices; and the assumption that 

facilities which will be able to produce about SOO Mb/d of upgraded oil 

from the Lloydminster will start operating. Table 23 shows tar sand 
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Table 23. Expected Production of Canadian Tar Sand Oil and Heavy 

Crude Oil and Resulting Sulfur Product'ion Forecast, 1~80-1995a 

Tar Sand and Heavy Crude Sulfur Production 
Oil Production b Forecast 

Year (thousand barrels) (thousand metric tons) 

1980 51,150 336.4 

1981 56,100 368.9 

1982 59,40fl 390.7 

1983 66,000 434.1 

1984 70,950 466.6 

1985 100,650 662.0 

1986 105,600 694.5 

1987 125,400 824.8 

1988 163,350 1,074.4 

1989 183,150 1,204.6 

1990 198,000 1,302.3 

1991 211,200 1,389.1 

1992 224,400 1,475.9 

1993 240,900 1,584.4 

1994 252,450 1,660.4 

1995 265,650 1,747.2 

a. This assumes that current problems in Canada which affect 
sync rude development are temporary. 

b. Computed from projections performed by the Canadian National 
Energy Board Canadian Oil Supply and Requirements, September 1978. 
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heavy oils production forecasts and associated sulfur production fore-

casts made as explained above. 

Summary 

Table 24 shows expected sulfur production by source and expected 

total sulfur production in Canada. All future sulfur production in 

Canada is expected to be non-discretionary. The sources will be sme1t-

ers, natural gas, crude oil, and tar sand and heavy crude oils. With the 

exception of sulfur production from natural gas, sulfur production from 

these sources is expected to increase. However, as a result of the de-

crease in production of sulfur from natural gas, total sulfur production 

in Canada is expected to start declining by the late 1980's. Despite the 

expected decline, total sulfur production at the end of the forecast 

period is expected to be greater than the early 1980's production. 

Production of Sulfur in the United States 

In the United States, substantial amounts of both non-discre-

tionary and discretionary sulfur are produced. Production of non-

discretionary sulfur is tied to the following activities: (1) production 

of copper, zinc and lead; (2) production of natural gas and the refining 

of crude oil. Discretionary sulfur is, however, produced as elemental 

Frasch sulfur and sulfuric acid from pyrites. 

Production of Non-Discretionary Sulfur 
from Copper, Zinc and Lead Smelters 
in the U.s. 

Sulfur, as sulfuric acid, is recovered from copper, zinc and 

lead smelters in the U.S. In the past, some of the smelter operators had 
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Table 24. Summary of Future Canadian Total Sulfur Production by Source 
1980-1995 

(thousand metric tons) 

Source 
Natural Crude Tar Sand and 

Year Smelter Gas Oil Heavy Crude Oils Total 

1980 960.0 6,559.4 1,202.5 336.4 9,058.3 

1981 1,101.6 6,533.3 1,220.3 368.9 9,224.1 

1982 1,036.6 6,711.9 1,238.1 390.7 9,377.3 

1983 1,051. 0 6,826.5 1,255.9 437.1 9,570.5 

1984 1,023.5 7,451.1 1,273.7 4116.6 10,214.9 

1985 1,035.0 7,266.4 1,291.6 662.0 1O,255.0 

1986 1,064.0 7,l37.5 1,291.5 694.5 10,187.5 

1987 1,064.0 6,967.3 1,318.7 824.8 10,175.3 

1988 1,088.1 7,109.1 1,332.3 1,074.4 10,603.9 

1989 1,192.1 6,890.5 1,345.9 1,204.6 10,633.1 

1990 1,253.8 6,482.6 1,359.5 1,302.3 1O,398.2 

1991 1,256.8 6,436.4 1,377.2 1,389.1 10,459.5 

1992 1,272.8 6,088.1 1,394.8 1,475.9 10,231.6 

1993 1,290.2 6,008.1 1,412.5 1,584.4 10,295.2 

1994 1,306.3 5,632.2 1,430.1 1,660.4 10,029.0 

1995 1,322.5 5,242.1 1,447.8 1,747.2 9,759.5 
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considered recovering sulfur in both elemental and sulfur dioxide forms 

because of the relatively high cost of producing elemental sulfur from 

smelter gases and the difficulty associated with disposing of sulfur 

dioxide. The idea has been abandoned .. All smelters have been producing 

sulfuric acid and are expected to continue producing sulfur in this form. 

As mentioned earlier, this form of sulfur is preferred for smelter sulfur 

recovery because of the relatively more developed production technology 

1 and relatively low recovery costs. Additionally, in the highly indus-

trialized U.S. economy, the existence of large and growing domestic sul·-

furic acid markets also favors the production of by-product acid over other 

possible alternative smelter sulfur by-products. Another factor is that 

the bulk of sulfur consumed in the domestic market is consumed in acid 

form. 

Forecasting Non-Discretionary Sulfur 
Values Produced from Copper, Zinc 
and Lead Smelters in the U.S. 

Future sulfur production from copper, zinc and lead smelters in 

the U.S. is forecast on the basis of forecasts of smelter production of 

these metals. The forecasts of metal smelter production are in turn 

derived from primary metal demand forecasts made by the United States 

Bureau of Mines [58]. Conventionally, production forecasts would be 

based on the relationship between production and some key economic indi-

cators. Such a relationship would be in the form of a regression 

1. According to Richard W. Head and Gilbert H. Bonem, Non
Ferrous Mining Industry in the American Southwest, NSF Grant IIAER76-
02378, 1980, p. 11-18, it costs about $121 per short ton to recover 
sulfur and $61.20 to recover the H2S0

4 
equivalent sulfur value from a 

smelter operation. 
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equation based on historical data. One of the major assumptions made in 

such a prediction equation is that future relationships between metal 

smelter production and relevant economic indicators are expected to be 

similar to past relationships. However, in the United States, events in 

recent years in the non-ferrous industry have selectively affected the 

supply side of primary metal sectors of this industry. Among these 

events are: volatile metal prices, environmental regulations related to 

sulfur emission control, increased competition from secondary sources of 

metal, labor strikes, changing status of domestic ore reserves, and mine 

closures. Because any trends resulting from a continuation of these 

events are relatively recent, a regression equation based on historical 

data would not be an efficient predictor. 

The use of primary metal demand forecasts to derive expected 

primary smelter production was found suitable on a number of grounds: 

(1) the ready availability of a reliable primary demand forecasting 

. basis; (2) the rationality of the assumption that primary smelter produc-

1 tion in the U.S. is related to primary metal demand ; and (3) the 

elimination of the secondary metal substitution effect ",hich results from 

dealing \vith the primary demand/primary production re1ationship.2 

The primary metal demand forecast used here was generated from 

1. As noted later, relative future dependence on imports is not 
expected to be significantly different than the present. 

2. Use of the total metal demand/primary smelter relationship 
requires prediction of the effect of expected substitution or the share 
of the demand to be met by the supply of secondary metal. This does not 
arise when primary demand is used since this is a component of the total 
demand which is expected to be met by primary supply only. 
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forecasts performed by the U.S. Bureau of Mines [59]. Total demand con

sisted of primary and secondary demand. The total demand forecasts were 

based on a contingency analysis of probable technological, social, and 

economi~changes and their probable effect on demand through t'he year 

2000, the end of the U.S. Bureau of Mines forecast period. To establish 

demand in 2000, selected economic indicators were applied to 1960-1978 

data to obtain statistical projections using statistical projections for 

2000 as a point of departure, and contingency assumptions that would 

significantly affect the demand of each of the major end uses of the 

metals. 

Based on the probable expected increase in total demand and 

primary/secondary metal demand relationships, probable average annual 

growth rates were derived for both primary and secondary demand. The 

resulting growth rates for primary metal demand are used here to gener

ate expected annual primary metal demand. These rates are: 2.4 percent 

for copper, 1.6 percent for zinc, and 1.2 percent for lead. 

In this study, use of primary metal demand to derive expected 

primary smelter metal production is based on a constant ratio scenario. 

The source of supply to meet primary metal demand in the U.S. market 

consists of two components: smelter production and primary metal imports. 

For copper and lead, the relative dependence of the U.S. economy on 

imported metal is not expected to be significantly different from the 

present one throughout the forecast period [60, 61]. Apart from current 

smelter production and capacity losses which have resulted from the 

effects of emission control regulations, no significant reductions in 
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domestic smelter capacity are expected through 1995. 1 This situation, 

coupled with slower growth in primary metal demand, is expected to main

tain the relative dependence of the U.S. economy on imported primary 

metal at the present level. This implies that the current ratios be

tween U.S. smelter production to primary metal demand is expected to 

remain approximately constant. These ratios are: 0.79 for copper and 

0.78 for lead. Table 25 shows the projected U.S. primary copper demand 

based on the growth rates cited above and the expected smelter production 

derived on the basis of a constant ratio of primary copper metal produc

tion to demand. Table 26 shows these analogous estimates for lead. 

The situation is a little different in the case of zinc as the 

constant ratio scenario is expected to be relevant only to 1990. After 

that, the relationship is expected to change as production commences at 

zinc mines currently being developed in Wisconsin. As a result, zinc 

smelter production is expected to increase in 1991 by about 150,000 

metric tons per year [62]. Primary zinc smelter production and the pri

mary zinc demand ratio are expected to change after 1990. The ratio used 

through 1990 is 0.40, yielding a primary smelter production estimate for 

1990 of 696,000 metric tons. With an additional 150,000 metric tons 

production is expected to suddenly increase to 846,100 metric tons from 

1991 onward. Table 27 shows projected U.S. primary zinc demand based on 

the cited growth rates and expected smelter production. 

Tables 28, 29, and 30 show acid production and the acid sulfur 

values expected to be produced from copper, zinc and lead smelters, 

1. It is assumed that the current recession will be short-lived. 



Table 25. Projected U.S. Copper Demand and Primary Copper Smelter 
Production, 1980-1995 

(thousand metric tons) 

99 

Year Primary Heta1 Demand a Primary Smelt'2r 
. b 

Productlon 

1980 1,734.63 1,370.36 

1981 1,776.26 1,403.25 

1982 1,818.89 1,436.92 

1983 1,862.54 1,471.4 

1984 1,885.64 1,489.66 

1985 1,930.89 1,525.40 

1986 1,977.23 1,562.01 

1987 2,024.69 1,599.51 

1988 2,073.28 1,637.89 

1989 2,123.04 1,677.20 

1990 2,173.99 1,717.45 

1991 2,226.62 1,759.03 

1992 2,279.59 1,800.88 

1993 2,334.30 1,844.10 

1994 2,390.33 1,888.36 

1995 2,447.69 1,933.68 

a. Projections are hased on an average annual growth rate of 2.4 
percent. 

b. D'~rived from projected primary metal demand using .79 as the 
rate of primary smelter production to primary metal demand. 



Table 26. Projected u.s. Primary Lead Demand and Primary Lead Smelter 
Production, 1980-1995 

(thousand metric tons) 

100 

Year Primary Metal Demanda Primary Smelter Production
b 

1980 739.77 577.02 

1981 748.65 583.95 

1982 757.63 590.95 

1983 766.72 598.04 

1984 775.93 605.23 

1985 785.24 612.49 

1986 794.66 619.83 

1987 804.20 627.28 

1988 813.85 634.30 

1989 823.63 642.42 

1990 833.50 650.13 

1991 843.50 657.93 

1992 853.62 665.82 

1993 863.87 673.82 

1994 874.23 681.90 

1995 884.72 690.08 

a. Projections are based on an average annual growth rate of 1.2 
percent. 

b. Derived from projected metal demand using .78 as the ratio of 
primary smelter production to projected primary metal demand. 
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Table 27. Projected U.S. Zinc Primary Demand and Primary Smelter 

Production, 1980-1995 • 

. (thousand metric tons) 

Primar~ Demand a 
Year Primary Heta1 Primary Nonmetal Total Smelter Production b 

1980 1189.2 211.6 1400.8 560.3 

1981 1208.2 214.7 1422.9 569.2 

1982 1227.5 223.8 1451.3 580.5 

1983 1247.2 233.2 1480.4 592.2 

1984 1267.1 243.0 1510.1 604.0 

1985 1287.4 253.2 1540.6 616.2 

1986 1308.0 263.8 1571.8 628.7 

1987 1323.9 274.9 1603.8 541.5 

1988 1350.2 286.4 1636.6 668.1 

1989 1371.8 298.4 1670.2 681.9 

1990 1393.7 311.0 1704.7 696.1 

1991 1416.0 324.1 1740.1 846.1c 

1992 1438.7 337.6 1776.3 846.1 

1993 1461. 7 351.8 1813.5 846.1 

1994 1485.1 366.6 1851. 7 846.1 

1995 1508.8 382.0 1890.8 846.1 

a. Projections are based on an average annual growth rate of 
1. 6 perc en t. 

b. Derived from projected primary metal demand using .04 as 
the ratio of primary smelter production to projected primary metal 
demand. This applies only to the 1980-1990 period. 

c. Additional smelter production is expected to be about 150,000 
metric tons annually, assuming the production in Wisconsin becomes a 
reality, from 1991. Thereafter annual smelter production is expected to 
be constant, at about 846,100 metric tons. 



Table 28. U.S. Projected Copper Smelter, Associated Sulfuric Acid 
and Acid Sulfur Value Production, 1980-1995 

Year 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

Copper Smelter 
Production 

1370.36 

1403.25 

1436.90 

1471.41 

1489.66 

1525.40 

1562.01 

1599.51 

1637.89 

1677.20 

1717.45 

1759.03 

1800.88 

1844.10 

1888.36 

1933.68 

(thousand metric tons) 

Productiona 

3371. 09 5157.76 1685.55 

3452.00 5281.55 1726.00 

3534.77 5408.20 1767.39 

36J.9.67 5538.09 1809.84 

3664.56 5606.78 1832.28 

3752.48 5741. 30 1876.24 

3842.54 5879.09 1921. 27 

3934.79 6062.23 1967.40 

4029.23 6164.73 2014.61 

4125.91 6312.65 2062.96 

~224.93 64G4.14 

4327.21 6620.64 2163.61 

4430.16 6778.15 2215.08 

4536.49 6940.83 2268.25 

4645.37 7107.41 2322.69 

4756.85 7277 .98 2378.43 

a. The procedure and formulas for deriving the sulfur production 
from smelter production are explained in Chapter 1. 
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Table 29. u.s. Projected Lead Smelter, Associated Acid and Acid Sulfur 
Value Production, 1980-1995. 

(thousand metric tons) 

Production a 

Lead Smelter Sulfur ECluiva1ent 
Year Production 8°2 H2SO

4 
Elemental Sulfur 

1980 577 .02 168.49 257.79 84.25 

1981 583.95 170.51 260.88 85.26 

1-982 590.95 172.56 264.02 86.28 

1983 598.04 174.63 267.21 87.32 

1984 605.23 176.73 270.40 88.37 

1985 612.49 178.85 273.64 89.43 

1986 619.83 181.00 276.93 90.50 

1987 627.28 183.17 280.25 91.5C) 

1988 634.80 185.36 283.60 92.68 

1989' 642.42 187.59 287.01 93.80 

1990 650.13 189-.84 290.46 94.92 

1991 657.93 192.11 293.93 96.06 

1992 665.82 194.42 297.46 97.21 

1993 673.82 196.12 301.04 98.38 

1994 681. 90 199.12 304.65 99.56 

1995 690.08 201.50 308.30 100.75 

a. Derived as explained in Chapter 1. 
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Table 30. U.s. Projected Zinc Smelter, Sulfuric Acid Production, and 
Acid Sulfur Value Production, 1980-1995 

(thousand metric tuns) 

Zinc Metal Smelter Produc tion a 
Year Production S02 H2SO

4 
Sulfur Equivalent 

1980 560.3 605.12 925.80 302.56 

1981 569.2 £14.7 940.49 307.35 

1982 580.5 626.9 959.16 313.45 

1983 592.2 639.6 978.59 I 319.80 

1984 604.0 652.3 998.02 326.15 

1985 616.2 665.5 1018.22 332.75 

1986 628.7 679.0 1038.87 339.50 

1987 641. 5 ES'2.8 1059.98 346.40 

1988 668.1 721.5 1103.90 360.75 

1989 681.9 736.5 1126.85 368.25 

1990 696.1 751.8 1150.25 375.90 

1991 846.1 913.8 1398.11 456.90 

1992 846.1 913.8 1398.11 456.90 

1994 846.1 913.8 1398.11 456.90 

1995 846.1 913.8 1398.11 456.90 

a. Derived as explained in Chapter 1. 



respectively. Table 31 shows total sulfur values expected to be pro-

duced from the smelters. 

Derivation of Expected Elemental Sulfur 
Production from Expected Natural Gas 
Produced in the U.S. 
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The method used to forecast U.S. sulfur production from natural 

gas production in this study is based primarily on what is known about 

past sulfur or hydrogen sulfide content/natural gas reserves and produc-

tion relationships and how the relationships are epxected to change in 

the future. The underlying factor here is the effect of gas pricing on 

the U.S. gas industry. 

The effect of price regulations on the gas industry has restric-

ted both development and exploitation of sour natural gas in the U.S. 

Development and exploitation of sour natural gas generally involves 

development of new fields, deeper drilling, and sweetening. These 

require additional operating and capital costs. Because, in general, the 

controlled prices of natural gas were below the price which would be 

determined by free market forces, U.S. producers did not have much inc en-

tive for extensive exploration, development and exploitation of sour 

natural gas reserves or even to move resources to reserves. As a result, 

only limited information on U.S. natural gas reserves by hydrogen sulfide 

or sulfur content is available. l Investigation reveals that the in for-

mation is virtually non-existent [63]. The only information available is 

1. The assays of natural gas compiled by the U.S. Bureau of 
Mines are incorrect for "2S because H

2
S is absorbed during assaying. 



Table 31. Total Projected Sulfur Value Produced as Sulfuric Acid 
from Copper, Zinc and Lead Smelters 

(thousand metric tons) 

Year Sulfur Equivalent 
3 

1980 2,072.36 

1981 2,113.58 

1982 2,167.12 

1983 2,216.96 

1984 2,246.82 

1985 2,254.02 

1986 2,329.41) 

1987 2,3l3.8 

1988 2,468.04 

1989 2,525.1)1 

199() 2,678.24 

1991 2,716.57 

1992 2,822.36 

1993 2,823.53 

1994 2,879.15 

1995 2,936.08 

a. 
Sum of Column 5 of Tables 31, 32 and 33 
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sour gas production as a percentage of total gas production and the 

average level of hydrogen sulfide in the sour gas. 
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The weakness in using existing information on U.S. natural gas 

reserves, production, and hydrogen sulfide or sulfur content for fore

casting expected sulfur production from natural gas production does not 

lie on inadequacy of the information alone, but also on the bias which 

is bound to result if the information is used. The control of natural 

gas prices is expected to end with the result that price will be deter

mined by free market forces. Because free market prices are expected to 

be higher than the controlled prices, they are expected to encourage 

increased exploration, development and exploitation of sour natural gas 

reserves. This situation is already evidenced by recent drilling activi

ties in the Overthrust Belt in the United States, where drillings have 

resulted in discoveries of and production from wells with considerable 

H2S content. Thus, because future natural gas markets are expected to 

be free, the forecast of sulfur production from natural gas in the U.S. 

should be based on the assumption of a free market model. 

A free market model used here is based on the Canadian natural 

gas market. ~~ith decontrol of U.S. natural gas prices, the North Ameri

can natural gas market, consisting of the U.S. and Canada, can be 

considered as one market where price differentials are accounted for by 

transfer costs. The expected effects of free market gas prices in North 

America on the natural gas market can be seen in the light of the Canadian 

gas industry situation. Thus, the natural gas reserve and/or H
2

S content 

relationship which is expected to be sustained by the Canadian free price 
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system should be expected to be sustained by the U.S. market by the free 

price system because on the average the H2S content in Canadian fields is 

expected to be higher than that in the U.S. fields. 

Canadian proven total natural gas reserves are estimated at 

about 2.53 trillion cubic meters and the sulfur associated with this 

reserve is about 103.2 million metric tons [64]. This is equivalent to 

about 3 percent hydrogen sulfide (H2S~ by volume in the reserve. Since 

by definition, proven reserves are that portion of resources which can be 

exploited under existing economic conditions using known feasible tech

nology, the Canadian market, and hence North American markets, are expec

ted in the long term to support production of natural gas from U.S. 

reserves which on the average have less H
2

S content. 

In the case of the U.S., because of the time lag between explora

tion and development on the one hand and exploitation on the other, it 

might take some time before U.S. natural gas producers start producing 

gas with an average hydrogen sulfide content equal to that of Canadian 

natural gas, which has an average H
2

S content of 3 percent by volume. In 

the U.S., however, about 15 percent of on-shore gas production is sour 

with an average hydrogen sulfide content of about 5 percent by volume 

[65]. In terms of total natural gas pr.oduction in the U.S., this repre

sents about 0.75 percent H
2

S by volume. Therefore, given the forecast 

period, an average of 0.75 percent H
2

S can be considered the minimum 

hydrogen sulfide level in gas that will be produced in the U.S. and 3 

percent the maximum. Consequently, a reasonable level is 1.9 percent, 
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the average of the two levels. This is the percentage used in computing 

the expected annual elemental sulfur production from natural gas. 

Forecasting Non-Discretionary Sulfur 
Production from Natural Gas and 
Crude Oil in the U.S. 

The data base used for projecting expected production of non-

discretionary elemental sulfur from the production of natural gas and 

consumption of crude oil are projections made by the U.S. Department of 

Energy, Energy Information Administration and were provided in the 1981 

Annual Report to Congress [66]. These projections were performed for two 

time periods: a mid-term period to the year 1995 and a long-term to the 

year 2020. 

Furthermore, for each period, three projections were performed, 

each reflecting assumptions made regarding the expected world oil price 

path and adjustments which the changing prices are expected to generate 

in domestic and ~orld energy sectors. The.price projections are shown in 

Table 32. The midprice represents the most likely price path. The low 

price is the lower level of uncertainty and the high price is the upper 

level of the range. The range reflects the uncertainty surrounding the 

future oil supply [67]. 

Assumptions are made regarding a number of non-quantifiable 

factors. An important aspect of the price projection is the expected 

behavior of OPEC. The projections are based on the assumption that OPEC 

will continue to set prices in the same manner as it has done since 1974. 

As far as the effects of government policy are concerned, the resulting 

natural gas and crude projections are made under the assumption that the 



Table 32. World Oil Price Projections, Midprice and Range of Uncer
taintya 

(dollars per barrel) 

Midprice Case Uncertainty Range 
Year (1980 dollars) (1980 dollars) 

1980 34 34 

1985 33 26 -"38 

1990 49 35 - 60 

1995 67 50 - 100 

Source: U.S. Department of Energy, Energy Information Administration, 
1981 Annual Report to Congress: Energy Projections, February 
1982, Vol. 3, p. 6: DOE/EIA-0173(8l)/3. 

a. All prices are for average delivered cost of crude oil landed 
in the United States, including transportation costs, stated in 1980 
dollars. 
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relevant statutes and regulations that existed when projections were 

made will continue into the future. A crucial aspect of natural gas 

regulation is the Natural Gas Policy Act (NPGA) of 1978 which provides 

for the elimination of controls on the wellhead prices of certain cate-

gories of natural gas in January 1, 1985. It is assumed that decontrol 

will occur according to the current schedule set by the NGPA. 

The projections generally reflect adjustments in the energy 

sector which are expected to result from the higher prices of oil. Thus, 

behind these projections are important changes in the pattern of energy 

production and consumption. These changes include greater shifts to the 

use or alternatives to natural gas and oil, and increased efficiency in 

energy use by all sectors of the economy. 

For this study, mid-term projections made under the middle price 

path scenario are the most relevant. The forecast period here ends in 

the year 1995 which is also the end of the Department of Energy's (DOE) 

mid-term period. Because sulfur projections in this study are expected 

to represent the most likely estimates, mid-price path scenarios which 

correspond to the DOE's most likely estimates are used as the basis for 

sulfur production projections. 

Table 33 shows natural gas production projected based on DOE's 

scenario and converted from BTU to cubic meters. Table 34 shows the 

expected amount of hydrogen sulfide gas associated with the gas produc-

tion (assuming an average hydrogen sulfide level of 1.9 percent by 

volume), and the resulting elemental su1fur. 1 

1. The conversion procedure and equation are developed and dis
cussed in Chapter 1. 



Table 33. u.s. Natural Gas Production Projections, 1980-1995 

Production a 

Year 10
15 

BTU 1012 f3 10
12 

m 

1980 19.80 19.38 .542 

1981 19.56 19.15 .536 

1982 19.32 18.91 .529 

1983 19.08 18.68 .523 

1984 18.84 18.44 .516 

1985 18.60 18.21 .510 

1986 18.52 18.13 .508 

1987 18.44 18.05 .505 

1988 18.36 17 .97 .503 

1989 18.28 17.90 .501 

1990 18.20 17.82 .499 

1991 18.30 17 .92 .502 

1992 18.40 18.01 .504 

1993 18.50 18.11 .507 

1994 18.60 18.21 .510 

1995 18.70 18.31 .513 

a. 
Co1ummn 2 projections are generated from projections in the 

Annual Report to Congress 1981, Vol. III, U.S. Department of Energy, 
Energy Information Administration (EIA/DOE/EIA 0173 (81)/3. based on 
the middle price path scenario. 
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Table 34. U.S. Natural Gas-Based Elemental Sulfur Projected Pro

duction, 1980-1995 

Production 
Natural Gas Hydrogen Sulfide (H 2S) Elemental Sulfur 

6 6 
(thousand metric tons)a Year 10 eu. m 10 cu. m 

1980 542,000 10,298 14,417.2 

1981 536,000 10,184 14,117.6 

1982 529,000 10,051 14,071.4 

1983 523,000 9,937 1'3,911.8 

1984 516,000 9,804 13,725.6 

1985 510,000 9,690 13,566.6 

1986 508,000 9,652 13,512.8 

1987 505,000 9,595 13,433.0 

1988 503,000 9,557 13,379.8 

1989 501,000 9,519 13,321.1 

1990 499,000 9,519 13,~73.4 

1991 502,000 9,538 13,353.2 

1992 502,000 9,538 13,353.2 

1993 504,000 9,576 13,406.4 

1994 510,000 9,690 13,566.0 

1995 513,000 9,747 13,645.8 

a. Elemental sulfur production is derived as explained in Chapter 1. 
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As stated earlier, for projections of sulfur production from 

natural gas, gas production is the relevant variable. However, for sulfur 

production from crude oil, oil consumption is the relevant variable. 

Estimates for these variables were given for selected years only: 1985, 

1990, and 1995. Here the projection figures for each year are generated 

by interpolation. The estimates for crude oil consumption were given in 

barrels per day (BPD). They are, however, converted first to barrels per 

year (BPA), assuming 330 days of refinery operatioh per year and second, 

to metric tons per year (TPA). Table 35 shows crude oil consumption pro

jections. The estimates for natural gas production were eiven in British 

Thermal Units'(BTU). They have been converted to both cibic feet and 

meters, as shown in Table 36. Expected non-discretionary elemental sulfur 

production from projected oil production was derived as explained in 

Chapter 1. Table 36 shows the derived expected sulfur production from 

crude oil production. 

Production of Frasch Sulfur in the U.S. 

The state of the Frasch sulfur industry in general hs been re

viewed in Chapter 1. Four major conditions cited as responsible for the 

current and recent state of the industry are: 

1. Economic depletion of existing reserves. 

2. Increasing cost of fuel. 

3. Market uncertainty which increased the risk of committing cap- .. 

ital to the discovery and winning of new reserves. 

4. The growing competition from abatement sulfur. 
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Table 35. United States Crude Oil Consumption Projections, 1980-1995 a 

Consumption 

Year 106 xBPD 106 xBPA 106 xTPA 

1980 17.30 5709.0 778.9 

1981 17.28 5702.4 778.0 

1982 17.26 5695.8 777 .1 

1983 17.24 5689.2 776.2 

1984 17.22 5682.6 775.3 

1985 17.20 5676.0 774.4 

1986 17.00 5610.0 765.3 

1987 16.80 5544.0 756.3 

1988 16.60 5478.0 750.4 

1989 16.40 5412.0 738.3 

1990 16.20 5346.0 729,3 

1991 16.24 "5359.2 731.1 

1992 16.28 5372.4 732.9 

1993 16.32 5385.6 734.7 

1994 16.36 5398.8 736.5 

1995 16.40 5412.0 738.5 

a. Computed from Annual Report to Congress 1981, Vol. III, U.S. 
Department of Energy, February 1982, p. 118, Energy Information Admin
istration (EIA) DOE/EIA 0173 (81)/3. 
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Table 36. United States. Crude Oil Consumption Projection and Associ

ated Expected Refinery Elemental Sulfur Production, 1980-1995 

Crude Oil Sulfur 
Consumption a Production b 

Year (million metric tons) (thousand metric tons) 

1980 778.9 10,904.6 

1981 778.0 10,892.0 

1982 777.1 10,879.4 

1983 776.2 10,868.2 

1984 775.3 10,854.2 

1985 774.4 10,844.6 

1986 765.3 10,712.8 

1987 756.3 10,588.2 

1988 750.4 10,505.6 

1989 738.3 10,336.2 

1990 729.3 10,210.2 

1991 731.1 10,235.4 

1992 732.9 10,260.6 

1993 734.7 10,285.8 

1994 736.5 10,311.0 

1995 738.3 10,336.2 

a. 
Computed from Annual Report to Congress 1981 Vol. III, U.S. 

Department of Energy, Energy Information Administration DOE/EIA 0173 
(81) 3 (SYN) based on the middle oil price scenario. 

b. Derived from projected crude oil consumption as explained in 
Chapter 1. 
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In the U.S., these conditions have led to mine closures, reduction in 

total production, reserve losses, and virtual lack of exploration. Both 

the direction and rate of change in these conditions are expected to be 

crucial to the expected rate of production of sulfur from the Frasch 

industry and the life of the industry. They constitute a set of vital 

considerations in the forecast of sulfur production from the Frasch 

industry. 

Forecasting Sulfur Production in the 
U.S. Frasch Sulfur Industry 

Expected production of Frasch sulfur is based on a number of 

factors: (1) the assumption made regarding the manner in which the con-

ditions mentioned above are expected to change; (2) the existing 

reserves; (3) existing mine productive capacities; and (4) existing mine 

production rates. 

The assumptions made regarding the manner in which the condi-

tions are expected to change are: 

1. That in the long-run the cost of fuel may not change in direc-

tions which will favor the industry's situation. 

2. That increasing competition from the abatement sulfur is 

expected. 

3. That technological breakthroughs that might improve exploration 

and exploitation of Frasch reserves are unlikely to occur within 

the forecasting period. 

4. That no discovery of new premium reserves is expected. 
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The first assumption is based on increasing trends of fuel cost. 

In particular, the prices of natural gas, which is the major source of 

energy for mining Frasch sulfur, are expected to increase. Decontrol of 

natural gas prices is expected to result in domestic natural gas price 

increases. Gas may be imported from Canada, ~1exico and Alaska. However, 

estimated prices of natural gas from these sources are already above the 

domestic prices. The second assumption is based on the fact that pollu-

tion control regulations, technological and market requirements and other 

conditions which have led to production of non-discretionary sulfur are 

unlikely to change in a direction which will result in less production of 

abatement sulfur. The third assumption is based on the fact that no 

evidence of possible technological breakthroughs which will improve 

exploration for and exploitation of Frasch sulfur exists. Although hydro-

dynamic mining techniques are hypothetically more efficient, in terms of 

both cpst-effectiveness and reserve recovery,l the technique is unlikely 

to be used in the U.S. Frasch industry within the forecasting period. 

The final assumption is based on the fact that no evidence of extensive 

exploration in the industry and no geological characteristics which favor 

the existence of unknown premium reserves are knmvn to exist in the U.S. 

Future production is expected to come primarily from reserves 

currently being exploited. As mentioned above, no discovery of new re-

serves is expected. Furthermore, the mines which were closed in the past 

are not expected to be reopened. The cost of opening them would be high. 

1. See Rieber, M., Okech, B. and Fuller, R., Sulfur Pollution 
Control: The Disposal Problem, National Technical Information Services 
(NTIS: PB 81-222788), January 1981, Washington, D.C., Section 2, p. 25. 
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are not expected to be reopened. The cost of opening them would be hieh. 

In addition, because the closures resulted from relatively high operating 

costs, costs of operating a reopened mine will be higher than those of 

operating the existing marginal mines. As far as the production rates are 

concerned, on a mine basis, the high level is expected to be between the 

existing production rate and productive capacity whereas the low may be 

at any point between the current production rates and zero. On a mine 

basis, expected production rates on which the forecast is based depend 

on the situation of an individual mine. Each mine in the Frasch industry 

forms a forecasting unit. 

Expected U.S. Frasch sulfur production is generated from a decay 

curve (IV) developed on the basis of the considerations discussed above. 

This curve is shown in Figure 4. To develop the curve, Curve I is devel

oped based on a statistical summary of U.S. Frasch sulfur characteristics; 

existing reserves, existing productive capacity and current production, 

life of the mine and the expected closing year. Life of each-mine is 

based on reserves, planned production rates and productive capacity. 

The rates are based on the current perceptions of the future of the 

Frasch mine industry and the assumption that production rates will remain 

constant for a considerable length of time prior to the exhaustion of 

reserve associated with a mine. Column two of Table 38 shows expected 

production generated from Table 37. Curve I in Figure 4 is a plot of 

the production figures. 

lfuereas the production of sulfur from the U.S. Frasch industry 

is expected to decline, the chances are that the decline will be gradual 
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Table 37. Frasch Sulfur Characteristics: Reserves, Capacity and Production, 1980 
, (reserves capacity and production in million metric tons) 

Recoverable Productive Current Life at specific Expected 
Company and Mine Reserves Capacity Production Rate (years) Closing Year 

Duval 

Culberson 44.9 2.5 2.2 19.7 a 2000 

Philips 3.0 0.4 .06 10.0 b 1990 

Farmland 

Fort Stockton 0.9 0.2 .16 4.5 c 1985 

Freeport 

Garden Island Bay 12.4 1.1 .90 13.8 d 1994 

Grand Isle 14.2 1.3 .96 14.9 e 1995 

Cai110us Island 3.0 .4 .26 7.0 f 1987 

Jefferson Lake 

Long Point 0.7 .3 .25 2.8 g 1983 

Texasgu1f 

Boling 10.8 1.1 1.09 9.7 h 1990 

Camanche Creek 2.5 .5 .40 7.0 i 1987 I-' 
N 
I-' 



Table 37. -- Continued 

Source: Derived from Rieber, M., Okech, B. and Fuller, R., Sulfur 
Pollution Control: The Disposal Problem, National Technical 
Information Services (NTIS: PB 81-222788), August 1981, Wash
ington, D.C., Section 2, p. 27. 
Derived from industry data compiled by Duval Corporation, 
Tucson, Arizona, for Frasch production, January 1981. 
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a. Production level is expected to stay between current produc
tion and productive capacity but closer to production. 

b. Production is expected to reach productive capacity in 1987, 
where it will remain until the reserve is exhausted. 

c. Productive capacity rate is assumed. 

d. Production level is expected to be between the current level 
and productive capacity. 

e. Production is expected to remain at current level. 

f. Production is expected to reach the productive capacity in 
1985 where it will remain until the reserve is exhausted. 

g, h, i. Pd" d b 1 1 ro uct10n ~s expecte to e at current eve s. 
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Table 38. U.S. Frasch Sulfur Expected Production, 1980-1995 

(million metric tons) 

Expected Production Expected Production 
Year Based on Table 37 Generated from the Curve 

1980 6.31 6.31 

1981 6.39 6.35 

1982 6.46 6.39 

1983 6.29 6.36 

1984 6.37 6.30 

1985 6.24 6.17 

1986· 6.27 6.00 

1987 5.85 5.80 

1988 5.45 5.50 

1989 5.45 5.23 

1990 4.95 4.90 

1991 3.95 4.55 

1992 3.95 4.10 

1993 3.95 3.70 

1994 3.05 3.25 

1995 2.20 2.82 
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rather than sudden or abrupt. In general, mine production declines with 

depletion of an ore deposit being mined. Hence, a smooth declining curve 

represents a more realistic declining situation than a steep curve. To 

forecast production here, a declining smooth forecasting curve is, there

fore, developed and used to estimate the expected sulfur production from 

the U.S. Frasch sulfur industry. 

In order to develop the forecasting curve, two declining curves 

are fitted. These curves represent different sets of limiting conditions. 

These curves are shown in Figure 4. Curve II represents a situation 

where production is expected to be relatively high in earlier parts of 

the forecast period, resulting in faster exhaustion of the reserves being 

mined. All mines are expected to be closed before the year 2000. This 

situation can be caused by a number of factors: greater uncertainty about 

the future, the ability of the mines to achieve close to the productive 

capacity production rates in the earlier parts of the forecast period, 

faster losses of recovery efficiency with exhaustion of sulfur deposit, 

and faster increases in fuel costs in later parts of the forecast period. 

Curve III represents a situation opposite to the one cited above. 

However, as mentioned above, these are limiting situations. The 

most likely situation is an intermediate one. This is represented by 

Curve IV which is derived from the average of the two limiting situations. 

This curve is developed and used for predicting the expected sulfur pro

duction from the U.S. Frasch sulfur industry. The forecasted production 

generated from the curve is shown in column 3 of Table 38. 



Production of Sulfur from Pyrite 
in the u.S. 

u.S. sulfur production from pyrite from 1960 to 1978 is shown 

in Table 39. The declining trend observed in the table reflects the 

effect of continuous competition of sulfur from other sources. Until 

1974, three companies produced pyrite. ~agma produced pyrite as a by-

product of copper at its Superior Mine in Arizona and processed it to 
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produce sulfuric acid at the mine site [68]. In the early 1970's, how-

ever, Magma was forced to produce additional sulfuric acid, as a by-

product, at its San Manuel smelter. This acid was produced as a means 

of complying with sulfur dioxide emission control regulations. But, to 

avoid production of sulfuric acid in excess of the market demand, Magma 

ceased processing pyrite to sulfuric acid and started dumping pyrite 

tailings as waste. In the light of the present and potential production 

of sulfuric acid from copper smelters in Arizona and limited acid outlets 

in the region, it is unlikely that Magma will produce pyrite for its 

sulfur values in the future. 

Currently only two companies produce pyrite in the United States: 

American Metal Climax and Cities Services Company. American }letal Climax 

produces pyrite as a by-product of molybdenum at its Colorado mine. 

Cities Services produces pyrite as a primary product from its mines at 

Copper Hill, Tennessee. 

Future Sulfur Production from 
Pyrite in the U.S. 

As far as expected production of sulfur values is concerned, 

pyrite production at the Climax mines would contribute very little, if 
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Table 39. Sulfur Value of the Pyrites Produced in the U.S., 1960-l979a 

(thousand metric tons) 

Year Production 

1960 422.87 

1961 404.89 

1962 385.11 

1963 349.06 

1964 361.52 

1965 359.30 

1966 361.28 

1967 360.72 

1968 367.94 

1969 339.34 

1970 344.42 

1971 321.06 

1972 287.53 

1973 215.39 

1974 164.59 

1975 240.79 

1976 291.90 

1977 169.12 

1978 301.00 

1979 400.00 

Source: Computed from U.S. Bureau of Mines, Minerals Yearbook 1960-
1979, Vol. 1. 

a. Not all pyrite production in the U.S. is consumed for thesulfur. 
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any. The pyrite here is not produced for its sulfur value. It is pro

duced to supply the needs of a small local glass and bottling industry 

where it is used for glass coloring [69]. The producing company does 

not have an acid plant necessary to convert the pyrite to sulfuric acid, 

the form in which the bulk of pyrite-based sulfur is consumed. On the 

other hand, transportation costs limit the market of the Climax pyrite to 

about a l25-mile radius [70]. Therefore, the pyrite concentrates have not 

been capable of competing with sulfur from other sources in more distant 

markets. Even the existing market has not been able to absorb all the 

pyrite that could be produced from molybdenum operations. The bulk of the 

production has been dumped as tail wastes [71]. With the market situa

tion and lack of acid facilities, Climax pyrite production is not expected 

to significantly contribute to the sulfur supply of the U.S. 

The future production of pyrite-based sulfur in the U.S. will 

be based almost entirely on the pyrite production of the Cities Services 

Company. Currently it produces pyrite from its mine at Copper Hill in 

Tennessee. The pyrite is converted to acid by an acid plant for which 

ten percent of the feed is sulfur dioxide by-product from a copper 

smelter plant. According to Charles Hhite [72], the pyrite reserve is 

capable of lasting eightee~ years at the present level of production. 

The existing production is about two million metric tons of ore per year 

and the average ore grade is approximately twenty percent sulfur. This 

implies that the present annual sulfur capacity is about 400,000 metric 

tons. In a telephone interview, Charles White said that the capacity is 

currently being fully utilized and that future plans are to maintain 
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production at this level. However, this would be the maximum production 

level since future- market conditions are not expected to warrant produc

tion and capacity expansion. Therefore, the current situation provides 

the basis for forecasting a sulfur value of expected pyrite production. 

This annual sulfur value is expected to be approximately 400,000 metric 

tons. 

Summary 

Table 40 shows the expected sulfur production by source as well 

as expected total sulfur production in the U.S. The sources are smelters 

(copper, lead and zinc), crude oil, natural gas, Frasch sulfur mines and 

pyrite ore. Sulfur is expected to be produced as sulfuric acid from the 

smelters and the pyrites. The figures shown in the table under these 

headings are sulfur values of the acid from these sources. However, 

sulfur is expected to be produced from the remaining sources in elemental 

form. 

Production of Sulfur in the ~lediterranean Region 

The Mediterranean region consists of Southern Europe (Spain, 

Portugal, Italy, and Greece), Turkey, Lebanon and North Africa. The 

region produces both non-discretionary and discretionary sulfur in sub

stantial amounts. Production of non-discretionary sulfur in the region 

is tied to the following activities: (1) production of copper, zinc and 

lead; and (2) the refining of crude oil. The region produces natural gas 

from fields in North Africa. However, the natural gas in these fields 

is considered sweet. Thus, little or no sulfur is recovered from the 



Table 40. Summary of Future U.S. Total Sulfur Production and Sulfur Production by Source, 
1980-1995 

(million metric tons) 

Source 
Year Smelters Crude Oil Natural Gas Frasch Pyrite Total 

1980 2,072.4 10,904.6 14,417 .2 '6,310.0 400.0 34,104.2 

1981 2,118.6 10,892.0 14,117.6 6,350.0 400.0 33,878.2 

1982 2,167.1 10,879.4 14,071.8 6,390.0 400.0 33,908.3 

1983 2,217.0 10,868.2 13,911.8 6,361).0 400.0 33,757.0 

1984 2,246.8 10,854.2 13,725.6 6,300.0 400.0 33,526.6 

1985 2,254.0 10,841.0 13,566.6 6,150.0 400.0 33,211.6 

1986 2,329.4 10,712.8 13,512.8 6,000.0 400.0 32,955.0 

1987 2,313.8 10,588.2 13,433.0 5,810.0 400.0 32,545.0 

1988 2,468.0 10,505.6 13,379.8 5,400.0 400.0 32,153.4 

1989 2,525.0 10,336.2 13,321.1 5,100.0 400.0 31,682.3 

1990 2,678.2 10,210.2 13,273.7 4,850.0 400.0 31,412.1 

1991 2,716.6 10,235.4 13,553.2 4,400.00 400.0 31,305.2 

1992 2,822.4 10,260.6 13,353.2 3,950.0 400.00 30,786.2 

f-' 
N 
\0 



Table 40. -- Continued 

Year Smelters Crude Oil 

1993 2,823.6 10,285.8 

1994 2,879.2 10,371. 0 

1995 2,936.1 10,336.2 

Source 
Natural Gas Frasch 

13,406.4 3,670.0 

13,566.0 3,230.0 

13 ,645.8 2,870.0 

Pyrite 

400.0 

400.0 

400.0 

Total 

30,585.8 

30,446.2 

30,188.1 

...... 
w 
o 
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gas produced. Discretionary sulfur in the region is produced only from 

pyrite. 

Production of Non-Discretionary Sulfur 
and Production of Copper, Zinc and 
Lead in the Mediterranean Region 

Sulfur in the region is recovered from copper, zinc and lead 

smelter operations in the region in the form of sulfuric acid. The pro-

jected production of these metals is used here to derive the expected 

sulfuric acid and sulfur equivalent of the acid produced. 

As will be observed later from the regression equations, both 

primary copper and zinc smelter production have been closely correlated 

with the index of industrial production in this region. On the other 

hand, primary lead smelter production has not been consistent with the 

industrial activity. These observations provide the basis for the choice 

of forecasting methods used to project the expect~d primary metal produc-

tion in this region. 

The inconsistency observed between primary lead smelter produc-

tion and industrial activity is explained in terms of the impact of 

recent technological changes in secondary lead smelting techniques on the 

primary lead market. In the past, lead alloys (mainly those containing 

antimony) were the main product of secondary lead smelters in the region. 

This product was mainly sold for uses in battery making and storage. 

Those markets which specified only primary lead had very limited use for 

the secondary product because of the alloyed nature of that product. 

However, in recent years, secondary lead smelter products have penetrated 

the markets formerly dominated by primary lead. Techniques have been 
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developed for secondary lead smelting processes which are capable of 

producing secondary lead products which meet primary lead specifications. 

These techniques have been adopted and, as a result, the sector has 

started producing products which compete closely with primary lead in 

most industrial applications. In the Mediterranean region, production 

of primary lead has remained more or less constant in recent· years 

whereas industrial activity has increased. The present situation of pri-

mary lead smelter production resulted from the loss of markets due to 

penetration by secondary lead. 

Forecasting Non-Discretionary Sulfur 
Production from Copper, Zinc and Lead 
Smelters in the Mediterranean Region 

Both copper and zinc smelter production have been consistent 

with industrial activity in the region. There is no evidence that a 

technological breakthrough; which might change primary copper and zinc 

production trends, will occur in the near future. Hence, regression 

equations describing the relationship between primary smelter production 

and the weighted average manufacturing industrial production index for 

the region are used for projecting smelter production for primary copper 

and zinc. In the relationship, the index of industrial production is the 

independent (exogenous) variable. It must be projected in order to be 

used for forecasting. Thus, a regression equation describing the rela-

tionship between the index and time is used for projecting the index. 

An equation is estimated for each metal using data for the 1960-

1979 period. Each equation is estimated by regressing smelter production 

on the weighted average index of industrial production. The equation for 



133 

forecasting exogenous variables (the index of industrial production) was 

estimated by regressing time on the index. The SPSS computer package 

was used in these regressions. The data used are sho\vu in Table 41 for 

copper, Table 42 for zinc, and both tables for the index of industrial 

production. 
>~ • 

Based on the regression, a linear equation best described the 

relationship between primary metal production and \leighted average indus-

trial manufacturing production index for both copper and zinc. These 

equations are: 

(-2.88) (l8.88)"~ 

copper, PD 15.75 + 1.23 II 

D.~']. = 1. 2 R2 .95 N 20 

(-1.73) (20.11)* 

zinc, PD -2~.96 + 3.15 II 

R2 .96 N 20 

Also, a linear equation best describes the relationship between weighted 

average index industrial production and time. The equation is: 

(-31.68) (42.63)* 

II -234.84 + 4.5 TM 

D.W. = 1.73 R2 = .99 N = 20 

where PD is annual smelter metal production in thousand metric tons, II 

is the weighted average industrial production index (1975 = 100), and TM 

is time in years, TM = 60 ••• 79. 



Table 41. Mediterranean Region: Primary Copper Smelter Production and 
Weighted Average Production Index, 1960-1979 

Year Production a Index b 

(Thousand metric tons) (1975=100) 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

34.62 

39.21 

46.42 

48.31 

47.31 

57.32 

54.46 

54.38 

69.26 

77.76 

77 .85 

96.57 

100.06 

115.87 

117.34 

120~37. 

122.40 

133.70 

123.90 

120.60 

38.60 

42.20 

46.60 

51.30 

52.80 

56.40 

83.50 

63.40 

73.00 

78.10 

83.80 

84.90 

91.20 

102.00 

107.00 

100.00 

109.10 

114.20 

116.70 

122.60 

a'Computed from U.S. Bureau of Mines, Mineral Yearbook, Vol. I, 
1960-1979. 

b. Computed from Organization for Economic Co-Operation and 
Development, Main Economic Indicators; Historical Statistics 1960-1979, 
June 1980 
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Table 42. Mediterranean Region: Primary Zinc Smelter Production and 
Weighted Average Industrial Production Index, 1960-1979 

Production a Index 

135 

b 

Year (Thousand metric tons) (1975=100) 

1960 124.36 38.60 

1961 130.90 42.20 

1962 140.20 46.60 

1963 129.42 51.30 

1964 147.45 52.80 

1965 145.40 56.40 

1966 152.82 63.50 

1967 158.69 68.40 

1968 187.67 73.00 

1969 233.25 78.10 

1970 231.29 83.80 

1971 228.25 84.90 

1972 255.52 91.20 

1973 289.09 102.00 

1974 326.43 107.00 

1975 313.14 100.00 

1976 352.30 109.10 

1977 326.00 114.20 

1978 340.90 116.70 

1979 371.00 122.60 

a. Computed from U.S. Bureau of Mines, Mineral Yearbook, 
Vol. I., 1960-1979. 

b. Computed from aCED Statistical Yearbook, June 1980. 
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To derive expected metal production, the exogenous variable, II, 

was first projected. This was performed by putting the relevant value 

of TM in the last equation. Expected metal production was then derived 

from the equation by using the projected values of the exogenous variable, 

the industrial production index. The resulting output of primary smelter 

metal as well as the projected industrial production index are shown in 

Tables 43 and 44 for copper and zinc, respectively. 

For the future production of primary lead from smelters, a 

method such as that used for copper and zinc cannot be applied. Primary 

lead has lost some market share to secondary lead resulting in a primary 

smelter production growth rate that is inconsistent ~vith industrial 

activity increases in the ~Iediterranean region. As shown in Table 45, 

although primary smelter production declined in the early 1970's, sub

sequent production levels have remained relatively unchanged. There is 

presently no evidence that suggests changes in production to the extent 

that primary lead smelter production will become consistent with indus

trial activity in the future. Based on the recent and current situation 

in the primary lead market in the region, it is unlikely that, on the 

average, future production will differ significantly from the current 

level. Therefore, average annual production for the first five years 

(165,044 metric tons) is used here as the estimate of expected primary 

lead smelter production. Expected acid production, derived from the 

metal production projection discussed above, together with the sulfur 

equivalent of the acid production, are given in Table 46. The assump

tions made regarding these projections are: the smelter capacity will be 



137 
Table 43. Mediterranean Region: Projected Weighted Average Industrial 

Production Index and Derived Primary Smelter Copper Produc
tion, 1980-1995 

Expected Smelter Production Projected Industrial 
Year (Thousand metric tons) Productivity Index (1975=100) 

1980 138.2 125.2 

1981 143.7 129.7 

1982 149.3 134.2 

1983 154.8 138.7 

1984 160.3 143.2 

1985 165.9 147.7 

1986 171.4 152.2 

1987 176.9 156.7 

1988 182.5 161.2 

1989 188.0 165.7 

1990 193.6 170.2 

1991 199.1 174.7 

1992 204.6 179.2 

1993 210.2 183.7 

1994 215.7 188.2 

1995 221.2 192.7 
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Table 44. Mediterranean Region: Projected Weighted Average Industrial 

Production Index and Derived Primary Zinc Smelter Production, 
1980-1995 

Expected Smelter Production Projected Industrial 
Year (Thousand metric tons) Production Index (1975=100) 

1980 371.4 125.2 

1981 385.6 129.7 

1982 399.8 134.2 

1983 413.9 l38.7 

1984 428.1 142.2 

1985 442.3 147.7 

1986 456.5 152.2 

1987 470.6 156.7 

1988 486.4 161. 7 

1989 499.0 165.7 

1990 513.2 170.2 

1991 527.3 174.7 

1992 541.5 179.2 

1993 555.7 183.7 

1994 569.9 188.2 

1995 584.0 192.7 
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Table 45. Hediterranean Region: Primary Lead Smelter Production, 

1960-1979 

(thousand metric tons) 

Year Production Year Production 

1960 169.77 , 970 205.45 

1961 170.79 1971 213.29 

1962 172.62 1972 201.66 

1963 145.12 1973 157.43 

1964 164.52 1974 176.56 

1965 168.12 1975 159.37 

1966 180.00 1976 164.39 

1967 194.75 1977 168.74 

1968 190.46 1978 160.30 

1969 195.72 1979 172.43 

Source: Computed from U.S. Bureau of Hines, Hinera1 Yearbook, Vol. I, 
1960-1979. 



Table 46. Mediterranean Region: Projected Production of Smelter Acid a 
(thousand metric tons) 

Copper Zinc Lead Total Total Sulfur 
Year Smelters Smelters Smelters Smelters Equivalent 

1980 520.2 613.7 73.7 1,207.6 394.6 

1981 540.9 637.2 73.7 1,251.8 409.1 

1982 561.9 660.6 73.7 1,296.2 423.6 

1983 582.6 683.9 73.7 1,340.2 438.0 

1984 603.3 707.4 73.7 1,384.4 452.4 

1985 624.4 730.9 73.7 1,429.0 467.0 

1986 645.1 754.3 73.7 1,482.1 484.3 

1987 665.8 777.6 73.7 1,517.1 495.8 

1988 686.9 803.7 73.7 1,564.3 511.2 

1989 707.6 824.5 73.7 1,605.8 524.8 

1990 728.7 848.0 73.7 1,650.6 539.4 

1991 749.4 871. 3 73.7 1,694.4 553.7 

192 770.7 894.9 73.7 1,739.3 568.4 

f--' 
.j:-. 

0 



Table 46. -- Continued 

Copper Zinc Lead Total Total Sulfur 
Year Smelters Smelters Smelters Smelters Equivalent 

1993 791.2 918.3 73.7 1,783.2 582.7 

1994 811.9 941.7 73.7 1,827.3 597.2 

1995 832.6 965.0 73.7 1,871.3 611.5 

a'Acid production and sulfur equivalent are derived as discussed in Chapter 1. 

I-' 
.j::'-

I-' 
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available because as demand grows, capacity is also assumed to grow with 

demand; the relationship between the metal imports and the regional 

demand is expected to remain the same; and the air pollution control 

requirements discussed in Chapter 1 apply. 

Forecasting Non-Discretionary Sulfur 
Production from Crude Oil in the 
Mediterranean Region 

Because of the projective data on the,consumption of crude oil 

in this region, for analysis and projection the region was further sub-

divided into OECD and non-OECD members. The OECD members are Spain, 

Italy, Greece, Portugal and Turkey. A projective data base to compute 

expected crude oil consumption was developed froTI projections made by the 

International Energy Agency [73]. The estimates were initially developed 

by country, but vlere eventually aggregated to obtain a data base for the 

sub-regional sulfur production forecasts. As in the case of Northwestern 

Europe, crude oil consumption data given by this source reflect the 

effects of the most recent programs and policies which the countries in 

question are expected to implement in order to adjust themselves to the 

anticipated world energy situation. In general, the programs and policies 

aim at reduction of dependence on imported oil. The objective would be 

achieved through: (1) extensive energy saving; (2) employment of funds to 

promote use of non-crude oil internal energy sources; (3) promotion of 

research and development for new energy technologies; and (4) an oil 

import ceiling. How close the sulfur production projection will be to 

actual future production will depend largely on how close the countries 

in the region achieve these objectives. 
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For non-OECD countries in this region, the data needed to make 

projections by country were not available. However, the U.S. Department 

of Energy's Annual Report to the Congress, 1981 [74] supplied aggregate 

expected oil consumption growth rates, for the 1978-1990 period, for non

OECD countries. These growth rates were given for different expected 

crude oil price path scenarios: high, medium and low. The growth rate 

under each scenario reflects how the world energy economy as a whole is 

expected to adjust in response to the crude oil price changes assumed. 

Based on the paths shown in Table 32, the mid-price path is considered 

the most likely. Therefore, the projections used here are based on mid

price paths. This growth rate is approximately four percent per year. 

The initial crude oil consumption, on which the projections here are 

based, are those for 1978. These production figures were given by the 

United Nations, World Energy Supplies, 1973-1978 [75] for every country. 

In this section, the 1978 consumption of crude oil by the non-OECD 

nations in the region were aggregated to obtain the total initial data 

set on which the above growth rates were applied to get expected combined 

crude oil consumption for these countries. Although the growth rate 'vas 

given for the period 1978-1990, it was extended to 1995. 

To get total expected sulfur production from crude oil, total 

expected crude oil consumption was obtained by summing projections for the 

OECD countries and those for non-OECD countries with the expected sulfur 

projection derived as explained in Chapter 1. Table 47 shows the result

ing projected crude oil consumption and expected associated elemental 

sulfur production in the region. 



Table 47. Projected Crude Oil Consumption and Expected Associated 
Elemental Sulfur Recovery in the Mediterranean Region, 
1980-1995 

Crude Oil Associated Elemental 
Consumption Sulfur Recovery 

Year (million metric tons) (metric tons) 

1980 216.95 3,026,453 

1981 225.16 3,140,982 

1982 233.99 3,264,161 

1983 245.73 3,427,934 

1984 251. 78 3,512,331 

1985 261. 27 3,644,717 

1986 265.89 3,709,166 

1987 271.38 3,785,751 

1988 275.70 3,846,015 

1989 280.75 3,916,625 

1990 285.02 3,976,023 

1991 290.82 4,056,939 

1992 296.05 4,129,890 

1993 302.10 4,214,430 

1994 308.05 4,297,798 

1995 314.12 4,381,974 
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Production of Sulfur from Pyrites 
in the Hediterranean Region 
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Table 48 shows the past production of sulfur from pyrite' in the 

Mediterranean region. The region has been a substantial producer of 

pyrite-based sulfur. Of the thirteen countries included in this region, 

only seven produce sulfur from pyrite. Spain, which even by world stand-

ards is a foremost producer, is the largest single producer of sulfur from 

pyrite in the region. In recent years, it has been producing over 60 

percent of the region's annual production of sulfur from pyrite. The 

next largest producer is Italy. This country produces about 19 percent 

of the region's annual production of pyrite-based sulfur. The remaining 

countries produce less than eight percent each. 

The production trend shown in Table 48 reflects the domestic 

policies of the pyrite-producing countries with respect to both the pyrite 

industry and the economics of sulfur as a whole, both in the region as 

well as in the neighboring region of Northwestern Europe. The govern-

ments of all the major producers of pyrite subsidized the domestic pyrite 

industries and, in most cases, participated in the production. They also 

encouraged domestic consumption of pyrite as a sulfur source and the 

exportation of pyrite to the more industrialized markets in the North-

western European region. In particular, the growth of production, which 

started in the late 1960's, resulting in a production peak in 1970, was 

a consequence of a combination of the Spanish government policy of par-

ticipating in pyrite mining \.,ith the requirement that domestic sulfur 

consumers depend on domestic pyrite as a sulfur source as well as the 



Table 48. Sulfur Value of Pyrite Production in the Mediterranean 
Region, 1960-1979 

(thousand metric tons) 

Year Production Year Production 

1960 2,640.6 1970 2,909.7 

1961 2,608.1 1971 2,784.9 

1962 2,528.0 1972 2,472.2 

1963 2,140.0 1973 2,321.1 

1964 2,495.3 1974 2,226.9 

1965 2,694.4 1975 2,177.7 

1966 2,495.0 1976 1,836.9 

1967 2,656.0 1977 1,831.4 

1968 2,847.9 1978 1,803.1 

1969 2,783.1 1979 1,781.9 

Source: Computed from u.S. Bureau of Mines, Mineral Yearbook, Vol. I 
and nr', 1960-1979. 
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increased demand in Northwestern Europe which, at the time, was the major 

export market for Mediterranean pyrite. 

However, the trend after 1970 reflects changes in the competi-

tive position of pyrite-based sulfur in relation to sulfur from other 

sources in both domestic and foreign markets. In the early 1970's, 

sulfur from non-discretionary sources emerged in the Mediterranean region 

in general, with substantial amounts being produced in the same countries 

which produced pyrite. Furthermore, non-discretionary sulfur emerged in 

the Northwestern European region in countries which were traditional 

export markets for Mediterranean pyrite. As a result, strong competition 

with pyrite-based sulfur developed from the emergence of non-discretionary 

sulfur in both markets. Furthermore, pyrite experienced an additional 

competitive disadvantage in NorthHestern Europe because most plants \vhich 

converted pyrite to sulfuric acid, the form in which pyrite-based sulfur 

is consumed, were old and Here shut dOHn as they could not meet environ-

mental control requirements introduced in the early 1970's. The changes 

in the competitive position of pyrite-based sulfur caused declines in the 

production of pyrite in the Mediterranean region even though the govern-

ments of the producing countries maintained their policies aimed at 

encouraging production. The steady production decline, shown in Table 

48, Hhich started in 1970, resulted primarily from this situation. 

Forecasting Sulfur Production from 
Pyrites in the Mediterranean Region 

Although the governments of the countries producing pyrite may 

maintain their policies aimed at encouraging pyrite production, the 
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competitive situation is not expected to change in the direction of 

favoring the production of sulfur from pyrite. Moreover, competition is 

expected to accelerate. Thus, the declining trend in production during 

the 1970's is expected to continue in the future." Any production in

creases in the future are seen as temporary. Therefore, in forecasting 

sulfur production from pyrites, the average annual rate of decrease for 

the 1970-1979 period is used to project sulfur production fvom pyrite for 

the 1980-1995 period; about 4.3 percent annually. The resulting projec

tions based on this rate are shown in Table 49. 

Summary 

The Mediterranean region is expected to produce sulfur from 

three sources: copper, zinc and lead smelters; crude oil; and pyrite. 

Sulfur production from both smelters and crude oil is non-discretionary 

because the production of sulfur results from requirements to meet both 

air pollution control regulations and market specifications for the end

products. Discretionary sulfur is, however, expected to be produced from 

pyrite. Sulfur from this source has met increasing competition from 

sulfur from other sources. As Table 50 shows, non-discretionary produc

tion of sulfur is expected to increase, whereas that from pyrite is 

expected to decline. Overall sulfur production is expected to increase. 

Production of Sulfur in the Asian Region 

The Asian region consists of: Japan, the Middle East (excluding 

those countries included in the Mediterranean region) and the rest of the 

non-Communist countries on the Asian continent. This region produces 



Table 49. Mediterranean Region: Projected Production of Sulfur from 
Pyrite, 1980-1995a 

(thousand metric tons) 

Year Production 

1980 1,705.28 

1981 1,631.95 

1982 1,561.78 

1983 1,494.62 

1984 1,430.50 

1985 1,368.85 

1986 1,309.99 

1987 1,253.66 

1988 1,199.75 

1989 1,148.16 

1990 1,098.79 

1991 1,051. 54 

1992 1,006.33 

1993 963.05 

1994 921. 64 

1995 882.01 

a. Derived as explained in the text, basing on a 4.3 percent 
annual production decline rate. 
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Table 50. Summary of Future Mediterranean Total Expected Sulfur 

Production by Source, 1980-1995 . 

(thousand metric tons) 

Source 
Year Smelter Crude Oil Pyrite Total 

1980 394.6 3,026.5 1,705.3 5,126.4 

1981 409.1 3,141. 0 1,632.8 5,182.0. 

1982 423.6 3,264.2 1,561.8 5,249.6 

1983 438.0 3,427.9 1,494.6 5,360.5 

1984 452.4 3,512.3 1,430.4 5,395.1 

1985 467.0 3,644.7 1,368.9 5,480.6 

1986 484.3 3,709.2 1,310.0 5,503.5 

1987 495.8 3,785.8 1,253.7 5,535.3 

1988 511.2 3,846.0 1,199.8 5,557.0 

1989 524.8 3,916.6 1,148.2 5,589.5 

1990 539.4 3,976.0 1,098.8 5,614.2 

1991 553.7 4,056.9 1,051.5 5,662.1 

1992 568.4 4,129.9 1,006.3 5,704.6 

1993 582.7 4,214.4 963.1 5,760.2 

1994 597.2 4,297.8 921.6 5,816.6 

1995 611.5 4,382.0 882.0 5,875.5 
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both non-discretionary and discretionary sulfur. Production of non-

discretionary sulfur is tied to: (1) smelter production of copper, zinc 

and lead; (2) production and utilization of natural gas; and (3) refining 

of crude oil. Discretionary sulfur is, howeve~, produced as elemental 

Frasch sulfur .in Iraq and pyrites. 

Production of Non-Discretionary Sulfur 
and Copper, Zinc and Lead Production 
in the Asian Region 

Because of differences in industrial levels between Japan and 

the rest of the countries in the region, for the purpose of analysis and 

projection of smelter metal and sulfur production, the region is divided 

into Japan and the rest of the Asian region. Tables 51 and 52 show pri-

mary smelter production for copper in Japan and the rest of the Asian 

region, respectively. Tables 53 and 54 shm-i zinc smelter production in 

Japan and the rest of the Asian region, respectively. These figures are 

shown for lead in Tables 55 and 56. They also show mine production of 

these metlas, the relationship between mine and smelter production, for 

both Japan and the rest of the Asian region, and metal production distri-

bution in the whole region. 

As the tables show, the bulk of primary smelter production for 

copper, zinc and lead in the Asian region is in Japan. This country alone 

produces much more than the rest of the countries combined. In the case 

of copper, an annual average of only 4.2 percent of , primary smelter pro-

duction came from outside Japan in the 1960-1979 period. Japan has also 

dominated the primary smelter production of zinc and lead over the period. 

The other countries in this region started zinc smelter production in 



Table 51. Asian Region: Japanese Primary Copper Production and Mine Production as a Percent of 
Smelter Production, 1960-1979. 

Total Smelter 
Regional Mine Production 

Smelter Smelter Hine Production As Percent 
Production Production Production As Percent Of Total 
(000 Metric (000 Metric (000 Metric Of Smelter Regional 

Year Tons) Tons) Tons) Production Production 

1960 211.80 200.37 95.39 47.6 94.6 

1961 215.80 204.46 103.15 47.0 94.7 

1962 288,26 275.37 110.82 40.2 95.5 

1963 278.76 265.99 114.45 42.7 95.4 

1964 316.15 301. 79 113.55 37.6 95.5 

1965 406.32 391.08 114.50 29.3 96.2 

1966 448.78 431.97 119.44 27.6 96.3 

1967 519.23 502.55 134.74 26.8 96.8 

1968 604.76 586.50 128.26 21.9 97.0 

1969 551.24 535.92 128.63 24.0 97.2 

1970 683.28 667.56 127.81 19.1 97.7 

1971 718.86 707.15 124.75 17.6 98.4 I-' 
lJ1 
N 



Table 51. -- Continued 

Total 
Regional Mine 

Smelter Smelter Mine Production 
Production Production Production As Percent 
(000 Metric (000 Metric (000 Metric Of Smelter 

Year Tons) Tons) Tons) Production 

1972 861.97 831. 7 5 119.90 14.4 

1973 1,101. 54 1,010.01 97.62 9.1 

1974 1,054.89 1,018.66 87.84 8.6 

1975 914.74 878.51 90.88 10.3 

1976 823.40 769.40 81.60 10.6 

1977 909.60 848.40 81.40 9.6 

1978 903.50 854.50 73.00 8.5 

1979 915.40 861.40 60.00 7.0 

Source: u.S. Bureau of Mines, Minerals Yearbook, 1960-1979, Vo1s. I and II. 

Smelter 
Production 
As Percent 

Of Total 
Regional 

Production 

96.5 

97.1 

96.6 

96.0 

93.4 

93.3 

94.4 

94.1 
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Table 52. Asian Region: Rest of Asian Region's Primary Copper Production and Mine Production 
As A Percent Of Smelter Production, 1960-1979 

Smelter Mine Smelter Production Smelter Production 
Production Production As Percent Of As Percent of Total 

Year (000 metric tons) (000 metric tons) Mine Production Regional Productiona 

1960 11.43 58.93 19.4 5.4 

1961 11.34 67.27 16.9 5.3 

1962 12.89 71.99 17.9 4.5 

1963 12.77 81.21 15.7 4.6 

1964 14.36 78.63 18.3 4.5 

1965 15.24 81.10 18.8 3.8 

1966 16.81 93.37 18.0 3.7 

1967 16.68 104.57 15.9 3.2 

1968 18.26 l31.72 l3.9 3.0 

1969 15.32 155.67 9.9 2.8 

1970 15.72 186.85 8.4 2.3 

1971 11. 71 247.63 4.8 1.6 

1972 30.22 252.68 12.0 3.5 

1973 31.53 307.34 10.3 2.9 
f--I 
IJl 
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Table 52. -- Continued 

Smelter Mine Smelter Production Smelter Production 
Production Production As Percent Of As Percent of Total 

Year (000 metric tons) (000 metric tons) Mine Production Regional Productiona 

1974 36.23 349.24 10.4 3.4 

1975 36.23 362.57 18.1 4.0 

1976 54.00 400.70 13.5 6.6 

1977 61.20 411.40 14.9 6.7 

1978 49.00 406.30 12.1 5.6 

1979 54.00 432.30 12.4 5.9 

Source: u.S. Bureau of MInes, Minerals Yearbook, 1960-1979, Vo1s. I and III. 

a. See Table 51 for total regional primary smelter production. 
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Table 53. Asian Region: Japanese Primary Zinc Production and Mine Production as a Percent 
of Smelter Production, 1960-1979 

Total Smelter 
Regional Mine Production 

Smelter Smelter Mine Production As Percent 
Production Production Production As Percent of Total 
(000 metric (000 metric (000 metric of Smelter Regional 

Year tons) tons) tons) Production Production 

1960 192.99 192.99 167.62 86.9 100.0 

1961 227.19 227.19 179.54 79.0 100.0 

1962 262.34 262.34 205.85 78.5 100.0 

1963 282.70 282.70 211.69 74.9 100.0 

1964 338.04 338.04 231.49 68.5 100.0 

1965 393.35 393.35 236.37 60.1 100.0 

1966 475.00 475.00 290.65 61.2 100.0 

1967 553.60 552.08 272.09 49.2 99.7 

1968 653.66 647.68 212.85 43.6 99.1 

1969 786.79 762.00 288.13 37.8 96.8 

1970 750.73 723.22 299.11 41.4 96.3 

1971 668.06 647.85 314.87 49.0 96.2 I--' 
I.J1 
0\ 



Table 53. -- Continued 

Total 
Regional Mine 

Smelter Smelter Mine Production 
Production Production Production As Percent 
(000 metric (000 metric (000 metric of Smelter 

Year tons) tons) tons) Production 

1972 886.06 760.68 259.56 33.2 

1973 928.67 901. 53 287.29 31.3 

1974 943.85 908.93 257.51 28.3 

1975 796.41 750.54 272.10 36.3 

1976 796.90 742.00 260.00 35.0 

1977 843.70 778.40 275.70 35.0 

1978 866.70 767.90 275.10 35.8 

1979 911.40 789.40 243.30 30.8 

Source: U.S. Bureau of Mines, Minerals Yearbook, 1960-1979, Vo1s. I and III. 

Smelter 
Production 
As Percent 

of Total 
Regional 

Production 

97.1 

97.1 

96.3 

94.2 

93.0 

92.0 

88.6 

86.4 

~ 
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Table 54. Asian Region: Rest of Asian Region's Primary Zinc Production and Mine Production 
as Percent of Smelter Production, 1960-1979 

Smelter Mine Smelter Production Smelter Production 
Production Production as Percent of as Percent of Total 

Year (000 metric tons) (000 metric tons) Mine Production Regional Productiona 

1960 30.27 

1961 25.76 

1962 28.89 

1963 29.68 

1964 35.93 

1965 42.57 

1966 47.24 

1967 1.52 53.90 2.8 0.3 

1968 5.98 94.33 6.3 0.9 

1969 24.79 98.78 25.1 3.2 

1970 27.51 118.32 23.3 3.7 

1971 25.21 131.82 19.1 3.8 

1972 25.38 133.70 19.0 2.9 
...... 
lJ1 
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Table 54. -- Continued 

Smelter Mine Smelter Production Smelter Production 
Production Production as Percent of as Percent of Total 

Year (000 metric tons) (009 metric tons) Mine Production Regional Productiona 

1973 27.14 151.31 17.9 2.9 

1974 34.92 169.33 20.6 3.7 

1975 45.66 160.48 28.5 5.8 

1976 54.90 172.30 31.1 7.0 

1977 65.3 176.60 37.0 8.0 

1978 98.8 163.10 60.6 11.4 

1979 122.0 154.10 79.0 13.6 

Source: U.S. Bureau of MInes, Minerals Yearbook, 1960-1979. Vo1s. I and III. 

a. See Table 53 for total Regional Primary Production. 
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Table 55. Asian Region: Japanese Primary Lead Production and Mine Production as a Percent 
of Smelter Production, 1960-1979 

Total Smelter 
Regional Mine Production 

Smelter Smelter Mine Production As Percent 
Production Production Production As Percent of Total 
(000 metric (000 metric (000 metric of Smelter Regional 

Year tons) tons) tons) Production Production 

1960 98.33 74.19 42.27 56.8 75.5 

1961 108.72 85.87 49.49 57.6 78.5 

1962 115.97 93.90 57.17 60.9 81.0 

1963 116.75 98.57 56.38 57.2 84.4 

1964 127.35 103.77 57.83 68.2 81.5 

1965 l36.60 115.87 58.75 50.7 86.5 

1966 146.58 126.82 67.49 53.2 89.0 

1967 180.15 160.39 67.88 42.3 92.0 

1968 190.92 176.00 67.24 38.2 92.3 

1969 215.98 199.58 67.87 34.0 92.4 

1970 240.16 223.95 68.88 30.8 93.4 

1971 245.57 229.99 69.17 30.1 93.7 I-' 
0\ 
0 



Table 55. -- Continued 

Total 
Regional Mine 

Smelter Smelter Mine Production 
Production Production Production As Percent 
(000 metric (000 metric (000 metric of Smelter 

Year tons) tons) tons) Production 

1972 222.90 205.44 67.86 33.0 

1973 221.35 202.57 56.56 27.0 

1974 267.58 243.79 50.27 19.4 

1975 236.94 211.59 54.08 25.6 

1976 274.35 249.00 51.70 20.8 

1977 340.70 321.40 54.80 24.6 

1978 247.70 228.40 56.10 24.6 

1979 242.40 221.10 47.40 21.4 

Source: u.S. Bureau of MInes, Minerals Yearbook, 1960-1979, Vo1s. I and III. 

Smelter 
Production 
As Percent 
of Total 
Regional 

Production 

92.2 

90.9 

91.1 

89.3 

90.8 

94.3 

92.2 

91.2 
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Table 56. Asian Region: Rest of Asian Region's Primary Lead Production and Mine Production 
as Percent of Smelter Production, 1960-1979 

Smelter Mine Smelter Production Smelter Production 
Production Production As Per~ent of As Percent of Total 

Year (000 metric tons) (000 metric tons) Mine Production Regional Productiona 

1960 24.14 43.00 56.2 24.5 

1961 22.85 45.76 49.9 21.5 

1962 22.07 38.21 57.7 19.0 

1963 23.18 38.73 59.8 15.6 

1964 23.58 45.98 51.3 18.5 

1965 20.73 54.66 37.9 13 .5 

1966 19.76 52.72 37.5 11.0 

1967 22.03 52.04 42.3 8.0 

1968 14.92 54.53 27.4 7.3 

1969 16.40 . 55.69 29.5 7.4 

1970 16.21 55.69 29.2 6.6 

1971 15.58 58.07 26.8 6.3 

1972 17.46 77 .65 22.5 7.8 
..... 
a-. 
N 



Table 56. -- Continued 

Smelter Mine Smelter Production Smelter Production 
Production Production As Percent of As Percent of Total_ 

Year (000 metric tons) (000 metric tons) Mine Production Regional Productiona 

1973 18.78 97.86 19.2 9.1 

1974 23.79 83.98 28.3 8.9 

1975 25.35 94.40 25.4 11.7 

1976 16.30 78.10 20.9 9.2 

1977 19.30 90.80 21.3 5.7 

1978 19.30 80.70 23.9 7.8 

1979 21.30 87.00 24.5 8.8 

Source: U.S. Bureau of Mines, Minerals Yearbook, 1960-1979, Vols. I and III. 

a. See Table 55 for total Regional Primary Production. 
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1967. Prior to that, virtually all production of primary zinc from 

smelters came from Japan. As Tables 53 and 54 show, although production 

of zinc from smelters in the rest of the region shows an increasing 

trend, Japan still predominates the regional output. On the average, 

only 5.2 percent of annual zinc primary smelter production in the region 

has been produced outside Japan. For lead, although the proportion of 

smelter production outside Japan was high in the early sixties, it subse

quently declined as a result of both production increases in Japan and 

declines outside Japan. In 1960, lead smelter production outside Japan 

was about 24.5 percent of that for the whole region. As Table 56 shows, 

this has declined to less than 10 percent in recent years, with the aver

age annual proportion being about 8.2 percent over the last ten years. 

In short, Japan produces over 90 percent of copper, zinc and lead smelter 

output in the Asian region. 

The distribution in smelter production in the Asian region is 

primarily attributed to two factors: the relative industrial level of the 

Japanese economy and a Japanese policy of securing a continuous supply of 

raw materials from abroad and processing them at home in order to supply 

domestic industrial activities and affect the value added. As a conse

quence, ore and concentrates of these metals have not only been imported 

from other countries outside the Asian region but from within the region 

as well. As seen in Tables 51, 53 and 55, smelter production in Japan 

has been in excess of Japanese mine production for these three metals; 

the country has had a deficit supply for its smelters. On the other hand, 

a comparison between these tables and Tables 52, 54 and 56 shows that 



165 

combined mine production has been in excess of combined smelter produc-

tion outside Jap~n; excess supplies of metal for the smelters exist out-

side Japan. Therefore, concentrates and ores mined in these countries 

have been moving to Japan for smelting) This has been facilitated by 

agreements between the countries and Japan in which Japan participates in 

development and production of raw material resources to supply the 

Japanese economy. In terms of smelter acid production, other things 

being equal, the smelter production distribution means correspondingly 

high concentrations of smelter sulfuric acid production in· Japan. 

Forecasting Non-Discretionary Sulfur 
Production from Copper, Zinc and 
Lead Smelters in the Asian Region 

Japan is the major producer of primary copper, zinc and lead from 

smelters in the Asian region, with its smelters depending largely on 

imported ore and concentrates. This dependence has increased in recent 

years. However, the country follows a policy which encourages securing 

long-term supplies of materials. Thus, Japan is expected to dominate 

production of these wetals in the region irrespective of scarcity of 

domestic resources of these metals. Japan has entered long-term working 

relationships with a number of governments, in the region as well as some 

outside, in which they are to work jointly in developing raw materials, 

with the agreement that some of the raw material will be exported to 

Japan. These relationships and agreements are assumed to exist over the 

1. I b d . d These are supp emented y ores an concentrates ~mporte 
from other countries outside the region, as well. 
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forecast period, eliminating the emergen~e of a new policy by which the 

suppliers may change the relationships and agreements. Consequently, it 

is expected that insignificant, if any, sulfuric acid production will come 

from outside Japan. Expected smelter acid production in the Asian region 

is derived only from expected copper, zinc and lead smelter production in 

Japan. 

Air pollution control requirements used here to derive expected 

acid output are those discussed in Chapter 1. Regression equations 

describing the relationship between primary smelter output and the Japanese 

average industrial production index are used to project Japanese smelter 

production of the met~ls. An equation is estimated for each metal using 

data for the 1960-1979 period. The production data are sho\ffi in Tables 

51, 53 and 55 for copper, zinc and lead, respectively. The industrial 

production index (1975 = 100) data are shown in Table 57. Each equation 

is estimated by regressing smelter production on the industrial produc

tion index. In order to project the smelter production for each metal, 

the independent variable, the industrial production index, must be pro

jected. Therefore, a trend model is estimated and used for projecting 

the industrial production index. This equation is estimated by regress

ing the industrial production index on time. All the regressions were 

performed using the SPSS computer package. 

The assumptions underlying the use of the equations estimated 

from the historical data to project the future, are that the patterns of 

industrial activity and metal production as well as of consumption are 

expected to remain the same. However, the factors which may change the 



Table 57. Japanese Industrial Production Index, 1960-1979 
(1975 = 100) 

Year Index Year 

1960 26.0 1970 

1961 31.0 1971 

1962 33.5 1972 

1963 37.3 1973 

1964 43.2 1974 

1965 44.9 1975 

1966 50.7 1976 

1967 60.5 1977 

1968 69.7 1978 

1969 80.7 1979 

Index 

91.8 

94.3 

101.1 

116.2 

111.7 

100.0 

111.0 

113.0 

122.7 

132.8 

Source: Organization for Economic Co-Operation and Development, Main 
Economic Indicators; Historical Statistics 1960-1979, June 
1980, p. 92. 
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situation include: (1) global recession; (b) technological changes; 

(c) capacity constraints; and (d) other government policies which may 

change the growth rates and patterns in the future. As will be mentioned 

later, the Japanese energy policy objectives are expected to be achieved 

by reducing economic growth rates from the current 5.7 to 5.0 percent 

after 1985. The growth in industrial activity is expected to change 

accordingly. Therefore, projections of smelter output are adjusted in 

order to take account of the expected changes in the growth rate. 

Based on the reBression analysis described above for all metals, 

linear equations best described the relationship between primary metal 

production and the average annual industrial production index. These 

equations are: 

(0.49) (14.25)* 

Copper, PD 22.20 + 7.44 II 

D.H. = 1.0 R2 .92 N 20 

(1.66) (13.34)* 

Zinc, PD 66.45 + 6.66 II 

D.H. = 0.9 R2 .90 N 20 

(2.6) (9.6)* 

Lead, PD 40.7+1.76U 

W 1 54 R2 = .83 D.. • N = 20 

Also, a linear equation best describes the relationship between the 

annual industrial production index and time. The equation is: 
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(-16.2) (19.97)* 

II -32.8 + 5.8 TM 

D.W. = 0.7 R2 = .96 N 20 

where PD is the annual smelter production in thousan~ metric tons, II is 

the annual industrial production index (1975 = 100), and TM is time in 

years, TM = 60 ... 79. 

Expected metal production was derived from the equations by 

using the projected values of the exogenous variable, II. The resulting 

smelter output as well as the projected industrial production index are 

shown in Tables 58, 29 and 60 for copper, zinc and lead, respectively. 

Expected acid production, derived from the metal production projection 

and the sulfur equivalent of acid production are given in Table 61. 

Production of Non-Discretionary Sulfur 
and Natural Gas Production in thp
Asian Region 

Natural gas in the Asian region is classified as sour and produc-

tion provides a potential source of sulfur supply. Virtually all of the 

regional production comes from the Arabian Gulf, Malaysia and Brunei. 

However, the bulk of the total natural gas produced in this area comes 

from the Arabian Gulf. 

The natural gas sector in the Asian region has two features which 

not only differentiate it from the natural gas sectors in other parts of 

the world, but also have significant implications for sulfur production 

in this region. The first feature relates to the supply side. The bulk 

of the gas in the region is produced as a by-product associated with 



Table 58. Asian Region: Projected Industrial Production Index and 
Derived Primary Smelter Copper Production, 1980-1995 

Expected Projected Industrial 
Smelter Produ~tion Production Index 

Year (thousand metric tons) (1975=100) 

1980 1,057.8 139.2 

1981 1,101.0 145.0 

1982 1,144.2 150.8 

1983 1,187.3 156.6 

1984 1,230.5 162.4 

1985 1,273.6 168.2 

1986 1,310.8 173.2 

1987 1,348.0 178.2 

1988 1,385.2 183.2 

1989 1,422.4 188.2 

1990 1,459.6 193.2 

1991 1,496.8 198.2 

1992 1,534.0 203.2 

1993 1,571.2 208.2 

1994 1,608.4 213.2 

1995 1,645.6 218.2 
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Table 59. Asian Region: Projected Industrial Production Index and 
Derived Primary Smelter Zinc Production, 1980-1995 

Expected Projected Industrial 
Smelter Production Production Index 

Year (thousand metric tons) (1975=100) 

1980 993.5 139.2 

1981 1,032.2 145.0 

1982 1,070.8 150.8 

1983 1,109.4 156.6 

1984 1,148.0 162.4 

1985 1,186.7 168.2 

1986 1,220.0 173.2 

1987 1,253.3 178.2 

1988 1,248.1 183.2 

1989 1,319.9 188.2 

1990 1,293.2 193.2 

1991 1,326.5 198.2 

1992 1,419.8 203.2 

1993 1,453.1 208.2 

1994 1,486.4 213.2 

1995 1,519.8 218.2 
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Table 60. Asian Region: Projected Industrial Production Index 
Derived Primary Smelter Lead Production, 1980-1995 

Expected Projected Industrial 
Smelter Production Production Index 

Year (thousand metric tons) (1975=100) 

1980 285.7 139.2 

1981 295.9 145.0 

1982 306.1 150.8 

1983 316.3 156.6 

1984 326.5 162.4 

1985 336.7 168.2 

1986 345.5 173.2 

1987 354.3 178.2 

1988 363.1 183.2 

1989 371.9 188.2 

1990 380.7 193.2 

1991 389.5 198.2 

1992 398.6 203.2 

1993 406.5 208.2 

1994 415.9 213.2 

1995 424.7 218.2 
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Table 61. Asian Region: Projected Production of Smelter Acid and Acid Sulfur Equivalent 
a 

(thousand metric tons) 

Copper Smelter Zinc Smelter Lead Sme1 ter Total Smelter Total Sulfur 
Year Acid Production Acid Production Acid Production Acid Production Equivalent 

1980 3,981. 6 1,644.3 127.7 5,753.6 1,880.3 

1981 4,144.2 1,705.2 132.3 5,981. 7 1,954.8 

1982 4,306.8 1,769.0 136.8 6,212.6 2,030.3 

1983 4,469.0 1,832.7 144.4 6,446.1 2,106.6 

1984 4,631. 6 1,896.5 145.9 6,674.0 2,181.0 

1985 4,793.8 1,960.4 150.5 6,904.7 2,256.4 

1986 4,933.9 2,015.4 154.4 7,103.7 2,321.5 

1987 5,073.9 2,070.5 158.4 7,302.8 2,386.5 

1988 5,213.9 2,061. 9 162.3 7,438.1 2,430.8 

1989 5,353.9 2,180.5 166.6 7,701.1 2,516.7 

1990 5,493.9 2,136.4 170.2 7,800.5 2,549.2 

1991 5,634.0 2,191.4 174.2 7,999.5 2,614.2 

1992 5,774.0 2,345.5 178.2 8,297.7 2,711. 7 

..... 
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Table 61. -- Continued 

Copper Smelter Zinc Smelter Lead Smelter Total Smelter 
Year Acid Production Acid Production Acid Production Acid Production 

1993 5,914.0 2,400.5 181.7 8,496.2 

1994 6,054.0 2,455.5 185.9 8,695.4 

1995 6,194.0 2,510.7 189.8 8,894.5 

a. Computed based on smelter projection in Tables 58, 59 and 60. 

Total Sulfur 
Equivalent 

2,776.5 

2,841.6 

2,906.7 

..... ...... 
-'" 
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crude oil; of all the producing countries in the region, only Iran and 

Qatar have significant reserves of non-associated gas. As such, the 

bulk of the gas production is determined primarily by the production of 

crude oil. The economic situation in the world oil market, by influenc

ing crude oil production, determines the production of the bulk of the 

natural gas. Production of the gas has very little to do with natural 

gas/crude oil competition or conditions in the natural gas markets as 

such. The second feature, however, relates to demand within the region 

where natural gas is produced as well as to transportation that would 

make natural gas available to markets in the industrialized parts of the 

world. Asian natural gas has found limited use because of the lack of 

both sufficient markets in the areas producing the gas and an insuffi

cient capacity for transportation and lack of infrastructure required for 

the shipment of natural gas from the producing areas to more industrial

ized markets abroad. 

This situation, the non-discretionary production of natural gas, 

and limited consumption and transporational capacity, have led to sub

stantial flaring as a means of disposing of the by-product associated 

gas which could not be re-injected to maintain oil field pressure. Table 

62 shows natural gas disposal in the major gas-producing countries for 

selected years. Most countries flare more than half of their gas produc

tion with proportions being high even in Qatar and Iran, which produce 

non-associated natural gas. Furthermore, significant portions of gas 

have been re-injected in Saudi Arabia and Kuwait. Re-injection and gas 

flaring in the areas, without strict governmental regulations, imply that 



Table 62. Asian Region: Natural Gas Production and Disposal Methods 
and Patterns for Selected Years in Major Gas-Producing 
Countries 

1968 1970 
Country Vo1umea % Vo1umea % 

Abu Dabi 

Production 191,691 100 305,543 100 

Flared 172,522 90 278,044 91 

Utilized 19~169 10 27,499 9 

Re-Injected 

Iran 

Production 802,490 100 1,094,194 100 

Flared 658,042 82 656,516 60 

Utilized 144,448 18 437,678 40 

Re-Injected 

Kuwait 

Production 118,750 100 569,699 100 

Flared 76,000 64 364,607 64 

Utilized 29,688 25 

Re-Injected 13,063 11 73,833 36 

Qatar 

Production 79,605 100 127,000 100 

Flared 68,460 86 92,710 73 

Utilized 11,145 14 34,290 27 

Re-Injected 
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Table 62. -- Continued 

1972 1977 
Country Vo1ume a % Vo1umea % 

Abu Dabi 

Production 412,543 100 436,800 100 

Flared 375,414 91 345,072 79 

Utilized 37,129 9 91,728 21 

Re-Inj ected 

Iran 

Production 1,469,730 100 2,059,504 100 

Flared 837,746 57 1,729,983 84 

Utilized 631,984 43 329,520 16 

Re-Inj ec t ed 

Kuwait 

Production 647,808 100 362,751 100 

Flared 408,119 63 119,708 33 

Utilized 174,908 27 216,200 59.6 

Re-Injected 64,781 10 26.844 7.4 

Qatar 

Production 180,000 100 151.499 100 

Flared 142,200 79 93,929 62 

Utilized 37,800 21 57,570 38 

Re-Injected 



Table 62. -- Continued 

1968 1970 
Country Vo1umea % Vo1umea % 

Saudi Arabia 

Production 541,000 100 710,940 100 

Flared 367,880 68 511,879 72 

Utilized 91,970 17 78,203 11 

Re-Injected 81,150 15 120,860 17 

1972 1977 
Country Vo1ume a % Vo1umea % 

Saudi Arabia 

Production 1,126,974 100 1,719,816 100 

Flared 935,388 83 1,289,862 75 

Utilized 96,920 8.6 15,478 9 

Re-Injected 94,666 8.4 24,077 14 

Source: Organization of Petroleum Exporting Countries (OPEC), Annual 
Report 1977, p. 20. 

U.S. Bureau of MInes, Mineral Yearbook 1969, 1970, 1973, and 
1979, Vo1s. I, III, and IV. 

a. Volume is given in million cubic feet 
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relatively little sulfur is being produced from a given amount of gas 

produced. Neither re-injection nor flaring require separation of hydro-

gen sulfide from natural gas. 

Currently, the Gulf region, as well as the rest of the world, 

views the associated gas produced in the region as a valuable source of 

energy and an important base for petrochemical and fertilizer industries. 

The need to utilize these potentials is rising rapidly. Consequently, 

the current tendency is directed toward the use of the associated natural 

gas as an energy source and raw material feedstock for petrochemical and 

fertilizer industries. The factors favoring this include: (1) an avail-

able energy market for the gas in Ja~dTlland other industrialized econo-

mies; (2) the fact that marketing of the associated gas from the area 

would yield positive netbacks as opposed to yieldinB no netback if the 

gas is flared
l

; (3) feasible LNG technology to economically handle and 

transport gas to compete with other energy sources in industrialized over-

2 
seas markets ; and (4) a potential commercial petrochemical industry and 

other energy-intensive industries in the areas where associated natural 

gas is produced (see Table 63). 

Activities which are intended to promote the utilization of 

natural gas in the Gulf area and other countries producing the gas and 

1. International Petroleum Times, February 15, 1980, estimated 
the c.i.f. price of Middle East LNG in West Europe at $5.00 per ~llirnTU 
(1979 dollars) and pointed out that this price compares favorably with 
the oil price which was $5.17 per MMBTU ($30.00/barrel). Transportation 
from the Gulf Port is estimated at $2.00 per MMBTU. 

2. Ibid. 



Table 63. Asian Region: Capacities of Existing and Planned Industrial Plants Using Natural Gas 
Produced in Those Countries. 

(thousand short tons per year) 

Fertilizer Basic Petrochemicals Energy-Intensive Industry 
Plant Ammonia Methanol Ethylene Sponge Primary 

Country Status from Methane from Methane from Ethane Iron Aluminum Cement 

Bahrain existing a 120 140 

planned 330 330 

Indonesia existing ll04 550 3200 

planned 672 350 300 1650 225 2750 

Iran existing 309 llO 3000 

planned 598 300 6130 4800 

Iraq existing 815 450 

planned 545 1485 120 9000 

Kuwait existing 545 135 

planned 272 380 

Malaysia existing 

planned 272 495 800 1740 

Oman existing 180 120 
t-' 

planned 400 
00 
0 



Table 63. -- Continued 

Fertilizer Basic Petrochemicals Energy-Intensive Industry 
Plant Ammonia Methanol Ethylene Sponge Primary 

Country Status from Methane from Methane from Ethane Iron Aluminum Cement 

Qatar existing 488 281) 400 

planned 400 340 

Saudi Arabia existing 163 1250 

planned 272 1300 1506 800 225 8750 

Syria existing 41 800 1395 

planned 4705 

U.A.E. existing 135 250 

planned 370 800 300 2275 

Total existing 3465 415 2200 545 9355 

planned 3331 2155 2106 12,465 750 26,640 

Source: Organization of Arab Petroleum Exporting Countries Bulletin, July 1980, p. 16. 

a. 
Insignificant 

i-' 
co 
i-' 



facilitating shipments of natural gas to more industrialized Inarkets 

outside of the producing area have already been initiated. Table 64 

shows recent gas consumption trends for major natural gas producers 

in the region. Consumption has increased significantly in recent 

years. This trend is expected to continue in the future. Activities 

in those sectors which will provide outlets for gas produced in the 
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area are shown in Table 63. Ammonia p1an~s, basic petrochemical plants 

and energy-intensive industries have been constructed to use gas pro

duced in the region. As the table shows, considerable capacity expan

sion aimed at increased use of gas are planned in the region. When all 

plans materialize, ammonia capacity will increase from 3,465,000 to a 

maximum of about 6,791,000 tons per year, assuming that the Iranian and 

Iraqi plants are on schedule, and to a minimum of about 5,648,000 per 

year if the expansion plans for plants in those countries are not imple

mented. 

In the petrochemical sector, the annual expected capacity 

increases are as follows: from 0 to 2,155,000 tons a year for methanol 

and from 415,000 to 2,521,000 tons for ethylene; this figure is expected 

to be 2,036,000 tons if the plans in Iran and Iraq are not implemented. 

Furthermore, in the energy-intensive industries, annual capacity is 

expected to increase from 2,200,000 to 14,665,000 tons; 545,000 to 

1,295,000 tons; and from 9,355,000 to 35,995,000 tons for sponge iron, 

primary aluminum and cement, respectively, assuming that the plans in 

Iraq and Iran materialize. If the plans in these countries do not mater

ialize, the final annual capacity figures are expected to be 5,415,000 



Table 64. Middle East Natural Gas Consumption for Selected Years 

(thousand barrels per day equivalent oil) 

Country 1970 1973 1977 1978 1979 

Bahrain 6.0 29·9 42.9 43.0 46.5 

Iraq 13.1 20.2 26.7 28.4 30.4 

Kuwait 72.7 87.9 99.4 104.4 108.4 

Qatar 16.7 26.4 26.8 24.7 24.4 

Saudi Arabia 37.7 75.6 133.5 158.2 183.4 

Syria 8.7 9.7 10.8 

U.A.E. 16.0 20.9 40.9 44.2 51.3 

Source: Organization of Arabic Petroleum Exporting Countries Bulletin, Oct. 1980, p. 21. 

f-I 
(Xl 

VJ 
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. tons; 1,175,000 tons and 22,995,000 tons, respectively. Finally, exist-

ing contracts between the producers and overseas consumers, as well as 

existing international trade, are indicators of the existing status of, 

and prospects for, oversea markets for the Asian region's natural gas. 

These are summarized in Table 65. Japan is expected to be a major market. 

Although potential markets exist in other industrialized countries, with 

its energy deficit with high level of industrialization, Japan would be 

able to absorb substantial amounts of gas produced in the Asian region. 

Thus, increased amounts of associated natural gas are expected to be used 

in the region and the excess to be exported. This is expected to result 

in greater proportions of gas being processed to remove sulfur, with less 

being flared. Sulfur production from associated natural gas is accor-

dingly expected to increase. 

Forecasting Non-Discretionary Sulfur 
Production from Natural Gas 
Production in the Asian Region 

Future natural gas-based sulfur production is expected to follow 

trends similar to that of natural gas utilization because hydrogen sulfide 

must be removed before natural gas is processed or transported. As far 

as prediction is concerned, however, it is not possible to establish a 

definitive model or relationship which, on the basis of expected gas pro-

duction and/or utilization, can efficiently predict expected production 

of sulfur from natural gas in the Asian region. 

Although it may be possible to predict natural gas production 

from crude oil production, the resulting natural gas production could not 



Table 65. Asian Region: Liquified Natural Gas (LNG) Overseas Trade Activities. 

ComEan~ No. of 
Importer LNr. Plant Carriers 

Country of Country of (buyers other LNr. Plant Caracity Length of Capacity 
Export Import Exporter than importers) Site (10 Scfd) Contract (10·cf. Liq.) 

Indonesiaa Japan Pertamina Osalca Gas Atun 1.200 1977-1997 10 (44.1) 

(North Sumatra. Kansai Electric Bac1ay 450 

East Kalimantan) Chibu Electric 

Kyusha Electric 

Nippon Steel 

U.A.E. b Japan Abu Dhabi Tokyo Electric Co. Da,; Island 350 1976-1996 3 (13.2) 

Gas Lique- (3.1) 

faction Co. 

Malaysia Japan Petronas Mitsubishi Gas Miri 750 1979-1999 6 (25.4) 

Osaka Gas 

Tokyo Electric 

Source: International Petroleum Encyclopedia 1978. pp. 326.330. and pre-print 1979. 

Petroleum Economist. August 1981. Vol. XLVIII. No.8. p. 337. 

aTrade was 8.6 billion cubic meters in 1979 and 11.9 in 1980. 

bTrade was 1.7 billion cubic meters in 1979 and 2.7 in 1980. 

Distance 
(Miles) 

3250 

6159 

6159 

3037 

f-' 
CO 
V1 
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be efficiently used as a basis for natural gas-based sulfur prediction. 

Sulfur production in this region depends on gas utilization rather than 

on production. However, the pattern of by-product gas disposal, of which 

utilization is one, is expected to change considerably in the future with 

more by-product gas being utilized both in absolute and relative terms. 

Current and near-future sulfur recovery capacity increases, as 

well as their relationship to recent and current annual production, can 

be used as indications of the extent of the expected production and, 

therefore, as a basis for predicting expected sulfur production from asso

ciated natural gas. As in the case of expected gas utilization, current 

and near-future planned activities in sulfur recovery from natural gas 

reflect expected sulfur production rates. Therefore, current and near

future sulfur recovery capacity increases, and their realtionship to 

recent sulfur production from natural gas in the Asian region is used as 

the basis for predicting expected sulfur production from natural gas. 

Current sulfur production is very low compared to total existing 

and near-future sulfur recovery plant capacity associated with natural 

gas processing plants in the Asian region. Average current annual produc

tion is about 280,000 metric tons. However, considering the existing 

annual capacity and capacity which will result from sulfur recovery 

plants due to be completed by the mid-1980's, capacity by the end of the 

1980's is expected to be about 2,693,500 metric tons. This is approxi

mately ten times current production. 

Although this capacity is expected to be this high before the 

end of the 1980's, 'the difference between sulfur production and sulfur 
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capacity seems too large to enable production to catch up with capacity 

by that time. Also, the construction of significant additional capacity 

would be very unlikely as this would result in excessive idle capacity 

which may be unnecessarily expensive to maintain. Thus, it is expected 

that feasible production will grow at a rate to catch up with capacity 

while capacity growth is expected to reach a level that will not result 

in excessive idle capacity for a prolonged period. These considerations 

are taken into account in predicting sulfur production. 

Hence, in predicting expected sulfur production from natural gas 

in the Asian region, the above-cited capacity is considered the expected 

maximum sulfur production for the region to be reached by the end of the 

forecast period. In light of the foregoing, it is expected that, on 

average, natural gas-based sulfur production will increase steadily from 

the current level to full capacity in 1995. Table 66 shows expected 

production of sulfur projected by this scenario. 

Forecasting Non-Discretionary Sulfur 
Production from Crude Oil in the 
Asian Region 

To analyze and project crude oil consumption in the Asian region, 

the region is subdivided into OPEC members, non-OPEC members, and Japan. 

This approach was necessitated both by the nature of data available and 

intra-regional differences in the energy situation. 

The growth rates used to compute OPEC and non-OPEC members' 

expected crude oil consumption were supplied by the U.S. Department of 

Energy's Annual Report to the Congress, 1981 [76], which separately 



Table 66. Asian Region: Projected Production of Naturas Gas-Based 
Elemental Sulfur, 1980-1995 

Production 
Year (metric tons) 

1980 280,000 

1981 440,900 

1982 601,800 

1983 762,700 

1984 923,600 

1985 1,084,500 

1986 1,245,400 

1987 1,406,300 

1988 1,567,200 

1989 1,728,100 

1990 1,889,000 

1991 2,049,900 

1992 2,210,800 

1993 2,371,700 

1994 2,532,600 

1995 2,693,500 

188 

a. Projections are based on the expectation that sulfur produc
tion will increase with expected production and utilization increases 
from current levels to full capacity by the end of the forecast period. 
The initial production level is the average production for 1978 and 
1979. This is computed from production figures from the U.S. Bureau of 
Mines Minerals Yearbook, Vol. I, 1978-1979, pp. 890-894, and British 
Sulphur Corp. Ltd., Statistical Supplement; 1978-1980 issues. The total 
existing capacity for the region is computed from the International 
Petroleum Encyclopedia (IPE) 1978 and 1979 and Pre-print 1980. Planned 
capacity is computed from the Oil and Gas Journal, Oct. 27, 1980, pp. 
136-139, 145-146 and August 31, 1981, pp. 80-83. 
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estimated aggregate expected oil consumption rates for non-OECD nations 

and OPEC nations. The non-OPEC nations, in this region, other than Japan, 

are also non-OECD nations. Accordingly, growth rates for non-OECD count

ries were applied to forecast the Asian region's non-OPEC members' expec

ted crude oil consumption while the OPEC growth rate was applied to the 

region's OPEC-nations' expected crude oil consumption. 

In previous cases where data provided by DOE was used, growth 

rates were given for different scenarios of expected crude oil prices. 

Also, the reasons used regarding the choice of expected growth rates under 

the mid-price path scenario are used here as the basis for forecasting 

expected crude oil consumption for both OPEC and non-OPEC nations in the 

Asian region. These growth rates are 1.2, 2.0 and 2.6 percent per annum 

for the 1980-1985, 1985-1990 and 1990-1995 periods, respectively, for non

OPEC countries. For OPEC members the rates of 7.5 and 7.8 percent per 

annum for the 1980-1985 and 1985-1995 periods, respectively. 

Initial crude oil consumption, ori which the projections here are 

based, are those for 1980. These consumption figures were provided by the 

United Nations, World Energy Supplies, 1973-1980 [77] for every country. 

However, for both OPEC and non-OPEC subdivisions, 1980 consumption of 

crude oil by country was aggregated to obtain the total initial data set 

on which the above growth rates were applied to get expected combined 

crude oil consumption. 

For Japan, however, more precise information, and data related 

to the country's expected energy situation were available from a study 

performed by the International Energy Agency [78]. The crude oil 



190 

consumption rates based on this study are seen as more relevant to the 

expected energy situation in Japan. It was used here as the basis for 

forecasting expected crude oil consumption in Japan. 

Based on the study, the grO\vth rate of crude oil consumption in 

Japan is expected to be about 2.9 percent between 1978 and 1985 and zero 

1 
thereafter. This growth rate reflects the effect of the current Japan-

ese energy policy which primarily aims at a reduction of dependence on 

crude oil as an energy source. According to the policy objective, Japan 

is expected to reduce its present 75 percent dependence on oil to 63 per-

cent in the mid-1980's and to 50 percent by 1990 [79]. This is expected 

to be achieved through energy conservation, accelerated development of 

alternative energy sources, and slowed economic growth. The accompanying 

GDP growth is expected to be 5.7 percent until 1985, slO\ving thereafter 

to 5 percent for the period 1985-1990. 

Accordingly, the Asian region's expected sulfur production from 

crude oil consumption assumes that the Japanese will meet their economic 

growth and crude oil dependence objectives. Table 67 shows the resulting 

expected crude oil consumption for OPEC members, non-OPEC members and 

Japan, as well as the reeional total. Expected elemental sulfur produc-

tion derived from expected reeional total crude oil consumption is also 

shown in the table. 

1. Based on the 1980-1995 period, these rates compa~e closely 
with DOE projected growth rates even though the DOE projections might 
have not directly taken into account the possible effects of Japanese 
energy policy. 



Table 67. Asian Region: Expected Crude Oil Consumption and Associated Sulfur Production, 
1980-1995 

Crude Oil Consumption a 
(million metric tons) 

Associated Su1furb 

OPEC Non-OPEC Regional Production 
Year Members Members Japan Total (thousand metric tons) 

1980 138.6 127'.3 272.9 538.8 7,543.2 

1981 149.0 128.3 279.5 557.3 7,802.2 

1982 160.2 130.4 286.2 576.8 8,075.2 

1983 172.2 131.9 293.1 597.2 8,360.8 

1984 175.1 133.5 300.1 618.7 8,661.8 

1985 199.0 135.1 307.3 641.4 8,979.6 

1986 214.5 137.8 307.3 659.6 9,234.4 

1987 231.3 140.6 307.3 679.2 9,508.8 

1988 249.3 143.4 307.3 700.0 9,800.0 

1989 268.0 146.2 307.3 721.5 10,101.0 

1990 288.9 149.2 307.3 745.4 10,435.6 

...... 
\D 
...... 



Table 67. -- Continued 

Crude Oil Consumptiona 

(million metric tons) 
Associated Sulfurb 

OPEC Non-OPEC Regional Production 
Year Members Members Japan Total (thousand metric tons) 

1991 311.5 153.1 307.3 771.9 10,806.6 

1992 335.7 157.1 307.3 800.1 11,201.4 

1993 361.9 161.2 307.3 830.4 11,625.6 

1994 390.2 165.3 307.3 862.8 12,079.2 

1995 420.6 169.6 307.3 897.5 12,565.0 

a. Expected crude oil consumption for these subregions of the Asian Region are fore
cast as explained in the text. 

b. The expected elemental sulfur production associated with the crude oil consumption 
is computed from expected regional total production using the formula developed in Chapter 1. 

f-' 
\0 
N 



Production and Production Forecast 
of Sulfur from Pyrite in the 
Asian Region 

Pyrite-based sulfur is produced in only two countries in the 
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Asian region: Japan and India. Japan has been one of the world's leading 

pyrite-based sulfur producers. India, however, started its production 

only in the early 1970's, when it opened one pyrite mine to supply an 

acid plant associated with a fertilizer manufacturing plant. As in the 

case of pyrite industries elsewhere in the world, the performance of 

pyrite in the Asian region has not been good. The pyrite industry in 

Japan has had setbacks related to depletion, more stringent pollution 

regulations, and competition from non-discretionary sulfur. This has 

led to closure of most pyrite mines and plants and production ~utbacks 

in the existing mines. Although the Indian pyrite industry is re1a-

tive1y new, pyrite production has declined in recent years; production 

growth was realized only during the first three years, and thereafter 

production declined due primarily to ore grade and mining problems. 

Although the capacity of the acid plant the mine was intended to serve 

has increased, additional acid capacity currently depends on elemental 

sulfur rather than on pyrite-based sulfur. 

Table 68 shows pyrite-based sulfur production in the Asian 

region for the 1960-1979 period. Production increased from 1,540,000 

metric tons in 1960 to 1,956,000 metric tons in 1969. Thereafter, pro-

duction continuously declined to only 345,000 metric tons in 1979. The 

declining trend is a result of the combination of situations which 

characterized both the Japanese and the Indian pyrite industry. No 
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Table 68. Asian Region: Pyrite-Based Sulfur Production, 1960-

1979 

(thousand metric tons) 

Year Production Year Production 

1960 1,541 1970 1,289 

1961 1,650 1971 1,109 

1962 1,691 1972 834 

1963 1,659 1973 610 

1964 1,771 1974 663 

1965 1,864 1975 515 

1966 1,989 1976 534 

1967 1,895 1977 447 

1968 1.956 1978 347 

1969 1,455 1979 345 

Source: United States Bureau of ~lines, Mineral Yearbook, 1960-1979, 
Vol. 1. 
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change that would reverse the trend is expected to occur. It is likely 

that the remaining mines will be closed as ores aye exhausted and more 

obsolete, old pyrite plants are closed. The decline will probably be 

accelerated as air quality regulations become more stringent in Japan and 

competition from non-discretionary sulfur becomes stronger. As far as 

forecasting is concerned, it is assumed that 1995 production will be 

zero as a result of pyrite mine and plant closures. It is further assumed 

that production will decline gradually from the 1979 level to zero in 

1995. The production forecast under this scenario is shown in Table 69. 

Production of Frasch Sulfur 
in the Asian Region 

In the Asian region, Frasch sulfur is produced from imbedded 

sulfur deposits as Mishraq in Iraq. Mishraq Frasch sulfur reserves are 

believed to be the largest in the Western world. They are estimated at 

about 250 x 106 
metric tons of sulfur. Although the reserve is large, 

both production and productive capacity at the Mishraq deposits are low 

in comparison to those associated with Frasch deposits on the U.S. Gulf 

Coast and in Mexico. Production started in 1971 at an annual rate of 

about 36,000 metric tons, increased to about 600,000 metric tons in 1974, 

and have remained at approximat~ly this level since. In 1979, mine 

capacity was estimated at about 1,000,000 metric tons a year. This 

figure was revised to ab0ut 750,000 metric tons. 

A number of factors account for the limitation in both produc-

tion and capacity at the Mishraq sulfur deposits. These include: (1) 

lack of a significant domestic market; (2) limited transport and port 



Table 69. Asian Region: Expected Pyrite-Based Sulfur Production 
1980-19952 

(thousand metric tons) 

Year Production 

1980 345 

1981 323 

1982 302 

1983 280 

1984 259 

1985 237 

1986 216 

1987 194 

1988 172 

1989 151 

1990 129 

1991 108 

1992 86 

1993 65 

1994 43 

1995 0 

a • Based on linear decline from 1979 production to zero produc-
tion in 1995. 
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capacity; and (3) continuing operational problems. The first factor 

relates to the limited agricultural and industrial base in Iraq as well 

as in the neighboring countries, as well as the increasing availability 

of non-discretionary sulfur from petroleum and gas production. As a 

result, Frasch sulfur production has been oriented toward overseas 

markets. However, the second factor limits the amount of Frasch sulfur 

from Mishraq which can reach overseas markets. Shipments of sulfur to 

these markets depend on the capacity of the railroad that runs south 

1000 kilometers to the port of Urn Qasr on the Arabian Gulf as well as on 

the port capacity. This infrasttucture is capable of handling only about 

80 percent of the current production [80]. The third factor relates to 

water losses during underground extraction and the purification tech

nology used for the removal of bitumen from the already extracted sulfur. 

Water losses depend on the nature of rocks which imbed the sulfur deposit 

and the hydrologic gradient which exists at the deposits. The mined 

molten sulfur reaches the surface containing 1 to 2 percent bitumen which 

must be removed. During the bitumen removal process, 8 to 25 percent of 

the sulfur is lost [81], resulting in reduced net production. 

Further expansion at ~lishraq can only be realized if these prob

lems are o~ercome. The reserves of the Frasch sulfur deposits here may 

not be utilized at anywhere near capacity unless, or until, hydrocarbon

based recovered sulfur becomes unavailable in the region. This is likely 

only at such a time when petroleum and natural gas are truly depleted. 

Finally, to solve the technical problems much time and a high capital 

investment in infrastructure and technology are required. Given polit-
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ica1 problems in the region, it is unlikely that these will be effected 

soon. 

Frasch sulfur production is unlikely to increase beyond current 

production over the forecast period. Depending on how the factors 

affecting Asian Frasch sulfur production and demand change, the produc

tion may be between the current level and zero. The current production 

is about 600,000 metric tons. Production at the end of the forecast 

period will be at this level if the conditions which adversely affect 

Frasch sulfur production at the ~lishraq deposit do not change signifi

cantly. This is less probable because competition from the non-discre

tionary sulfur is expected to increase as more sulfur is recovered from 

both natural gas and crude oil. Therefore, 600,000 metric tons may be 

considered the maximum expected level of production in 1995. The minimum 

may be zero, depending on how fast the adverse conditions change and also 

the extent to which their effects will be offset by the effects of the 

conditions which favor the Frasch industry in the Asian region. Consid

ering these two limiting possibilities, it is assumed here that the 

average between the maximum and minimum production will be the most 

likely Frasch sulfur production by the end of the forecast period. The 

forecast is, therefore, based on the scenario that annual expected pro

duction will decrease gradually from the current level of 600,000 metric 

tons in 1980 to about 300,000 metric tons in 1995. Table 70 shows pro

jections based on this scenario. 

Summary 

Table 71 is a summary of expected sulfur production in the Asian 
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Table 70. Asian Region: Expected Frasch Sulfur Production, 1980-

1995<1 
(thousand metric tons) 

Year Production 

1980 600.0 

1981 580.0 

1982 560.0 

1983 540.0 

1984 520.0 

1985 500.0 

1986 480.0 

1987 460.0 

1988 440.0 

1989 420.0 

1990 400.0 

1991 380.0 

1992 360.0 

1993 340.0 

1994 320.0 

1995 300.0 

a. 
The basis for forecasting the. expected Frasch sulfur pro-

duction is discussed in the text. 



Table 71. Summary of Asian Region's Total Future Production by Source, 1980-1995 

(thousand metric tons) 

Source 
Year Smelter Crude Oil Natural Gas Frasch Pyrite Total 

1980 1,880.3 7,543.2 280.0 600.0 323.0 10,626.5 

1981 1,954.8 7,802.2 480.9 580.0 302.0 11,119.9 

1982 2,030.3 8,075.2 601.8 560.0 280.0 11,547.3 

1983 2,106.6 8,360.8 762.7 540.0 259.0 12,029.1 

1984 2,181.0 8,661.8 923.6 520.0 237.0 12,523.4 

1985 2,256.4 8,979.6 1,084.5 500.0 216.0 13,036.5 

1986 2,321.5 9,234.4 1,245.4 480.0 194.0 13,475.3 

1987 2,386.5 9,508.8 1,406.3 460.0 172.0 13,933.6 

1988 2,430.8 9,800.0 1,567.2 440.0 151.0 14,389.0 

1989 2,516.7 10,101.0 1,728.1 420.0 129.0 14,894.8 

1990 2,549.2 10,435.6 1,889.0 400.0 108.0 15,381.8 

1991 2,614.2 10,806.6 2,049.9 380.0 86.0 15,936.7 

1992 2,711. 7 11,201. 4 2,210.8 360.0 65.0 16,548.9 

N 
0 
0 



Table 71. -- Continued 

Source 
Year Smelter Crude Oil Natural Gas 

1993 2,776.4 11,625.6 2,371. 7 

1994 2,841. 6 12,079.2 2,532.6 

1995 2,906.7 12,565.0 2,693.5 

Frasch Pyrite 

340.0 43.0 

320.0 21.0 

300.0 0.00 

Total 

17,156.7 

17,794.4 

18,465.2 

N 
o 
..... 
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region. The Asian region is expected to produce sulfur from both non

discretionary and discretionary sources. Non-discretionary sulfur pro

duction is expected to come from three sources: copper, zinc and lead 

smelters; crude oil; and natural gas. The discretionary sulfur produc

tion is expected to come from Frasch sulfur and pyrite. 

Significant growth is expected in all areas of-non-discretionary 

sulfur production. In the area of smelter-based sulfur production, 

growth is expected to be tied to increased smelter production in Japan. 

In the area of crude oil, sulfur production gro'vth will reflect general 

increases in oil refining, which are expected to result both from in

creased oil consumption in Japan and other non-oil-producing nations as 

well as from increased oil consumption resulting from increased refining 

activity which will evolve in the oil-producing nations in the region, 

and the general increase in sulfur content and gravity of the crude oil 

to be processed in the region. Sulfur production growth associated with 

natural gas production is expected to be tied to increased utilization 

of associated natural gas in the crude oil-producing countries and 

marketing of the LNG in overseas markets. 

Production of discretionary sulfur is not expected to grow. 

Frasch production is expected to decline over the period. Frasch sulfur 

production in this region has been constrained by both economic and 

technical factors. This situation is not, however, expected to change 

in favor of sulfur production. On the other hand, production of sulfur 

from pyrite is expected to decline to approximately zero by the end of 

the forecast period. Depletion, increased competition from non-



discretionary sulfur in the region and stringent environmental regula-

tions have led to declines in pyrite-based sulfur production. These 

factors are not expected to change in favor of the pyrite industry. 

Production of Sulfur in the Oceanian Region 

The Oceanian region consists of Australia, Ne", Zealand and 

Papua New Guinea. This region produces only non-discretionary sulfur. 

The sources are sulfuric acid from smelters and elemental sulfur from 

crude oil refineries. 

Production and Forecasting Non-Discretionary 
Sulfur Values from Copper, Zinc and Lead 
Smelters in Oceania 

Only one country, Australia, produces primary smelter copper, 
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zinc and lead in the region. In the future, Papua Ne,,, Guinea may build 

copper smelters to process the copper produced in the country. To date, 

however, no evidence of such a plant is available. Furthermore, even if 

it builds a smelter, it is unlikely that an acid plant will also be built 

because the country is underdeveloped. Consequently, expected smelter 

acid production in the region is derived from expected smelter production 

of metals in Australia. 

Air pollution control requirement!; assumed in deriving expected 

smelter sulfur production in this region are discussed in Chapter 1. 

Regression equations describing the relationships between primary smelter 

production and the Australian average industrial production index are 

used to project expected smelter productioc. of the metals. An equation 

is estimated for each metal using data for the 1960-1979 period. The 
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copper, zinc and lead smelter production data are shown in Table 72. 

The industrial production index data, 1975 = 100, are shown in Table 73. 

Each equation was estimated by regressing smelter production on the indus

trial index using an SPSS computer package. 

Current and lagged indices of industrial production were tried 

in the regressed equation for each model. Finally, however, the index 

of industrial production was lagged only for copper smelter production. 

The relationship between the lagged index and smelter production was 

found to be superior to that between the index and production of the same 

year. Based on regression analysis, linear equations best describe the 

relationship between primary metal production and industrial production 

in all cases. These equations are as follows: 

(1.50) (7.44) * 

Copper, PD -32.91 + 1.77 II (-1) 

D.H. = 1.03 R2 = 0.75 N 20 

(1.71) (7.30)* 

Zinc, PD 46.52 + 2.88 II 

D.W. = 1.13 R2 0.73 N 20 

(1. 33) (7.08)* 

Lead, PD 48.59 + 2.73 II 

D.H. = 1.1 R2 0.721 N 20 

where PD is annual smelter production in thousand metric tons, II is the 

annual industrial prod~ction index, 1975 = 100, and-II (-1) is the indus

trial index lagged by one year. 
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Table 72. Oceanian Region: Primary Copper, Zinc and Lead Smelter 
Production, 1960-1979 a 

(thousand metric tons) 

Copper Smelter Zinc Smelter Lead Sme1 ter 
Year Production Production Production 

1960 72.18 130.65 206.35 

1961 69.56 150.71 ·176.39 

1962 80.72 182.47 206.60 

1963 85.73 195.35 224.06 

1964 84.52 201.60 220.69 

1965 79.77 216.22 210.05 

1966 91.94 211.25 209.86 

1967 76.94 211.32 317.33 

1968 93.84 222.75 317.16 

1969 116.18 263.43 366.94 

1970 119.65 278.69 377 .04 

1971 142.87 276.67 346.10 

1972 145.34 315.52 341.93 

1973 162.22 320.25 363.63 

1974 196.13 296.06 360.37 

1975 -184.13 206.74 359.90 

1976 170.30 249.20 342.60 

1977 171.80 256.40 337.00 



Table 72. -- Continued 

Year 

1978 

1979 

Copper Smel ter 
Production 

176.10 

159.00 

Zinc Smelter 
Production 

294.80 

310.10 

Lead Sme1 ter 
Production 

356.00 

376.10 

Source: U.S. Bureau of Mines, Mineral Yearbooks 1960-1979, Vols. I 
and IV. 
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a. These data are for Australia only as this is the only country 
which produces smelter copper, zinc and lead. 
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Table 73. Australian Industrial Production Index, 1960-1979 (1975=100) 

Year Index Year Index 

1960 56.2 1970 93.0 

1961 56.4 1971 102.2 

1962 61.5 1972 111.6 

1963 65.2 1973 111.3 

1964 69.7 1974 103.3 

1965 77 .1 1975 100.0 

1966 86.2 1976 112.0 

1967 86.0 1977 119.0 

1968 91.5 1978 126.2 

1969 95.5 1979 131.7 

Source: Organization for Economic Co-Operation and Development, Hain 
Economic Indicators: Historical Statistics, 1960-1979, June, 
1980. 
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Also, an equation is estimated for projecting the index indus-

trial production. The same technique is used in estimating the equation. 

However, in this case, time is regressed on the industrial index. The 

resulting equation is: 

(-11.38) (17.71)* 

II .168.04 + 3.75 TM 

D.W. = 0.9 R2 = .96 N 20 

where II is the same as above and TM is time in years. 

The assumptions underlying the foregoing projection methods are: 

future patterns of metal consumption aLe expected to be similar to the 

past ones; that future patterns and trends of industrial activity are 

expected to be similar to the past; and that smelter capacity will be 

available to enable domestic production of the metals to meet expected 

demand. The projections will, therefore, be subject to changes in tech-

nology, both domestic and global recession and new government policies 

which may affect the patterns cited above. 

To derive expected metal production, the exogenous variable, II, 

was first predicted. This was done by putting the values of T~! in the 

last equation. Expected production was then derived from the equations 

by using the projected values of the exogenous variable. The resulting 

output of smelters as well as the projected industrial index are shown 

in Tables 74, 75, and 76 for copper, zinc and lead, respectively. 

Expected acid production, derived from the metal production prujection 

discussed above, together with the sulfur equivalent of the acid, are 



Table 74. Oceanian Region: Projected Industrial Index and Derived 
Primary Copper Smelter Productiona (1980-1995) 

Expected Projected Industrial 
Smelter Production Production Index 

Year (thousand metric tons) (1975 = 100) 

1980 200.7 132.0 

1981 207.3 135.7 

1982 214.0 139.5 

1983 220.6 143.2 

1984 227.3 147.0 

1985 233.8 150.7 

1986 240.6 154.5 

1987 247.1 158.2 

1988 253.8 162.0 

1989 260.4 165.7 

1990 267.1 169.5 

1991 273.7 173.2 

1992 282.2 178.0 

1993 286.9 180.7 

1994 293.7 184.5 

1995 300.2 188.2 

a. The data on which these projections are based are those for 
Australia as this is the only country in the region which produces 
smelter copper associated with acid production. 
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Table 75. Oceanian Region: Projected Industrial Index and Derived 
Primary Zinc Smelter Productiona 1980-1995 

Expected Projected Industrial 
Smelter Production Production Index 

Year (thousand metric tons) (1975 = 100) 

1980 426.7 132.0 

1981 437.3 135.7 

1982 448.3 139.5 

1983 458.9 143.2 

1984 469.9 147.0 

1985 480.5 150.7 

1986 491.5 154.5 

1987 502.1 158.2 

1988 513.1 162.0 

1989 523.7 165.7 

1990 534.7 169.5 

1991 545.3 173.2 

1992 559.2 178.0 

1993 566.9 180.7 

1994 577 .9 184.5 

1995 588.5 188.2 

a. The data on which these projections are based are those for 
Australia because this is the only country in the region which pro-
duces smelter zinc associated with acid production. . 
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Table 76. Oceanian Region: Projected Industrial Index and Derived 
Primary Lead Smelter Productiona 1980-1995 

Expected Projected Industrial 
Smelter Production Production Index 

Year (thousand metric tons) (1975 = 100) 

1980 409.0 132.0 

1981 419.1 135.7 

1982 429.4 139.5 

1983 439.5 143.2 

1984 449.9 147.0 

1985 460.4 150.7 

1986 470.4 154.5 

1987 480.7 158.7 

1988 490.9 162.0 

1989 501.0 165.7 

1990 511.3 169.5 . 

1991 521.4 173.2 

1992 534.5 178.0 

1993 541.9 180.7 

1994 552.3 184.5 

1995 562.4 188.2 

a. The data on which these projections are based are those for 
Australia because this is the only country in the region which pro
duces smelter lead associated with acid production. 
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given in Table 77. The basis for deriving sulfuric acid and sulfur 

equivalents is discussed in Chapter 1. 

Production and Forecasting Non-Discretionary 
Sulfur Production from Crude Oil in the 
Oceanian Region 
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For the production of sulfur associated with crude oil refining, 

the only relevant countries in the region are Australia and' New Zealand. 

The other countries in this region presently refine insignificant amounts 

of crude, if any. Consequently, expected sulfur production from crude 

oil in the region is forecast based on forecasts of the expected crude 

oil consumption in Australia and New Zealand. The forecasts of expected 

crude oil consumption in these countries were based on expected growth 

rates of crude oil consumption supplied by the International Energy 

Agency [82]. For Australia, the growth rates reflect a policy which 

aims at reducing dependence on imported crude oil and developing a diver-

sified energy base which minimizes dependence on fuel oil. These goals 

are expected to be achieved by moving crude oil prices in the direction 

of international levels, restIaining the average growth of crude oil 

consumption as a source of energy, developing economic coal resources, 

and by increasing energy research and development. Moves to address 

these goals were initiated in 1979. New Zealand's objectives are simi-

lar to those of Australia. In order to reduce dependence on crude oil 

imports and to discourage domestic oil consumption, the government has 

imposed taxes on petroleum products. Furthermore, it has taken measures 

to encourage overall energy conservation. With the achievement of these 



Table 77. Oceanian Region: Projected Production of Smelter Acid and Acid Sulfur Equivalent, 
1980-1995 

(thousand metric tons) 

Copper Smelter Zinc Smelter Lead Smelter Total Smelter Total Sulfur 
Year Acid Production Acid Production Acid Production Acid Production Equivalent 

1980 755.4 704.9 182.8 1,643.1 537.0 

1981 780.3 722.4 187.3 1,690.0 552.3 

1982 805.5 740.6 191.9 1,738.0 568.0 

1983 830.3 758.1 196.5 1,784.9 583.3 

1984 855.6 776.3 201.1 1,833.0 599.0 

1985 880.0 793.8 205.8 1,879.5 614.2 

1986 905.6 812.0 210.3 1,928.1 630.1 

1987 930.1 829.5 214.8 1,974.5 645.3 

1988 951.5 847.6 219.4 2,018.5 659.6 

1989 980.1 865.2 223.9 2,069.3 676.2 

1990 1,005.4 883.3 228.6 2,115.3 691.3 

N 
I-' 
W 



Table 77. -- Continued 

Copper Smelter Zinc ~me1ter 
Year Acid Production Acid Production 

1991 1,030.2 901.7 

1992 1,062.2 923.8 

1993 1,079.9 936.5 

1994 1,105.5 954.7 

1995 1,130.0 972.2 

Lead Sme1 ter Total Smelter 
Acid Production Acid Production 

233.1 2,165.0 

238.9 2,224.8 

242.2 2,258.6 

246.9 2,307.1 

251.4 2,353.6 

Total Sulfur 
Equivalent 

707.5 

727.1 

738.1 

754.0 

769.2 

N 
...... 
-P-
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goals, Australian average annual crude oil consumption growth is expec

ted to decrease from current levels of about 2.8 percent to 0.5 percent 

per year in the 1985-1995 period [83]. However, New Zealand's crude oil 

consumption is not expected to change significantly. Annual consumption 

is expected to be stable at about 4 million metric tons through 1990, but 

is expected to decline to about 3.5 million metric tons by 1995 [84]. 

These expectations are used to compute the anticipated crude oil consump

tion require9 for predicting crude oil-based sulfur production in the 

Oceanian region. Table 78 shows Australian and New Zealand expected pro

duction, total production from these two countries (which represents the 

regional expected consumption from which sulfur in the region is expected 

to be recovered), and the expected associated sulfur production. The 

crude oil mix and the basis for deriving the sulfur from crude oil con

sumption are discussed in Chapter 1. 

Summary 

The Oceanian region produces only non-discretionary sulfur. 

This sulfur is produced from t,vo sources: sulfuric acid from smelters and 

elemental sulfur from crude oil refineries. Only one country in the 

region, Australia, produces smelter acid. It is the only country with 

copper, zinc and lead smelting activities. Elemental sulfur is produced 

from crude oil in only two countries in the region: Australia and New 

Zealand, the only countries where significant oil refining takes place. 

Table 79 is a summary of expected sulfur production in the region. These 

~~gures, in essence, are production figures for non-discretionary sulfur 

in these two countries. 
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Table 78. Oceanian Region: Expected Crude Oil Consumption and Associ
ated Sulfur Production, 1980-1995 

Crude Oil Consumption a 

(million metric tons) 
Associated Sulfur 

Regional Production 
Year Australia New Zealand Total (metric tons) 

1980 33.817 4.072 37.889 528,552 

1981 34.764 4.058 38.822 541,567 

1982 35.737 4.044 39.781 554,945 

1983 36.738 4.030 40.768 568,714 

1984 37.767 4.016 41. 783 582,873 

1985 38.824 4.002 42.826 597,422 

1986 39.018 3.952 42.970 599,432 

1987 39.213 3.902 43.115 601,454 

1988 39.409 3.852 43.261 603,491 

1989 39.606 3.802 43.408 605,542 

1990 39.804 3.752 43.556 607,606 

1991 40.003 3.702 43.795 610,940 

1992 40.203 3.652 43.855 611,777 

1993 40.404 3.602 44.006 613,884 

1994 40.605 3.552 44.157 615,990 

1995 40.809 3.502 44.311 618,138 

a. Expected crude oil consumption forecast as explained in the 
text. 

b. Expected elemental sulfur production associated with crude 
oil consumption is computed from expected regional crude oil consump
tion mix discussed in Chapter 1. 

b 
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Table 79. Summary of Expected Oceanian Region's Total Sulfur Produc-
tion and Production by Source, 1980-1995 

(thousand metric tons) 

Source 
Year Crude Oil Smelter Total 

1980 528.6 537.0 1,065.6 

1981 541.6 552.3 1,093.9 

1982 555.0 568.0 1,123.0 

1983 568.7 583.3 1,152.0 

1984 582.8 599.0 1,181.8 

1985 597.4 614.2 1,211.6 

1986 599.4 630.1 1,229.5 

1987 601.5 645.3 1,246.8 

1988 603.5 659.6 1,263.1 

1989 605.5 676.2 1,281. 7 

1990 607.6 691.3 1,29G.9 

1991 610.9 707.5 1,318.4 

1992 611.8 727.1 1,338.9 

1993 613.9 738.1 1,352.0 

1994 616.0 754.0 1,370.0 

1995 618.1 769.2 1,387.3 



Production of Sulfur in the Caribbean 
and Central American Region 

This region consists of the Caribbean (except Cuba), Central 
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America and Venezuela. Venezuela is included mainly because most of the 

Venezuelan refineries equipped with sulfur recovery units are located 

in the northern part of the country, which is closer to the Caribbean 

than to the rest of South America. Furthermore, Venezuelan crude oil 

is the major feedstock to the refineries equipped with sulfur recovery 

units in this region; Venezuelan crude is refined in most plants in the 

Caribbean, including those in Aruba and Caracao. Table 80 shows the 

trend of sulfur production in this region for selected years for the 

1967-1980 period. This region produced only non-discretionary sulfur. 

The two major sources are: (1) smelter gases and (2) crude oil. 

Production of Non-Discretionary 
Sulfur from Smelters in the Caribbean 
and Central American Region 

Sulfur has been produced as sulfuric acid from smelter gases in 

this region. However, production of sulfur from this source has declined 

in recent years to such an extent that its role can be considered negli-

gible. As shown in Table 80, sulfur production from smelters declined 

from 30,000 metric tons in 1967 to about 15,000 metric tons in 1977. 

Its share of total sulfur supply also dropped from about 53 percent to 

only 4 percent over the same period. 

No major plans which may result in building smelters in this 

region have been identified. No major non-ferrous metal production acti-

vi ties which may lead to building new smelter plants in the region exist. 
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Table 80. Caribbean and Central American Region: Production of 

Non-Discretionary Sulfur, 1967-1980 

(thousand metric tons) 

Source 
Year Crude Oil Smelter Total 

1967 27 30 57 

1968 30 26 56 

1969 37 27 64 

1973 203 16 219 

1974 307 19 326 

1975 313 14 329 

1976 344 15 359 

1977 365 15 400 

1978 385 N/Aa 385 

1979 408 N/A 407 

1980 437 N/A 437 

Source: Reiber, M. and Okech, B., Sulfur Pollution Control: The Dis
posal Problem, Section 9, "Secondary Impacts on Rest of World 
Production of Sulfur, Sulfur Values, and Fertilizer", NTIS 
81-222812, U.S. Department of Interior, Washington, D.C., 
December 1980, p. 9-13. 

a. Negligible production. 
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The only sign of non-ferrous metal production in the region is in 

Honduras. However, this has a very limited production rate. Annual 

production between 1974 and 1978 remained at about 24,000 tons [85]. 

Even if more activities develop, it is unlikely that any significant 

amount of sulfuric acid production will follow. Countries in this 

region do not have stringent air pollution control requirements. Over-

all production of sulfur or sulfuric acid from smelters in this region 

is expected to be insignificant. 

Production of Non-Discretionary 
Sulfur from Crude Oil in the Caribbean 
and Central American Region 

Regional production of elemental sulfur from crude oil has 

increased rapidly in recent years. As Table 80 shows, in 1967 elemental 

sulfur production was only 27,000 metric tons. Elemental sulfur produc-

tion, however, increased to about 437,000 metric tons in 1980, represent-

ing about a nineteen-fold increase over a thirteen-year period. A number 

of factors accounted for the rapid growth of elemental sulfur production. 

These inc1~de: the availability of crude oil in the area, particularly 

in Venezuela; availability of crude oil in the U.S.; U.S. policies with 

respect to crude oil importation and natural gas pricing, refinery siting 

and air pollution control; and the policies of Caribbean governments, 

policies which gave incentives to building refineries in the region. 

In the future, additions to sulfur production will be determined 

primarily by a shift in the crude oil input slate toward the heavier and 

more sour crudes and a shift in refinery yields toward lighter and low-
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sulfur products. As noted in Chapter 1, both shifts imply more desul

furization. 

The extent of the shifts is shown in Table 81. The shifts will 

be realized after completion of some specific projects being undertaken 

at the present. The first is construction of the Amuay refinery which 

will be able to process about 450,000 barrels per day [86]. The input charge 

of heavy and extra heavy crude oil will rise from 98,000 barrels per day 

now to 200,000 bbl ~er day on completion. Input crude oil gravities 

wtll fall from the present average of 24-25° API to 20-21° API by 1982. 

While gasoline and middle distillate products will increase from the 

current level of 67,000 barrels per day to 130,000 barrels per day, high

sulfur residual oil will fall from a level of 200,000 barrels to 110,000 

barrels per day. The second is the expansion of the Cardon refinery. 

This r-efinery, with current capacity of about 250,000 barrels per day, 

is being expanded to achieve a capacity of about 300,000 barrels per 

day. The crude oil to be processed is Lagotreco (31.8° API, 1.2% sulfur 

by weight), Lagocinco (34.4° API, 1.19% sulfur by weight), and Tijuana 

Pesado (12° API, 2.66% sulfur by weight). The last will be about 14 

percent of the input charge [87], implying that 49,000 barrels per day 

of crude oil will come from this source if processing at full capacity 

is achieved. Lagotreco and Lagocino crude oils will constitute the 

remaining 301,000 barrels of the Cardon refinery, assuming full-capacity 

production. Furthermore, the refinery at Cardon is testing a process 

for upgrading heavy vacuum resid and asphalt for a residue containing 

1.2-1.3% sulfur by weight. The third project involves increasing the 



Table 81. Anticipated Refinery Upgrading in the Caribbean Region, 
1977-1984 

1977 1984 
Quantity in Quantity in 

thousand thousand 
Barrels per Day % Barrels per Day 

Crude Oil Input Slate 

Light 
(30 0 API) 388 40.1 345 

Medium 
(22-30 0 API) 472 48.8 286 

Heavy 
(14-21 0 API) 76 7.8 174 

Extra Heavy 
(14 0 API) 31 3.2 188 

Total 967 99.9 993 

Refinery Yields 

Gasoline and Naptha 185 20.2 302 

Kerosine/Jet Fuel 47 5.1 41 

Gas oil/No. 2 Fuel Oil 135 14.7 148 

Low Sulfur Fuel Oil 148 16.2 161 

High Sulfur Fuel Oil 401 43.8 332 
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% 

34.7 

28.8 

17.5 

18.9 

99.9 

30.7 

4.7 

15.0 

16.0 

33.7 

Total 916 100.0 984 100.0 

Source: Oil and Gas Journal, 25 August 1980, pp. 69-72, Table 3. 
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gasoline output from the El Palito refinery, with crude capacity of 

105,000 barrels per day, from 17,000 to 60,000 barrels per day. The 

residual oil output will consequently fall from 60,000 to 29,000 barrels 

per day. 

The final project is the construction of refining schemes to 

exploit oil from the Orinoco oil belt. Orinoco crude is a high-sulfur, 

heavy crude oil with sulfur content averaging 4 percent by weight and 

gravity of about 8° API. The Orinoco crude is expected to be available 

for processing by 1988 at up to 140,000 barrels per day. The processed 

sync rude is expected to be 25-30° API, containing 1% sulfur by weight. 

Estimation of Expected Production of 
Non-Discretionary Sulfur from 
Crude Oil in the Caribbean Region 

Estimation of expected sulfur production in the Caribbean and 

Central American region is based on the above-cited crude oil capacity 

developments. These are converted into annual capacity (metric tons) 

and summarized in Table 82. The table also shows the weighted average 

sulfur content in crude oil to be refined in the region. According to 

the schedule for crude oil capacity growth, all the refineries are expec-

ted to be in operation by 1988 [88]. However, production at full capacity 

may be achieved only some years after this. In estimating expected. sul-

fur production in this region, it is assumed that full capacity produc-

tion will be achieved by 1995. 

At full capacity, the total refinery input is expected to be 

60,929,088 metric tons per year. The weighted average content of the 

sulfur is expected to be approximately 1.7 percent by weight. With 



Table 82. Expected Venezuelan Crude Oil Refinery Capacity and Sulfur 
Characteristics a 

Capacity Sulfur 
Refinery/Crude Oil Source (Metric tons per year)b Content; % S wt 

Existing Desulfurization 14,029,488 1.4 a 

Amuay 20,196,000 1.4 b 

Cardon 

Lagotreco 13,508,880 1.2 

Lagocinco 

Tijuana 2,199,120 2.7 

El Palito 4,712,400 1.4 c 

Orinoco 6,283,088 1. 7 d 

Total 60,929,088 1.7
f 

a. 
Summarized from the text. 

b. ( Capacities are converted from daily capacities in barrels) 
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cited in the text to metric tons per year based on: conversion factor 
of 1 barrel = .136 metric tons and a 330 day year. 

c, d, e. . 
We1ghted averages computed from the sulfur level data of 

the Venezuelan crude provided by U.S. Department of Energy, Trends in 
Desulfurization Capabilities, Processing Technologies, and the Avail
ability of Crude Oils, December 1977. 

f. Th" i h d fi 1S 1S a we g te average gure. 



225 

sulfur recovery efficiency of about 90 percent and sulfur production at 

full capacity crude oil refining, sulfur production is expected to be 

about 940,000 metric tons per year. As implied earlier, this level is 

expected to be reached by 1995. Although crude oil refining capacity 

may grow in steps, production is likely to grow gradually. Linear 

growth is assumed, implying that sulfur production is also expected to 

grow linearly to achieve the 940,000 metric tons per year in 1995. 

Expected production of sulfur extima ted using this scenario is shown in 

Table 83. 

Production of- Sulfur in Mexico 

Mexico produces both non-discretionary and discretionary sulfur. 

Non-discretionary is produced as elemental sulfur from crude oil and 

natural gas. Discretionary sulfur is produced as elemental Frasch sulfur. 

Production of Recovered Elemental Sulfur 
from Crude Oil and Natural Gas in Mexico 

Production of Mexican recovered sulfur from crude oil and natural 

gas will depend on Mexican policy decisions affecting a number of factors 

related to development and exploitation. These factors include: (1) the 

Mexican development of oil and gas reserves; (2) the rate of production 

of oil and gas and the crude-oil-production-to-export ratio; (3) whether 

the gas produced is associated or non-associated; (4) whether the gas 

produced is flared or processed; (5) specific fields from which the oil 

and gas are produced; (6) the development of refining capacity; and (7) 

the rate of Mexican industrialization. 



Table 83. Caribbean and Central American Region: Expected Elemental 
Sulfur Production from Crude Oil, 1980-1995 

Year 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

(th·ousand metric tons) 

Recovered 
Sulfur Production 

437.0 

471.0 

505.0 

539.0 

573.0 

607.0 

641.0 

675.0 

709.0 

743.0 

777.0 

811.0 

845.0 

879.0 

913.0 

940.0 

a. Projections are based on crude capacity and production 
growth in Venezuela. 
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It is currently estimated that Mexican. oil and gas reserves and 

resources are substantial; further additions are possible. The official 

government estimate for 1978 was 40 million barrels of proven reserves, 

an additional 44.n billion barrels of probable reserves, and 200 billion 

barrels of potential resources [89]. Mexico lumps its estimates of oil 

'and gas into a single category but, at least for proven reserves, two

thirds may be considered crude oil [90]. However, not all of the Mexican 

gas reserves are associated. For instance, a dry gas field is reported 

near Monclava in northern Mexico [91]. These reserves are sufficient to 

support any desired rate of production for the period covered by this 

study. Ho\Vever, the goals of PEMEX, the Mexican oil monopoly, is seen as 

one of the primary factors in both the rate of production of oil and gas, 

and crude-oil-production-to-export ratio. Regarding natural gas produc

tion, although not all Mexican gas reserves are associated with crude oil, 

in the face of difficulties in disposing associated gas, it is unlikely 

that the dry gas fields will be exploited. Therefore, production of 

natural gas is expected to be tied to the production of crude oil, making 

the objectives of PEMEX in the areas of crude oil reserves development 

and production relevant to natural gas production as well. 

The goal of PEMEX in the late 1970's \Vas to increase crude oil 

production as well as exports. In 1977, crude oil production was less 

than one million barrels per day. The goal was an increase to 2.2 million 

barrels per day by 1982. Crude oil exports were to be increased from 

200,000 barrels to about 1.1 million barrels per day over the same period. 

Refined exports were to gro\V from almost zero to 300,000 barrels per day. 
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Additional goals were self-sufficiency in petrochemicals (18.6 billion 

tons per year) and the construction of a 48-inch natural gas pipeline from 

Tabasco to Monterrey, with a branch to the U.S. border. Based on these 

objectives, it was estimated that by 1985, Mexican crude oil output would 

be 4 million barrels per day with exports of over 2.5 million barrels per 

day. Furthermore, potential production by 1990 was estimated from 10 

million barrels per day to 7-8 million barrels per day. 

In addition to the actual and potential production of oil and 

associated gas, sulfur production depends on both the sulfur content and 

the dmount of gas recovered with each barrel of oil, or the gas on recovery 

(GOR) ratio. These characteristics change from field to field. Table 84 

shows relevant characteristics of the Isthmus Blend, Mexico's principal 

export crude. With 1.7 percent sulfur (by weight), the crude would be 

classified as sour medium, a potential source of a substantial amount of 

sulfur. Furthermore, with relatively low metals content, hydrocracking 

and desulfurization during refining is strai?htforward. The range of 

potential crudes in Mexico is much wider [92]. Specifications for the 

Reforma-CampecheShelfTrend, a major area of development, indicate that 

sulfur contents range from 1-3 percent by weight. The gravity ranges from 

26-33 0 API on-shore and 20 0 -33 0 API offshore. The GOR's range from 250:1-

1500:1, but in the gas-prone fields the range is 3000:1-7000:1 [93]. How

ever, the development of the Campeche field, despite adequate reserves 

in the Reforma field, where the gravity is higher, can be seen as repre

senting a policy of meeting Mexican oil production objectives while 

minimizing associated gas output by selection of fields from which oil is 
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Table 84. Mexican Exports Crude Characteristics 

Isthmus Sitio 
Blend Samaria Cunduacan Cactus Grande 

)~API 33.0 31.3 30.6 36.3 3S.7 

% S (wt) 1.7 1.7 1.8 1.1 1.1 

Ni+V (ppm) 24.1 27.0 33.S 3.S 11.4 

Isthmus Blend Fractions 

Yield Cut Range Gravity Sulfur 
Fraction (Vo1%) (Vo1%) _ (Alli (wt%) 

Gas to nC
4 

2.2 ------

Light debutanized 
naptha (TBP range 
CS-1S0°C) 16.9 2.2-19.1 64.9 0.01 

Heavy debutanized 
naptha (TBP range 
CS-170°C) 20.4 2.2-22.6 64.3 0.02 

Light turbo fuel 
(TBP range lS0-
240°C) 14.8 19.1-33.9 48.7 0.1 

Heavy turbo fuel 
(TBP range lS0-
28S0C) 23.S 19.1-42.6 43.9 0.3 

Kerosine (TBP range 
170-28S0C) 19.4 22.6-42.0 42.3 0.4 

Base for special 
grade diesel (TBP 
range 240-340°C) 18.0 33.9-S1.9 3S.9 0.9 
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Table 84. -- Continued 

Yield Cut Range Gravity Sulfur 
Fraction (Vol%) (Vol%) (API) (wt%) 

Light gas oil 
(TBP range 285-
340°C) 9.9 42.0-51. 9 34.6 1.2 

Heavy gas oil 
(TBP range 285-
380°C) 12.3 42.6-54.9 33.2 1.4 

Light catalytic 
cracking stock 
(TBP range 340-
540°C) 24.5 51.9-76.4 24.0 2.2 

Heavy catalytic 
cracking stock 
(TBP range 380-
540°C) 21.5 54.9-76.4 23.0 2.2 

Residue (TBP range 
540°C+) 23.6 76.4-100 3.3 

Source: Oil and Gas Journal, 19 February, 1979, pp. 89-91. 
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produced. Hhile the gravity of oil (OAPI) is lower in the Campeche 

fields than in Reforma, the GOR in the Campeche is only 260:1 rather than 

up to 7000:1 found in Reforma fields. 

Campeche (Maya) crude oil is inferior to Isthmus Blend crude oil. 

In particular, it is a heavy (22.1 °API), high-sulfur (3.0% sulfur by 

weight), high metals (47.9 ppm Ni and 269.5 ppm V) crude. The last 

characteristic is sufficiently high to make desulfurization problematical. 

However, most overseas markets are sensitive to both levels of sulfur con-

tent in crude oil as well as characteristics which make desulfurization 

difficult. A reasonable scenario for Mexico is to export Isthmus Blend 

crude oil and use Maya crude oil for domestic consumption. 

Estimation of Mexican Production of 
Recovered Elemental Sulfur from 
Crude Oil and Gas 

From the foregoing analysis, expected Mexican recovered sulfur 

from oil and gas can be estimated on the basis of the following assump-

tions: (1) at least for the period covered by this study, Mexican oil and 

gas reserves are sufficient to support the rate of production that Mexico 

considers desirable; (2) Mexico will establish a cogent, consistent devel-

opment plan using oil and gas export revenues as the source of capital and 

will maintain the plan; (3) Mexico will not produce dry gas in any signi-

ficant quantity, but will develop its oil production with a view to 

producing sufficient gas for its internal use. These needs will grow as 

the economy grows and as the major fuel users shift to gas; (4) the natural 

gas produced will be based on a GOR of 2000:1 for 1980-1995 and 1500:1 for 
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1986-2000. Gas flaring will be minimal; (S) petroleum exports will be 

primarily in the form of crude oil, but. petroleum product goals will be 

met. For export, the representative crude will continue to be Isthmus 

Blend. Refining will be kept simple as high gasoline consumption is 

inconsistent with a developing economy. This implies a low level of 

hydrocracking with accompanying desulfurization. Residual oil consumed 

in ~lexico will not be desulfurized; and (6) crude oil production levels 

will be close to the production goals of P~IEX. Accordingly, crude oil 

production is assumed to be 2.26 million barrels per day for 1980-1982, 

3 million barrels per day in 1983, 3.S million barrels in 1984 and 4 mil-

lion barrels per day in 1985. Ry 1990, production is expected to stabilize 

at 7 million barrels per day. 

Expected Production of Sulfur 
from Gas in Mexico 

As noted earlier, sulfur production from natural gas depends on 

both the sulfur content in the gas as well as on production. Mexico is 

not expected to develop dry natural gas fields to any significant degree. 

Such a move may result in gas disposal problems due to lack of a market 

big enough to absorb excess gas production. In essence, sulfur production 

from natural gas is expected to depend primarily on GOR and sulfur content. 

The implied GOR for 1977 and 1978 production levels was 2,086:1 

and 2,118:1, respectively [94]. The 1979 output levels, cited earlier, 

imply a GOR of almost 2000:1. The ratio may be brought down in the future, 

but it does not seem likely that it would go below lSOO:l. GOR's used as 

the basis for estimating elemental sulfur production from n~tural gas are 
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2000:1 for 1980-1985 and 1500:1 after 1985. The Mexican crude oil produc-

tion goals are used as the levels for computing associated gas production. 

These are: 2.26 million barrels per day for 1983, 3.5 million barrels per 

day for 1984, 4 million barrels per day for 1985, and 7 million barrels 

per day in 1990 and thereafter. 

Based on the above GOR's, 1980-1982 production of associated gas 

is 3.8 Bcfd, that for 1985 and 1990 will be 5 Bcfd and 10.5 Bcfd, respec-

tively. As the GOR is measured after processing, the H2S and C0 2 are 

additive. Hence, as H
2
s is 5 percent by volume, H

2
S production in 1980 is 

.185 Bcfd, while in 1985 and 1990 production will be 2.66 and .550 Bcfd, 

respectively. These imply elemental sulfur production from natural gas of 

4,844.0 long tons per day in 1980-1982 and 10,247 and 21,676 long tons per 

day in 1985 and 1990, respectively. The yearly production, assuming a 

330-day year, are shown in Table 85 in metric tons. Figures for interme-

diate years are derived by linear interpolation. 

Expected Production of Sulfur 
from Crude Oil in Mexico 

With respect to sulfur production from Mexican refineries, it is 

further assumed that all products consumed in Mexico are from domestic 

refineries. After 1985, the crude-oil-production-to-export ratio is also 

assumed to be constant at the 1985 expected ratio of 1.5:1. Thus, about 

65 percent of annual production will be exported, producing sulfur else-

where between 1985-1995. The crude oil refined for products for both 

export and domestic consumption is 0.76, 1.4 and 2.45 million barrels per 

day in 1980-1984, 1985-1990, respectively. 
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Table 85. Expected Production of Elemental Sulfur from Natural Gas 

and Crude Oil in Mexico, 1980-1995 a 

(thousand metric tons) 

Sulfur Recovered Sulfur Recovered 
Year from Natural Gas from Crude Oil 

1980 1,623.6 187.6 

1981 1,623.6 187.6 

1982 1,623.6 187.6 

1983 2,125.2 370.2 

1984 2,514.5 493.8 

1985 3,435.6 345.6 

1986 4,393.6 410.4 

1987 4,968.4 480.4 

1988 5,351.5 475.2 

1989 6,309.0 540.0 

1990 7,267.5 604.9 

1991 7,267.5 604.9 

1992 7,267.5 604.9 

1993 7,267.5 604.9 

1994 7,267.5 604.9 

1995 7,267.5 604.9 

a. Projections here are based on the expectation that crude pro
duction will reach the objective levels desired by PE~ffiX, and the GOR 
and crude oil production to export ratios discussed are as in the text. 
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A simple Mexican refinery slate can be made up from Table 84. 

This is presented in Table 86. Crude oil characteristics are crucial to 

the sulfur recovery. A 33° API crude containing about 1.7 percent sulfur 

by weight yields 5.1 pounds of sulfur per barrel. Of this, if residue is 

estimated as high as 12° API, 2.7 pounds of sulfur are contained in the 

residue. However, this would not be removed as the residue is consumed in 

Mexico. The remainder is 2.4 pounds of sulfur per initial barrel of crude 

oil. During cracking, the products would be 25 percent light oil, 25 

percent kerosene, and 50 percent naptha. The yields of these products 

become 16.6, 25.5, and 32.7 percent by volume, respectively. The sulfur 

remaining in these products is 0.6 pounds per barrel. Subtracting from 2.4 

pounds yields 1.8 pounds per barrel. Thus, the recoverable amount per 

initial barrels, with 90 percent recovery, is 1.62 pounds. Annual produc

tion of sulfur recovered from crude oil based on the above production 

rates, recoverable sulfur, efficiency, and a 330-day refinery year, is 

shown in Table 85. Production for intermediate years is derived by linear 

interpolation. 

Production of Frasch Sulfur in Mexico 

The state of the sulfur industry in general has been reviewed in 

Chapter 1. Development in recent years, of revelence to the present situa

tion, have also been cited. It was pointed out that these conditions are 

unlikely to change. 

Regarding the Frasch industry in Mexico, production is expected to 

to be closely tied to the production of elemental sulfur recovered from 
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Table 86. Simplified Mexican Refinery Slate a 

Yield Sulfur 
Fraction (Vol %) (,,,t %) 

Gas to nC4 2.2 

Heavy debutanized naptha 20.4 .01 

Kerosine 19.4 .04 

Light gas oil 9.9 1.2 

Light catalytic cracking oil 24.5 2.2 

Residue 23.6 3.3 

100.0 

a .• Derived from Table 84. 
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crude oil and natural gas. The future of sulfur production in Mexico will 

be determined by a balance between the output of Frasch and recovered 

sulfur. Because both are firmly under government control and Frasch 

sulfur is discretionary, it seems likely that Mexican Frasch output will 

be allowed to decline from the 1979 level [95]. Assuming that the 

Mexican deposits are similar to those in the U.S., even if natural gas 

prices for domestic consumption are held below those for export, a 1990-

1995 termination seems likely. By that time, sufficient annual production 

of recovered sulfur should be available to make marketing of Frasch sulfur 

problematical even if its costs are rolled into recovered sulfur costs. 

The alternative would be stockpiling recovered sulfur. 1~ile the desire 

of the Mexican government is to create and maintain employment, the mining 

portion of the Frasch industry is not labor-intensive and distributional 

sectors can serve recovered sulfur equally well. 

The foregoing discussion implies that Mexican Frasch output is not 

expected to grow in the future. The 1979 output may be seen as the upper 

limit of the output. If any change in production is expected, it is an 

output decline. In estimating future production therefore, it is assumed 

that Frasch output will decline gradually to uneconomic levels by 1995, 

and will be replaced by recovered sulfur. Since 1967, the minimum produc

tion level reached was 861,000 metric tons. This occurred in 1972 as a 

result of production declines due to both an anti-dumping investigation in 

the U.S. and closure of some mines in the early 1970's. Here it is assumed 

that this is the minimum economic level. Below this, the mines will be 
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closed. It is further assumed that this level will be achieved by 1995. 

Table 87 shows expected Frasch sulfur production. 

Summary 

Mexico produces both non-discretionary and discretionary elemental 

sulfur. Non-discretionary sulfur is produced from crude oil produced and 

consumed in ~Iexico and the natural gas associated with the oil production. 

The production of elemental sulfur from these sources is expected to grow 

significantly in the future due to a number of factors related to Mexican 

energy use and development, crude oil and natural gas characteristics, and 

developmental opportunities. Mexico produces discretionary elemental 

sulfur from Frasch mines. However, the future of sulfur production in 

Mexico will be determined by a balance between the output of Frasch and 

recovered sulfur because both are firmly controlled by the government; 

the two are almost perfectly substitutable, making it possible to replace 

Frasch sulfur with recover~d sulfur without any major disruption of the 

economy; U.S. Frasch sulfur is discretionary so it can be eliminated in 

circumstances where overproduction of sulfur is not necessary. Frasch 

output is expected to decline in the face of increased production of 

recovered elemental sulfur. Expected sulfur production in Mexico is sum

marized in Table 88. 

Production of Sulfur in the South American Region 

The South American region consists of South American countries, 

excluding Venezuela. Table 89 is a summary of sulfur production in the 

South American region over the 1967-1979 period. The region has produced 
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Table 87. Expected Production of Frasch Sulfur in Mexico, 
1980-1995 a 

(thousand metric tons) 

Frasch 
Year Production 

1980 1,891.3 

1981 1,822.5 

1982 1,753.8 

1983 1,685.0 

1984 1.616.3 

1985 1,547.5 

1986 1,478.7 

1987 1,410.0 

1988 1,341. 2 

1989 1,272.5 

1990 1,203.8 

1991 1,1.35.0 

1992 1,066.3 

1993 997.2 

1994 928.8 

1995 861.0 

a. Projections here are based on the ~ssumption that Frasch out
put will decline gradually from 1979 levels to 861,000 metric tons in 
1995. 
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Table 88. Summary of Future Mexican Total Sulfur Production, 

1980-1995 
(thousand metric tons) 

Source 
Natura~ Crude Frasch 

Year Gas Oil Mines Total 

1980 1,623.6 187.6 1,891.3 3,702.5 

1981 1,623.6 187.6 1,822.5 3,633.7 

1982 1,623.6 370.3 1,753.8 3,747.7 

1983 2,125.2 493.8 1,685.0 4,304.0 

1984 2,514.5 345.6 1,616.3 4,476.4 

1985 3,435.6 410.4 1,547.5 5,393.5 

1986 4,202.0 449.3 1,478.7 6,l30.0 

1987 4,968.4 488.2 1,410.0 6,866.6 

1988 5,734.7 527.1 1,341.2 7,603.0 

1989 6,501.1 566.0 1,272.5 8,339.6 

1990 7,267.5 604.9 1,203.8 9,076.2 

1991 7,267.5 604.9 1,135.0 9,007.4 

1992 7,267.5 604.9 1,066.3 8,938.7 

1993 7,267.5 604.9 997.2 8,869.6 

1994 7,267.5 604.9 928.8 8,801.2 

1995 7,267.5 604.9 861.0 8,733.4 
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Table 89. Sulfur Production in South America, 1967-1979 

(thousand metric tons) 

Crude Oil Smelters 
Year Elemental Sulfur (Sulfur Values) 

1967 142 32 

1968 102 33 

1969 124 33 

1973 144 85 

1974 105 90 

1975 115 69 

1976 121 66 

1977 121 75 

1978 122 50 

1979 125 27 

1980 130 27 

Sources: u.S. Bureau of Mines, Mineral Yearbooks, 1970-1980, Vol. I. 
British Sulphur Corp. Ltd., Statistical Supplement, March/ 
April 1970, No.1, November/December 1976, No. 14; Hay/June, 
No. 17. 
British Suphur Corp. Ltd., World Survey of Sulphur Resources, 
1974, Second Edition 
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only non-discretibnary sulfur as: (1) sulfuric acid from smelters and 

(2) elemental sulfur from crude oil. In the future, production of sulfur 

values from smelters is not expected to be significant as the countries 

in this region are all developing nations which do not have incentives to 

impose stringent air pollution control regulations on smelter operations. 

Although sulfur production from crude oil did not change much in 

the 1967-1979 period, future production of sulfur from crude oil is 

expected to increase significantly. The major factor here is the general 

shift to more heavy sour crude. In this region, the expected growth in 

sulfur recovered capacity provides a further indication that the region 

is expected to handle increasing amounts of sulfur from the crude oil 

refineries. Table 90 shows the expected trend of growth in sulfur recovery 

capacity. In 1978, it increased by a factor of about 1.7 to 213,104 metric 

tons. It is expected to stabilize at 273,000 metric tons by 1985. Because 

prolonged capacity under-utilization may not be in the interests of plan-

ners, it is expected ,that sulfur production will increase in the near 

future as capacity utilization is maximized. 

Estimating Expected Production of 
Sulfur from Crude Oil in the 
South American Region 

As cited above, the capacity build-up in this region is seen as an 

indicator of the expected growth in recovered sulfur production from crude 

oil. Here the capacity build-up is used as the basis of estimating 

expected recovered sulfur production in the South American region. As 

pointed out earlier, in 1978, the annual capacity was 125,000 metric tons. 



Table 90. Projection of South American Recovered Elemental Sulfur 
Production Capacity Based on Plants and Projects Under 
Construction, those Planned, and Existing Production 
Capacity 

(metric tons) 

Cumulative Annual 
Year Capacity 

1978 125,004 

1979 213,104 

1980 253,698 

1981 253,698 

1982 273,498 

1983 273,498 

1984 273,498 

1985 273,498 

Source: Rieber, M. and Okech, B., Sulfur Pollution Control: The Dis
posal Problem, "Secondary Impacts on Rest of World Production 
of Sulfur, Sulfur Values, and Fertilizer," Section 9, U.S. 
Bureau of Mines, Department of Interior Contract #J0188144, 
NITS 81-222812, January 1981, p. 9.10, Table 9.94. 
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At that time, capacity utilization was about 99 percent, implying that a 

very small percentage of the capacity was idle. In 1979, capacity in

creased to 213,104 metric tons, production was 127,000 metric tons, repre

senting capacity utilization of about 60 percent. The idle capacity grew 

significantly within one year. Based on projections in Table 90, annual 

sulfur recovery capacity is expected to be about 253,698 metric tons by 

early 1980's. It is expected to be 273,498 by 1985. Due to the expected 

increases in sulfur production capacity associated with oil refineries, 

the 1979 production is expected to be the minimum production level. If 

the future production remains constant and the capacity grows as expected, 

the capacity utilization will be about 50 percent in the early 1980's and 

46 percent in the mid-1980's; idle capacity' as a proportion of total 

capacity will increase from 50 to 54 percent. 

Although the capacity is expected to stabilize by the mid-1980's, 

capacity utilization rates, assuming production remains at the 1979 level 

and considering the capacity build-up, would be too small to last long. 

A reasonable planning scenario assumed here would be to increase the pro

duction in order to reduce excess capacity. As no plans to undertake 

additional projects which may increase capaciby beyond 273,000 metric tons 

per year have been identified, it is likely that the capacity would stay at 

this level through the early 1990's as well. Thus, the future growth in 

recovered sulfur production in this region will depend mainly on the 

attainment of full capacity utilization at plants currently being planned 

as well as those being constructed. Estimation of expected sulfur produc

tion is based on this situation. 
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Because the attainment of the full capacity cannot be instanta-

neous, it is assumed that production growth will be gradual with full-

capacity production being attained by the end of the 1980's. After this, 

production is expected to stabilize at full capacity. Table 91 shows the 

resulting projections. 

Production of Sulfur in Africa South of Saharan Region 

South Africa is the only country which produces sulfur in any 

significant amount in the region. Lack of sulfur resources and the 

absence of stringent air pollution control in countries other than South 

Africa account for this situation. Although Nigeria refines some of the 

crude oil produced in the country, the Nigerian oil is considered sweet and 

therefore does not require desulfurization. South Africa is expected to 

be the only significant producer of sulfur in this region in the future. 

No discovery of resources which may support significant sulfur production 

is expected to occur. Furthermore, the less developed countries in the 

region are not expected to enact legislation or adopt policies which will 

result in sulfur production. Thus, as in the past, future sulfur produc-

tion in the region is expected to come from South Africa. 

Table 92 shows production of sulfur in South Africa for the 1960-

1979 period. Sulfur production in South Africa comes from three sources: 

(1) smelter gases; (2) crude oil; and (3) pyrite. Activities in these 

areas will, therefore, be the primary determining factors in sulfur pro-

duction in the region. 
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Table 91. South American Region: Expected Elemental Sulfur Production 

from Crude Oil, 1980-1995a 

(thousand metric tons) 

Recovered 
Year Sulfur Production 

1980 139.9 

1981 154.7 

1982 169.6 

1983 184.4 

1984 199.3 

1985 214.1 

1986 229.0 

1987 243.8 

1988 258.7 

1989 273.5 

1990 273.5 

1991 273.5 

1992 273.5 

1993 273.5 

1994 273.5 

1995 273.5 

a. Based on the discussion in the text. 
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Table 92. African Region: Production of Sulfur by Source, 1960-1979 

(thousand metric tons of sulfur) 

Source 
Year Smelter Crude Oil Pyrite 

1960 212.0 

1961 1.2 176.0 

1962 1.9 175.0 

1963 2.0 165.0 

1964 5.7 161.0 

1965 7.1 171.0 

1966 8.9 189.0 

1967 58.0 6.0 342.0 

1968 76.0 6.0 277 .0 

1969 83.0 12.0 330.0 

1970 83.0 16.0 342.0 

1971 84.0 25.0 295.0 

1972 82.0 28.0 175.0 

1973 83.0 30.0 220.0 

1974 65.0 28.0 228.0 

1975 100.0 25.0 260.0 

1976 91.0 27.0 294.0 

1977 105.0 28.0 332.0 

1978 100.0 25.0 340.0 

1979 100.0 25.0 340.0 

Source: U.S. Bureau of Mines Mineral Yearbooks, 1960-1980, Vol. I. 



Production and Forecasting of 
Non-Discretionary Sulfur from 
Smelters in the African Region 

As Table 92 shows, production of sulfur (sulfur values) from 
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smelters in South Africa started in 1967. Production has come from copper 

and zinc smelters. The bulk of the production comes from copper smelters. 

On the average, production of sulfur from smelters has moved in two stages 

from the start. Since its inception, production of sulfur from smelters 

has increased from 56,000 metric tons to about 84,000 metric tons, where 

it remained constant from 1969 to 1973. In 1974, production dropped to 

65,000 metric tons. However, in 1975, production increased to about 

100,000 metric tons. Since then, production has stayed at approximately 

this level. The first increase was due to both increases in copper smelter 

production as well as new acid production which emerged from zinc smelters. 

Zinc smelters started producing acid in 1969. 

Production of both copper and zinc smelters has not changed signi-

ficantly since 1970. However, in 1975 sulfur production from the smelters 

increased to the level where it has stayed up to the present. This in-

crease is therefore attributed primarily to the legislation of more strin-

gent air pollution controls on the smelters and attempts by smelters to 

meet these laws. The impact of the regulations on sulfur production from 

smelters in the country is almost at its maximum. Thus changes in smelter 

sulfur production in the future are expected to depend only on the produc-

gion of metal from the smelters. 

The likelihood of future smelter metal production changes and 

associated sulfur production can be assessed from past production trends. 
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Metal production of both copper and zinc has remained at constant levels 

for a period of about ten years. One would expect that production in an 

industry which is relatively new compared to most other industries in 

South Africa would show significant growth. The fact that production has 

not grown significantly in the past ten years and that no new smelter 

plants are planned for South Africa suggest that future metal production 

may not significantly increase above the current level. This implies 

that smelter-based sulfur production will not increase significantly 

above the current level. Thus, it is assumed here that smelter-based 

sulfur production over the period covered in this study ~s expected to 

remain at the present level of about 100,000 metric tons of sulfur per 

year. 

Production and Forecasting of Non
Discretionary Sulfur Production 
from Crude Oil in South Africa 

South Africa produces sulfur from crude oil in elemental form. 

Production of sulfur from this source started in 1961. Since then, pro-

duction has increased from 1200 metric tons to 25,000 metric tons per year 

in 1971. However, since that year, production has remained at approxi-

mately the same level up to the present. Recent upsurges in sulfur 

productive capacity associated with crude oil refineries suggest that more 

sulfur is expected to be recovered from crude oil in South Africa. Sulfur 

production capacity has increased from about 72,000 metric tons per year 

in 1977 to current levels of 117,000 metric tons per year. As in the 

rest of the industrialized world, major factors which are expected to 
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affect sulfur production from crude are: (1) stringency of air pollution 

control regulations, (2) high sulfur content, and (3) increased demand 

for lighter petroleum products. 

The expected trend of sulfur production from crude oil can be 

further assessed based on the comparison between the current level of 

actual production and the existing sulfur capacity which resulted from 

the recent capacity upsurge. The current level of sulfur production from 

crude oil is about 25,000 metric tons per year. On the other hand, annual 

capacity is about 117,000 metric tons. This implies that only about 21 

percent of the capacity is utilized; about 79 percent remains idle. A 

large portion of the capacity is not used. However, because prolonged 

maintenance of idle capacity is generally uneconomic, it is reasonable to 

assume that the capacity buildup was done with an~icipation that actual 

production will increase and eventually catch up with capacity. Achieve-

ment of even close to current full-capacity utilization will not be 

instantaneous. Production will have to increase by a factor of about five. 

Therefore, it is assumed that production will reach present installed 

capacity by the end of the 1980's. On average production is expected to 

gradually increase to full capacity by 1990 and thereafter remain at 

that level. Sulfur production predictions based on these assumptions are 

shown in Table 93. 

Production and Forecasting of Sulfur 
from Pyrite in the African Region 

Pyrite is produced in this region as a sulfur source in the form 

of sulfuric acid. Factors which relate to the production of pyrite and 
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Table 93. Summary of Expected Sulfur Production in South Saharan 
Africa, by Source 1980-1995 

(thousand metric tons) 

Source 

Year Smelter a Crude Oil b P . c Total yn.te 

1980 100.0 25.0 340.0 465.0 

1981 100.0 34.2 340.0 474.2 

1982 100.0 43.4 340.0 483.4 

1983 100.0 52.6 340.0 492.6 

1984 100.0 61.8 340.0 501.8 

1985 100.0 71.0 340.0 511.0 

1986 100.0 80.2 340.0 520.2 

1987 100.0 89.4 340.0 529.4 

1988 100.0 98.6 340.0 538.6 

1989 100.0 107.8 340.0 547.8 

1990 100.0 117.0 340.0 557.0 

1991 100.0 117.0 340.0 557.0 

1992 100.0 117.0 340.0 557.0 

1993 100.0 117.0 340.0 557.0 

1994 100.0 117.0 340.0 557.0 

1995 100.0 117.0 340.0 557.0 

a. Projection is based on constant smelter production. 

b. Projection is based on a gradual increase in the production of 
sulfur from crude oil from the present level until the existing produc
tive capacity is wholly utilized by 1990. 

c. Projection based on no-growth assumption for gold mine produc
tion on which production of pyrite depends. 
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sulfur are rather different from those which relate to production of 

sulfur from pyrite in other parts of the world. These factors include: 

(1) production of gold and uranium, (2) unavailability of other domestic 

sources of sulfur, and (3) a constant threat of South African isolation 

from other parts of the world with the resulting South African resource 

development and trade policies. 

In the production of gold/uranium and pyrite-based sulfur, the 

relationship through which the first influences the second is two-sided; 

one is the supply, the other the demand side. On the supply side, the 

influence is through the primary product/by-product relationship. Pyrite 

is produced as a by-product of gold and uranium, both of which are them

selves produced as joint products. This relationship implies that pyrite 

will be produced as long as the two products are produced. This relation

ship does not necessarily ensure the production of pyrite as a source of 

usable sulfur. Pyrite may also be produced during the process of extract

ing gold and uranium from the ore and dumped as tailings. The demand side 

of the relationship between the production of gold/uranium and the produc

tion of pyrite for its sulfur value is, therefore, a very important factor 

in determining sulfur production from pyrite. Sulfuric acid is used in the 

extraction of both gold and uranium from their ores. ,Gold and uranium 

producers use pyrite, produced as a by-product of these products, as a 

captive feedstock to manufacture sulfuric acid used in the extraction of 

gold and uranium. Thus, production of these materials creates a captive 

market which, in turn, provides an incentive to produce pyrite as a 



source of sulfur. Production of pyrite and associated sulfur in South 

Africa is, therefore, strongly tied to production of gold and uranium. 
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Other factors also exist. As mentioned, these are the availa

bility of other domestic sour~es and the threat of isolation. In the 

past, the lack of other domestic sulfur resources implied dependence on 

pyrite as a supply source with excess demand being met from imported 

sulfur. But the extent to which the country can rely on imported sulfur 

is constrained by a threat of isolation due to its aparthe~d policy. In 

general, the South African government has adapted policies which promote 

desirable development and exploitation of their own resources and which 

limit dependence on imports as much as possible. This situation applies 

to sulfur. Hence, the recovery of pyrite which can otherwise be dumped 

as gold/uranium tailings for the manufacture of sulfuric acid for domestic 

use can be seen as an attempt to exploit the only domestic source of sulfur. 

How the future trend of sulfur production will differ from the past 

will depend on the direction these situations are expected to take. They 

are unlikely to change in the near future. The threat of isolation is 

expected to continue. Sulfur resources that can be developed are unlikely 

to be discovered. Future production is expected to be tied to the produc

tion of gold and uranium which are themselves produced as joint-products. 

The expected production of gold can be used as an indicator of the trend 

of production of sulfur from pyrite in South Africa. 

Past production trends and present production as well as the long 

life of the gold industry can be used as the basis for predicting expected 

production of gold and associated pyrite-based sulfur. The current produc-
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tion of gold in South Africa is not significantly different from produc

tion in the early 1960's when the last new mines started producing. 

Overall, since the early 1960's differences in production have been due 

primarily to selective mining, a practice followed to conform to South 

African law which requires mining different grades of an ore body depend

ing on the economic con1itions of the mineral industry. Gold miners in 

South Africa have, accordingly, mined low-grade portions of their ore 

bodies whenever the world gold market was able to support the relatively 

high costs associated with mining low-grade ore. This practice accounted 

for short-term changes in gold production as well as production of the 

associated co-products and by-products. 

As far as future production of gold is concerned, it is unlikely 

that the level will increase much above the recent past and present levels. 

Figures on South African gold reserves are not available. But, consider

ing the long life of the gold mining industry and the fact that production 

has remained approximately constant even though the world gold market has 

been favorable, it seems that reserve availability has been the major 

constraining factor to gold production growth. The relationship between 

current production and existing capacity is additional evidence suggesting 

that a significant growth in gold production is improbable. Current pro

duction is about 24 million troy tons per year. Current production 

capacity is about 26 million troy tons per year. At current production 

levels capacity utilization is about 92 percent. Thus, capacity is close 

to full utilization. Overall, current levels of gold production can be 

seen as a maximum. In this study it is assumed that future gold production 
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will be approximately the same as current production. This implies that, 

on the average, future production of pyrite and associated sulfur will be 

approximately the same as the current production of about 340,000 metric 

tons per year. 

Summary 

Table 93 is a summary of expected sulfur production in Africa 

South of the Sahara. All of the production of sulfur is eXPE:.cted to come 

from South Africa. The table, in essence, shows expected sulfur produc

tion in this country. Based on the foregoing discussion, sulfur production 

from smelter and pyrite is expected to be constant at present levels. 

Production of sulfur from crude oil, however, is expected to increase to 

catch up with existing sulfur recovery capacity associated with crude 

oil refineries. Production growth is expected to stabilize from 1990 to 

1995. Thus, for total sulfur production, growth will come only from the 

growth in sulfur production from crude oil. 

Total World Sulfur Supply by Source 

Expected world annual sulfur production by source as well as total 

production are shown in Table 94. Crude oil is expected to be the largest 

source of sulfur. Production from this source is expected to increase 

from about 32 to 41 million metric tons over the forecast period. Produc

tion share is expected tv increase from about 42 to 46 percent over the 

period. This growth and hence the resulting predominant role of crude oil 

as the world source of sulfur are based on factors which have been dis

cussed in Chapter 1. These include: a change to higher levels of sulfur 



Table 94. Total World Sulfur Supply by Source and Share of Production, 1980-1995 
(production in thousahd metric tons) 

Crude Oil Natural Gas Smelter Tar Sand Frasch Pyrite Total 
Year Production % Production % Production % Production % Production % Production % 

1980 32,288.7 41.9 25,085.2 32.6 7,109.4 9.2 336.4 .4 8,801.3 11.4 3,410.8 4.4 17 ,031.8 

1981 32,875.4 42.5 24,941.4 32.1 7,434.0 9.6 368.9 .5 8,752.5 11.3 3,265.9 4.2 77 ,638.1 

1982 33,671.0 42.8 25,177.1 32.0 7,554.9 9.7 390.7 .5 8,703.8 11.1 3,125.6 4.0 78,623.1 

1983 34,467.0 43.2 25,767.2 32.2 7,756.6 9.7 437.1 .5 8,585.0 10.7 2,993.9 3.7 80,007.5 

1984 34,939.1 42.9 26,747.8 32.9 7,894.7 9.7 466.6 .6 8,436.3 10.4 2,867.7 3.5 81,352.2 

1985 35,649.0 43.1 27,462.1 33.2 8,050.0 9.9 662.0 .8 8,197.5 9.9 2,748.4 3.3 82,769.0 

1986 35,983.8 43.0 28,172.7 33.6 8,283.8 9.9 694.5 .8 7,958.0 9.9 2,633.6 3.1 83,727.1 

1987 36,381.2 43.0 28,817.5 34.1 8,391.5 9.9 824.8 1.0 7,680.0 9.1 2,524.1 3.0 84,619.1 

1988 36,825.6 42.8 29,801.9 34.7 8,675.2 10.1 1,074.4 1.2 7,181.2 8.4 2,420.5 2.8 85,978.8 

1989 37,196.3 42.8 30,420.8 35.0 8,983.5 10.3 1,204.6 1.4 6,792.5 7.8 2,320.6 2.7 86,918.2 

1990 37,640.5 42.9 30,850.8 35.1 9,292.2 10.6 1,302.3 1.5 6,453.8 7.4 2,225.9 2.5 87,765.5 

1991 38,229.6 43.3 31,231.0 35.3 9,460.3 10.7 1,389.1 1.6 5,915.8 6.7 2,134.3 2.4 88,359.3 

1993 39,503.2 44.5 30,926.7 34.9 9,885.2 11.1 1,584.4 1.8 5,007.2 5.6 1,~63.4 2.2 88,870.1 

1994 40,246.3 45.2 30,847.3 34.7 10,084.0 11.3 1,660.4 1.7 4,478.8 5.0 1,882.6 2.1 89,199.4 

1995 40,894.1 45.7 30,678.9 34.3 10,283.1 11.5 1,747.2 2.0 4,031.0 4.5 1,806.0 2.0 89,440.3 

Source: Computed from regional supply projections. 

N 
\.Jl 
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content in future crude oil as well as changes in gravity of the crude 

oil ~hich will necessitate more intensive crude processing; more stringent 

air pollution control regulation in the more industrialized world; the 

widening differences between the cost of sweet, light, crude oil and the 

cost of sour, heavy, crude; application of associated crude oil processing 

technology, making it possible to maximize extraction of the desired light 

products from otherwise heavy sour crude, and the resulting high sulfur 

recovery efficiency; and the overall trend of expected world crude oil 

consumption. 

The impact of sulfur recovery efficiency on world sulfur may be 

even greater in the future than is shown in the forecast, as changing 

situations, particularly those related to crude oil sulfur content and 

gravity characteristics, start to stimulate the state of the art of crude 

oil refining technology. Recent average sulfur recovery efficiency has 

been about 20 percent. As pointed out earlier, about 90 percent sulfur 

recovery efficiency is expected to result from applying technology which 

will be used in processing the emerging sour heavy crude oils. Also, as 

pointed out earlier, Exxon Research Engineering has achieved sulfur 

recovery of about 97 percent, at a pilot plant level, associated with 

processing techniques which can refine Venezuelan heavy crude oil, result

ing in improved light product yields. Commercialization of this technique 

will result in higher production of sulfur from crude oils. Thus, al

though on the basis of past sulfur recovery efficiency the projected 

figures may appear high, potentials for higher production of sulfur pro

duction from crude oil exist as the state of the art in the refining 

technology advances. 
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Natural gas is expected to be the next largest source of world 

sulfur production. Sulfur production from natural gas is expected to 

increase from 25 to 31 million tons over the forecast period. The 

resulting production share will increase from 33 to 35 percent over the 

same period. Additional natural gas-based sulfur production will be the 

result of significant changes in sulfur production in the U.S., Mexico 

and the Middle East. However, in total, expected sulfur production from 

U.S. natural gas will ?e crucial to future world sulfur production from 

natural gas. Substantial amounts of sulfur are expected to be produced 

from natural gas in the U.S. However, it must be observed that projec

tions of. U.S. natural gas-based sulfur production are based on relatively 

moderate considerations. Comparison between the U.S. hydrogen sulfide 

content, on which the projections are based, as well as the U.S. natural

gas-production-to-associated-sulfur-production ratio and those for North

western Europe to Canada show that the figures for the U.S. are moderate. 

Hydrogen sulfide content, on which the U.S. projection is based, is about 

1.9 percent. Hydrogen sulfide content of both European and Canadian 

gases are in excess of 3 percent. In short, U.S. and hence the world's 

predicted natural gas-gased sulfur production is considered moderate so 

long as projected gas production is realized and the assumed natural gas 

production and relevant energy policy objectives are achieved. 

Production of smelter acid is also expected to increase over the 

forecast period with the sulfur value of the acid increasing from about 

7 to 10 million tons. World sulfur production share of this sulfur source 

is expected to increase from about 9.5 to 12 percent over the period with 



259 

the increase making smelters the third largest sulfur source by the end 

of the forecast period. As discussed earlier, the forecast is based on 

improved recovery efficiency of the double contact acid production tech

nology which is expected to be adopted by virtually all smelters as a 

means of meeting stringent air pollution control requirements. A growing 

future smelter metal market and capability for smelters to expand produc

and capacity to meet the growing demand are assumed. However, significant 

deviation from the forecast figures is conceivable. This depends on how 

long the current depression in the base metal market is perceived to last 

into the future. Here, this is considered a shoft-term situation. In 

this respect, the forecast figure may be on the higher side of future 

production. 

Production of sulfur from tar sand and heavy crude oils is expec

ted to increase from about 336.4 thousand metric tons to about 1.7 million 

metric tons with the share of world production increasing from about 0.4 

to 2.0 percent over the forecast period. As earlier stated, the forecast 

is based on the relationship between output of the existing syncrude 

plants and sulfur production from the plants. However, the relationship 

may change in the future due to improvements in the state of the art of 

tar sand and heavy crude oils production, resulting primarily from require

ments to meet air pollution control regulations and the need to maximize 

production of light products from tar sand and heavy crude oils. To date, 

flexicoking and hydrotreating, both of which result in high recovery of 

sulfur and high light product yields, seem to have high potential for 

future applications. Thus, if the exploitation of tar sand and heavy oil 
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continues as expected, projections of sulfur production from tar sand 

and heavy crude oil made here would be considered to be in the average 

range. High production of sulfur would be realized if new techniques are 

used. 

Although Frasch mines have been the major source of world sulfur 

supply, as the projections show, this role is expected to change. Total 

annual world production of Frasch sulfur is expected to decrease from 

about 8 to 4 million metric tons over the forecast period. Annual world 

production of Frasch sulfur is expected to decline to about 5 percent over 

the same period. The bases of the projections for world sulfur production 

for Frasch have been discussed earlier. However. because Frasch sulfur 

production is cost-based, survival possibilities of Frasch mines are fur

ther discussed later within the framework of the resulting world supply/ 

demand and price situation. 

As in the case of Frasch sulfur. production of pyrite-based sulfur 

is expected to decrease. Annual production is expected to decline from 

about 3 to 2 million metric tons, with the share of annually produced 

sulfur from this source decreasing from about 4.4 to 2 percent over the 

forecast period. Survival possibilities of pyritic sulfur are also dis

cussed later in light of the resulting world supply/demand and price 

situation. 



CHAPTER 3 

WORLD SULFUR CONSu}WTION 

Consumption Forecas~ 

A conceptual discussion of conditions affecting sulfur consump

tion was developed in Chapter 1. It was pointed out that in highly 

industrialized economies sulfur consumption is shared between two dis

tinguishable sectors: phosphatic fertilizer and general manufacturing. 

Consumption shares may vary from economy to economy depending on the 

relative levels of industrialization and the level of activity in the 

agricultural sector or in the phosphatic fertilizer production sector. 

In general, in an economy where general manufacturing is the sole or the 

dominant economic activity, virtually all sulfur is consumed by the 

manufacturing sector. On the other hand, if an economy is basically 

agricultural, virtually all sulfur is consumed in the production of phos

phatic fertilizer or the intermediate material required for production 

of this product. It happens that no economy has only a manufacturing 

sector without significant activity in the agricultural or phosphatic 

fertilizer sector. This is attributed to the fact that development of 

modern agricultural sectors in most industrialized economies preceded 

industrial development and that modern agricultural sectors depend on 

extensive use of phosphatic fertilizers. Thus, in highly industrialized 

economies, the two sectors which use sulfur as input material exist side 
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by side. In general, the share of sulfur consumption attributed to both 

sectors in highly industrialized regions and sub-regions in the world is 

significant. On the other hand, in less developed regions of the world, 

agricultural activities are the dominant economic activities. In these 

regions, virtually all sulfur consumption is attributed to the production 

of the fertilizers. These situations are crucial to the identification 

of factors which determine the demand or consumption of sulfur. 

The foregoing implies that the variables to be used in the fore-

casting model should include those representing sulfur consumption in at 

least one of the sectors where sulfur is consumed. In this study, as far 

as sulfur consumption in the fertilizer sectors is concerned, fertilizer 

production is chosen as the explanatory variable. In the manufacturing 

sector, as mentioned in Chapter 1, sulfur is used in various applications. 

In a typical highly industrialized economy, sulfur is used in not less 

than ten sub-sectors of manufacturing, with each sector having from 

approximately three to five different areas of sulfur application. In 

this situation, an explanatory variable representing the aggregate pro-

duction of finished products in which sulfur is used as an input material 

is used. Specifically, the index of manufacturing production is used as 

the explanatory variable. For regions or sub-regions which consist of 

only one country, the country's index is used. However, for those regions 

or sub-regions which consist of more than one country a weighted average 

index is used. l 

1. The weights were provided by the Organization for Economic 
Co-Operation and Development, Main Economic Indicators: Historical Statis
tics 1960-1979, June 1980, and were derived from GNP originating from 
industry. 
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Forecasting Method 

Two forecasting methods are used. The first is based on an equa

tion estimated by regressing historical phosphatic fertilizer production 

and/or the index of manufacturing production on historical sulfur consump

tion. The second is based on the relationship between the weight of 

sulfur consumed per unit of phosphatic fertilizer produced. The weight 

relationship is such that for 0.95 unit weight of elemental sulfur equiva

lent consumed in production of phosphatic fertilizer, one unit weight 

(P205 equivalent) of phosphatic fertilizer is produced. This relationship 

is based on fertilizer production technology and chemistry. 

As pointed out in Chapter 1, the choice of the prediction method 

applied to a region or sub-region depends on both the availability of 

reliable historical data and the nature of the economy of the region or 

sub-region. A regression equation is used to forecast sulfur consumption 

in highly industrialized or developed regions and sub-regions; Availa

bility of reliable data as well as expected consistency in economic 

patterns make this method suitable. On the other hand, the weight relation

ship is used in less industrialized or less developed regions and sub

regions. The factors which make this method more suitable than using a 

regression equation include: the lack of consistent and reliable data, 

the fact that future economic patterns in these regions and/or sub-regions 

are likely to differ significantly from those in the past, and the fact 

that the agricultural sector, though expected to be more modernized, is 

likely to dominate the economies of these regions and sub-regions for a 

considerable period of time. 
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Projection of Explanatory Variables 

Where a regression equation is used, forecasting sulfur produc-

tion requires projection of both indexes of manufacturing industrial 

activity and fertilizer production. However, for less industrialized 

regions and sub-regions, where a weight relationship is used, fertilizer 

production is the only variable projected. 

Projection of the index of industrial production is performed 

using a regression equation. The equation for each region or sub-region 

is estimated by regressing time (1960-1979) on an historical index of 

manufacturing production for the region. These equations are shown below 

by region. 

Table 95 shows expected fertilizer growth rates on which projec-

tions of expected phosphatic fertilizer production are based. These 

growth rates are derived from the phosphatic fertilizer demand growth 

rates compiled by ~~nderson Associates [96]. The table is, however, 

modified to conform to the regional divisions of the world sulfur market 

in this study. Derivation of Table 95 from fertilizer demand growth 

rates is based on the fact that the demand/production ratio is assumed 

to be constant. According to the Tennessee Valley Authority [97], world 

production in the long-run normally exceeds consumption by approximately 

5 percent. The constant ratio relationship between production and con-

1 sumption is further supported by two factors. The first is that on a 

1. Also, international or inter-regional trade in phosphatic 
fertilizers is expected to diminish. Thus, given wide distribution of 
world phosphate resources and production, as well as the expected wide 
availability of sulfur, regional fertilizer production will be determined 
by regional or local demand. 



265 
Table 95. Expected Production Growth Rate for Phosphatic Fertilizer 

by Region, 1980-1995 a 

Low Growth High Growth Most Likely 
Rates In % Rates in % Grmolth Rates 

Based On Based On In % Based On 
Average Average Intermediate 

Annual Annual Estimate 
1"or1d Growth World Growth Between High 
Rate of 3.3% Rate of 5.4% & Low Rates 
1980- 1986- 1980- 1986- 1980- 1986--

Regions 1985 1995 1985 1995 1985 1995 

Northwestern Europe 1.5 1.2 2.5 2.0 2.0 1.6 

Canada. 2.1 1.8 3.5 3.0 2.8 2.4 

U.S. 2.1 1.8 3.5 3.0 2.8 2.4 

Mediterranean 

Developed Sub-Region 1.5 1.2 2.5 2.0 2.0 1.6 

Developing Sub-Region 8.5 7.3 14.0 12.0 11.3 9.7 

Asia 

Japan 1.2 . 9 2.0 1.5 1.8 1.2 

Rest of Asia 6.1 5.5 10.0 9.0 8.1 7.3 

Oceania 1.8 .4 3.0 2.5 2.4 1.5 

Mexico 6.1 4.9 10.0 8.0 8.1 6.5 

Caribbean and 

Central America 6.1 4.9 10.0 8.0 8.1 4.9 

South America 6.1 4.9 10.0 8.0 8.1 4.9 

Sub-Saharan Africa 

South Africa 3.4 2.7 5.5 4.5 4.5 2.1 

Rest of Africa 8.5 7.3 14.0 12.0 8.1 4.9 



Table 94. -- Continued 

a. Computed from Tables 11-4 and 11-6, Manderson Associates, 
Phosphates, Phosphatic Rock, Sulfur, Sulfuric Acid and Uranium: 
Their Emerging Interaction and Outlook During the Coming Decades 
(1980-1990), Vol. II, September 1979, pp. 42 and 43~ 
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country or regional basis, production and capacity expansion decisions 

are primarily determined by actual as well as anticipated fertilizer 

consumption levels. The second is that fertilizer cannot be stockpiled 

for a prolonged period without the risk of losing valuable plant nutrients 

and other qualities necessary for its application to the soil. The 

growth rate for fertilizer demand is, therefore, considered a good 

approximation of fertilizer production growth rate. The rates shown in 

Table 95 were based on this consideration. 

As Table 95 shows, three growth rates were developed: low, high 

and average rates. Each rate reflects different sets of assumptions and 

considerations. The low growth rate reflects the projections made by the 

International Fertilizer Development Center (IFDC) and the National 

Development Center of TVA [98]. The projections are based on an average 

annual world phosphatic fertilizer demand growth rate of about 3.3 per

cent in the 1980-1995 period. This rate is considered to be at the low 

end of the range because of two factors. First, considerable capacity 

limitations are assumed in the future. It is not expected that capacity 

expansion between 1980-1995 will be significantly greater than that due 

to plant additions currently expected to be in production within five to 

seven years [99]. It is assumed that expected slow capacity growth will 

be due to anticipated slow demand growth. Second, these projections do 

not take into account likely increases in fertilizer use required to meet 

growing demand for feed grains for livestock [100]. The high growth rate 

reflects the demand projections made by the World Bank and the United 

Nations International Development Organization [101]. The fertilizer 
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projections are based on an average annual world phosphate fertilizer 

demand growth rate of about 5.4 percent in the 1980-1995 period. These 

projections take into consideration demand for fertilizer for all uses 

and do not include a capacity constraint in the world fertilizer industry. 

It assumes that capacity expansion will keep pace with demand. For pro-

jections in this study, the average of the high and low rates are consid-

ered th~ most likely annual growth rates. 

Regional Forecasting Equation, Methods, 
and Resulting Expected Consumption 
of Sulfur-in-All-Forms 

Regression equations are used for forecasting sulfur consumption 

in the following regions and ~ub-regions: (1) Northwestern Europe, (2) 

Canada, (3) U.S.A., (4) Mediterranean industrialized sub-region, (5) Asian 

industrialized sub-region, (6) Oceania, and (7) the African industrialized 

sub-region. The regression equations are estimated for each region, 

except for the African industrialized sub-region where a second equation 

was found unnecessary. The first is the sulfur consumption equation. 

This is estimated by regressing historical regional or sub-regional sulfur 

consumption for the 1960-1979 period on historical fertilizer production 

and the index of manufacturing productionl for the same period. The 

second equation is estimated for use in predicting the index of manufac-

turing industrial production. This equation was estimated by regressing 

the index of manufacturing production for the 1960-1979 period, on time, 

1. The indices were obtained from the Organization for Economic 
Co-Operation and Development, Main Economic Indicators: Historical 
Statistics 1960-1979, June 1980. The weighted average index, where 
applicable, was computed as explained earlier. 
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from 1960-1979. Both equations are estimated using the SPSS computer 

package. The resulting equations by region and sub-region are as follows: 

Northwestern European Region 

SD 

IP 

(0.74) (2.6)* (2.7)* 

451.7 + BFP + 39.51P 

2 D.W. = 2.0 R = .92 

(12.9) (21. 7) * 

-12B.7 + 3.1 TH 

2 D.W. = 0.8 R .96 

N 20 

N 20 

Table 96 shows the data used for estimating these equations. 

Table 95 shows the expected fertilizer production growth rate in the 

region. Table 97 shows the projected fertilizer production, the projec-

ted index of industrial production and the expected sulfur consumption 

derived from these projections. 

Canadian Region 

(5.4) (1. 5) (1. 5) 

SD 556.9 + 0.62 FP + 4.9 IP 

2 D.W. = 1.27 R = .82 

(-26.8) (38.1)* 

IP -196.4 + 4.0 TH 

D.\-1. = 1.3 R2 .99 

N 20 

N = 20 

Table 98 shows the data used for estimating the equations above. 

Table 95 shows expected fertilizer production growth rates for the 



Table 96. Northwestern European Region: Sulfur Consumption, 
Phosphatic Fertilizer Production and Heighted Average 
Index of Industrial Production, 1960-1979 

Index of 
Fertilizer Production Industrial 
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Sulfur Consumption (thousand metric tons Production d 
Year (thousand metric tons)a of PO) b,c (1975=100) 2 5 

1960 3,699.8 1,423.4 a 57.6 

1961 4,081.7 1,555.5 61.2 

1962 4,544.2 1,505.5 63.9 

1963 3,923.5 1,605.5 65.7 

1964 4,300.6 1,743.0 70.7 

1965 5,409.5 1,782.9 73.4 

1966 4,997.9 2,185.4 74.7 

1967 5,867.8 2,7~9.4 76.1 

1968 6,845.6 2,865.3 81.0 

1969 7,184.4 3,268.1 89.6 

1970 7,496.0 3,196.3 94.1 

1971 7,361.9 3,395.9 96.3 

1972 6,606.5 3,650.9 100.0 

1973 7,704.2 3,867.7 106.0 

1974 8,210.0 3,897.7 108.0 



. Table 96. -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metr\c tons Production
d Year (thousand metric tons) a of PO) ,c (1975=100) 2 5 

1975 6,898.0 3,636.3 b 100.9 

1976 7,572.0 3,057.1 106.7 

1977 7,677.0 3,459.2 108.7 

1978 7,668.0 3,481. 5 1l0.7 

1979 7,866.0 3,489.6 114.3 

a. Computed from U.S. Bureau of Mines, Minerals Yearbook, Vol. 
III, 1963-1979. 

b. Data for 1960-1974 were computed from Food and Agricultural 
Organization, Annual Fertilizer Review, 1960-1974. 

c. Data for 1975-1979 were computed from Food and Agricultural 
Organization, Fertilizer Yearbook, 1979, Vol. 29. 

d. Computed from Organization for Economic Co-Operation and 
Development, Main Economic Indicators: Historical Statistics 1960-
1979, June 1980. 
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Table 97. Northwestern European Region: Expected Sulfur Consumption 
Based On Projected Phosphatic Fertilizer Production and 
Weighted Average Index of Industrial Production, a 1980-1995 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons) of P

2
0

5
) (1975=100) 

1980 8,01l.6 3,559.4 119.3 

1981 ,8,191.0 3,630.6 122.4 

1982 8,399.2 3,703.2 125.5 

1983 8,553.2 3,777.3 128.6 

1984 8,736.1 3,852.8 131.7 

1985 8,920.1 3,929.9 134.8 

1986 9,093.0 3,992.7 137.9 

1987 9,290.2 4,056.6 141.0 

1988 9,468.6 4,121.5 144.1 

1989 9,616.1 4,187.5 147.2 

1990 9,792.2 4,254.5 150.3 

1991 9,969.0 4,322.5 153.4 

1992 10,146.9 4,391.7 156.5 

1993 10,325.5 4,461.7 159.6 

1994 10,573.0 4,533.4 162.7 

1995 10,685.5 4,605.9 165.8 

a. The basis for the projections are discussed in the text. 
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Table 98. Canadian Region: Sulfur Consumption, Phosphatic Fertilizer 

'Production and Index of Industrial Production, 1960-1975 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption 
a 

(thousand metric Production tons 
Year (thousand metric tons) P a )b,c (1975=100)d 

2 5 

1960 961.6 181.0a 45.2 

1961 834.6 210.0 47.0 

1962 861.7 236.9 51.0 

1963 887.6 271. 9 54.3 

1964 905.3 320.6 59.7 

1965 1,115.8 339.4 64.6 

1966 1,116.8 347.5 68.8 

1967 1,321.7 483.9 71.2 

1968 1,388.5 488.9 76.2 

1969 1,346.8 475.3 81.1 

1970 '1,457.6 430.4 82.3 

1971 1,411.6 560.0 87.1 

1972 1,260.4 721.0 93.6 

1973 1,560.5 738.4 102.8 

1974 1,539.2 696.3 1G6.4 



Table 98. -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand ~tric tons Produc t ion d 
Year (thousand metric tons)a PO) ,c (1975=100) 2 5 

1975 1,523.8 660.9b 100.0 

1976 1,362 .. 0 610.0 105.7 

1977 1,435.0 631.0 109.1 

1978 1,487.9 650.0 115.3 

1979 1,501. 2 659.0 120.1 

a. Canadian Department of Energy, Mines and Resources, Canadian 
Minerals Yearbook: Sulfur, 1972-1980. 

b. Data for 1960-1974 came from Food and Agricultural Organiza
tion, Annual Fertilizer Review, 1960-1974. 

c. Data for 1975-1979 came from Food and Agricultural Organiza
tion, Fertilizer Yearbook, 1979, Vol. 29. 

d. Organization for Economic Co-Operation and Development, }fain 
Economic Indicators: Historical Statistics, 1960-1979, June 1980-.---
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Canadian region. Table 99 shows the projected fertilizer production 

based on the growth rates, projected index of industrial production and 

expected sulfur consumption derived from these projections based on the 

regression equations stated above. 

United States of American Region 

(4.4) (4.5) ,', (1. 9) 

SD 2146.3 + 0.9 FP + 28.6 IP 

D.W. = 0.82 R2 = .96 N 20 

(-13.9) (21.6)* 

IP -165.7 + 3.7 TM 

D.W. = 1. 36 R2 .- .96 N 20 

Table 100 shows the data used for estimating the equation above. 

Table 95 shows expected fertilizer production growth rates for the United 

.States. Table 101 shows projected fertilizer production based on the 

growth rates, the projected index of industrial production and expected 

sulfur consumption derived from these projections. 

Mediterranean Industrialized Sub-Region 

(1.1) (2.7) (.5) 

SD 568.7 + 2.1 FP + 2.5 IP 

D.W. = 0.08 R2 = .83 N 20 

(30.4) (40.9)* 

IP -235.2 + 4.5 TM 

D.W. = 1. 74 R2 .99 N 20 



Table 99. Canadian Region: Expected Sulfur Consumption, Projected 
Phosphatic Fertilizer Production and Index of Industrial 
Production, 1980-1995 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons) of P20

5
) (1975=100) 

1980 1,595.5 677 .5 123.0 

1981 1,627.9 696.4 127.0 

1982 1,657.0 715.9 131.0 

1983 1,684.4 736.0 135.0 

1984 1,722.1 756.6 139.0 

1985 1,755.4 777 .8 143.0 

1986 1,7tl8.9 799.5 147.0 

1987 1,827.8 821.9 152.0 

1988 1,862.1 844.9 156.0 

1989 1,897.4 869.6 160.0 

1990 1,931.9 892.9 164.0 

1991 1,967.6 917.9 168.0 

1992 2,003.6 943.6 172.0 

1993 2,040.6 970.0 176.0 

1994 2,077.1 997.2 180.0 

1995 2,114.6 1,025.1 184.0 
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Table 100. United States Region: Sulfur Consumption, Phosphatic 
Fertilizer Production and Index of Industrial Production, 
1960-1979 

Index "f 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons)a of P 0 )b,c (1975=100) 2 5 

1960 3,699.8 1,423.4 53.2 

1961 4,081. 7 1,555.5 55.4 

1962 4,544.2 1,505.5 58.2 

1963 3,923.5 1,605.5 59.8 

1964 4,300.6 1,743.0 65.4 

1965 5,409.5 1,782.9 68.0 

1966 4,997.9 2,185.0 70.3 

1967 5,867.8 2,739.4 71.8 

1968 6,845.6 2,865.3 76.0 

1969 7,184.4 3,268.1 82.6 

1970 7,496.6 3,196.3 87.7 

1971 7,361.9 3,395.9 91.0 

1972 6,606.5 3 .. 650.9 95.0 

1973 7,704.5 3,867.7 101.4 

1974 8,210.8 3,897.3 103.9 
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Table 100. -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons) a of PO) b,c (1975=100) 2 5 

1975 6,898.0 3,636.3 100.0 

1976 7,572.0 3,057.5 103.8 

1977 7,677.0 3,459.5 105.8 

1978 7,688.0 3,481.5 108.9 

1979 7,866.0 3,489.6 113.4 

a. u.S. Bureau of Mines, Minerals Yearbook Vol. I, 1962-1979. 

b. Data for 1960-1974 come from Food and Agricultural Organiza
tion, Annual Fertilizer Review, 1960-1974. 

c. Data for 1975-1979 come from Food and Agricultural Organiza
tion, Fertilizer Yearbook, 1979, Vol. 29 

d. Organization for Economic Co-Operation and Development, Main 
Economic Indicators: Historical Statistics 1960-1979, June 1980. 

d 



Table 101. United States Region: Expected Sulfur Consumption Based 
On Projected Phosphatic Fertilizer Production and Index 
of Industrial Production, 1980-1995 a 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons) of P205) (1975=100) 

1980 13,753.2 8,791.5 130.3 

1981 14,079.5 9,037.6 134.0 

1982 14,412.3 9,290.7 137.7 

1983 14,751.2 9,550.8 141.4 

1984 15,096.7 9,818.2 145.1 

1985 15,434.8 10,093.1 148.7 

1986 15,771.9 10,335.4 152.5 

1987 16,100.0 10,583.4 156.2 

1988 16,471.4 10,879.8 159.9 

1989 16,811.3 11 ,14,0. 9 163.6 

1990 17,156.8 11,408.3 167.3 

1991 17,548.8 11,727.6 171.0 

1.992 17,949.5 12,056.2 174.7 

1993 18,310.7 12,345.4 178.3 

1994 18;739.5 12,690.1 182.1 

1995 19,108.3 12,995.7 185.8 

a. The basis for the projections are discussed in the text. 
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Table 102 shows the data used for estimating the equations above. 

Table 95 shows expected fertilizer production growth for the Mediter

ranean industrialized sub-region. Table 103 shows projected fertilizer 

production, based on the growth rates in Table 95, the projected index 

of industrial production and expected sulfur consumption derived from 

the projection and based on the regression demand equation above. 

Asian Industrialized Sub-Region 

SD 

(0.2) (3.3)* (1.8) 

9.0 + 3.2 FP + 5.11 IP 

D.W. = 1. 59 R2 = .74 

(0.3) (20.0)* 

IP -324.8 + 5.8 TM 

D.W. = 0.7 .95 

N 20 

N 20 

Table 104 shows the data used for estimating the equations above. 

Table 95 shows expected fertilizer production growth rates for this 

region. Table 105 shows projected fertilizer production based on the 

growth rates in Table 95, the projected index of industrial production 

and expected sulfur consumption derived from the projection and based on 

the regression equation stated above. 

Oceanian Region 

(2.4) (3.6)* (5.82)* 

SD -243.0 + 0.42 FP + 6.0 IP 

D.W. = 1.79 N 20 



Table 102. Mediterranean Developed Sub-Region: Sulfur Consumption, 
Phosphatic Fertilizer Production and Index of Industrial 
Production, 1960-1979 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 

281 

Year (thousand metric tons) a of PO) b,c 
2 5 (1975=100) d 

1960 2,367.2 885.9 35.5 

1961 2,351.3 844.8 39.5 

1962 2,330.1 860.5 39.9 

1963 2,374.4 881.2 43.4 

1964 2,947.7 914.2 46.2 

1965 2,840.3 913.0 50.0 

1966 2,993.4 991.0 56.6 

1967 2,977.3 1,077 .6 60.3 

1968 3,084.1 1,129.9 64.6 

1969 2,971.4 1,149.6 70.0 

1970 3,054.1 1,135.2 76.5 

1971 3,150.3 1,127.2 80.5 

1972 3,520.9 1,259.9 89.4 

1973 3,792.3 1,277.5 101.1 

1974 3,755.9 1,255.9 101.6 
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Table 102. -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons~ a of PO) b ,c 

2 5 (1975=100)d 

1975 3,590.4 1,292.3 b 100.0 

1976 3,148.9 1,127.8 108.0 

1977 3,495.3 1,286.9 117.0 

1978 3,390.0 1,311. 2 120.0 

1979 3,595.0 1,396.0 124.0 

a. Computed from U.S. Bureau of Hines, Ninera1s Yearbook, Vol. 
III, 1963-1979. 

b. Data for 1960-1974 were computed from Food and Agricultural 
Organization, Annual Fertilizer Review, 1960-1974. 

c. Data for 1975-1979 were computed from Food and Agricultural 
Organization, Fertilizer Yearbook, 1979, Vol. 29. 

d. Computed from Organization for Economic Co-Operation and 
Development, Nain Economic Indicators: Historical Statistics 1960-1979, 
June 1980. 
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Table 103. Mediterranean Developed Sub-Region: Expected Sulfur Con

sumption, Projected Phosphatic Fertilizer Production and 
Weighted Average Index of Industrial Production, 1980-l995 a 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons) of p 205) (1975=100) 

1980 3,870.9 1,423.9 124.8 

1981 3,941. 9 1,452.4 129.3 

1982 4,015.2 1,481.4 133.8 

1983 4,087.8 1,511.1 138.3 

1984 4,162.4 1,541.3 142.8 

1985 4,238.7 1,572.1 147.3 

1986 4,302.5 1,597.3 151.8 

1987 4,367.4 1,622.8 156.3 

1988 4,433.2 1,648.8 160.8 

1989 4,499.9 1,675.2 165.3 

1990 4,567.2 1,701. 9 169.8 

1991 4,635.5 1,729.2 174.3 

1992 4,705.0 1,756.8 178.8 

1993 4,775.5 1,785.0 183.3 

1994 4,846.6 1,813.5 187.8 

1995 4,919.0 1,842.5 192.5 

a. The basis for the projections are discussed in the text. 
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Table 104. Asian Developed Sub-Region: Sulfur Consumption, Phosphatic 

Fertilizer Production and Index of Industrial Production, 
1960-1979 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption a (thousand metric tons Production 
Year (thousand metric tons) of P 0 )b,c (1975=100)c 2 5 

1960 1,132.9 460.0 26.0 

1961 1,707.1 514.6 31.0 

1962 1,745.2 493.5 33.5 

1963 1,760.2 476.3 37.3 

1964 2,085.5 523.0 43.2 

1965 2,170.0 597.0 44.9 

1966 2,332.0 539.7 50.7 

1967 2,580.0 639.9 60.5 

1968 2,572.0 710.2 69.7 

1969 2,713.0 768.0 80.7 

1970 2,631.0 729.0 91.8 

1971 2,518.0 665.3 94.3 

1972 2,216.0 655.5 101.1 

1973 3,292.0 728.9 116.2 

1974 3,390.0 735.8 111.7 
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Table 104. -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metri~ tons Production 
Year (thousand metric tons)a of P 0 )b,c 

2 5 (1975=100)d 

1975 2,734.0 769.4b 
100.0 

1976 2,675.0 585.3 111.0 

1977 2,374.0 623.0 113 :0 

1978 2,561.0 696.0 122.7 

1979 2,780.0 707.0 l32.8 

a. Computed from U.S. Bureau of Mines, Minerals Yearbook, Vol. 
III, 1963-1979. 

b. 4 Data for 1960-197 were computed from Food and Agricultural 
Organization, Annual Fertilizer Revie~v > 1960-1974. 

c. Data for 1975-1979 were computed from Food and Agricultural 
Organization, Fertilizer Yearbook, 1979, Vol. 29. 

d. Computed from Organization for Economic Co-Operation and 
Development, Main Economic Indicators: Historical Statistics 1960-1979, 
June 1980. 



Table 105. Asian Developed Sub-Region: Expected Sulfur Consumption, 
Projected Phosphatic Fertilizer Production and Index of 
Industrial Production, 1980-1995 a 

286 

Sulfur Consumption Fertilizer Production Index of Industrial 
(thousand (thousand metric Production 

Year metric tons) tons of P20
5

) (1975=100) 

1980 3,252.5 719.7 139.2 

1981 3,312.4 728.4 145.0 

1982 3,388.1 741. 5 150.0 

1983 3,455.8 754.8 156.6 

1984 3,542.4 768.4 162.4 

1985 3,611.4 782.2 168.2 

1986 3,682.9 791.6 174.0 

1987 3,746.0 801.1 179.8 

1988 3,800.6 810.7 185.6 

1989 3,864.4 820.5 191.4 

1990 3,928.6 830.3 197.2 

1991 4,002.3 840.3 203.0 

1992 4,076.3 850.4 208.8 

1993 4,132.8 860.6 214.6 

1994 4,198.7 870.9 220.4 

1995 4,264.5 881.3 226.0 

a. The basis for the projections are discussed in the text. 



(-11.4) (17.7)* 

IP -168.1 + 3.8 TM 

D.W. = 0.9 .96 
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N 20 

Table 106 shows the data used for estimating the equations above. 

Table 95 shows expected fertilizer production growth rates for this 

region. Table 107 shows projected fertilizer production based on the 

growth rates, the projected index of industrial production and expected 

sulfur consumption derived from these projections based on the regression 

equation stated above. 

African Industrialized Sub-Region 

(.3) (8.9)* 

SD -106.9 + 2.4 FP 

D.W. = 0.7 .81 N 20 

For this region, the index of industrial production variable- is 

omitted from the equation because it had a negative coefficient. The sign 

of the coefficient was inconsistent with the relationship between sulfur 

consumption and industrial production which implies that the two vari

ables are positively correlated. This was found to be a serious problem 

of high correlation between the independent variables which was easily 

solved by excluding the index of industrial production from the equa

tion. Table 108 shows the data used for estimating the equation above. 

Table 95 shows expected fertilizer production growth rates for this sub

region. Table 109 shows projected fertilizer production based on the 



Table 106. Oceanian Region: Sulfur Consumption, Phosphatic Fertilizer 
Production and Index of Industrial Production, 1960-1979 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
a of P

2
0

5
)b,c (1975=100)d Year (thousand metric tons) 

1960 397.5 728.0 a 56.2 

1961 435.0 787.7 56.2 

1962 460.1 820.0 61.5 

1963 574.8 919.6 65.2 

1964 672.8 1,063.8 69.7 

1965 675.3 1,169.7 77 .1 

1966 721.0 1,017.6 86.2 

1967 719.6 1,264.4 86.0 

1968 839.8 1,241.5 91.5 

1969 643.4 1,189.90 95.5 

1970 784.2 1,133.90 93.0 

1971 909.4 1,136.0 102.0 

1972 959.2 1,163.0 111.6 

1973 1,113.0 1,250.0 111.3 

1974 1,136.0 1,589.0 103.3 
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Table 106 -- Continued 

Index of 
Fertilizer Production Industrial 

Sulfur Consumption (thousand metric tons Production 
Year (thousand metric tons)a of PO) b.c (1975=10O)d 

2 5 

1975 767.0 1,174.0 b 100.0 

1976 857.0 902.0 112.0 

1977 928.0 1,148.0 119.0 

1978 1,000.0 1,201. 0 126.0 

1979 1,020.0 1,297.6 131.7 

a. Computed from U.S. Bureau of Mines, Minerals Yearbook, Vol. 
III, 1963-1979. 

b. Data for 1960-1974 were computed from Food and Agricultural 
Organization, Annual Fertilizer Revie~.;r, 1960-1974. 

c. Data for 1975-1979 were computed from Food and Agricultural 
Organization, Fertilizer Yearbook, 1979, Vol. 29. 

d. Computed from Organization for Economic Co-Operation and 
Development, Main Economic Indicators: Historical Statistics 1960-
1979, June, 1980. 

289 



) 

Table 107. Oceanian Region: Expected Sulfur Consumption and 
Projected Fertilizer Production, 1980-1995 

Projected 
Projected Index of 

Expected Fertilizer Production Industrial 
Sulfur Consumption (thousand metric tons Production 

Year (thousand metric tons) of P205) (1975=100) 

1980 1,110.3 1,328.7 132.8 

1981 1,146.3 1,360.6 136.3 

1982 1,182.5 1,426.7 140.3 

1983 1,213.1 1,461.0 144.0 

1984 1,250.0 1,496.0 147.8 

1985 1,293.0 1,518.5 151.7 

1986 1,325.7 1,541.3 155.3 

1987 1,357.0 1,564.3 159.1 

1988 1,389.5 1,587.6 162.8 

1989 1,421.9 1,611.6 .166.6 

1990 1,454.6 1,635.8 170.4 

1991 1,487.1 1,660.4 174.1 

1992 1,519.6 1,660.4 177 .9 

1993 1,546.9 1,685.3 181.6 

1994 1,586.0 1,715.5 185.4 

1995 1,619.3 1,736.2 109.2 

a. The basis for the projections are discussed in the text. 
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Table 108. Africa South of Saharan Developed Sub-Region: Sulfur Con
sumption and Phosphatic Fertilizer Production, 1960-1979 

Sulfur Consumption Fertilizer Production b 
Year (thousand metric tons)a (thousand metric tons of P

2
0

5
) ,c 

1960 267.0 136.3 

1961 290.0 118.0 

1962 294.0 141.0 

1963 291.0 160.0 

1964 313.0 175.0 

1965 348.5 200.0 

1966 384.5 210.0 

1967 396.7 267.0 

1968 582.0 270.0 

1969 584.0 312.3 

1970 610.0 324.5 

1971 625.0 324.0 

1972 543.0 340.0 

1973 539.0 338.0 

1974 645.5 371.2 
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Table 108. -- Continued 

Sulfur Consumption Fertilizer Production b 
Year (thousand metric tons)a (thousand metric tons of P

2
0

5
) ,c 

1975 654.0 392.4
a 

1976 863.5 394.3 

1977 1,047.2 403.0 

1978 1,097.0 424.8 

1979 1,149.0 437.8 

a. Computed from U.S. Bureau of Mines, Minerals Yearbook, Vol. 
III, 1963-1979. 

b. Data for 1960-1974 were computed from Food and Agricultural 
Organization, Annual Fertilizer Review, 1970-1974. 

c. Data for 1975-1979 were computed from Food and Agricultural 
Organization, Fertilizer Yearbook, 1979, Vol. 29. 



Table 109. African South of Saharan Developing Sub-Region: Expected 
Sulfur Consumption and Fertilizer Production,a 1980-1995 

Sulfur Consumption Fertilizer Production 
. Year (thousand metric tons) a (thousand metric tons of P20

5
) 

1980 81.1 85.4 

1981 90.3 95.0 

1982 100.5 105.8 

1983 111.8 117.7 

1984 124.5 131.0 

1985 138.5 145.0 

1986 152.0 160.0 

1987 166.7 175.5 

1988 182.9 192.5 

1989 200.6 211.2 

1990 220.0 231.6 

1991 241.4 254.1 

1992 264.8 278.7 

1993 290.5 305.8 

1994 318.6 335.4 

1995 349.6 368.0 
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a. Projections are based on growth rates in Table 94 and relation
ship of .95 unit weight of sulfur consumed for 1 unit weight of phos
phatic fertilizer (P205) produced. 
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growth rates in Table 95 and expected sulfur consumption derived from the 

projections, based on the regression equation stated above. The varia

bles in the foregoing equations are as follows: 

SD = sulfur consumption in metric tons of elemental sulfur 

equivalent 

FP phosphatic fertilizer production in metric tons of P205 

IP index of industrial production 

TM time variable 

A sulfur consumption/fertilizer production weight relationship is 

used to forecast sulfur consumption for: (1) the Mediterranean's less

industrialized sub-region; (2) Asia's less-industrialized sub-region; 

(3) the Carribean and Central American region; (4) Africa's less-indus

trialized sub-region; and (5) South America. As mentioned earlier, the 

relationship is 0.95 unit weight of elemental sulfur equivalent consumed 

for phosphatic fertilizer produced. First for each region and sub-region 

mentioned above, phosphatic fertilizer production was projected based on 

the most likely growth rates, shown in Table 95, using the average of 

phosphatic fertilizer production during the years 1977, 1978, and 1979 as 

the base. Finally, the expected sulfur consumption was derived from pro

jected fertilizer production on the basis of the weight relationship. 

Table 110 shows the Mediterranean's less-industrialized sub

region's projected fertilizer production and the derived expected sulfur 

consumption. Table III shows the entire region's total expected sulfur 

consumption. Table 112 shows those for Asia's less-industrialized sub-



Table 110. Mediterranean Developing Sub-Region: Expected Sulfur 
Consumption, 1980-1995 

Sulfur Consumption 
Year (thousand metric tons) a 

1980 890.7 

1981 991.3 

1982 1,103.4 

1983 1,228.1 

1984 1,366.9 

1985 1,521.3 

1986 1,632.4 

1987 1,751.5 

1988 1,879.4 

1989 2,061.7 

1990 2,261. 7 

1991 2,481.0 

1992 2,662.2 

1993 2,856.5 

1994 3,065.0 

1995 3,288.7 

a. Projections are based on growth rates shown in Table 94 and a 
relationship of 95 unit weight of sulfur consumed for 1 unit weight of 
phosphatic fertilizer (P205) produced. 

295 



Table Ill. Mediterranean Region: Total Regional Expected Sulfur 
Consumption, 1980-1995 a 

(thousand metric tons) 

Sulfur Consumption Sulfur Consumption Total 
in the Developed in the Developing Sulfllr 

Year Sub-Region Sub-Region Consumption 

1980 3,875.5 890.7 4,766.2 

1981 3,946.0 991.3 4,937.3 

1982 4,017.9 1,103.4 5,121.3 

1983 4,091.1 1,228.1 5,319.2 

1984 4,165.7 1,366.9 5,532.6 

1985 4,241. 7 1,521.3 5,763.0 

1986 4,304.4 1,632.4 5,936.8 

1987 4,368.0 1,751.5 6,119.5 

1988 4,432.6 1,879.4 6,312.0 

1989 4,498.1 2,061.7 6,559.8 

1990 4,564.7 2,261.7 6,826.4 

1991 4,632.3 2,481.0 7,113.3 

1992 4,700.8 2,662.2 7,363.0 

1993 4,770.5 2,856.5 7,627.0 

1994 4,840.5 3,065.0 7,905.5 

1995 4,913.0 3,288.7 8,201. 7 

a. Derived from Tables 102 and 103. 
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Table 112. Asian Developing Sub-Region: Expected Sulfur Consumption, 
1980-1995 

Sulfur Consumption 
Year (thousand metric tons)a 

1980 790.7 

1981 854.7 

1982 923.9 

1983 998.7 

1984 1,079.7 

1985 1,167.1 

1986 1,252.1 

1987 1,343.1 

1988 1,441.8 

1989 1,548.0 

1990 1,659.9 

1991 1,7,81. 2 

1992 1,911.1 

1993 2,050.7 

1994 2,200.4 

1995 2,361.1 

a. Projections are based on growth rate in Table 94 and relation
ship of .95 unit weight of sulfur consumed for 1 unit weight of phos
phatic fertilizer (P305) produced. 
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region whereas Table 113 shows the entire Asian regional total expected 

sulfur consumption. Tables 114, 115 and 116 show both projected fertil

izer production and derived expected sulfur consumption for the Mexican, 

Carribean and Central American and South American regions, respectively. 

Finally, Table 117 shows projected fertilizer production and derived 

expected sulfur consumption for the African South of Saharan less indus

trialized sub-region and Table 118 shows the entire regional total 

expected sulfur consumption. 



Table 113. Asian Region: Total Regional Expected Sulfur Consumption, 
1980-l995a 

(thousand metric tons) 

Sulfur Con~umption Sulfur Consumption 
in the Developed in Developing Total Sulfur 

Year Sub-Region Sub-Region Consumption 

1980 3,252.5 990.7 4,043.2 

1981 3,312.4 854.7 4,167.1 

1982 3,388.1 923.9 4,312.0 

1983 3,455.8 998.7 4,454.3 

1984 3,542.4 1,079.7 4,622.1 

1985 3,611.4 1,167.1 4,778.5 

1986 3,682.9 1,252.3 4,935.2 

1987 3,746.0 1,347.7 5,089.7 

1988 3,800.6 1,441.8 5,242.4 

1989 3,864.4 1,548.0 5,412.4 

1990 3,928.6 1,659.9 5,588.5 

1991 4,002.3 1,781. 2 5,783.5 

1992 .'-:'J Q~tj. 3 1,911.1 5,987.4 

1993 4,132.8 2,050.7 6,183.5 

1994 4,198.7 2,200.4 6,399.1 

1995 4,264.5 2,361.1 6,825.6 

a. From Tables 104 and 105. 
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Table 114. Caribbean and Central American Region: Expected Sulfur 
Consumption Based on Projected Phosphatic Fertilizer 
Productiona , 1980-1995 

Sulfur Consumption Fertilizer Production 
Year (thousand metric tons) (thousand metric tons of P20

5
) 

1980 26.4 27.8 

1981 28.5 30.0 

1982 30.9 32.5 

1983 33.3 35.1 

1984 36.0 37.9 

1985 39.0 41.0 

1986 40.9 43.0 

1987 42.8 45.1 

1988 44.9 47.3 

1989 47.2 49.7 

1990 49.5 52.1 

1991 51.9 54.6 

1992 54.4 57.3 

1993 57.1 60.1 

1994 59.9 63.1 

1995 63.2 66.2 
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a. Projections are based on growth rates in Table 96 and relation
ship of .95 unit of sulfur consumed for 1 unit weight of phosphatic 
fertilizer (P205) production. 



Table 115. Mexican Region: Expected Sulfur Consumption Based on 
Projected Phosphatic Fertilizer Productiona 1980-1995· 

Sulfur Consumption Fertilizer Production 
Year (thousand metric tons) (thousand metric tons of P205) 

1980 260.2 273.9 

1981 281.3 296.1 

1982 304.1 320.1 

1983 328.7 346;·0 

1984 355.4 374.1 

1985 384.2 404.4 

1986 409.1 430.6 

1987 435.7 458.6 

1988 464.0 488.4 

1989 494.2 520.2 

1990 526.3 554.0 

1991 560.5 590.0 

1992 596.9 628.3 

1993 635.9 669.2 

1994 677 .1 712.7 

1995 721.1 759.0 

301 

a. Projections are based on growth rates in Table 91 and relation
ship of .95 unit of sulfur consumed for 1 unit weight of phosphatic 
fertilizer (P~05) produced. 



Table 116. South American Region: Expected Sulfur Consumption Based 
on Projected Phosphatic Fertilizer Production, a 1980-1995 

Sulfur Consumption Fertilizer Production 
Year (thousand metric tons) (thousand metric tons of P20

5
) 

1980 1,188.4 1,250.9 

1981 1,284.7 1,352.3 

1982 1,388.7 1,461.8 

1983 1,501. 2 1,580.2 

1984 1,622.8 1,708.2 

1985 1,753.3 1,845.6 

1986 1,825.2 1,921.3 

1987 1,914.6 2,015.4 

1988 2,008.5 2,114.2 

1989 2,090.8 2,200.8 

1990 2,193.5 4,308.9 

1991 2,300.7 2,421.8 

1992 2,413.5 2,540.5 

1993 2,531. 7 2,664.9 

1994 2,655.8 2,795.6 

1995 2,786.0 2,932.6 
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a. Projections are based on growth rates in Table 91 and relation
ship of .95 unit of sulfur consumed for 1 unit weight of phosphatic 
fertilizer (P20

5
) produced. 



Table 117. African South of Saharan Developed Sub-Region: Expected 
Sulfur Consumption and Projected Phosphatic Fertilizer 
Production,a 1980-1995 

Sulfur Consumption Fertilizer Production 
Year (thousand metric tons) (thousand metric tons of P205) 

1980 982.0 457.5 

1981 1,031. 0 478.1 

1982 1,060.2 499.6 

1983 1,135.7 522.1 

1984 1,191.6 545.6 

1985 1,250.1 570.1 

1986 1,278.6 582.1 

1987 1,307.6 594.3 

1988 1,337.4 606.8 

1989 1,367.7 619.5 

1990 1,398.5 632.6 

1991 1,432.6 646.8 

1992 1,462.6 659.4 

1993 1,495.5 673.7 

1994 1,563.5 701.8 

1995 1,593.8 716.7 

a. The basis for the projections are discussed in the text. 
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Table 118. African South of Saharan Region: Expected Sulfur Con
sumption,a 1980-1995 

Year 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

(thousand metric tons) 

Sulfur Consumption 
in the Developed 

Sub-Region 

982.0 

1,031.0 

1,060.2 

1,135.7 

1,191.6 

1,250.1 

1,278.6 

1,307.6 

1,337.4 

1,367.7 

1,398.5 

1,432.6 

1,462.6 

1,495.5 

1,563.5 

1,593.8 

Sulfur Consumption 
in the Developing 

Sub-Region 

81.1 

95.0 

105.8 

117.7 

131.0 

145.0 

160.0 

175.5 

192.5 

211.2 

231.6 

254.1 

278.7 

305.8 

335.4 

368.0 

a. Derived from Tables 108 and 109. 

Total 
Sulfur 

Consumption 

1,063.1 

1,126.0 

1,166.0 

1,253.4 

1,322.6 

1,395.1 

1,438.6 

1,483.1 

1,529.9 

1,578.9 

1,630.1 

1,686.7 

1,741.3 

1,801.3 

1,898.9 

1,961.8 

304 



CHAPTER 4 

SULFUR SUPPLY-DEMAND BALANCES AND COMPOSITION 
SURPLUS BY SULFUR FORM 

Tables 119 through 128 show expected regional sulfur supply-

demand balances over the forecast period. The balances are computed 

by subtracting estimated demand from estimated supply. Consequently, a 

positive supply-demand balance means that the region has a sulfur supply 

surplus whereas a negative balance means that the region has a sulfur 

supply deficit, at a given price. 

As in the case of sulfur production, a regional sulfur supply 

surplus can consist of various forms of sulfur: smelter acid, elemental 

sulfur, and pyritic sulfur. On a regional basis, the composition may be 

influenced by a number of factors: relative transport costs of the forms 

of sulfur produced in the region, storeability and, in some instances, 

policies of governments in the region. 

Elemental sulfur is less costly to transport than either smelter 

acid or pyrite of equivalent sulfur value. Transportation costs for the 

last two sulfur forms include transportation charges for weight due to 

non-sulfur materials. For smelter acid adrlitional charges are incurred 

in order to make the c00tainers more resistant to corrosion. Furthermore, 

acid transportation involves the risk of hazardous spills and vapor. It 

is cheaper and safer to store elemental sulfur than to store smelter 

305 



306 

acid. Elemental sulfur can be stockpiled on open ground for a consid

erable length of time without high cost or sericus danger. On the other 

hand, storing acid requires specially built storage tanks which are 

resistant to corrosion and which ensure minimum possibility of a spill

over. Finally, in some instances, the governments in a region may influ

ence sulfur consumption patterns by requiring that a form of sulfur 

produced within the domestic market be consumed internally. 

On the basis of transportation and storage costs, government 

policy, and associated inconveniences, it can be argued that a region 

which produces sulfur in different forms will tend to use smelter acid 

and pyrite, unless pyrite is forced out by price decreases, first for most 

applications; the remaining internal demand may be met by elemental 

sulfur. Thus, the greater proportion of a surplus is likely to consist 

of elemental sulfur which can be exported and/or cheaply and conveniently 

stockpiled. 

This chapter discusses expected sulfur supply-demand balances by 

region and, where a region has a supply surplus, the sulfur forms which 

are expected to comprise the surplus. The predictions are based on the 

assumption that a region with surplus sulfur in all forms will first 

consume acid and pyrite (except for South Africa) followed by non

discretionary e1enlenta1 sulfur. Both supply-demand balances and compo

sition of the supply surplus are crucial to expected sulfur world trade 

patterns. Trade patterns are discussed later. 



Sulfur Supply-Demand Balances in the 
Northwestern European Region 
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Table 119 shows sulfur supply-demand balances for the Northwest-

ern European region. Sulfur is expected to be in surplus in the region 

over the forecast period. However, the surplus is expected to decrease 

from about 4 million metric tons per year in the early 1980's to about 

2.6 million metric tons per year by the end of the forecast period. As 

shown in Table 15 (above), regional sulfur production is expected to 

consist of smelter acid, elemental sulfur from natural gas ana crude oil, 

and pyrite. A comparison between Table 15 and Table 97 shows that expec-

ted annual sulfur consumption in this region will be greater than combined 

annual sulfur production from smelter acid and pyrite. Assuming the 

consumption pattern discussed above, the region is expected to consume 

smelter acid and pyritic sulfur first. This implies that the sulfur 

supply surplus will consist only of elemental sulfur. The implication 

of this situation on current acid exports to phosphate areas of the 

Mediterranean region is discussed later. 

Sulfur Supply-Demand Balances in Canada 

Expected sulfur supply-demand balances in the Canadian region are 

shown in Table 120. A,supply surplus is expected over the forecast 

period. As the table shows, the balance is expected to increase from 

about 7.5 million tons per year in the early 1980's to a peak of about 

8.7 million tons per year in 1989. Thereafter, the annual balance is 

expected to decline to about 7.6 million tons by the end of the forecast 

period. Table 24 shows the sources of sulfur in Canada. These are: 



Table 119. Northwestern European Region: Expected Sulfur Value 
Supply-Demand Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 4,294.8 

1981 4,114.5 

1982 4,112.7 

1983 4,065.2 

1984 4,023.8 

1985 3,928.0 

1986 3,763.1 

1987 3,578.1 

1988 3,434.5 

1939 3,316.8 

1990 3,184.4 

1991 3,059.5 

1992 2,932.7 

1993 2,815.5 

1994 2,625.5 

1995 2,575.2 

Source: Computed by subtracting sulfur consumption (Table 97) from 
total sulfur production (Table 15). 

308 



Table 120. Canadian Region: Expected Sulfur Value Supply-Demand 
Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 7,462.8 

1981 7,590.2 

1982 7,720.3 

1983 7,886.1 

1984 8,492.8 

1985 8,499.6 

1986 8,398.6 

1987 8,347.5 

1988 8,741.8 

1989 8,735.7 

1990 8,466.3 

1991 8,491.9 

1992 8,228.0 

1993 8,254.6 

1994 7,951.9 

1995 7,644.9 

Source: Computed by subtracting sulfur consumption (Table 99) from 
total ffillfur production (Table 24). 
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smelter acid, natural gas, crude oil, and tar sand and heavy oils. 

Except for smelter acid, the remaining sulfur will be in elemental form. 

A comparison between Tables 24 and 98 shows that Canadian sulfur consump-

tion is expected to be greater than sulfur production from smelter acid. 

Thus, by consuming acid first, the regional sulfur supply surplus will 

consist entirely of elemental sulfur. The implication of this situation 

on acid exports to the u.s. is discussed later. 

Supply-Demand Balances in the u.S. 

Expected sulfur supply-demand balances in the United States are 

shown in Table 121. This region is expected to have a supply surplus 

over the forecast period. However, the surplus is expected to decline 

from about 20 million metric tons in the early 1980's to about 11 million 

metric tons per year by the end of the forecast period. The decline 

will be due to both declining production and growth in consutilption. 

As Table 45 shows, production of sulfur is expected to be in the 

form of smelter acid, pyrite and elemental sulfur from natural gas, crude 

oil and Frasch mines. As can be observed from Tables 40 and 100, total 

annual domestic consumption is expected to be greater than the combined 

sulfur production from smelter acid and pyrite. Assuming that sulfur 

from these sources will be consumed first, the region's sulfur supply 

surplus will consist entirely of elemental sulfur. 

SUlf1.1r Supply-Demand Balances in the 
Mediterranean Region 

Table 122 shows expected sulfur supply-demand balances in the 

Mediterranean region. The region is expected to have a supply surplus 



Table 121. The U.S.: Expected Sulfur Value Supply-Demand Balances, 
1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balances 

1980 20,351.0 

1981 19,798.7 

1982 19,496.0 

1983 19,005.8 

1984 18,429.9 

1985 17,776.8 

1986 17,183.1 

1987 16,445.0 

1988 15,682.0 

1989 14,871.J 

1990 14,255.3 

1991 l3,756.4 

1992 12,836.7 

1993 12,275.1 

1994 11,706.7 

1995 11,079.8 

Source: Computed by subtracting sulfur consumption (Table 101) from 
total sulfur production (Table 40). 
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Table 122. Mediterranean Region: Expected Sulfur Value Supp1y
Demand Balance, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 360.2 

1981 245.6 

1982 128.3 

1983 41.3 

1984 -137.9 

1985 -282.4 

1986 -433.3 

1987 -581.2 

1988 -755.0 

1989 -970.3 

1990 .-1,212.3 

1991 -1,451.3 

1992 -1,658.4 

1993 -1,866.8 

1994 -2,088.9 

1995 -2,326.2 

Source: Computed by subtracting sulfur consumption (Table Ill) from 
total sulfur production (Table 50). 
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in the early 1980's. The surplus is expected to decline from about 0.36 

million metric tons in 1980 to 41 thousand metric tons in 1983. There-

after, the region is expected to have a deficit. The deficit is expec-

ted to increase from about 138 thousand metric tons in 1984 to about 2.3 

million metric tons by the end of the forecast period. The foreign 

sources of sulfur that will offset the deficit are discussed-later. 

Sulfur Supply-Demand Balances 
in the Asian Region 

As Table 123 shows, the Asian region is expected to have a sulfur 

supply surplus which will increase from about 6.6 million metric tons in 

1980 to about 11.6 million metric tons at the end of the forecast period. 

The sources of sulfur in the region are shown in Table 71. These are 

smelter acid, crude oil, natural gas, Frasch mine and pyrite. As the 

tabel shows, sulfur from smelter acid is expected to increase from about 

1.9 million metric tons a year in 1980 to about 3 million metric tons at 

the end nf the forecast period. Production from pyrite is expected to 

decrease from 323 thousand metric tons to zero. However, a comparison 

between combined sulfur supply from smelter acid and pyrite and the 

expected total regional consumption as shown in Table 112 implies that 

the regional market will be capable of absorbing all sulfur from these 

sources. Assuming that sulfur from these sources will be consumed first, 

the region's sulfur supply surplus is expected to consist entirely of 

elemental sulfur. 



Table 123. Asian Region: Expected Sulfur Value Supply-Demand 
Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 6,583.3 

1981 6,952.8 

1982 7,235.3 

1983 7,574.8 

1984 7,901.3 

1985 8,258.0 

1986 8,540.1 

1987 8,843.9 

1988 9,146.6 

1989 9,482.4 

1990 9,793.3 

1991 10,153.2 

1992 10,561.5 

1993 10,973.2 

1994 11,395.2 

1995 11,639.6 

Source: Computed by subtracting sulfur consumption (Table 113) from 
total sulfur production (Table 71). 
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Sulfur Supply-Demand Balances 
in the Oceanian Region 
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The Oceanian region's expected sulfur supply-demand balances are 

shown in Table 124. This region is expected to have a supply deficit. 

The deficit is expected to increase from about 44.7 thousand metric tons 

in 1980 to about 232.0 thousand metric tons at the end of the forecast 

period. The sources of sulfur export which will offset the deficit are 

discussed later in the text. 

Sulfur Supply-Demand Balances in the 
Caribbean and Central American Region 

Table 125 shows the Caribbean and Central American region's 

expected sulfur supply-demand balances. This region is expected to have 

a sulfur supply surplus over the forecast period. The surplus is expec-

ted to increase from 410.6 thousand metric tons in 1980 to about 0.9 

million tons at the end of the forecast period. As Table 83 shows, crude 

oil will be the sole source of sulfur in this region. Therefore, the 

supply surplus will consist entirely of elemental sulfur. 

Sulfur Supply-Demand Balances in Mexico 

Expected sulfur supply-demand balances in the Mexican region are 

shown in Table 126. The region is expected to have a supply surplus over 

the forecast period. The surplus is expected to increase from 3.4 million 

metric tons in 1980 to about 8 million metric tons per annum at the end 

of the forecast period. The balance will consist entirely of elemental 

sulfur because, as Table 88 shows, sulfur production in the region is 

expected to be in elemental form. 



Table 124. Oceanian Region: Expected Sulfur Value Supply-Demand 
Balance, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 -44.7 

1981 -52.4 

1982 -59.5 

1983 -61.1 

1984 -68.2 

1985 -81.4 

1986 -96.2 

1987 -1l0.2 

1988 -126.4 

1989 -140.2 

1990 -155.7 

1991 -168.7 

1992 -180.7 

1993 -194.9 

1994 -216.0 

1995 -232.0 

Source: Computed by subtracting sulfur consumption (Table 107) from 
total sulfur production (Table 79). 
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Table 125. Caribbean and Central American Region: Expected Sulfur 
Value Supply-Demand Balance, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 410.6 

1981 442.5 

1982 474.1 

1983 505.7 

1984 537.0 

1985 568.0 

1986 600.1 

1987 632.2 

1988 664.1 

1989 695.8 

1990 727.5 

1991 759.1 

1992 790.6 

1993 821.9 

1994 853.1 

1995 876.8 

Source: Computed by subtracting sulfur consumption (Table 114) from 
total sulfur production (Table 83). 
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Table 126. Mexican R~Bion: Expected Sulfur Value Supply-Demand 
Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 3,442.3 

1981 3,352.4 

1982 3,443.6 

1983 3,975.3 

1984 4,121.0 

1985 5,009.3 

1986 5,720.9 

1987 6,430.9 

1988 7,139.0 

1989 7,845.4 

1990 8,549.9 

1991 8,446.9 

1992 8,341.8 

1993 8,233.7 

1994 8,124.1 

1995 8,012.3 

Source: Computed by subtracting sulfur consumption (Table 115) from 
total sulfur production (Table 88). 
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Sulfur Supply-Demand Balances 
in the South American Region 

Expected sulfur supply-demand balances in the South American 

319 

region are shown in Table 127. The region is expected to have a supply 

deficit which is expected to increase from about 1.1 million metric tons 

in 1980 to about 2.5 million metric tons in 1992. This is accounted for 

by a large market which is expected to emerge in the region's fertilizer 

sector and relatively small production growth which is expected to come 

from a single source: crude oil. The possible sources of imported sulfur 

are discussed later. 

Sulfur Supply-Demand Balances in the 
Africa South of Saharan Region 

Table 128 shows expected sulfur supply-demand balances in Africa, 

south of the Sahara. The region is expected to have a supply deficit 

over the forecast period. This is expected to increase from about 0.6 

million metric tons in 1980 to about 1.4 million metric tons by the end 

of the forecast period. The bulk of the deficit will be in one country, 

South Africa. As discussed above, other areas of this region are not 

expected to produce sulfur, but they are expected to be consumers. 

Summary 

The following regions are expected to have sulfur supply sur-

pluses: Northwestern Europe, Canada, the U.S., Asia, the Caribbean and 

Mexico. The surplus in the Northwestern Europe region is expected to 

decrease from about 4.3 to about 2.6 million metric tons per year over 

the forecast period. The Canadian surplus is expected to increase from 



Table 127. South American Region: Expected Sulfur Value Supp1y
Demand Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 -1,048.5 

1981 -1,130.0 

1982 -1,219.1 

1983 -1,316.8 

1984 -1,423.5 

1985 -1,539.2 

1986 -1,596.2 

1987 -1,670.8 

1988 -1,749.8 

1989 -1,817.3 

1990 -1,920.0 

1991 -2,027.2 

1992 -2,140.0 

1993 -2,258.2 

1994 -2,382.3 

1995 -2,512.5 

Source: Computed by subtracting sulfur consumption (Table 116) from 
total sulfur production (Table 91). 
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Table 128. African South of the Sahara: Expected Sulfur Value 
Supply-Demand Balances, 1980-1995 

(thousand metric tons) 

Supply-Demand 
Year Balance 

1980 -598.1 

1981 -651.8 

1982 -682.6 

1983 -760.8 

1984 -820.8 

1985. -884.1 

1986 -918.4 

1987 -953.7 

1988 -991. 3 

1989 -1,031.1 

1990 -1,073.1 

1991 -1,129.7 

1992 -1,164.3 

1993 -1,244.3 

1994 -1,341.9 

1995 -1,404.8 

Source: Computed by subtracting sulfur consumption (Table 118) from 
total sulfur production (Table 93). 
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about 7.5 million metric tons in 1980 to a peak of about 8.7 million 

metric tons per year in 1989. Thereafter, the surplus is expected to 

decrease to about 7.6 million metric tons in 1995. The U.S. surplus is 

expected to decrease from about 20 to about 11 million metric tons per 

year over the forecast period. Asian, Caribbean and Mexican surpluses 

are also expected to increase over the forecast period. The Asian sur

plus is expected to increase from about 6.7 to about 11.6 million metric 

tons per year; the Caribbean surplus is expected to increase from about 

0.41 to about 0.88 million metric tons; and the Mexican surplus is 

expected to increase from about 3.4 to about 8 million metric tons per 

annum. However, four regions are expected to have a sulfur supply defi

cit. These are: the Mediterranean region, Oceanian region, South Ameri

can region, and the sub-Sahara African region. The Mediterranean region 

is expected to have declining surpluses through 1983. Thereafter, it 

will have a deficit which will increase from about 137 thousand to about 

2.3 million metric tons per year by the end of the forecast period. The 

Oceanian region's deficit is expected to increase from about 44.7 thou

sand to about 0.23 million metric tons; the South American region's 

deficit is expected to increase from about 1 million to about 2.5 million 

tons; and the African, south of the Sahara, region's deficit is expected 

to increase from about 0.6 million to abbut 1.4 million metric tons per 

annum. Based first on the assumption that in those regions which produce 

sulfur in smelter acid form, pyritic form, and elemental form, consump

tion will be based primarily on acid and pyrite and second, that consump

tion in these regions is far greater than is sulfur production from 



smelter acid and pyrite, all of the regional sulfur supply surpluses 

are assumed to consist of elemental sulfur. 
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CHAPTER 5 

CONCLUSION 

Perspective 

Figure 5 shows curves representing expected world sulfur supply 

capacity and expected total sulfur demand based on the forecast &s well 

as curves of estimated supply capacity which take into account possible 

time-lags due to deviations from the assumptions made with respect to 

supply forecasts performed in Chapter 2. In forecas~ing sulfur production 

or supply capacity, the crucial assumptions made relate to: (1) timing of 

the realization of 90% recovery of sulfur from crude oil; (2) timing of 

the realization of a complete dependence on crude oil which will result 

in an average sulfur content of the world crude oil slate of 1.55 percent 

by weight; and (3) the timing of complete compliance, both on.a regional 

and global basis, with air pollution control regulations. In the fore

cast, an insignificant time-lag was assumed after 1980. However, a 

number of non-quantifiable factors which cannot be objectively predicted 

may cause a significant time-lag in the realization 6f a world sulfur 

supply/demand balance consistent with the projections. These include: 

availability of capital required to finance activities necessary for 

adjustments in response to the effects of the changing situation; changes 

in political views regarding the extent of implementation of air pollu

tion control regulations; and the period required for the installation 
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of plants and facilities. The more significant the time-lag, the more 

likely forecast figures for the early period may be capacity rather than 

production, and the more likely that production approaches forecast 

figures only over time. Although the time-lag may not be objectively 

predictable, the differences between estimated productive capacity and 

actual production in the early part of the forecast period and the grmvth 

rates of production may provide a basis for perceiving the time-lag. 

They suggest ho~ significant the time-lag might be. A large difference 

would mean that a significant time-lag is expected before production 

reaches the forecast figures. On the other hand, an increasing growth 

rate and rapid growth would tend to minimize the time-lag. The expected 

time-lag based on the relationship between the forecast production and 

recent production and on recent production growth is illustrated in 

Figu re 5. 

In Figure 5, curves I, II and III represent expected world pro-

duction of sulfur-in-all-forms, non-Frasch sulfur, and non-discretionary 

sulfur, respectively. Curves A B , A B 
1 1 2 2 

and A B 
3 3 

represent actual world 

production of su1fur-in-all-forms, non-Frasch sulfur, and non-discretion-

ary sulfur, respectively, for 1978 through 1981. Curves IV and V repre-

sent expected production of Frasch and pyritic sulfur, respectively, 

based on the assumptions made in this study. Finally curve VI repre-

sents forecast demand. 

A comparison between the AB curves and those representing respec-

tive expected world sulfur production suggests that a significant time-
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lag may exist. The shape of the AB curves, showing a flatness in the 

late 1970's and steepness in the early 1980's, suggests that although 

sulfur production grew slowly in the late 1970's, growth has been very 

rapid in the early 1980's. Becuase, as shown by curves IV and V, the 

production of Frasch sulfur and pyritic sulfur has been declining, the 

rapid growth in production was due to entirely increased production of 

non-discretionary sulfur. The rapid growth in the early 1980's can be 

seen to be a result of the impacts of factors, discussed above, on non

discretionary sulfur production. On the other hand, although sulfur 

growth has been rapid in the early 1980's, a comparison between estimated 

production and actual production shows that the impacts of the factors 

have nut been fully realized. In essence, this suggests a possible 

significant time-lag which depends on how fast and how much further 

these factors will impact non-discretionary sulfur production. 

If a significant time-lag is assumed, then the implication is 

that production will reach capacity levels at some later year during 

the forecast period. Assuming that the impacts of the factors under

lying the forecast are progressive and continuous, the result would be 

a trend which would reflect, or be consistent with, both the recent or 

present production growth situation, in the early years of the forecast 

period, and the expected production situation in later years of the 

forecast period. Thus, given the shapes of the AB curves, representing 

recent production, and the portion of the curves representing expected 

production in later years of the forecast period, fitting the BD por

tion of the curves results in a production trend consistent ~ith the 
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assumption that production will tend to increase from the present level 

to approach the forecast production in later parts of the forecast 

period. The resulting curves are the logistic curves, ABDE. In 

interpreting the logistic curve, the lower sulfur production in the 

early 1980's reflects a time-lag in the realization of the impacts of 

factors underlying the forecasts performed in Chapter Two. However, 

rapid growth rates, shown by the shape of the curves in the early 1980's, 

can be seen as a result of rapidly progressive effects of the changeovers 

on non-discretionary sulfur production. As the changeovers approach full 

realization over time, their effects tend to have less and less additional 

impact on sulfur production. This is reflected in the flattening of the 

curve. Thus, the changeovers start to have decreasing marginal effect, 

with time, on sulfur production as full realization is being approached. 

A much longer time-lag is conceivable. The supply curve repre

senting this situation may be represented by the BE lines which are linear 

extrapolations of sulfur production in the early 1980's. This situation 

would imply at least one of the following: (1) relaxation of existing 

air pollution control regulations; (2) prolonged violations of the regula

tions; and (3) relatively slow changeovers from dependence on sweet crude 

oil and natural gas to dependence on sour crude oil and natural gas. 

This production growth is considered the least expected. 

Resulting Situation 

Essentially all sulfur supply is expected to come from non

discretionary sulfur production. Comparison of the logistic curve VII 

and line XII, which represent expected production of non-discretionary 
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sulfur under moderate and long time-lag assumptions, respectively, with 

the expected demand curve shows that almost irrespective of the time-lag 

assumed, non-discretionary sulfur supply is expected to be in excess of 

world demand soon. In either situation, the world market will have excess 

supply around the mid-1980's. 

Although, as stated above, aggregate world supply is expected to 

be in excess of demand, as discussed in Chapter Four and further illustrated 

in Table 129, some regions are expected to have both annual and cumulative 

supply deficits. This situation is expected to result in inter-regional 

trade. However, the pattern of trade is expected to be significantly 

different from the existing one. Given the expected supply situation, 

transport cost is expected to be the primary determinant of future inter

regional trading patterns. The consumers in deficit regions are expected 

to import sulfur from the market where transportation charges are mini

mized. This depends on shipping distances and sulfur forms. Thus, 

inter-regional and international trade will tend to be limited to adjacent 

regions and/or inter-regional geographic adjustments. 

Figure 6 shows the expected international sulfur trading pattern 

that would result from the expected future supply/demand situation. The 

South American region is expected to import sulfur from the Caribbean and 

the Central American region and Mexico. The Mediterranean region is 

expected to import sulfur from the northwestern European region. South 

Africa, which is the major sulfur consumer in the African South of the 

Saharan region, is expected to import sulfur from the northwestern 

European and Asian regions. The Oceanian region is expected to import 

sulfur from the Asian region. 



Table 129. Regional and World 

Northwestern 
Year Europe Canada u.s. 

1980 4,294.8 7,462.8 20,351.0 
1981 8,509.3 15,059.0 40,149.7 
1982 12,622.0 22,779.3 59,645.7 
1983 16,687.2 30,665.4 78,651.5 
1984 20,711.0 39,158.2 97,081.4 
1985 24,639.0 47,657.8 114,858.2 
198n 28,402.1 56,056.4 132,041.3 
1987 31,980.2 64,403.9 148,486.3 
1988 35,414.7 73,145.7 lfi4,1fi8.3 
1989 38,731.5 81,881.4 179,019.3 
1990 41,915.9 90,34 7. 7 193,294.6 
1991 44,975.4 98,819.6 207,705.1 
1992 47,908.1 107,067.6 219,887.0 
1993 so, 723.6 115,322.2 232,162.1 
1994 53,349.1 123,374.1 243,868.9 
1995 55,924.3 131,019.0 244,978.6 

Expected Cumulative Sulfur Supply-Demand 

(thousand metric tons) 

Mt:>ditcr- Car I hlwan/Ccn-
rancan As ia Oc eania tral i\mcrlca Mexico 

3h0.2 n,58J.3 -44.7 410.h 3,442,3 
1)05.8 13,536.1 -97.1 Rr>3.1 6, 7%.7 
734.1 20,771.4 -1 56.6 1,327.2 10,238.3 
775.4 28,34h.2 -217.7 1,812.9 14,213.6 
637.5 3h,247.5 -2H 5 .'l 2,169.9 18,354.6 
Y>'i.1 44,505.5 -367.3 2,Y17.9 21, '14 3. 9 
-78.2 53,0l,').fi -4h .l. r, 1, 'i)8.0 29,064.8 

-fi59.4 61,889. 5 - 573.7 4,170.2 3S,495.7 
-1,414.4 71,03fi.1 -700.1 4,814.3 42.6 34. 7 
-2,384.7 80,r>18.5 -840.) 5,530.1 50,480.1 
-3,597.0 90,)11.8 -996.0 6,257.6 59,0)0.0 
- 5,048.3 100,465.0 -1,164 . 7 7,016.7 67,476.9 
-6,706.7 111,026.5 -1,34 'j .4 7,807.3 75,818.7 
-8. 5 7). 5 121,999.7 -1, 540.3 8,fi29.2 84,052.4 

-IO,no2.4 133,394.9 -l,7 5h.3 9,482.3 92,176.4 
-12,988.1 145,034.5 -1,988.0 10,359. 1 100,188.8 

Balances, 

South 
America 

-1.048.5 
-2,178.5 
-1,197.6 
-4,714.4 
-6,137.9 
-7,h77.J 
-9,273.3 

-10,944.1 
-12,fi93.9 
-14,511.2 
-16,431.2 
-18,4 58.4 
-20,598.4 
-22,856.6 
-25,238.9 
-27,751.4 

1980-1995 

i\f rica 

-598.1 
-1,249.9 
-1,932.5 
-2,h93.3 
-3,514.1 
-4,398.2 
-5,316.6 
-6,2h9.6 
-7,260.9 
-8,292.0 
-9,365.1 

-10,494.1 
-11,659.1 
-12,90).4 
-14,245.3 
-1 5,650.1 

Total 

41,213.7 
81,982.2 

122,631.3 
163,346.8 
204,622.2 
24 5 ,854.8 
287,016.6 
327,979.0 
369,164.5 
410,152.7 
450,768.3 
491,)1).2 
529,205.6 
567,015.4 
603,742.8 
629,12h.8 

w 
w 
0 



Figure 6. Expected Inter-Regional/International Sulfur Trade Pattern 
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In view of the regional sulfur consumption pattern discussed in 

Chapter Four, it is expected that only elemental sulfur will be available 

for inter-regional or international trade. Furthermore, if Frasch sulfur 

is forced out, as discussed later, or if the existence of non-discretionary 

sulfur outside the regions where Frasch sulfur is produced limits its ability 

to compete in world markets, only non-discretionary elemental sulfur will be 

traded in the world market. Currently, non-discretionary acid is exported 

from Canada to the U.S. and also from northwestern Europe to the North 

African phosphate area in the Mediterranean region. The existence of an 

expected elemental sulfur supply surplus in both Canada and the U.S. is 

expected to eliminate the acid trade between these countries (except for 

purely local movements) in the future. In the case of northwestern 

European and Mediterranean inter-regional acid trade, acid is expected 

to be replaced by non-discretionary elemental sulfur exports from north

west Europe. The resulting sulfur supply surplus in northwestern Europe 

will make sulfur available for export. However, in the Mediterranean 

phosphate area, the relatively low transport cost of elemental sulfur 

as well as the heat credit, resulting from burning elemental sulfur to 

produce acid, will provide non-discretionary elemental sulfur for the 

manufacture of fertilizers from northwestern Europe with a competitive 

advantage over non-discretionary acid from the same region. This is 

expected to result in the displacement of non-discretionary acid from 

northwestern Europe by non-discretionary elemental sulfur from the same 

region to the Mediterranean region. Thus overall, the inter-regional 

trade in non-discretionary acid is expected to be insignificant. 
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As stated above, the resulting pattern of trade is expected to 

be different from the existing international trading pattern. Currently, 

the major sulfur exporters are the U.S., Mexico and Canada. The U.S. 

exports sulfur mainly to northwestern Europe. Mexico exports to the 

same region and to the U.S. Canada, however, exports sulfur mainly to 

the northwestern European, }lediterranean, Asian, and African regions. 

The resulting trading pattern implies that the roles of the U.S. and 

Canada as sulfur suppliers to the world market are likely to diminish. 

Mexico is expected to direct its sulfur exports to the South American 

region to supplement that region's imports from the Caribbean region. 

Finally, the northwestern European region, which is currently a net 

sulfur importer, is expected to become a net exporter. 

Due to the expected dominant role of non-discretionary sulfur as 

a world supply base as well as regional supply/demand balances, the basis 

of price determination and relative price levels are expected to change 

significantly. Up to the point at which the supply of non-discretionary 

sulfur is equal to total world demand, world prices may be determined 

based on costs associated with production, handling and transporting 

discretionary sulfur and the profit margins required to keep discretionary 

sulfur in the world market. However, beyond this equilibrium point, 

sulfur prices are likely to be based on costs associated with non-discre

tionary sulfur. As pointed out earlier in the text, production of non

discretionary sulfur is very low cost because the product is a by-product 

which must be produced in order to continue production of the primary or 

main product. Consequently, prices are expected to be based on those 
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costs incurred beyond production stages; costs associated with preparing 

non-discretionary sulfur for, and transporting it to, market. 

Depending on the distance between locations of production and 

consumption, future prices should range from the low of zero to total 

of preparation and transportation costs. The magnitude of a minimum 

price fall, as the amount of non-discretionary sulfur production increases, 

may be indicated from a comparison between current prices and current 

handling and transportation costs for the longest distance sulfur is 

expected to be shipped, given the expected inter-regional trade situations. 

The current average price is about $140 per metric ton. Assuming that 

future prices are determined as discussed above, the maximum world price 

for which sulfur would sell would be in a market where sulfur is shipped 

the farthest distance. If preparation or handling cost is assumed constant, 

the only varying component of sulfur price is transportation costs. Pre

paration is expected to be resticted to forming. The cost of this operation, 

in 1981 dollars, is about $9.50 per metric ton. On the other hand, given 

the expected trading pattern, the longest distance sulfur is expected to 

be shipped is between northwestern Europe and South Africa. Shipping cost, 

for this distance, in 1981 dollars, is about $35 per metric ton. There

fore, based on forming cost and shipping cost, the maximum price, on a 

present dollar basis, at which non-discretionary sulfur is expected to 

sell would be about $45 per metric ton. With present prices of about 

$140, the implication here is that the price would fall by a least one

fourth. 

The price decrease, as well as the location of potential sulfur 

markets, are likely to force discretionary sulfur out. Based on the 



cost structure of the Frasch industry in the U.S., the costs to Frasch 

producers, which include production and freight costs incurred by the 

producer, range from approximately $82 to $93 per metric ton [101]. 

With current f.o.b. port prices of about $140 per metric ton, current 

netbacks range from approximately $47 to $58 per metric ton. However, 

even with a maximum price of $45 per ton, as assumed earlier, and no 

increase in cost, in real terms, Frasch producers are bound to incur 

large. losses which will force them out of the market. Pyrite costs 
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are not available, but the production cost of pyritic sulfur, on unit 

tonnage of sulfur equivalent basis, is higher than that of Frasch sulfur 

production. Furthermore, use of pyrite for production of sulfuric acid 

is more expensive to the consumers than is the use of Frasch sulfur. 

Consumers using pyritic sulfur for acid production must meet the addi

tional costs of coping with problems of environmental pollution due to 

metals in pyrite ores. This implies that if Frasch sulfur is forced 

out due to price decreases, pyritic sulfur will also be forced out. 

This will result in elimination of discretionary sulfur. 

Based on the sulfur consumption pattern developed in Chapter 

Four and the foregoing discussion of the expected change in acid trade 

between Canada and the U.S., as well as between the northwest European 

and Mediterranean regions, only elemental sulfur is expected to be 

available for inter-regional trade. Elemental sulfur can be shipped 

and handled as dry bulk, formed sulfur and molten (liquid) sulfur. 

However, liquid sulfur is expected to be eliminated from the market • 

. Although it is environmentally desirable, it is more costly to handle 
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and transport than is the solid sulfur because of both the highly special-

ized facilities required as well as the amount of energy needed to keep 

sulfur in liquid form. Formed solid sulfur seems to be environmentally 

acceptable in those regions where sulfur will be handled and where environ-

mental pollut10n may be an issue. In other regions, sulfur may be handled 

in dry bulk form. The existence or non-existence of liquid sulfur faci-

Ii ties will be unlikely to affect the availability of sulfur to the 

consumers. 

Excess elemental sulfur would be vatted and stockpiled. Excess 

sulfuric acid would be neutralized. However, neutralization can be 

seen as an alternative to marketing of acid. Th~ decision to neutralize 

will depend on the re~ationship between neutralization costs and marketing 

costs and/or prices. Neutralization will be desirable if the netback from 

sales is negative and its magnitude is greater than that of neutralization 

costs; thus, it is more costly to market than it is to neutralize acid. 

Neutralization cost on a present dollar basis is about $24 per ton to 

100% H2S0
4 

(acid) [102]. Thus, neutralization would be chosen if the 

netback is minus $24 per ton of acid sold. If the plant f.o.b. value is 

assumed to be zero the selling price must be less than handling and trans-

portation costs by more than $24 dollars per ton of acid, assuming current 

dollar values, for acid neutralization to be a choice. 

The existence, as implied above, of excess acid necessitates 

neutralization. The amount of acid available for neutralization will 

depend on the expected relationship between regional acid consumption 

and production and regional sulfur consumption patterns. It is assumed 
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that, preferrentially, non-discretionary acid will be consumed first. 

However, not all of the acid need necessarily be consumed in the region 

because some applications within the region require consumption of sulfur 

in other forms. Availability of acid to be neutralized can be seen in 

terms of sulfur consumption distribution or pattern. In industrialized 

economies, 80 to 90 percent of the sulfur produced in all forms is 

consumed as acid. The bulk of the remaining portion is consumed in 

various industrial and agricultural applications, as elemental sulfur. 

In less developed economies, virutally, all sulfur is consumed as acid 

for manufacturing fertilizers. Thus overall, more than 80 percent of 

regional sulfur would be consumed as acid. 

However, a comparison between expected regional non-discretionary 

acid production (Chapter 2) and expected regional sulfur consumption 

(Chapter 3) shows that acid production as a percentage of sulfur 

consumption is much less than 80 percent; regional consumption of non

d~scretionary acid with respect to production ranges between 10 and 70 per

cent. This implies that all non-discretionary acid is expected to be 

consumed locally. No acid, therefore, is expected to be available for 

neutralization. 

Table 129 shows both regional and world expected cumulative supply/ 

demand balances, based upon projections performed in Chapters 1 and 2. 

Four regions are expected to have a deficit. These are the Mediterranean, 

Oceanian, South American and the African regions. Based on expected inter

regional trade, cumulative supply surpluses in the northwestern European, 

Asian, Central American, Caribbean, and Mexican regions are expected to be 

less than those shown in the table by the amount of sulfur which will be 
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exported. For northwestern Europe, the amount of sulfur to be exported 

is expeeted to be equivalent to the total Mediterranean and African regions' 

expected supply deficits (see table). For the Asian region, the surplus 

will be equivalent to the Oceanian region's supply deficit. All Caribbean 

and Central American regions' supply surplus is expected to be absorbed by 

the the So~th American market. This region is expected to have no sulfur 

supply surplus, in light of the resulting inter-regional trade pattern. 

For the Mexican region, the amount of sulfur to be exported is expected 

to be equivalent to the South American supply deficit less the Caribbean 

and Central American surpluses. For the rest of the region, the surpluses 

are expected to remain as stated. However, as discussed above, the gross 

surpluses' are expected to consist of elemental sulfur only. This situation 

will require permanent vatting. 

The size and constant growth of the cumulative surpluses will 

prevent any price increases over the nominal cost of melting, forming and 

transport. If the vatted sulfur must be disposed of, world sulfur prices 

will, over time, fall below even the low costs mentioned elsewhere in this 

chapter by the cost of ultimate disposal. 

Sensitivity Analysis 

Demand for sulfur is relatively inelastic. This characteristic 

derives from: first, the fact that sulfur is used for a variety of appli

cations; second, close substitutes in these applications are not readily 

available; and third, it is used in these applications as one of more than 

two inputs to the product, in which case its price or cost is only partially 

reflected in the cost of the product. However, the considerable price 
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reduction suggested here may result in a considerable fall in the price 

of the product which may in turn not only increase demand for sulfur, 

therefore increasing demand for the outputs, but also result in increas

ing the demand for, and production of, those input products which are 

complementary to sulfur in fertilizer manufacturing and industrial pro

duction. In developing countries, sulfur price reductions may encourage 

production of fertilizer as they may find it cheaper and more self

sufficient to import phosphate and produce phosphatic fertilizer internally. 

Thus, activities in the fertilizer sector are likely to increase in 

developing countries. Overall, both production and inter-regional trade 

in phosphates are likely to increase. 

In the United States, the price reduction may become critical to 

the phosphate mining industry. As pointed out by the General Accounting 

Office [103], in the U.S. high grade phosphate deposits are being depleted 

and will become scarce over the next 20 years, resulting in higher ferti

lizer costs. Depletion of a mineral resource, however, depends on the 

price the market can afford to pay. If the price of sulfur falls, ferti

lizer producers may have some savings from which they may be able to 

afford increased costs of phosphates resulting from high mining costs due 

to depletion. Thus, the expected depletion of the U.S. phosphate deposits 

may not lead to closures of phosphate mines if the suggested price falls 

are realized. 

The effect of energy prices, particularly the effects of oil and 

natural gas prices, is critical to the world sulfur industry. Increased 

prices may affect the sulfur industry both indirectly and directly. By 
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slowing down economic activity and growth, the rise in energy prices may 

reduce demand for sulfur. Directly, h~wever, increased prices would lead 

to increased production of non-discretionary sulfur by encouraging a shift 

to exploitation of an otherwise high cost sour crude oil and natural gas. 

The result of both effects would be relatively high excess sulfur supply. 

On the other hand, energy price increases may have more than proportionate 

adverse effects on the Frasch sulfur industry. Fuel cost forms the greatest 

proportion of Frasch sulf!lr production cost, ranging from about 31.1 to 

49.1 percent, which increases with the depletion of sulfur deposits. 

Increased energy prices may lead to accelerated depletion of Frasch sulfur. 

Finally, increased oil prices may have additional impacts, as far as ferti-

lizer activities are concerned, in developing regions. To developing 

nations, higher oil prices will result in reduction of much needed foreign 

exchange. Sufficient foreign exchange will not be available to finance 

capital and other input factors required for development projects. This 

may affect the agricultural sector resulting in decreased production of, 

and demand for, fertilizers. 

Discussion 

It must be pointed out that in this study, rather than the actual 

level of supply and demand, the balance is the critical factor to the 

analysis. In the case of sulfur, the balances may remain the same 

irrespective of supply/demand levels predicted, so long as the basis 

of prediction are properly identified and kept consistent. Both non-

discretionary sulfur supply and demand depend on the level of economic 

activity. They are both positively correlated to the level of activity. 
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As earlier pointed out, non-discretionary sulfur supply is influenced by 

the production of natural gas, consumption of crude oil, and production 

of base metals. These activities are positively correlated with the level 

of economic activity. Also, as pointed out earlier, demand for sulfur is 

related to both industrial activity and fertilizer production. Again, 

these activities are positively correlated to the level of economic acti-

vities. Thus, growing sulfur supply would imply growing demand for sulfur 

and vice versa. The levels may differ as may the rates of growth, but 

the above cited relationship suggests that the imbalance between supply 

and demand would remain. A recession in the energy sector and base 

metal sector is usually related to the level of economic activity. Whereas 

a recession would result in less sulfur production, it might not necessarily 

imply less sulfur supply/demand balances. 

Finally, there is not much of a market structure which evolves fron 

the discussed market situation. On a regional level, the number of produ-

cers are likely to be determined by the number of companies involved in 

natural gas production, crude oil refining, and base metal production. 

The number of sellers in the international market is likely to be deter-

mined by the same factors. 

Summary of the Conclusion 

Non-discretionary sulfur is expected to be the primary source of 

world sulfur supply. Due to the effects of non-market related activities 

on production of this type of sulfur, world supply is expected to be in 

excess in a relatively short time. Although globally sulfur supply is 
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expected to be in excess, some regions are expected to have a supply 

deficit over the forecast period. This situation will require that inter

national or inter-regional trade continue. The pattern of expected trade 

will, however, differ significantly from the p~esent trading patterns as 

the roles of traditional sulfur exporters, like the U.S., Canada, and 

}lexico, diminish. The by-product nature of non-discretionary sulfur and 

the expected supply/demand situation will result in a significant price 

decrease. Price will be determined primarily by forming and transporta

tion costs. The price may range from zero to a total of forming and trans

portation costs. Given the locations of deficit and surplus regions and 

worldwide availability of non-discretionary sulfur, trade in sulfur is 

expected to be limited to short distances. Based on the farthest distance 

sulfur is expected to be traded, the maximum delivered price of sulfur is 

expected to be one-fourth of the present average world sulfur price. 

The price decrease will force out discretionary sulfur; pyrite 

first, except South African pyrite which is produced as a by-product of 

gold and uranium, then Frasch, assuming the absence of government control 

or subsidies. Only elemental sulfur is expected to be available for 

international or inter-regional trade. Preferentially, acid will be 

consumed locally rather than elemental recovered sulfur. At some price/ 

transport cost relationship, acid would be neutralized if in excess. Given 

the cost of neutralization, neutralization would be a desirable alter

native if, in terms of current dollars, transportation costs exceed a 

delivered price by $24. Excess elemental sulfur may be vatted. Further

more, liquid sulfur will be eliminated from the world trade. Sulfur ,~ill 
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be shipped in either dryas bulk or formed. The existence or non

existence of liquid facilities will not determine availability of sulfur 

as is now the case in some regions. 

A fall in prices may have effects on the cost of fertilizers, as 

well as on the affordability of phosphate. In the developing regions, this 

may encourage domestic production of fertilizers. In the D.S., this is 

likely to change the phopshate reserve situation. Globally, the price 

fall will encourage phosphate trade. Industrial activities where sulfur 

is used as an input and those products with which it is used in production 

processes are likely to be affected in a similar manner. Energy price 

increases would affect sulfur supply/demand situations in a number of Hays: 

by increasing the sulfur supply, by depressing the demand for sulfur, and 

by accelerating depletion of discretionary sulfur reserves. Energy price 

increases will have a net effect of increasing excess sulfur supplies. In 

developing regions, by exhausting foreign exchange, increased energy prices 

may lead to a depression in the fertilizer sector. 
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