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The Service will first survey and report on existing coal
science and technology information services, and on the basis
of this survey, will then establish any new facilities or ser­
vices required for a central storage and retrieval system, and
an active register of all ongoing research in coal science and
technology. The Service aims to deal with enquiries ranging
from simple specific questions to comprehensive briefs.

Economic Assessment Service for Coal

The Service will assist the participating countries' coal
industries by making studies on the economics of coal production
and utilization, and with the identification of new research
areas. These studies will be specifically related to the eco­
nomics of coal-based energy, to forecasting world coal production
and use, and to differing standards for coal utilization plant
and the associated plant costs. The economics of pollution con­
trol, coal transportation, and conversion of coal to other pro­
ducts will also be examined.

Fluidized Bed combustion of Coal

Fluidized bed combustion of coal is a technique whereby
finely crushed particles of limestone mixed with coal have air
blown through them so that the mixture behaves like a turbulent
fluid. During combustion the limestone chemically captures the
sulphur in the coal, and because combustion temperatures are
lower than in current techniques, nitrogen oxide emissions are
also lower. There is also better contact between the burning
fuel and boiler tubes, improving heat transfer and, thus, effi­
ciency. A fluidized bed boiler is also capable of burning
grades of coal and other combustibles.

Fluidized bed combustion, if successfully developed, thus
offers several advantages over conventional coal combustion
techniques, namely, a reduction in the size of installation;
an efficient method of reducing atmospheric pollution; and the
ability to use a wider range of fuels.

There are two basic classes of fluidized bed combustion
systems; one operates at atmospheric pressure and the other at
high pressure (8-12 atml which allows further reductions in size
as well as the possibility of dual cycle energy generation with
both gas and stearn turbines. The lEA project now underway pro­
vides for the design, construction, and operation, beginning in
1979 at Grimethorpe in Yorkshire, UK, of a flexible experimental
facility for investigating combustion, heat transfer, gas clean­
up, corrosion and energy recovery in the pressurized class of
system. The design also includes provision for the later addition
of a gas turbine. Results from this experiment will be used in
the design of commercial-scale plants.
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OPTIMIZING THE USE OF COAL RESOURCES

W.L.G. Muir

The new awareness of the need to conserve non-renewable
energy resources requires that the most effective use be made
of them. At the same time advances in coal technology have
increased the number of options from which to choose.

The main options are conventional uses in power generation
and steel-making; new uses in fluidized bed combustion, gas
turbines, and formed coke; and treating the coal as raw material
for the manufacture of gas, oil, and chemicals, separately or
together in a coalplex.

The criteria that determine the optimum use of coal include:

Natural conditions--the quality and quantity of the coal
and the geological con~tions that influence the cost of
mining.

The nature of the market, which is determined by the
degree of industrialization of the country concerned
and the kind of alternative energy sources it possesses.

Economic and political considerations which, since the
oil crisis of 1973, have almost equal weight. The
relative prices of alternative energy sources must be
weighed against considerations of national self­
sufficiency and security.

Environmental considerations, which are constraints
against opencast working and the direct use of high
sulphur coals.

THE USE OF COAL IN POWER GENERATION

The low thermal efficiency of the coal-fired power station
has led to a search for improved processes, and a number are now
at various stages of development. Direct comparison of the
thermal efficiency of a conventional plant with that of processes
still in the pilot plant, or even the laboratory stage, must be
made with care since pilot plant performance may not be attained
in industrial scale operation. However, the following figures
are an indication of the position:
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Present stations 33%

Fluidized bed 43%

Low energy gas, existing turbines 39%
future turbines 43%

Magnetohydrodynamics 50% or more.

Of the new technologies the fluidized bed is the most
promising. Its importance to the coal industry is that it can
burn coal that is unusable in conventional plant either because
of high ash or high sulphur content. Its use will therefore
result in a significant increase in the world reserves of recov­
erable coal. Its most important use may well be in the pressur­
ized system, to drive gas turbines, with the waste heat used
either for further power generation in a combined system or for
district heating. The fouling and erosion of the gas turbine
blades is greatly reduced when the fluidized bed is used because
its low temperature of operation produces a less abrasive and
less corrosive ash than is produced by conventional coal firing.

The use of low energy gas in turbines is likely to increase,
especially in conversion plants or coalplexes where surplus gas
will be available as an economic fuel.

Magnetohydrodynamics is a third generation process based
on the direct conversion of heat to electricity by passing a
high temperature, high velocity, electrical conducting fluid
through a magnetic field. Research is now being done in several
countries.

THE USE OF COAL IN STEELWORKS

In steel making, prime coking coal (low volatile, low ash,
low sulphur) has an assured market for an indefinite future, but
one that will grow more slowly than in the past, and at a slower
rate than the increase in steel production. This will arise
from: a progressive reduction in the coke to hot metal ratio
due to better blast furnace practice and the growing use of
supplemental fuels; the use of formed coke; and increasing steel
production by direct reduction. .

In Japan the requirement of coking coal is expected to
stabilize between 1980 and 1985 considerably above the present
level. In the European Iron and Steel Community it is expected
to stabilize near its present level. This is based on a 2% a
year expansion of the Community steel produotion, which can be
offset by the trends mentioned above. The market for coking
coal in the main industrial nations is therefore moving towards
stability. The movement is likely to be slower in other nations.

The use of formed coke is growing more slowly than might
have been expected from a process that promised cost savings and



-679-

the conservation of scarce coking coal reserves. Several near
commercial scale plants are now in production or under construc­
tion and its use is likely to increase. Its usefulness has not
yet been demonstrated in continuous operation in the largest
types of modern blast furnace.

It should be noted that a substantial tonnage of medium
and high volatile coking coal is used as boiler fuel in elec­
trical generation.

THE USE OF COAL IN CHEMICAL MANUFACTURE

The use of coal as a feedstock for the chemical industry
may take one of three forms: the production of synthesis gas
(medium energy) from which mainly ammonia and methanol are
derived; the production of solvent refined coal from which a
range of carbon-based chemicals are derived; and the full
conversion process to produce hydrocarbons, when a wide range
of chemicals can be recovered as by-products.

The first of these processes is quite widely done now and
is likely to increase since the possibility of using methanol
as an additive to petrol, or even, by some modification of engine
design, as a substitute for petrol, is attractive.

The use of coal, or coal-derived oil, as a direct feedstock
for the chemical industry is some way off. The first contribution
of coal to oil conservation will be in electric power generation,
and, after conversion, by providing fuel for the internal com­
bustion engine.

THE USE OF COAL IN CONVERSION TO HYDROCARBONS

Conversion to hydrocarbons is done now in South Africa but
the conversion plants of the future are likely to be based on
second generation technolo~ now in the pilot plant, or demon­
stration plant, stage. The first such 'plants should be ready
for production in the period 1990-95, except for substitute
natural gas (SNG) plants using a modification of existing tech­
nology, which should be in production in 1980/85.

The many second generation processes now being researched
give a wide range of thermal efficiencies. For conversion to
SNG they range between 65 and 77~, and for conversion to liquid
hydrocarbons, between 63 and 78%. Coal ranging in rank from
brown coal to bituminous have given results within these ranges.

SNG made from coal is an efficient boiler fuel but not on
that account cheaper than the direct use of coal. According to
the energy value of the coal and the yield of gas the cost per
heating unit of SNG at the conversion plant is at least three
times the cost in the coal. The use of SNG in competition with
coal depends on other considerations than a direct cost comparison.
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The manufacture of SNG is one way of converting a high­
sulphur coal to a pollution-free fuel. The low transport cost
of gas will give some cost advantage against coal brought from
afar. SNG will become important only in those countries that
have natural gas and an extensive network of pipelines to dis­
tribute it. Where that situation does not exist medium energy
gas from coal is likely to be preferred. The lower transport
cost per heating unit of SNG does not in itself justify the cost
of the extra methanation process unless long distances are in­
volved. This is confirmed by South African practice, where the
SASOL conversion plant produces as a by-product medium energy
gas which is distributed to the Witwatersrand some 50-100 miles
away. Where a country has natural gas and coal amenable to low
cost mining, SNG from coal can be cost competitive with imported
liquid natural gas and is therefore an attractive alternative
for when the natural gas supply begins to decline.

Solvent refining may be a means of obtaining pollution-free
fuel from high sulphur coal, or it may be a stage in conversion
to oil.

It is not possible at this stage to gauge the quantity of
coal that will be needed for conversion, or how soon the need
will become acute. When the supply of natural oil and gas begins
to wane, as some day it must, the demand for the synthetic pro­
ducts will be great. If, at the same time coal has to meet an
increasing demand on its conventional uses, the mining industry
will be stretched to the utmost. There is a strong case for the
first conversion plants to be in operation as soon as possible
to reduce the rate of run-down of the natural products, and to
perfect the technology and train the manpower against the day
when the need becomes urgent.

THE COALPLEX

The coalplex (Coalcom in South Africa, COG in the USA) may
become the most general answer to optimizing the use of coal.
All the incoming raw coal would be treated by one or several of
the processes available. The range of products and their u~es

would include the following:

Low ash char--formed coke, conventional coke, pulverized
fuel, gasification.

High ash char--fluidized bed combustors, gasification.

Medium energy gas--turbines, production of ammonia and
methanol, and of SNG by methanation, domestic supply.

Syncrude-··production of petrol and fuel oils, and a
wide range of chemicals.

Solvent refined coal--steam raising, and a range of
carbon chemicals.
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The range of products taken from a coalplex would be
determined by the requirements of the market and the nature of
the coal. Considerable flexibility in production will be re­
quired to meet fluctuations in demand for the various products,
but the processes lend themselves to that. A plant of this
kind offers the possibility of economies by heat transfer fr~

one process to another.

THE CRITERIA OF SELECTION

In preparing the long-range plan of a coal basin all of
these options have to be considered and tested against the cri­
teria that determine the optimum use of the total resources of
the basin. Market requirements will be easily determined by the
usual market survey and need no further discussion. The main
criteria are now described.

Natural Conditions

It is not appropriate to go into detail on the chemical,
physical, and maceral qualities that will point to the most
effective use of anyone type of coal. The subject is not yet
fully understood especially in regard to conversion. What can
be said is that in the future the classification of coal re­
serves will have to be carried further than has been necessary
up to now. They will be classified by ,their most effective end
use. The work now being done by the Joint Coal Board of New
South Wales and the Queensland Coal Board is a pointer. The
conversion potential of a number of Australian coal seams is
being measured by extraction using the hydroge~ donor process
to find the quantity and quality of oil produced. The options
now open to the uses of coal require this detailed classification
as an aid to determining which is the most effective.

The quantity of coal available has greater significance
than in the past. If the coal is to be used in a large and
costly plant, whether a power station, a steelworks, or a con­
version plant, there must be enough of it to ensure a life for
the plant commensurate with its cost. It is possible to bring
in coal from other fields, but at a cost that is better avoided.

In a new power station to be based on brown coal in Victoria,
Australia, the supplying opencast mine has a reserve of 1000 Mt
to give a life of 30 years to a 4000 MW generating plant. The
Petrick Commission on South African coal mining stipulates a
reserve of 800 Mt, if underground mining has to be used, to give
a life of 50 years to a power station of 2000 MW capacity. This
is based on a 40% recovery and an annual coal requirement of 6 Mt
of hard coal. Opencast mining could have a recovery of 90%,
requiring a reserve of some 350 Mt.
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Economic and Political Considerations

True cost comparisons between the alternative sources of
energy are often concealed by 'the effect of taxation. Comparison
between coal, oil, and natural gas is made difficult by the much
greater range of the price for coal.

The drive to maximize the use of coal in the generation of
electricity is not primarily based on the relative cost of the
alternatives but on wider considerations of economic and politi­
cal advantage, and the now apparent need to conserve resources
of oil and natural gas, Even so, under some conditions, for
example in a country that has to import its oil but has reason­
ably low cost coal, coal based power is cost competitive with
oil and should become more so as new processes come into operation.
It is also cost competitive with nuclear power with an advantage
in the capital cost per unit of power produced.

The position is less clear in regard to the products of
conversion. Table 1 shows the effect of the price of coal on
the cost of SNG and Table 2 on the cost of synthetic crude oil,
and the effect of adding various rates of discounted cash flow
(DCF) yield to find an economic selling price. These figures
are from the USA and the costs and prices are in mid 1975 cur­
rency. To be competitive the price of coal must be at the bottom
end of the price range within which the world coal industry can
provide it, and DCF yields must be modest by commercial standards.
It remains true in general that economic considerations must be
reinforced by political ones to justify conversion processes.
It becomes a governmental responsibility to create a price struc­
ture covering all energy sources that gives the economic incentive
to develop those that the nation's strategy needs.

Table 1. Cost estimate for Lurgi plant producing 250 x 10 6

st. ft 3/day gas.

Source: Preliminary economic analysis of Lurgi plant producing 250 million
SCFD gas from New Mexico coal. us Bureau of Mines, Pittsburgh,
Pennsylvania, March 1976. ERDA 76-57, us Energy R&D Administration,
Washington, D.C., 1976.

Selling Price $/10
6

Btu
Cost of Coal Operating Cost OCF yield

$/t
6

$/10 Btu 12 15 20

5.5 1.82 3.43 3.99 5.02

7.7 2.03 3.63 4.20 5.22

9.9 2.23 3.84 4.40 5.44
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Table 2. Cost estimate for Synthoil plant producing 50,000
bbl/day of liquid fuels.

Source: 50.. 000 barrels a day liquid fuels plant: an economic crnalysis:
us Bureau of Mines, Pittsburgh, Pennsylvania, 1975.

Operating Cost Selling Price $ per
$ per DCF yield

Cost of Coal 12 15 20
$/t

bbl 10
6

Btu bbl 10
6

Btu bbl 10
6

Btu bbl 10
6

Btu

5.5 8.95 1.42 15.69 2.48 18.03 2.85 22.37 3.53

7.7 10.19 1.61 16.92 2.67 19.27 3.04 23.60 3.73

9.9 11.43 1.80 18.16 2.87 20.50 3.24 24.84 3.92

The capital cost of a conversion plant in 1976 currency
values is of the order of $2000 million, including the supplying
mine and local infrastructure costs, for a plant with a capacity

of 50,000 bbl/day of oil, 7 x 10 6 m3 of SNG. The capital cost of
SASOL II, now under construction in South Africa is estimated as
$2180 million excluding the cost of the township and houses,
based on prices in October 1975.

Environmental Considerations

There is a growing confrontation between the world's
energy needs and the need to conserve land and quality of life.
Its influence on the coal mining industry is perhaps most serious
in the long term by the opposition to opencast mining. The prob­
lems of atmospheric pollution can be met by a combination of flue
gas scrubbing, fluidized bed combustion, and conversion to clean
gaseous and liquid fuels. Until these remedies are available
in quantity the need to confine direct combustion of coal to
qualities low in SUlphur is a serious constraint where rigorous
standards of air c1eanliness have been set, but the solutions
are known.

The same does not apply to environmental objection to open­
cast mining, which is growing in strength. It has already been
mentioned that the products of conversion are competitive only
if the coal is produced at a cost that in most countries can be
met only by opencast mining. Conservation of coal reserves
requires maximum recovery and this again requires maximizing
opencast mining within the economic limits of depth. There is
no way of mining by opencast methods without infringing the
requirements of environmental protection during the period of
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mining. When mining is finished it is possible to restore the
land to its original condition and usage unless a very thick
seam has been extracted and natural drainage upset.

The only suggestion that might meet the conflict of interests
is that environmentalists might take a long term view by accepting
opencast mining on the assurance that the ultimate restoration of
the land will be complete.

CONCLUSION

In Table 3 the main uses of coal have been put on a time
scale up to the end of the century. It presupposes that govern­
ments will respond to the total energy problem by formulating
policies and providing incentives that will encourage the coal
industry to make its best contribution. The time scale is not
a prediction of what will happen, but rather shows the earliest
time at which the various technologies can be in industrial­
scale production to judge by the present state of research and
development and plant construction times.

The compression required leads to oversimplification. For
example, the fluidized bed is the only process where the amount
of ash is of little significance. In the other processes which
can tolerate high ash, it is at the expense of some loss of yield
and consequently higher cost.

An encouraging aspect brought out by the table is that the
new technologies embrace all ranks of coal and a wide range of
qualities.
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NOTES ON TABLE 3

Metallurgical coal: a decelerating growth rate towards stability in
the main industrial nations 1980-1995, but more slowly in others. If formed
coke is wholly successful an eventual decline may be expected.

Formed coke: subject to demonstrated success in modern large-scale
blast furnaces, a progressive increase in use will result.

Electricity generation:

Conventional--short to medium term increase to conserve oil, stabilizing
as new coal systems and other forms of power increase.

Fluidized bed--progressive increase in steam-raising generally,
exploiting its versatility in accepting all qualities of coal.

Pressurized fluidized bed--progressive increases, exploiting the above,
its thermal efficiency, and freedom from corrosion of turbine blades.

Chemical feedstock:

Medium energy gas--increase in use for the manufacture of ammonia
and methanol. Large increase if methanol is developed as a substitute for
petrol.

Conversion:

SOlvent refined coal--main use in providing carbon based chemicals
and feedstock for conversion, but used as clean fuel in special circumstances.

SNG, present technology modified--limited number of plants, mainly in
the USA to overcome natural gas deficiency until second generation plants
are ready.

SNG, second generation--progressive increase to replace declining
natural gas supply, and eventual substantial usage.

Oil--progressive and eventually rapid increase to replace declining
na tural oil supply.

Coalplex--possibly the final answer to optimizing the use of coal from
about the turn of the century.

All ranks include lignite and brown coal.
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CHALLENGES OF EXPANDING COAL PRODUCTION
IN THE MAIN COAL MINING COUNTRIES

A.A. Arbatov and A.F. Shakai

Coal is considered one of the most probable alternatives
in the reconstruction of the world energy balance. These struc­
tural modifications are expected in 30 to 50 years as natural
hydrocarbon reserves are depleted. The coal demand and supply
situation is not so unbalanced as that of oil and natural gas,
since coal reserves are abundant and more evenly distributed
throughout the world.

Coal also is bound to play an important role as chemical
raw material used for numerous purposes.

There is a moderate growth in coal mining and consumption
at present, due to a certain degree to the fivefold oil price in­
crease and the continual expansion of energy demand.

The main coal mining countries have reached their present
level of development in different ways. The capitalist States
have suffered a serious depression in coal mining after World
War II. During the postwar period coal production and research
in that field were sharply curtailed due to competition from oil
and gas. By contrast, planned-economy countries--the USSR and
Poland--exhibited a stable rapid tempo of coal mining consump­
tion and research.

In the current serious energy situation, with warnings of
inevitable oil and gas shortages, one cannot doubt the absolute
growth of coal production. Coal may be a rational alternative
in a medium-term perspective because it is the only fossil fuel
resource we have in abundance, even with existing technology.
However, it is not clear whether there will be slow growth as at
present, or rapid expansion over a short period in which mining
output will double. To a large extent this depends upon the
world oil and gas situation and progress in the development of
nuclear, solar, and geothermal technology.

Coal mining and consumption are connected with certain tech­
nological, ecological, and social problems, which had already
arisen in an earlier epoch when coal was the main energy resource.
Mankind did not succeed in removing these constraints, because
more convenient and cheaper energy sources became available:
oil and gas. If the world accepts the coal alternative and large­
scale mining begins, the leading coal powers would again meet
some of these as well as new obstacles.
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The possibility of solving these problems may seriously
influence decisions to increase coal production in most States
possessing large coal reserves. The identification difficulties
will permit attention and efforts to be appropriately focused
in each country and to use the opportunities of international
cooperation.

Relaxation of technical constraints is of course closely
connected with social aspects, but in this paper we deal only
with technological questions. Figure 1 is an attempt to formu­
late these problems generally. Acceptance of the coal alterna­
tive is considered as one way to find a large-scale source of
energy in a deteriorating energy situation. The main stimulus
for mining expansion would be an increase in world and local
coal consumption. The scales of coal consumption within countries
may be limited by economic infrastructure orientation toward oil
(intensive autornobilization, and railway, sea transport, and
aviation development). This is typical for the USA, where oil
and gas dominate (80%) in energy consumption, and to a lesser
degree for the UK, the FRG, Canada, Australia, and the USSR:
gas and oil meet from 45 to 60% of the total energy requirements
of these States. Reconstruction of the economy of these States
in order to reorient the energy balance toward coal would take
more than 20 years and bi~ions of dollars. It can also lead
to decreased labor productivity and weaken the competitive posi­
tion of these States in world markets. China's position is better
in this respect, because its economy is based on coal.

It is worth mentioning that the progressive energy balance
of the developed countries has permitted them to raise labor
efficiency, and that therefore no considerable change in energy
balance need be expected from the increased share of coal.

A serious handicap to expanded coal mining is connected with
air quality standards. This limitation has reached considerable
scales in the USA, the UK, the FRG, and other countries, where
air pollution regulations are primarily concerned with particu­
lates, nitrogen oxides, and sulfur dioxides. For example, in
most States in the USA, plants should have low-sulfur coal in
order to meet strict emission standards. As a result the USA
is facing an ever-growing shortage of low-sulfur coal. In December
1970, the US Congress issued the Clean Air Act, the most compre­
hensive air pollution bill in US history. The bill is intended
to develop and use effective environmental protection systems
and to restrict the burning of high-sulfur coal.

However, there is still a wide gap between the rising trend
of sulfur dioxide emissions and the technological capability for
bringing the problem under control. Even with rapid application
of control techniques now being developed, it is unlikely that
sulfur dioxide emissions will be greatly reduced. At the same
time the process of coal desulfurization is rather expensive
and difficult.
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Air pollution standards caused a situation where several US
electric generating plants could not burn high-sulfur coal and
were compelled to use oil. In the FRG, due to the high density
of industry and population, environmental problems are also of
great importance. The government of that country passed an en­
vironmental protection bill, which turned out to block the way
to expanded coal mining and consumption. The construction of
new mines is also complicated by the lack of available land.
The building of new coal facilities is possible here mainly by
means of uniting mines in operation, a rather expensive and com­
plex operation. In the UK, air pollution is a serious problem
and one of the chief obstacles to widespread coal consumption.

In Canada, the USSR, South Africa, and Australia, pollution
is becoming an issue as well. The situation there is better,
due to their vast territories and some other reasons, than in
the USA, the UK, or the FRG; but it is obviously a question of
time.

Because of the chronic aggravation of this problem, the
governments of the main coal mining countries are beginning to
relax ecological limitations. Research to develop technology for
removing sulfur dioxide from gases generated during coal com­
bustion is promising. At present, the USA, the FRG, Canada, and
the UK are planning to install commercial scrubbing systems. In
the medium-term future we envision solid absorbent regenerative
systems application and other sulfur-removing technology.

Another significant drawback of large-scale coal mining is
stripping. Nothing and no one can live long in stripped areas
where the vegetation has been destroyed, the water poisoned by
mine acid, and the soil made infertile. Stripping disturbs about
0.6 acres per 1000 of mined coal. Most of the USA coal-producing
States have tried to pass laws to control strip mining to some
degree. The same is true in Australia and Canada. This problem
has not yet become critical, but in case of coal mining expan­
sion it will be a serious obstacle. Stripping is a real disas­
ter to plantlife, wildlife, fish, and human beings. More than
40% of the total stripped land is of surface coal mining origin.

The problem is how to balance energy needs with environmental
protection. The gap between stripping and reclamation must be
diminished. One can expect that in 20 years, the mining industry
of the developed States will be able to make total restoration
of the land to its original condition or better.

Another problem limiting the production capability of the
coal mining States is that of effective and cheap transport
from mine to consumer. The costs of transport may be so high
that the whole enterprise becomes noncompetitive. This is typical
for countries with large territories. Long distances from the
coast coupled with low efficiency of railroads and ports not
only cause diminishing export but also curtail the State·s own
coal consumption. This is the case in China, Canada, the USA,
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the USSR, and South Africa. The US railroads have suffered a
serious crisis, and hence the development of the coal industry
in the western regions may be limited. The USSR faces the same
problem in transporting coal from Kuzbass and Kansk-Achinsk to
the European USSR.

China's railroads are in poor condition. In Australia,
insufficient port capacity may limit increasing coal export.
South Africa was compelled to begin the construction of a special
seaport at Richard Bay for coal loading. India, having no ports
where coal can be kept, cannot become a large coal exporter in the
near future.

Another limitation is the lack of water for pipeline trans­
port and underground hydromining. The FRG, the USA, the UK, and
Australia are facing a growing shortage of water resources. In
time, improvement of the transport system and the distilling
process will encourage coal mining, thus compensating for the
negative effects.

An important drawback to expanded coal mining in some coun­
tries is a higher production cost than that in States with more
favorable geological conditions. For example, US coal is cheaper
than West European, though it is transported across the ocean
and US miners are better paid. The same applies to Australia,
successfully competing on Asian coal markets.

In this connection, the rapid decline of the coal industry
of France, caused by cheap coal import, is natural. The FRG is
preparing to increase coal imports from South Africa, which may
decrease domestic mining. Due to geological conditions, progres­
sive mining methods such as stripping are not widely developed
in the UK and China. That fact in some respects weakens the com­
petitive position of these States in world fuel markets.

Nevertheless, continuing progress in mining technology will
compensate the influence of unfavorable geological conditions.
For example, the innovation of mechanical timbering, elaborated
in the USSR, permits increased coal production despite difficult
geological conditions.

A serious limitation for coal production growth is an equip­
ment deficit. A great deal of time and capital are needed to
produce bulldozers, giant earthmoving machines, huge power shovels,
and big auger drills. Thus, being a very capital-intensive in­
dustry, coal mining can cause considerable economic change and
imbalance. A lack of modern equipment is critical for China and
India. Most mines in these countries are of medium or small
size, which is often a barrier to more economic operation.

In India the most pressing need is that of total mine recon­
struction and implementation of automation. The USSR and Poland
are facing a growing shortage in some kinds of earthmoving machines,
particularly rotor excavators used during stripping and large
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trucks. A relative shortage of mining equipment may occur in
Canada. Complicated geological conditions in South Africa require
specific and expensive equipment, which cannot be developed in
a short time.

These facts compel the coal mining States to work out tech­
nological innovations. Some of the most promising applications
concern the economic impact of full cycle automation control
processes in the main coal mining States. A completely automatic
control system must use advanced IBM technology; the FRG, Poland,
and the UK are carrying out research in that field.

Among the factors limiting coal mining expansion is the
growing lack of manpower. In spite of the mechanization and
automation that has taken place in the USA, the UK, the FRG,
Australia, and other States, the number of labor conflicts is
increasing. Work in mines is well paid but less attractive than
before. One can see a tendency toward decreasing labor productivity
in the FRG, the UK, the USA, and Australia. In the eastern USSR,
the lack of skilled manpower has been felt. China's and India's
position is better because of their enormous manpower resources,
but these States need skilled technical personnel.

The experts reckon that with the help of complex mechaniza­
tion the negative effect of growing manpower deficit can be com­
pensated for. Moreover, large-scale production of synthetic oil
and gas will make the coal industry more attractive.

One more obstacle to coal mining expansion is the compara­
tively modest scientific and technological potential of the coal
industry and the lack of capital for long-term investments.
Private companies financing the coal industry prefer to have
guarantees of long-term rentability and protection of their in­
vestments. During the postwar period, oil and gas were replac­
ing coal, and the attention paid to nuclear energy prevented
adequate R&D financing in the coal industry.

Such financing policies in the USA, the UK, Australia, and
Canada prevented rapid innovations. Furthermore, the outlook
for large-scale investment in the main coal mining States is
gloomy. A good example is the state of the art of synthetic
fuels produced from coal. Although the feasibility of coal con­
version into synfuel was demonstrated 40 years ago in Germany,
there is still no large commercial plant that can produce com­
petitive oil and gas from coal. US and European corporations
are in no hurry to invest in synfuel enterprises, demanding
broad government support.

It is no secret that one needs not less than 100 billion
dollars and a great deal of time to establish a new industry;
and the task is very hard for any country other than the US and
the USSR. But large-scale synfuel production is rather promising,
and the FRG and the US are moving toward commercial plants.
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In South Africa, with cheap and abundant manpower, conditions
are favorable for large-scale industrial coal gasification. In
the USSR a plant has been ~n operation for more than 20 years.
It belongs to the Sasol Corporation and produces synfuel from
coal. In other States, competitive synfuel production may begin
in the mid-1980s. The ultimate commercialization of synthetic
fuel depends very heavily upon process efficiency. Recently
growing attention has been paid to underground gasification,
research and development being financed in the USSR, the USA, the
FRG, and the UK.

The FRG and Poland are developing coal-based chemical in­
dustries on a large scale, and there is no doubt that other States
will do so as well.

Joint research programs of the International Energy Agency
(lEA) have had a stimulating effect. The concentration of finan­
cial and scientific resources of the lEA member countries com­
pensates the relatively low level of national efforts to develop
new coal conversion technologies.

All the factors described undoubtedly help to relax the
constraints posed by ecological, economical, and social concerns.
Our report cannot embrace all the problems of large-scale coal
mining: each of the main coal powers has its own specific prob­
lems, which are naturally better known to the scientists of
these countries. We can merely highlight the questions that
are most urgent. The problems must first be analyzed, and this
conference is a good opportunity to discuss them. We hope that
with the help of effective international cooperation, mankind
will in the long run solve problems it now faces in the field
of optimal coal use.
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ECONOMIC PROSPECTS FOR SYNFUEL
PRODUCTION FROM COAL

A.K. Arsky

Economic prospects for the coal based synfuel industry are
closely connected with the increase in world oil prices, the
depletion of low-cost oil resources, the need for new capital­
intensive oil and natural gas resources, and strong market trends
toward the use of a clean and versatile form of secondary energy.
The USSR, the USA, and China, with abundant cheap coal resources,
have the best possibilities for developing a synfuel industry.
In Western Europe, and more still in Japan, coal resources may
be recovered only at high cost. However, in the more distant
future synfuel production may be developed in Western Europe,
but not on the scale expected in the USA and possible in the
USSR and China.

In the long run, during the transition to non-fossil-fuel
energy, coal may become one of the main sources of synfuel liquid
and gaseous fuels--clean fuels of desirable quality. Synfuels
from low-cost coal will be much more economic than hydrogen or
hydrogen-based synthetic liquid fuel. Accordi~g to [1), specific
hydrogen costs are 1.7 to 2.7 times higher than coal-based syn­
fuel costs.

Synfuel production from coal is capital-intensive. Specific
investments proved to be much higher than was estimated in the
early 1970s. The sharp growth in costs cannot be explained only
by inflation factors, as for example in [2], since it has by far
exceeded inflation.

In the USA in the early 1970s, investment costs per unit of
daily capacity were estimated at $800 to 1200/ft3 for syngas from
coal and at $5500 to 6000/bbl for syncrude (in 1971-1972 dollars),
or, in terms of yearly capacity and metric units, $80 to 120 per
1000 m3 and $110 to 120/t, respectively. Those appraisals were
published as long ago as 1972-1973 [3]. But since 1975, specific
investments (in 1975 dollars) were estimated at $320 to 400 per
1000 m3 of yearly capacity for high-energy gas and at $400/t for
syncrude. Thus estimates of spcific investments in current
dollars increased by about 3.3 to 4.0 times from 1971 to 1975,
while despite high rates of inflation the cost index of construc­
tion and of the basic equipment for coal-based synfuel plants*
increased only by about 1.5 to 1.8 times over the same period.

*Chemical equipment, pipes, tanks, pumps, compressors, electro­
technical equipment, and communication systems.
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Environmental and safety standards for coal-based synfuel
production have not generally been changed recently*. The
considerable growth in the estimated specific costs of synfuel
production may be explained mainly by more accurate calculations
when the first commercial synfuel plants are projected. Apparently,
earlier estimates were to a considerable extent based on subjec­
tive considerations as well: the desire of synfuel's promoters
and planners and of interested companies to emphasize its economic
attractiveness.

A commercial coal-based synfuel industry will be developed
after commercialization of more economic oil production based
on high-yield tar sands and oil shales accessible for strip
mining. Apart from production of synthesis gas already under
way for the petrochemical industry (ammonia and methanol) and
reducing gas for blast furnaces, a synfuel industry based on coal
cannot be developed without a considerable rise in world oil
prices. Commercialization of syncrude production, for example,
would entail an increase of roughly 1.5 to 2 times in world oil
prices (in constant dollars). Plans in the USA to develop a
coal-based synfuel industry in 1990-2000 may not be feasible if
present world oil prices remain.

W0rld oil and natural gas prices in the next 20 to 25 years
will depend mainly on the policy of OPEC with respect to oil
prices, and on growth rates in extraction of the available low­
cost oil and gas resources, which are substantial but limited.
In the more remote future, with depletion of low-cost resources,
world oil prices will be determined by the costs of finding and
extracting of those conventional petroleum resources now regarded
as uneconomic, and by the cost of exploiting unconventional
resources (primarily heavy oil, shale oil, and tar sands)**. For
that reason a further rise in world oil and gas prices is in­
evitable in the long run, and this will make the coal-based syn­
fuel industry profitable.

Statements about the near-complete exhaustion of petroleum
resources neglect the availability of extensive resources that
are economically unrecoverable or marginal at present world prices
and often technically inaccessible at present [4]. Such resources
are not included by most geologists in their resource eptimates.
Their development will presumably extend nature-made oil (crude
and gas) production far beyond the twentieth century.

*Specific investments in electric energy generation were largely
affected by environmental (coal and nuclear plants) and safety
(nuclear plants) standards.

**The high costs of petroleum substitutes, including coal-based
synfuels, and the high marginal petroleum costs in conjunction
with the shortage of low-cost resources, and also the reason
for the present high world oil prices.
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During the transition to the use of unlimited energy re­
sources, a large-scale coal-based synfuel industry will develop
side by side with oil production. Nature-made oil and synfuels
from coal will jointly provide worln petroleum supplies and will
compete with one another. In the remote future, well-developed
synfuel production based on coal may to some extent curb the
further increase in world oil and gas prices, and through its
cost and scale of development affect the volume of petroleum
production~

In this connection, the world oil price in 2025, set in the
Pestel-Mesarovic model at $66 per barrel in 1975 dollars ($460/t),
seems to be greatly overestimated. A vast amount of coal-based
syncrude can be produced at much lower cost, not only in countries
with abundant low-cost coal but in western Europe and el'sewhere,
even when rather expensive coal is used. It should also be taken
into consideration that, as oil prices rise and development of
recovery processes advances, more and more resources now dis­
regarded (e.g., conventional oil that may be recovered by ter­
tiary methods, heavy oil and gas resources of tight formations)
become economic and may be brought into production. Enlargement
of the oil and gas resource base will obviously delay price
escalation.

Synfuel costs are very sensitive to the price of feed coal,
as shown in Table 1. The cost of high-energy gas or syncrude
produced from more expensive coal (calculating per 1000 m3 or
1 t, respectively) will differ from the cost of synfuel from
lower-priced coal by about twice the difference in coal price
per ton of coal equivalent. But even synfuel production based on
$60/t coal may be profitable (at a 12% return) at a price less
than half that of the Pestel-Mesarovic forecast (see Table 1).

If we assume the capital cost for a synfuel plant to be half
as much again as the base cost data [5]*, and a cost of $40/t
of coal, the syncrude price (under complete equity financing at
12%) would be $230/t ($33/bbl)--half the Pestel-Mesarovic esti­
mate of the world oil price for 2025.

In transition to a non-fossil-fuel economy, coal-based syn­
fuel will supplement nuclear energy rather than compete with it.
Synfuel will meet transport and domestic** fuel requirements,
and nuclear ~nergy will provide electric energy supply and dis­
trict heating. The two will, however, compete in high-temperatune
heat applications.

*Uncertainty concerning syncrude specific investments justifies
this assumption when attempting to determine the possible upper
level of syncrude prices at an assumed rate of return.

**For detached houses and ~ow buildings.
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Table 1. Estimated synfuel prices as a function of coal cost
(in 1975 dollars)*.

Coal
Syncrude High-energy gas

cost Estimated Ratio of Estimated Ratio of
[$/tce] price synfuel price price synfuel price

[$/t] to coal cost [$/t] to coal cost

5-10 (lignite) 130-150 7-4 117-135 6.5-4

20 150 4 140 3.5

30 170 3 160 3

40 190 2.4 180 2.2

50 210 2 200 2

60 230 2 220 2

*As base cases, price estimates for syncrude and high-energy
gas calculated [5] under complete equity financing at a 12%
return were assumed.

Low- and medium-energy gas from coal for electricity genera­
tion will compete with nuclear energy at the beginning of the
transition to a non-fossil-fuel economy; but here too they may
supplement each other. Plants using low-energy gas (with com­
bined gas turbine/steam turbine cycle), with their rather high
fuel costs, will do better for peak and intermediate loads. At
nuclear plants, as is known, the lowest electricity cost is
achieved for base load. with advanced technology, synfuel and
nuclear energy may mutually improve their economics. Heat from
nuclear plants used at synfuel plants allows increased thermal
efficiency of both synfuel and nuclear energy production and
decreases heat disposal problems. That will be especially effec­
tive after commercialization of high-temperature reactors.

A coal-based synfuel industry need not compete even with
hydrogen production. Comparatively low-cost synfuel from coal
will of course ~amper the development. of hydrogen production as
.a main source of substitute hydrocarbons; but syncrude produc­
tion based on coal will be a very large hydrogen consumer for
hydrogenation and purification of synfuel. In situ coal gasifi­
cation may become the biggest consumer of by-product oxygen.
The use of hydrogen in coal-based synfuel production will sim­
plify it and may reduce its costs. At the same time such use
of hydrogen will considerably enlarge its market and improve
nuclear plant loads.
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While minimum specific water requirements for coal-based
synfuel production, with optimization toward reducing water re­
quirements, are quite substantial, they are--in terms of equiv­
alent energy output--generally lower than for conventional coal­
burning steam electric plants with wet cooling towers. A gasi­
fication plant with dry cooling might require as little as 25%,
and a plant with wet cooling 50%, as much water as a steam-coal­
burning plant using wet cooling towers for the same output. For
comparison in terms of equivalent coal input, these figures
should be doubled, in view of differences in thermal efficiencies.
Coal-based synfuel production when using dry cooling towers
would require about 2.5 tons of water per ton of hard coal.

Water constraints on the growth of a coal-based synfuel
industry may be substantial in the case of large-scale synfuel
production in areas with water shortage. A possible way to avoid
these constraints is to transport coal by rail or coal slurry
pipelines to locations with abundant w~ter. Shipment of coal
by rail would have negligible water requirements. Coal slurry
pipelines are also favorable, reouiringabout a ton of. water
per ton of coal. But mass transport of high-energy gas, and
especially of oil, is less costly than transport of coal.

The possibility of converting low-energy coal, which is
expensive and often unsuitable for long-distance transport, into
high-energy gas and crude is a great advantage of coal-based
synfuel production, allowing the development of huge low-cost
coal resources in remote areas of the 'USSR and the USA.
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ATMOSPHERIC CARBON DIOXIDE:
IMPLICATIONS FOR WORLD COAL USE

G. Marland and R.M. Rotty

It has been almost 40 years since Callendar [1] first wrote
that fossil fuel burning was leading to an increase in the con­
centration of CO2 in the atmosphere. Chamberlain and Arrhenius

had suggested around the turn of the century [2] that such an
increase in CO2 could lead to significant climate changes and

Callendar maintained that the global temperature increase was
then (1938) already measurable. Callendar believed that a tem­
perature increase was "likely to prove beneficial to mankind ... "
by stimulating plant growth, retarding the return of glaciers,
and encouraging higher-latitude cultivation. However, Callendar's
conclusions were questioned by others [1,3,4] and as recently as
20 years ago Revelle and Suess [2] concluded that while an in­
crease in atmospheric CO2 was to be expected, the data available

to them were not adequate to define a baseline. Revelle and
Suess also noted carefully the importance of potential feedback
mechanisms to the climate system and pointed to the "far-reaching
insight into the processes determining weather and climate" which
could be obtained if this "large scale geophysical experiment"
were properly documented.

In the late 1950s the International Geophysical Year provided
the stimulus to begin accurate monitoring of atmospheric CO2 [5]

and the manner by which the infrared absorptive bands of CO2 af­

fected the radiative balance of the Earth were reexamined [6].
Now, with 18 years of continuous records from Mauna Loa Observa­
tory [7] and extensive data sets from the South Pole [8], Point
Barrow, Alaska [9], Swedish aircraft [10], and Australian air­
craft [11], at least one of the fundamental questions has been
unequivocally answered--the concentration of CO2 in the atmosphere

is increasing (Figure 1). At Mauna Loa Observatory the concentra­
tion has risen from 315.53 ppm in 1958 to 332.29 ppm in 1976.
Rust et al. [12] have demonstrated that growth is occurring at
an exponential rate very nearly the same as that for the expanding
rate of fossil fuel consumption. Debate continues on the role of
the land biota and the oceans and their effect as sources and
sinks for atmospheric CO2 [13,14]. Some insist that a major

portion of the anthropogenic CO2 input to the atmosphere has

come from changes in the biota--Iargely through clearing of
tropical forests [15].



-701-

330

325

320

315

320

335

330

325

320

315

69 70 71 72 73 74 1975, 335.. .. .. :.'. . 330.. .. .... . ... . 325. . ... .. '" 320..
315

310

..

67 68

"..

....
I

..
...,..-

'" .
..

---_.------
_.--- Only July values plotted .

• __.-_.-_.--.- SEASONAL VARIATION:15ppm

BARROW
73"N

,
MAUNA LOA

19"N

,
SOUTH POLE

90"S

SCANDINAVIAN AIRCRAFT
-55"N

... --. ".

.....--.-....-,---.-....-,---.-"T""-r-....,.-"T""-r-....,.-'---,r-....,.-'I 325

L----I._...L_.L..----I._...L_L----I._....L_L..-......L_....L_L..-......L_....L.._L..-......L_........----' 310

1958 59 60 61 62 63 64 65 66
335 ,:.:.....:r-,--.--....---,r--r-,-r--r-,..,.-....---,r-....-,-..,.--r---,-,-,-...,
330

325 ~

320

315 I-

310

325

320

315

310

335 ~

330

325

315

330

325

320

.. :"• J. • •
.. : e. • --Ie :,

I. ~ /- .: .:,. ,. l·: ., ..,. '. ... .. .. .
• /II.~ ....... :.".,1 .. -.

320 ..~ ,\ .:. .... I : =- . -' .: :: .:.... F· " .:- .. :.: .., ,. -. ..
315 Jt- \. e._ .._ .'".. .

......
III

E
:::s
"0
>
>

..Cl

E
g,
g,-z
o

~
a:
I­
Z
w
U
Z
o
u
w
o
X
o
o
z
o
CICl
a:
ct
u

31 0 L---l---l..-....L-L---l---L-...L--L..-----l----L-...L..---1L............L-=-~::-"'-::':""""L......:-'"=~ 310
1958 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 1975

YEAR

Figure 1. Atmospheric concentration of C02. Data are from Air Resources Laboratory,
NOAA [9] (Barrow, Alaska), Bolin and Bischof [10] (Scandanavian Aircraft),
Keeling et al. [7] (Mauna Loa), Keeling et al. [8] (South Pole), and Keeling,
personal communication (Mauna Loa, and South Pole, 1972 - 1975).

At the same time that monitoring of CO
2

levels has been

progressing, the physical understanding and mathematical sophis­
tication for modeling the climate system have been progressing
as well. Complex models like those of Manabe and Wetherald [16]
and Augustsson and Ramanathan [17] (see also Schneider [18]) now
suggest that if the atmospheric CO2 concentration were to double,

the mean temperature of the troposphere would increase by 1.9-
2.9 °C and the temperature of the high latitude surface layers
would increase by two or three times as much as the mean (Figure 2).
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Figure 2. Changes in atmospheric zonal mean temperature for a doubling of CO2
concentration in a general circulation model.

Source: Manabe and Wetherald [l6]

These models still contain simplifications. For example,
the Manabe and Wetherald [16] model contains fixed cloudiness,
a swamp ocean, and no seasonal variation. Presumably the models
do predict the direction and order of magnitude of changes which
can be expected but refinement is still needed to deal adequately
with the many feedback mechanisms. A very important aspect of
these calculations is that the predicted climate changes will
interact with the complex atmospheric circulation patterns and
yield drastically different changes in various localized climates
[19,20,21].

Over the last 2 years, visibility of and concern about the
CO2 issue have increased dramatically. This seems to have been

stimulated, at least in part, by an article in Science [22].
Since then (1975) we have witnessed the Dahlem Conference on
Global Chemical Cycles and Their Alterations by Man [23], a US
Energy Research and Development Administration workshop on En­
vironmental Effects of Carbon Dioxide from Fossil Fuel combustion
[24], a SCOPE (Scientific Committee on Problems of the Environment)
Workshop on Biogeochemical Cycling of Carbon, an 1AMAP (Inter­
national Association of Meteorology and Atmospheric Physics) Sym­
posium on the Carbon Dioxide Cycle, a major US National Academy of
Sciences release on energy and the climate [25] ~nd when President
Jimmy Carter gave his energy message to the US Congress, in April
1977, the a~companying fact sheet issued by the White House [26]
mentioned "almost $3 million to study the long-term effects of
carbon dioxide from coal and other hydrocarbons on the atmosphere".
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The evidence is not yet compelling that CO2 is going to

cause major climate changes, but the consensus leans heavily in
that direction and the issue is being treated quite seriously.
A very real part of the CO2 problem is that climate theory may

be insufficient to provide this compelling evidence for decades
[27]. Because of the long lead times required to alter social
systems, we will need to continue to examine alternative strate­
gies as a hedge against consequences not yet fully understood.

The evidence that atmospheric CO2 is increasing and appre­

hension about the future have prompted efforts to project future
CO 2 concentrations. In general, these involve models of the

global carbon cycle and efforts to understand the sizes of actual
reservoirs and the fluxes between them. Virtually all models
incorporate rates of ocean-atmosphere and biosphere-atmosphere
exchange, and ocean mixing, and many incorporate the complexities
of carbonate-water chemistry. The models differ in the complexity
of the formulation, and the details of the exchange processes,
such as consideration of short-lived and long-lived biota and
interactions with living versus dead organic carbon. The relative
importance of various exchange processes varies from model to
model [13,28,29,30,31].

To estimate future levels of CO2 in the atmosphere requires

information on likely rates of CO2 injection into the atmosphere

(mostly from fossil fuel burning and forest clearing) and on the
partitioning of this CO2 among the various natural reservoirs.

Historically, CO2 from fossil fuel burning and cement manufacture

have increased at 4.3% per year [32] (except for the periods of
the two world wars and the global economic depression of the
early 1930s). Cumulative CO 2 production from these sources since

the beginning of 1958 and observed increases in the atmospheric
CO2 burden are compared in Figure 3 [33]. If, as a first approxi-

mation, we assume that CO2 from forest clearing is balanced by

enhanced photosynthesis from higher atmospheric CO2 concentrations,

then 54% of the industrial CO2 produced since the beginning of

1958 have remained in the atmosphere. It seems reasonable to
project that for the next several decades the airborne fraction
will continue near 54% (although some oceanographers suggest that
the capacity of surface ocean waters to accept CO2 will decrease

and hence the airborne fraction will increase with time).

If 46 percent of the CO 2 goes to reservoirs other than the

atmosphere, the problem of estimating atmospheric concentrations
reduces to predicting global fossil fuel use. (This statement
will, of course, require modification if we demonstrate that
man-induced changes in the biosphere are, in net, a major time
dependent source or sink for CO2 .) CO2 production is clearly
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Figure 3. Cumulative CO2 production and the observed increase in atmospheric CO2
concentration since the beginning of 1958. Points to 1974 are based on
historical data. For the projections to 2025, the center curve for cumulative
production conforms to the scenario described in the text (1250 quads of global
energy in 2025). The bands shown represent from 20% more to 40% less fossil
fuel burned and the corresponding atmospheric CO2 concentrations if 54% of
the CO2 produced remains in the atmosphere.

1000

tied to energy consumption and, on a national scale, to economic
development. Rotty [34] has calculated the rate at which CO2
is now [1974] being produced by various world subdivisions and
shows rather dramatically (Figure 4) that whatever the conse­
quences are, the phenomenon is being imposed on the world
principally by the USA, the USSR, and western Europe. On the
other hand, Rotty has also projected a very simple model of
world economic growth to the year 2025 and demonstrated the
extent to which the CO2 problem is tied to the growth aspirations

of the entire world community. Briefly summarized, the model
assumes that: US energy growth is from 73 quads* in 1975 to 125

*1 quad 10
15

Btu; 1 quad per year 0.033 TW.



-705-

Developing ,..---------~r-;;

Austr.• N.Z.-l%

A

EI 2025

1974

Figure 4. Global production of CO2 from fossil fuel burning, by world segments; A, for 1974;
B, for 2025, according to the growth scenario described in the text. The 1974
diagram is reproduced to illustrate the relative dimensions of the global emission
rate.
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quads in 2025 with 15~ being nonfossil energy~ western Europe,
Australia, and Japan have 2~ per year growth in energy use with
15~ of the total being nonfossil ~nergYi the centrally planned
economies of Europe grow at 4~ per year in energy consumption
with 15~ being nonfossil~ the centrally planned economies of
Asia increase energy consumption at 5.1% per year and this is
almost exclusively fossil energYi and the developing countries
of the world average 5.5~ per year in energy growth and this is
almost exclusively fossil. The consequence of this calculation
is a world consuming some 1250 quads of energy in 2025 (42 TW)
--compared with 240 quads in 1974 {8 TW)--with CO2 production

as illustrated in Figure 4.

Whether one is prepared to accept such a scenario (a point
to which we will return briefly later) the point is amply made
that if economic growth is to continue throughout the world, if
the economic gap between developed and developing nations is to
close at all, and if a sizable fraction of growth occurs through
fossil fuel burning, then the CO 2 problem must be recognized as

a genuine global problem. (For comparison, a working paper for
the World Energy Conference in Istanbul in September 1977 [35],
projected that world energy demand in 2020 would reach 760-1025
quads with 60-65~ of that fossil energy.)

To examine what this 1250 quad scenario means in terms of
atmospheric CO2 concentration, we have calculated the cumulative

production of CO2 beginning in 1958 and assumed that 54~ remains

in the atmosphere (Figure 3). By 2025 the atmospheric concentra­
tion will have undergone a truly significant change and any
climate changes should be clear.

We need to recognize, also, that the CO2 problem is, to a

large extent, a coal problem. Burning of oil and natural gas
and man-induced changes in the mass of the terrestrial biosphere
have certainly contributed CO2 to the atmosphere and will likely

continue to make sizable contributions for decades. Nonetheless,
when we assess the total masses of carbon, it is obvious that
coal alone is a large enough source to produce a truly substantial
change in the atmospheric CO 2 concentration. While the total mass

of carbon as live organic matter is about the same as the mass of

carbon in the atmosphere (about 700 x 10 9 t) and the mass of car­
bon in that portion of dead terrestrial organic matter which ex­
changes with the atmosphere (humus and new peat) is half again

as large (1 080 x 10 9 t) [19], we cannot realistically envision a
large fracion of this being oxidized as a result of man's acti­
vities. Recent calculations do suggest that this organic reser-

voir has already been depleted by as much as 70-120 x 10 9 t or
more [14, 36] .
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To illustrate how coal, as opposed to oil and gas, is tied
to the CO2 problem, we can examine the potential CO2 level if

the various fossil fuel reservoirs were burned and 54% of the
released carbon were retained in the atmosphere (Table 1).

Table 1. Projected atmospheric CO2 concentration from fossil

fuel consumption if 54% of the released carbon remains
in the atmosphere.*

Fuel Burned

(Present concentration)
Coal reserves
Ultimately available coal
World resources of coal
World resources of oil
World resources of natural gas

Carbon Retained in
the Atmosphere

[10
9

t]

(706)
310

1470
5640

95
58

Atmospheric Concen­
tration CO

2
[ppn]

(332)
480

1030
2990

380
360

*Numbers for the various categories of coal were achieved by taking Averitt's
estimate of world coal resources [37] and subdividing that number in the
same proportion that Averitt catalogued total US coal resources. Oil and
natural gas resource estimates are from Moody and Geiger [38]. This simple
table does not include the possibility that we may ultimately see extensive
development of large but relatively dilute fossil fuel sources such as oil
shale and geopressurized methane.

Returning to our 1250 quad scenario for 2025, we recognize
that a critical element is the availability of fuel. The scenario
presupposes that all of the countries either have fossil fuel-­
i.e. coal--resources, or can obtain access to them in world
markets. Despite the inadequacies and inconsistencies of the
World Energy Conference data on energy resources, and despite the
large discrepancy between these data and the Averitt data on
which we based our CO 2 calculations (the primary difference is

a much smaller number for the USSR), the World Energy Conference
data [39,40] do give some idea of the distribution of known coal
resources (Table 2). Acknowledging some major differences, the
coal resource percentages bear (probably not surprisingly) a
qualitative resemblence to the current Co2-production contribu-

tions. The conclusion then is that most of the developing areas
of the world, in order to develop long-term, fossil-fuel-based
economies, will have to either discover new resources or import
coal from those few nations that are well endowed.

An important question that remains unanswered is whether
the dearth of coal resources in, for example, South America,
really represents a lack of coal or simply a lack of exploration.
While Grossling [41], for example, maintains we simply have not
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Table 2. World coal resources.

Source: World Energy Conference [39,40]

World Region

USA
Canada
Western Europe
USSR
CTP Europe
Japan
Australia, New Zealand
Developing America
Developing Africa
Developing Asia
Developing Middle East
CTP Asia

Coal Resources

[10
9

t]

3598
103
573

5710
126

9
351
41
96

105
<1

1003

11,715

Coal Resources
[% of world total]

30.7
0.9
4.9

48.7
1.1
0.1
3.0
0.3
0.8
0.9
0.0
8.6

100.0

looked, others seem to believe as strongly that the coal simply
is not there. A recent UN study [42] does point out that re­
sources in many countries may be very significant in relation
to internal demands and long-term needs. They list more than
30 developing countries with either existing or promising coal
potential. At present less than 10 percent of world coal pro­
duction enters international trade and only about 3 percent-­
mostly coking coal--enters intercontinental trade. The other
side of the coin is that if many developing countries are suc­
cessful in identifying large, new coal resources, then the total
potential for altering the atmospheric CO2 concentration will be

increased correspondingly. (This discussion ignores, of course,
such potentially important issues as the availability of capital
to buy coal and the willingness of potential exporters to bear
the other environmental consequences of coal development.)

Harrison Brown [43] has proposed a series of syndromes for
world disaster, one dealing with CO2 . He raised the very import-

ant query whether the developing nations, for example, would be
willing, or able, to curtail fossil fuel burning or to implement
expensive CO2 control measures. It is doubtful that all nations

would assign equal priority to concerns about climate changes.
Economi~ growth, social stability, etc. might be of greater con­
cern to some nations than changes in climate. Also, it. seems
likely that as the climate changes related to the atmospheric­
CO2 increase become well defined, some nations may perceive the

changes as being to their benefit while others perceive them as
being to their detriment. We have already seen that any climate
change is likely to be more pronounced at higher latitudes and,
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as an extreme example, Kopec [44] has calculated that a complete
melting of polar ice would inundate 16.8% of North America but
only 7.2% of Africa.

In this same vein, Dyson and Marland [45] have posed a very
critical question. If, in the future, we demonstrate that the
atmospheric CO2 level is leading to an acute ecological disaster,

we will have to switch to alternative energy-supply systems.
However, would it be possible to halt or reverse the rise in CO2 ,

within a few years, by means less drastic than the shut-down of
industrial civilization? After examining a science-fiction
sounding array of "technical fixes", ranging from CO2 scrubbers

on power plants to vast tree plantations, the inescapable con­
clusion was that any conceivable solution would be immense in
scale and require virtually unprecedented global cooperation.
For example, in a tree planting scenario undertaken at some
unspecified time in the next 25 years, the USA could provide
only one tenth of the required planting. Although some locali­
ties might realize benefits from climate changes, Budyko [46]
has pointed out that "an essential change in global climate
would not be desired because national economies of different
countries of the world are adapted to present climate".

While it seems likely that, regardless of the total impact
on humanity, global agreement will be difficult to achieve if
the costs and benefits of fossil fuel burning are unequally
distributed on this political Earth, it is possible that global
agreement may not be required. If, as suggested by Table 2, the
USA, the USSR, and China control almost 90% of the world coal
resources, these three countries may be able to manipulate world
coal markets according to their perceptions of the danger to
their particular interests. If these three high-latitude coun­
tries conclude that impending climate changes would be to their
disadvantage, they could presumably restrict the long-term avail­
ability of coal. Examples for such an effort to control inter­
national trade for the benefit of national interests are already
available in the OPEC oil cartel and US efforts to discourage
nuclear proliferation by restraining trade of nuclear materials
and technology.

On a shorter time scale there is probably enough fossil fuel
available to nearly all nations, and the world commitment to
economic growth and a fossil-fuel-based economy may be so strong,
that decisions will be extremely complex and involve more partic­
ipants. Our concern is that some commitment may be required in
the relatively near future and that the time scale for action may
be relatively short--of the order of a few decades. Such a com­
mitment will have major implications for the socioeconomic systems
in the developed countries and for the growth aspirations of the
developing countries.
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APPENDIX:

Participants in the Third IIASA
Conference on Energy Resources,

November 28-December 2, 1977, Moscow
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Deputy Director
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Executive Director
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T.N. Basu
Chief of Geology and Drilling
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G. Szentgyorgyi
CMEA ;
Moscow
USSR

ITALY

Mr. Custodero
Fiat Research Center
Strada di Torino 50
Orbassano (Torino)

C. Zanantoni
Joint Research Center of

the European Community
Ispra
1-21010 Varese

JAPAN
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