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FOREWORD

The Mineral Economic Occasional Paper series from the

Mineral Economics Group of the School of Earth Sciences,

Macquarie University has been formed to publicise some of

the research activities of this group. Macquarie is the

only University in Australia to offer an integrated graduate

program in mineral economics. The program is offered on a

part-time basis and the students and staff have many years

experience in the mining and energy industries. Accordingly

the dissertations written by these students demonstrate a

valuable blend of industrial experience and academic inquiry.

The Occasional Papers Series will be used to communicate to

a wider audience the detailed results of outstanding research

conducted by students in Macquarie's Mineral Economics Program.

Mineral Economics Occasional Paper Number 1, 'The Potential

for an Australian Uranium Industry' is by Mr. Justin M. Silver.

Mr. Silver has had many years experience in uranium technology

and marketing with the Australian Atomic Energy Commission.

He completed this paper as part of his Master of Science degree

which was awarded in May 1982.

Associate Professor Donald IV. Barnett

Series Editor
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Some of the data in this thesis draws on work performed

by me as an employee of the Australian Atomic Energy

Commission. The results of my studies and the views

expressed in this thesis are mine alone. They do not

necessarily represent the policy of the Commission.



SUMMARY

The potential for ai. Australian uranium industry is

discussed. It is concluded that the production of uranium and

its part upgrading to enriched uranium for export could be

equivalent to 20-25 per cent of Australia's future export

income from coal. Australia could be supplying 15,000 tonnes

U/yr. and enrichment services of 2.5 million SWU/yr. by 2000.

This level of exports is based on the argument that

the future growth of nuclear power will be lower than official

forecasts. A judgemental estimate suggests world installed

capacity may only increase from 117GW in 1980 to 425GW in 2000.

The principles of nuclear energy, nuclear power

reactors and the nuclear fuel cycle are described and the

relationship between nuclear power and the requirements for

uranium and the other steps in the fuel cycle is discussed.

Estimates are given of the future world supply-

demand balance for each step in the fuel cycle. A survey is

made of world uranium resources and fuel cycle upgrading

facilities. The costs of production and pricing are assessed

in relation to the potential for an Australian industry.

Comments are made on the possibility that Australia,

could provide the repository for both low-level radioactive

waste from small countries and the bulk of the world's high

level waste.

The impact of a uranium industry on the Australian

economy is discussed. It is claimed the five year delay in

the development of the Australian uranium industry has cost

$1300 million and will continue to cost $200 million/yr in

1980 dollars.
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1. INTRODUCTION

The use of uranium on a large scale is of very recent

origin. The uranium industry was initially developed in the

period 1943-65 for the defence programs of the USA, UK, USSR

and France. Exploration, mining, milling and processing of

uranium was carried out for the production of nuclear weapons

and fuel for nuclear powered submarines and other naval

vessels. These countries now have sufficient stockpiles of

uranium for their defence requirements.

The successful design of nuclear naval propulsion

units led to the commercial development, in the US, of the

Light-Water Reactors (LWR) for the generation of electricity.

The LWR is the main reactor type in use and under construction

throughout the world*. The only significant use for uranium

now and in the future is as the fuel source for nuclear power

reactors that generate electricity. The uranium industry is

therefore wholly supported by the requirements of the current

and future commercial nuclear power programs of the world.

The rate of increase in nuclear power stations is the

main factor affecting the growth in demand for uranium. A

defined nuclear program, together with the reactor design and

fuel characteristics, provide the necessary data on which to

base estimates of future uranium requirements.

The uranium industry is composed of exploration,

mining, milling and a series of processing/upgrading steps,

•"World" excludes the countries with centrally planned
economies who are members of the Council for Mutual Economic
Aid (COMECON), and also the Peoples Republic of China.
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which result in the manufacture of reactor fuel. Uranium ore

is mined and milled to produce a uranium oxide concentrate

commonly known as "yellowcake". Modern milling technology

produces a calcined concentrate with a uranium content above

75 per cent. The uranium oxide is referred to as U,0g

although it may be present as a mixed oxide (UO2/U0.,) .

Uranium is normally traded in the form of the concentrate,

the selling units being pounds U_0o ($/lb U-,0o) or kilograms
JO JO

U ($/kg U) .

The electric power utility which operates a nuclear

power reactor (the ultimate consumer) generally purchases

uranium as the concentrate. The processing/upgrading steps

are then provided by plant operators as toll services. These

services are:-

(i) conversion of uranium concentrate to

uranium hexafluoride (UF6);

(ii) enrichment of UF6 in the fissile

isotope uranium - 235;

(iii) reduction of UF6 to ceramic grade

uranium dioxide (U02) and manufacture

of reactor fuel.

Spent reactor fuel, when discharged from a reactor,

is placed in a rack under water in a special "cooling pond".

The fuel is cooled for a sufficient period to allow a

significant reduction in the radiation levels due to short-

lived radioactive decay products. This constitutes the

current LWR nuclear fuel cycle. The spent fuel still contains

a significant quantity of fissile material. By suitable

chemical treatment this material can be recovered, recycled

through the processing steps and returned to a reactor as
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additional fuel. Alternatively, the spent fuel may be

eventually sealed in impervious cannisters and permanently

buried.

uranium was first discovered in Australia in the

1890's. Uranium ore was mined at Radium Hill and Mt. Painter

in South Australia in the early part of this century for the

recovery of radium. Serious exploration began in 1944 at the

request of the governments of the US and UK. The Commonwealth

Government in 1947 offered tax-free rewards and a guaranteed

price schedule as incentives to private prospectors.

Significant deposits were discovered at Rum Jungle, Northern

Territory and Mary Kathleen, Queensland. These deposits

together with Radium Hill and other small deposits in the

Northern Territory were developed during the period 1954-64

to export about 6,060 tonnes uranium, as concentrate, for the

nuclear defence programs of the US and UK (Warner, 1976).

The Commonwealth Government placed an embargo on

further exports since the then known Australian uranium low-

cost resources were only 6,200 tonnes U (AAEC, 1967). These

were reserved for any future Australian nuclear power program.

A growing long-term demand for uranium became apparent in the

late 1960's. The Commonwealth Government modified its export

policy to permit uranium exports in proportion to new

discoveries so that a minimum reserve could be retained for

future domestic use (AAEC, 1971). By the mid-1970's several

major world class deposits had been discovered and Australia

was credited with about 20 per cent of the world's known

low-cost resources.

This thesis describes the development of nuclear

power and attempts a detailed assessment of its long-term
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future. The production of uranium and the other steps in

the nuclear fuel cycle are described. A computer program is

used to calculate the requirements for each step in the fuel

cycle.

Australia currently has two uranium mines in

operation, one under construction and others awaiting

development. The Uranium Enrichment Group of Australia

(UEGA) has recently reported to the Australian Government

the results of its pre-feasibility study on the establishment

of commercial enrichment in Australia. The Government has

authorized UEGA to undertake a full feasibility study. The

potential contribution that Australia could provide to each

stage in the fuel cycle is evaluated and the impact on the

Australian economy discussed.
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2. NUCLEAR ENERGY

Uranium is the heaviest element of the 92 present in

the earth's crust. Naturally occurring uranium consists of

the radioactive isotopes uranium -23,8 (99.29 per cent) ,

uranium -235 (C.71 per cent) and uranium -234 (trace quantity).

An atom emits an alpha or beta particle when it decays

radioactiveiy. This is only a small quantity of its original

mass. In nuclear fission, the atom splits into two parts and

also ejects several high energy or "fast" neutrons. There is a

small net loss of mass which is converted into a large amount of

energy, mainly in the form of heat and also gamma radiation.

Fission occurs in uranium when a neutron enters a

uranium -235 nucleus. This is more likely to occur if the

neutron has been slowed down or "moderated" by collision with

other nuclei. Uranium -238 does not fission if a neutron

enters its nucleus. In this case the neutron is absorbed and

after two beta emission steps the atom becomes plutonium -239.

This isotope, like uranium -235, is fissile. That is, it may

fission when a neutron enters its nucleus. Plutonium -239 does

not occur in nature but is produced within the fuel of a

nuclear reactor. Uranium -235 and plutonium -239 eject more

than two neutrons per fission. If there is a high concentration

of these isotopes, the rate of fissions and heat output

increases exponentially until an explosion occurs or a system

balance is reached between neutrons being produced and lost.

A nuclear weapon is triggered by the impact of

several small quantities of uranium -235 or plutonium -239

which together form a compact mass designed to retain a high
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proportion of the ejecting neutrons. This gives the conditions

for a very rapid chain reaction and enormous explosion.

2.1 Nuclear Reactors

A nuclear reactor is designed to make efficient use

of neutrons by moderating their initial speed to ensure the

maximum capture by uranium -235 atoms and a minimum loss from

the system. The concentration of uranium -235 and neutrons is

designed so that each fission on average leads to just one new

fission. Then the reaction continues at a steady rate which is

controlled by the insertion or withdrawal of neutron absorbing

material or "control rods".

Nuclear power reactors have one purpose - to supply

the maximum i/uantity of useful heat at the lowest cost.

Commercial power reactors are designed to supply this heat as

steam to drive turbines that can be coupled to generators to

produce electricity.

The major generic design of commercial power reactor

is the Light Water Reactor (LWR). This is a development from

the small nuclear propulsion units built for naval use. There

are two design types - Pressurised Water Reactor (PWR) and

Boiling Water Reactor (BWR). The PWR is designed so that the

heat is carried from the reactor by water maintained at

sufficient pressure to prevent boiling. This water is cooled

in a heat exchanger containing a second water circuit. This

secondary water is at a lower pressure to produce steam to

drive a turbine-generator. The BWR is designed to allow water

to boil in the reactor. The heat is carried away as steam

which drives a turbine-generator, condenses and is then pumped

back into the reactor. Light water is normal water (H20)

and acts as a moderator of neutrons as well as a heat removal

1
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medium, i.e. the coolant.

There are several other generic designs of reactors

such as the Gas Cooled Reactors (GCR), Heavy Water Reactors

(HWR) and Fast Breeder Reactors (FBR) . None of these types

have gained a significant share of the commercial nuclear

power market.
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3. THE FUTURE FOR NUCLEAR POWER

Nuclear power can offer lower relative generating

costs than fossil-fuelled power stations and the benefits of

more flexibility in siting, with no smoke, dust or sulphur

pollution. These advantages cf nuclear power became very

apparent as the capacity of electric power distribution

systems became greater and power utilities began to introduce

large generating units. At sizes of 500MW* and above, base

load nuclear stations show a clear economic advantage over the

alternative fossil-fuel burning units (Brandfon, 1978). Large

coal-fired units are only competitive if sited on a coalfield.

Oil and gas fired units are only competitive if fuel costs are

held well below world parity by government regulation.

Public opinion, in the industrialised countrj.es, is

questioning the technical, economic and environmental benefits

of nuclear power. The possible hazards have been widely

published on radiation effects, added proliferation of nuclear

weapons, terrorist access to nuclear materials and ultimate

disposal of radioactive waste products. The public perception

of these risks is very real and nuclear power has become a major

political issue, The main arguments for nuclear power are based

on its lower generating costs and substitution for imported oil

and gas. To maintain its present preference by electric

utilities, the general public must show its acceptance of

nuclear power, taking due regard to the perceived risks.

There is a strong movement for the expression of

'MW = megawatt electrical (106 watts)
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public opinion and there have been violent demonstrations

against nuclear power. Referendums have been held in several

states of the USA and in some European countries. The results

of American polls show a significant minority opinion (40 per

cent) against nuclear power. Majority votes against nuclear

power often occur near to proposed nuclear sites (Harris, 1976).

The use of nuclear power was narrowly defeated in an Austrian

referendum. This has resulted in a recently completed nuclear

power station (Tullnerfeld, 692 MW) remaining idle. Conversely,

the completion of several nuclear power projects in Sweden was

resumed after a favourable referendum. The future of nuclear

power is subject to political decisions as well as depending on

the continued growth of economies and the demand for energy.

3.1 Economic and Energy Growth

World economic activity, as measured by Gross Domestic

Product (GDP), rose at an average rate of about five per cent

per annum during 1950-1970 (Malenbaum, 1978). Energy

consumption also rose at a similar rate.

This apparent correlation is a fundamental factor in

the methodology of econometric forecasting of long-term energy

demands. Conversely, it is a factor in econometric studies of

the effect of energy pricing on economic growth. A value of

1.0 ± 0.2 is commonly used as the long-run per capita income

elasticity for aggregate energy use (MRG, 1978).

This is probably unjustified except for what was a

very brief period in the long-term gcowth of the world economy.

Detailed studies of national energy/GDP relationships have

shown wide variations in elasticities (Smil, 1976). In the

US the elasticity was about 1.8 in 1910, then fell steadily to
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about 1.0 by 1945 and then slowly decreased to about 0.8 by

1975 (Hafele, 1977). It may be argued that as a country

attains relative industrial and population "maturity", this

is reflected in a lower energy/GDP elasticity. It may be

further argued that for "developed" countries, the growth in

GDP per capita and in energy per capita are following similar

logistic curves which are displaced in time. The curve for

energy may have passed its maximum rate of change and is

steadily approaching a maximum value (i.e. zero rate of change).

JV.alenbaum (1978) has suggested a similar turning point

for the intensity of use of metals (tonnes per billion $GDP) at

a level of US$2,000 per capita in 1971 dollars.

This decreasing long-term rate of energy growth may

be the results of:-

(i) more efficient use of energy;

(ii) energy conservation;

(iii) a population approaching zero growth that is

saturated with material goods and energy

intensive services;

(iv) the continuing growth of less energy

intensive tertiary sectors of economic

activity.

Lower trends in population, economic, energy and

electrical growth rates to the year 2000, as projected by

various reference sources, are shown in Table 1.

3.2 Electrical Growth

The use of electricity continues to increase as the

final form of energy consumption at the expense of oil, coal

and gas. The direct consumption of these primary forms of

energy is decreasing in favour of their use as fuels for the

1
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Table 1 Trends in growth rates (per cent per year)

Country or
Region

Population

1975-80
1985-2000

Real GDP/GNP

1960-73
1974-79
1980-2000

Energy

1960-73
1974-79
1980-2000

Electricity

1960-73
1974-79
1980-2000

USA

0.7
0.6

4.1
3.4
3.0

4.2
1.0
2.1

6.7
4.3
3.7

EEC

0.3
0.4

4.7
2.4
3.0

4.4
0.6
1.9

7.0
2.9
(3.0)

Japan

0.9
0.6

10.5
5.1
5.0

Il.l
1.0
3.5

11.7
5.3
4.5

OECD

0.6
0.5

4.9
3.1
3.0

4.8
1.2
2.0

7. 3
3.9

(3.2)

WOCA

1.8
1.7

5.0
3.0
3.5

5.2
1.9
2 .5

7.6
4.5
3.3

References

U.S. Council on Environmental Quality "The Global
2000 Report to the President". Vol.1 Washington
Government Printing Office, 1980.

OECD "Main Economic Indicators", Various issues,
1960-79.

UN "World Energy Supplies", J Series 1950-74, N22
(1979).

DSDOE "Commercial Nuclear and uranium Market Forecasts
for the united states and the World Outside Communist
Areas", DOE/EIA-0184/24, January 1980.

EXXON Corporation "World Energy Outlook", December 1979.

MITI, Energy Advisory Council, August 1979.

() Estimate.
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generation of electrical energy. The OECD* countries now use

about 30 per cent of their total energy in the form of

electricity and this proportion continues to grow (WEC, 1978) .

Consumers have been prepared to offset the relatively

higher price of electricity against, for them, its lower

capital cost, higher efficiency, ease of distribution and

connection, versatility and cleanliness. The size of

electrical generating units rapidly became larger with the

increasing demand for power. These larger units, together

with other improvements in productivity, (e.g. heat rate and

plant efficiencies), have allowed a steady decrease in the

real price of electricity to consumers (EEI, 1976). The

price, in real terms, has now stabilized and in most cases

shown an increase. This could be a negative growth factor for

electricity in the future.

Electric power utilities plan on maintaining steady

relationships between installed generating capacity, peak

electrical demand and total annual consumption. Additional

required capacity represents new generating units and is a

major capital expense for the electric utilities. Thus, it is

common to estimate future electrical demand in terms of total

installed capacity.

Electrical growth in the developed countries of the

world was 7-9 per cent per year in the 1960's and early 1970's.

Utilities assumed this rate would continue and ordered new

generating capacity to meet the anticipated demand. The

average growth for the 1970's however; was only about 5 per

*OECD r- Organization for Economic Co-operation and Development,
Membership consists of the economically developed countries of
the world excepting COMECON.
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cent per year and many electrical generating systems would

have had excessive reserve capacity in the future. Thus, the

ordering rate for additional capacity has been reduced and

some existing orders cancelled. In addition, the completion of

several plants under construction has been delayed.

In my judgement, electrical growth will continue to

decline in the developed countries under the influence of

continuing lower economic and population growth, coupled with

increasing real costs for energy. The OECD average electrical

growth rate for the period 1980-2000 will therefore be about

2 per cent per year rather than the 3.2 per cent given in

Table 1.

3.3 Nuclear Power Growth

The application of nuclear energy for commercial

electricity generation began in the early 1950's. Prototype

units were designed and built based on the prior technological

developments for defence use. A new power station represented

a major financial investment for an electric utility and it was

to be expected that the new nuclear technology would not gain

ready acceptance without a reasonable period of operational

trial and assessment. Thus market penetration was slow in the

initial period, 1955-65, and a total of only 7GW* became

operational (c.f. total world capacity, 773GW in 1965).

(OECD, 1968).

The successful performance ot these prototype nuclear

power stations led to a very rapid market penetration in the

period 1965-75. At the end of 1975, a total of 72GW was in

operation with a further 306GW of generating capacity under

*GW = gigawatt electrical (10 watts)

1
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construction or on order (RUEI, 1976). Thus there was a major

commitment to nuclear power by most large electric generating

organisations in the industrialised countries of the world.

This occurred prior to the sharp rise in oil, gas and coal

prices resulting from the Middle East oil crisis.

Nuclear power is expected to provide about 40 per

cent of the generating capacity in the world by 2000,(WEC, 1978)

equivalent to a growth rate of 8-9 per cent per year, compared

with a growth rate for electricity of 3-3% per cent per year

(Table 1). This new nuclear capacity however, will be

concentrated in the developed countries of North America,

Western Europe and Japan. Among these countries the proportion

of new capacity which is nuclear will vary from nearly 100 per

cent in France to almost zero in the Netherlands and Norway

which still have other sources of low-cost energy for

electricity generation (e.g. gas and hydro).

3.4 Nuclear Power Forecasts

A relatively modest growth was forecast in the

initial period of nuclear power development (1955-65). This

reflected the then slow acceptance of nuclear energy as a

viable alternative to the fossil fuels - coal, oil and gas - as

a source of heat in the generation of electric power. During

1965-70 there was a more general acceptance of nuclear power by

US and European utilities as the lowest-cost form of base load

power generation. Together with the continued high growth in

electricity demand, this factor strongly influenced forecasts.

These all projected a very large increase in installed nuclear

power capacity for 1975 and beyond (OECD, 1970).

The recent world-wide economic recession and the slow

recovery has reduced estimates of electrical industry growth.
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This has resulted in the deferment or cancellation of the firm

orders for several nuclear (and fossil-fuelled) power stations

in many OECD countries (OECD, 1977). On the other hand, the

developing and under-developed countries have maintained their

demand for electricity and increased their relatively small

ordering proportion of nuclear power stations (IAEA, 1977).

Table 2 shows the totals of installed, under

construction and firm orders for nuclear reactors over the

period 1968-80. The new commitments made during 1968-74 were

relatively high in contrast to the period 1974-80. In this

latter period new orders in the USA were exceeded by

cancellation. Currently, nuclear reactors require between

seven and twelve years for construction and this period is

increasing. Thus, the total commitment of 345GW in 1980 could

be the best guide to the likely installed capacity for 1990.

The installed capacity beyond 1990 will be very dependent on

the rate of new orders that occur over the next five years.

Table 2 Nuclear power t- installed, under
construction, on order

(GW)

Year

1968

1970

1972

1974

1976

1978

1980

USA

60.7

76.2

121.8

201.8

200.4

193.4

162.5

Country or

Western
Europe

19.8

29,5

48.9

76.3

106.1

120.0

125.8

Region

Japan

3.0

4.4

14.3

15.2

19.8

20.9

21.4

World

93.3

124.2

207.9

317.5

360.2

363.6

345

Prom: AAEC Annual Reports 1968-1980
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Table 3 gives a recent survey of the committed and

planned nuclear programs in the world. The value for planned

capacity in the USA is relatively low (37.5GW) compared to the

value for Western Europe and Japan. On the evidence of the

recent rate of new orders, the planned increase in capacity

could not occur until the 21st century.

Table 3 Installed, committed and planned
capacity - end 1980

(GW)

Status

Operating

Committed
Under Const.

On order

Planned

TOTAL

USA

53.1

80.1

27.3

37.0

197,5

Country or

Western
Europe

41.0

63.3

19.3

117.4

241.0

Region

Japan

14.5

9.4

1.2

27.7

52 .8

World

116.9

174.5

55.1

224.0

570.5

Ref: AIF (1981)

Table 4 shows the rise and fall in the estimates

of US installed nuclear power published by the US Atomic

Energy Commission (now part of the US Department of Energy)

between 1962 and 1980. The latest (USDOE, 1980) estimate

shown for 1990 is 129GW. This value is significantly less

than the total US commitment of 162.5GW given in Table 2. In

the US the time between reactor order and commercial

operation is projected to increase from about five years for

plants completed in 1970 to about 18 years in the 1990's

(AAEC, 1980). USDOE (1980) assumes that the US program will

continue to be affected by lengthy delays. These delays could

outweigh any new orders for planned reactors.
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Table 4 The change in USDOE* estimates of
US nuclear power growth

Year of

Estimate

1962

1966

1967

1969

1971

1972

1974

1976

1978

1980

1975

16

40

61

62

59

54.2

38.5

36.3

36.3

36.3

Installed Capacity

1980

40

95

145

149

150

132

102

85

66

51

(GW)

1985

-

-

205

277

299

280

250

185

111

96

1990

-

-

-

-

-

-

475

335

172

129

*"Mid" or "Most Likely" estimates as published by the
US Atomic Energy Commission (Now Dept. of Energy)

Table 5 The change in AAEC estimates of world
nuclear power growth

Year of
Estimate

1975

1976

1977

1978

1979

1980

1980

213

193

158

149

141

123

Installed

1985

500

488

355

272

251

;j43

Capacity (GW)

1990

898

900

635

468

395

355

2000

2150

2130

1465

950

728

585

From: AAEC Annual Reports 1975-1980
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Table 5 shows the fall in estimates of future

installed capacity published by the AAEC. The estimate for

1980 decreased by 40 per cent between 1975 and 1980, while the

estimate for 2000 decreased by about 70 per cent. The AAEC

(1980) <*alue for 2000 (585GW) is similar to the total for

committed reactors shown in Table 3 (570.56GW).

The past high exponential rate cf nuclear growth is

unlikely to return, as is shown by the significant decrease in

official forecasts in the past five years. However, there is

no reason to assume that present official forecasts are any

more realistic than in the past. These forecasts have been

based on:-

(i) econometric studies linking GDP, electrical

consumption and nuclear power generation,

(ii) extrapolation of past growth and

(iii) regression analysis.

I consider that a judgemental forecast will give

a better estimate for the period 1980-90. The additional

nuclear reactors for operation in this period have already

been ordered and most are well under construction.

Table 6 shows the results of my judgemental

estimates and forecast to the year 2000. As given in Section

3.2, in my opinion electrical growth will continue to decline.

In addition, nuclear power will only parallel electrical

growth from 1985. It can be seen that I expect a continuing

delay in US reactor construction and that only 50 per cent of

planned reactors outside the US will be in operation by 2000.

The details of reactor installation, shown in aggregate in

Table 6, are the basis for the uranium and other fuel cycle

requirements discussed in later sections.
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Table 6 Installed Capacity - Judgemental
Estimate

(GW)

Year

1975*

1980*

1985

1990

1995

2000

USA

36.

53.

90

126

147

160

Country or

3

1

Region

Western
Europe

18.8

39.2

82

118

143

160

Japan

3.7

14.5

21

28

35

45

World

61.9

116.9

215

305

370

425

* Actual
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4. THE NUCLEAR FUEL CYCLE

A typical LWR generating 1,000 MW as electricity

requires an initial fuel charge or "core" of 95 tonnes of

uranium "enriched" to about 2.1 per cent in uranium -235.

After operating for about one year, one quarter of a PWR

fuel core (one third of a BWR) is discharged as spent fuel

and replaced with fresh fuel enriched to about 3.0 per cent.

Theoretically, one tonne of uranium, if totally

fissioned, is equivalent to the heat content of 2.8 million

tonnes of coal*. The present day nuclear power reactors can

only fission the uranium -235, i.e. no more than 0.71 per

cent of the uranium. By absorption of a neutron, some

uranium -238 in reactor fuel is converted into plutonium -239.

In turn, this plutonium -239 can fission by the absorption of

another neutron. Together, the fission of uranium -235 and

plutonium -239 in a reactor could convert one per cent of the

original uranium into heat (plus fission products),

In the enrichment of uranium from the natural level

of 0.71 per cent to 2.5-3.5 per cent uranium -235, the depleted

residue of uranium or "tails" contains 0.2-0.3 per cent

uranium -235. Thus about 30 per cent of the original

uranium -235 in natural uranium is retained in the tails.

Only 70 per cent of the uranium -235 is therefore available for

fission in the LWR. Together with the plutonium -239 fissions,

this gives an equivalence of one tonne uranium to about

20,300 tonnes coal (i.e. 70%xl%x2.9xl06) tonnes coal.

•Black coal, heat value 28.8 GJ/tonne.
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Uranium is generally mined as a low-grade ore

(0.1-0.3% U) . Processing begins at a uranium mill which

first crushes, then grinds and leaches the ore. The uranium

in the leach liquor is passed through a purification circuit

and precipitated. The precipitate is filtered, dried and

calcined to give a uranium oxide concentrate known as

"yellowcake".

To obtain enriched uranium, yellowcake has to be

upgraded. The oxide concentrate is further purified and

converted into the compound uranium hexafluoride (UFg) -

first by reaction with hydrogen fluoride (HF) to produce

uranium tetrafluoride (UF or "green salt") and then with
4

fluorine (F2) to produce UFfi. This is a colourless

crystalline solid which sublimes without melting at room

terperature and pressure. UFfi may be handled as a solid,

liquid or gas since it has a triple point (solid/liquid/gas)
o

at a temperature of 64 C and pressure of 152 kPa.

The uranium -235 content is increased in enrichment

processes which require UF, as a gas. These either achieve

separation by the slight difference in molecular size between

the fluorides of uranium -235 and uranium -238 (diffusion) or

the slight difference in mass (centrifuge).

In the fuel fabrication step, gaseous UF,, enriched

to about three per cent uranium -235, is reduced to ceramic

grade uranium dioxide (UO_) powder. The powder is pressed into

pellets about 8-15 mm in diameter and 10-15 mm Jr. length. The

pellets are sintered to high density and loaded into close

fitting thin-walled (0.7 mm) tubes of a zirconium alloy
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(Zircaloy) about 3.3 m in length. The loaded tubes are sealed

by welding zircaloy caps at the ends. These "fuel rods" are

assembled into "fuel elements". A fuel element typically

consists of an array of 14 x 14 fuel rods held together with

spacer grids along their length and bolted or welded into a

plate at one end. Spacing is designed to allow water to flow

between the rods and act both as a moderator of neutrons and

heat transfer medium when the fuel element is in the reactor.

Spent fuel when initially discharged from a reactor

is very highly radioactive. It is first "cooled" by short-term

storage under water in a "pond" adjacent to the reactor. This

allows the short-lived, highly radioactive fission products in

the fuel, time to decay.

The spent fuel may then either be placed in

retrievable long-term storage, away from the reactor, or sent

for reprocessing. Retrievable storage allows the option of

eventual reprocessing. However, several studies are under way

in the US and Sweden to examine the permanent disposal of

spent fuel elements. This would constitute a "once-through"

nuclear fuel cycle (Figure 1).

The irradiation and fissioning of nuclear fuel,

which provides the heat energy for the generation of

electricity, also builds up fission fragments which absorb

neutrons. These eventually poison the fuel and require its

discharge from the reactor. Chemical processing of the spent

fuel can remove the neutron absorbing fission products and

allow the recovery of the residual uranium and plutonium.

The recycle of the recovered uranium (and plutonium)

in commercial power reactors has only occured experimentally.

1
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Eventual recycle on a large scale would "close" the nuclear

fuel cycle and gain a greater benefit from the energy of

uranium fission (Figure 2). (see page 32).

4.1 Added Value

Figure 3 gives a representation of the incremental

price or additional cost ("added value") for each step of the

fuel cycle. This added value is gained from the processing

charges (capital and operating) (see Sections 6-10).

At a market price of US$80 per kilogram U (or

yellowcake price of US$30/lb U-jOg) , the U235 content costs

$11.25 per g U235. Conversion of yellowcake to uranium

hexafluoride (UF,) costs $5 per kg Ü and this increases the

uranium value to $85 per kg U or $1. per g U235.

As given above, the enrichment process rejects

about 30 per cent of the U235 (and 85 per cent of U238) in

enriching uranium to 3 per cent U235. Thus 6 kg U (natural)

is processed to produce 1 kg U(ac 3% U235). The enrichment

process is measured in separative work units (SWU). It

requires 3.8 SWU to produce 1 kg U (at 3% U235) from 6 kg U

(natural). At an enrichment charge of $100 per SWU, the

total value is :-

6($80+$5) + 3.8x$100 = $890 per kg U (3% U235)

Fuel fabrication costs about $125 per kg U. The

total cost for fabricated fuel is $890+$125 = $1,015 per kg U.

The reprocessing step costs about $200 per kg U.

Total fuel cycle cost is therefore $1,215 per kg U.

Additional costs will be associated with the permanent

disposal of waste, and are about $50 per kg U. Thus there is

a potential total value of $211 per kg U as ore in its

recovery, upgrading, use as fuel and final burial as waste.
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5. URANIUM

In this Section, the nuclear power forecast given

in Section 3, is translated into uranium requirements.

Cumulative requirements to the year 2000 are then compared

to the current resource estimates. World production capacity

is surveyed and compared to the costs of production and

future price. World supply-demand is then assessed and the

future market share for Australian products is estimated.

5.1 Requirements

A typical LWR generating 1,000 MW as electricity

requires about 95 tonnes U as enriched fuel (2.1% U-235) for

its initial reactor core. This requires the mining and

processing of about 400 tonnes U. Replacement of spent LWR

fuel requires the annual mining and processing of about 150

tonnes u. Table 7 shows the average fuel characteristics for

the current PWR and BWR reactors in commercial operation around

the world (also the HWR and FBR).

Requirements are not to be confused with market

demand. In this thesis requirements are the direct consumption

needs of nuclear power reactors. Demand at any time is a

function of this consumption, together with a range of other

factors. These include forward purchase to meet anticipated

growth in requirements, price relativities, inventory policies,

and commitments to other parts of the fuel cycle, such as

long-term enrichment contracts. Dependent on these additional

factors, market demand at any point in time could be greater

or lower than the requirement for direct consumption needs.



Table 7 Fuel characteristics for nuclear power reactor types

Initial loadincj
Uranium, tonnes
Enrichment, % 235 U

Total Pu, tonnes

Plant cap.";city factor

Annual replacement loading
Uranium, tonnes
Enrichment, % 235 U
Fissile Pu, tonnes
Total Pu, tonnes

Annual diseharsccl fuel

Enrichment, % 235 U
Fissile Pu, tonnes

Final core

Enrichment, % 235 U
Fissile Pu, tonnes
Total Pu, tonnes

Averajre burnup
M\VD(t)/ MiHM

1. Reactor power: J.OOQMWe.

2 . Far LWll plant1; the calculation of fuel cycle requirements

3 . Fuei cycle requirements presented in ihL« report have bee.n

CURitENT TECHNOLOGY J-WR2

PWR

79.06
2. 14

0. 75

26. 35
3. 00

25. 27
0. 828
0. 165
0. 232

76, 7
1. 366
0.418
0. 554

30,400

(1WR

129.0
2. 07

_

0.80

32. 25
2. 60

31. 0
P. 751
0. 198
0. 281

125. 3
1.277
0. 645
0. 848

27,500

wai based un an assumed PWlt/ÜWlt mix of 2 / 1

c o m p u t e d on a basis of 10% load factor.

NAT. URANIUM

HWR

130
0. 711

—

100

171
0.711

_

170
0. 23
0.47
0. C5

129
0. 39
0. 27
0. 34

7,300

CURRENT

CORE

22.59
0.20
3. 14
4.06

11. 29
0.20
1.57
2.03

10.54
0. 13
1.53
2 0G

OXIDE-FUELLED FBR

BLANKET

G4. 83
0.20

„

0.75

18. 92
0.20

18. 54
0. 17
0.32
0. 33

Reference: OECD (1979)
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5.1.1. Effect of capacity factor

A l,000MW nuclear reactor generates full power

for about 60 per cent of the year, i.e. 60 per cent capacity

factor. This quantity can vary widely, being dependent on

reactor development, commissioning and regulatory problems

(Brandfon, 1978). The capacity factor of most reactors is

improving with operating experience and could average between

65-70 per cent within a few years. A change in capacity

factor from 60 per cent to 70 per cent would initially increase

uranium requirements by 15 per cent. This is on the basis

that nuclear generation, by existing reactors, would be

increased at the expense of the more costly alternatives,

i.e. oil, gas, coal. However, when nuclear reactors were

shown to consistently perform at this higher level, then the

required installation of new nuclear generation would be

reduced. This would lead to a lower cumulative requirement

for uranium since there would be less need for initial cores.

5.1.2 The effect of enrichment tails assay

As described in Section 4, a series of processing

steps are required to manufacture nuclear fuels from the

uranium oxide concentrate (yellowcake) produced at the mine/

mill. The major step is to increase the concentration of

uranium -235 from the natural value of 0.71 per cent up to

the enriched value of about 3 per cent.

Commercial enrichment technology utilizes either a

diffusion or centrifuge concentration process. To maximise

economic benefits both processes are optimised to operate

with a tails stream assaying 0.2-0.3 per cent U235.

The quantity of natural uranium required to produce

a given amount of enriched uranium product varies with the



29.

level of enrichment required and the operating tails assay.

The relationship is:-

Feed(mass) _ Assay of Product - Tails Assay

Product(mass) Assay of Feed - Tails Assay

eg. 6 kg U _ 3 per cent - 0.25 per cent

1 kg U 0.71 per cent - 0.25 per cent

An enrichment plant operating at a tails assay of

0.3 per cent U235 requires nearly 20 per cent more uranium

feed than when operating at 0.2 per cent U235 (Langlois, 1978).

As shown in Figure 4, the tails assay can be optimised to

give the lowest mean cost for enriched uranium, taking into

account both the yellowcake and enrichment costs.

5.1.3 The effect of reprocessing

Reprocessing facilities have been in operation in

the USA, UK and France but commercial operation with LWR fuel

has been limited. The facilities were initially developed to

recover plutonium for defence requirements. To maximise

plutonium production, the nuclear fuel was irradiated to

relatively low levels prior to reprocessing. Commercial LWR

fual is irradiated to much greater levels to optimise the "burn-

up" of fissile material. This gives significantly greater

technical and operating difficulty in reprocessing (Hill, 1976) .

The US Carter Administration was very concerned

about the spread of reprocessing technology. This could lead

to more countries obtaining the capability to separate

plutonium from spent fuel and be able to divert its use toward

the development of nuclear weapons. The Ranger uranium
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Environmental Inquiry (1976) expressed a similar concern.

President Carter sponsored the two and a half year

International Nuclear Fuel Cycle Evaluation (INPCE) study to

examine the whole technical, economic and political

justification for reprocessing and recycling irradiated nuclear

fuel. More than sixty countries and five international

organizations participated in INFCE.

Among the findings of INFCE is that:-

(i) the use of nuclear power is necessary to

provide a viable option for electricity

supply,

(ii) the recycle of uranium/plutonium gives the

optimal use from the energy efficiency point

of view.

(iii) the misuse of reprocessing facilities is not

an easy or efficient method to acquire

fissile material for the manufacture of

nuclear weapons,

(iv) proliferation is primarily a political

rather than a technical problem,

(v) the development of international fuel cycle

centres should be encouraged to minimize

proliferation risks.

The INFCE study, together with the interim US policy

of "no recycle" of spent fuel has delayed major commercial

recycling. The US was able to implement this policy

internationally. Firm persuasion was exerted with each supply

of enrichment and other nuclear services to those countries who

proposed to engage in recycle. Most countries are dependent

on the US to some degree for these services.
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The consumption of uranium could be reduced about

19 per cent by the recycle of uranium recovered from spent fuel

and an additional 11 per cent with the recycle of plutonium

(Langlois, 1978).

5.1.4 The effect of the Fast Breeder Reactor (FBR)

The FBR is designed with a small core fuelled with a

high concentration of plutonium -239 fuel rods. This ensures

a high density of neutrons to maintain the fission chain

reaction since the fast neutrons are not moderated. A large

proportion of the neutrons escape from the core and are

captured in a surrounding "blanket" of uranium -238. The

uranium -238 is said to be "fertile" since by the absorption

of a neutron it is transformed into plutonium -239. Thus new

plutonium -239 is "breeding" in the fertile blanket as the

plutonium -239 in the fuel core is being fissioned. The

fertile uranium -238 is to be provided from the existing very

large stocks of enrichment tails which have been depleted in

uranium -235.

It is theoretically possible to breed as much

plutonium -239 as is fissioned and even some surplus (A breeding

ratio> 1). Prototype FBR's are in operation in France, UK and

USSR and under development in the US and Japan. A commercial

reactor{ Super phenix C1200MW) is under construction in France.

The FBR offers the potential of a renewable energy

resource to countries deficient in energy, provided that these

countries can obtain sufficient plutonium -239 and uranium -238

for the initial fuel and blanket loading of each FBR. To

recover plutonium -239 bred in the blanket also requires

reprocessing and fuel fabrication facilities.

1
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In common with the US Carter Administration's concern

on reprocessing, there were strong reservations on the

commercial development of the FBR and the "plutonium energy

economy". It now appears unlikely that commercial operation of

FBR's will occur on any scale until the next century. The

electric power utilities will assess a new nuclear technology

with extreme caution and will prefer to rely on the proved LWR

until fully convinced of the economic merit of the FBR. This

attitude will be reinforced if ample supplies of uranium are

available at reasonable prices.

Assuming that the FBR is generally introduced from

the year 2000, it will still take 10-15 years to displace new

orders for the LWR. This is the normal period experienced for

a new technology to gain ascendency. The estimated (Table g)

capacity of LWR's installed in the intervening period will

therefore still require a very considerable quantity of

uranium during their lifetimes.

5.1,5 Projected future requirements

Table 8 gives estimates of the requirements for

uranium to 2000, based on the set of assumptions given below.

I consider these to be the most likely conditions which will

affect the requirements during the period 1980-2000.

Cumulative requirements for the period could be

810,000 tonnes U with annual consumption increasing from 26,400

tonnes U in 1980 to 53,500 tonnes U in 2000. The US and Western

Europe are each likely to consume 40 per cent of the total,

Japan 10 per cent and 10 per cent elsewhere. These estimates

are compared to the most recent estimates of the OECD/IAEA (1979)

The OECD estimates are based on trend rates. These rates are

now significantly lower.



r
Table 8

34.

Estimates of world uranium requirements

(thousand tonnes U)

Year

1980

1985

1990

1995

2000

Annual

Judgement

26.4

39.0

45.5

50.5

53.5

OECD2

41

65

85

104

125

Cumulative

Judgement

26

187

400

600

810

OECD

324

709

1191

1771

Notes: 1. Uranium requirements for Table 6. nuclear

power estimates.

2. OECD/NEA-IAEA "Uranium-Resources, Production

and Demand", Paris, 1979.

The assumptions used to calculate future uranium

requirements are:-

(i) electrical growth will steadily decrease in

the developed countries from 5.5 per cent per

year for the period 1975-1980 to 0.5 per cent,

for 1995-2000, an average growth of less than

2 per cent per year,

(ii) nuclear growth will parallel total electrical

growth from 1985;

(iii) enrichment tails assay will remain at the

present level of 0.2 per cent uranium -235

(iv) reprocessing of spent LWR fuel on a major

scale will commence in Europe about 1985 but

the US will not reprocess until 1990;

(v) the FBR will not be accepted as a viable

commercial source of nuclear power before
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2000 and will then require 30 years to

become the major source of nuclear power.

The cal-ulation of uranium requirements requires

detailed data -^ ing to reactors, fuel characteristics and

fuel cycle parameters. Many overseas nuclear organisations

have computer programs to make the necessary calculations.

These programs generally convert the annual installed nuclear

capacity values for a given country into fuel cycle

requirements. Thus, given the nuclear power installation rate

for a particular country and the type or types of reactor to be

installed, it is possible to calculate the annual (and

cumulative) national requirements for uranium, conversion

service, enrichment service, fabrication and reprocessing.

The estimates used in this thesis are based on

computer programs that have been under development in the AAEC

since 1972. The current program "F MARKET",is a market oriented

model. It is based on reactor-by-reactor calculation. The

complete fuel cycle requirements can be provided for each

reactor in the world - operating, under construction or planned.

The timing.and values for these requirements are dependent on

the data used for each reactor.

The individual reactor requirements may be

aggregated to give total needs of its electric utility owner;

also, the total needs of all utilities of a particular country.

Thus the program requires the relevant data on every reactor in

the world - operating, under construction or planned in order

to calculate fuel cycle requirements for each country or region.

To project requirements beyond planned reactors, it is

necessary tp add forecast blocks of future installed capacity.

The F MARKET program is ideal for the judgemental

1
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estimates on nuclear power used in this thesis. The current

data on individual reactor commercial operating dates can be

modified by the user to allow for his estimate of delays in

construction programs.

The F MARKET program also accepts data on the

contracted supply of uranium and enrichment services. The

current and future supply/requirement position for each

reactor/utility/country can then be estimated. These estimates

may be modified by varying the assumptions on enrichment tails

assay, recycling of uranium and plutonium and the annual

reactor capacity factors.

5.2 World Uranium Resources

Uranium is not a very rare element in the Earth's

crust although it is only present at a mean content of 2-3 parts

per million in rocks. The level is similar to that for arsenic,

beryllium, molybdenum.and tungsten (Dodd, 1974: Vogely, 1976).

Acid igneous rocks average ten times the uranium

content of ultrabasic rock and more than 90 per cent of the

world low cost (i£US $80/kd U) reserves occur either in

Precambrian rocks or those Phanerozoic rocks immediately

overlying the basement (James and Simonsen, 1978). Most large

economic deposits grade between 1000-3000 ppm (0.1-0.3%).

Uranium resources are classified for international

comparison into the categories of "reasonable assured resources"

and "estimated additional resources". These two categories are

limited by ranges in recovery cost:-

(i) less than US$80 per kilogram uranium

(approximately US $30/lb U30_)

(ii) US $80-130/kg U («US $30-50/lb U30g)
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Reasonably assured resources in the lower cost range

equate with reserves in the mining sense. Estimated additional

resources equate with inferred or possible ore. Higher cost

ranges are sub-economic. It is important that the cost

categories are not confused with market prices. The costs

refer to the marginal production cost and exclude past

expenditures, taxation, provision for future investment or a

profit margin.

Table 9 shows the distribution of these resources

among the major uranium resource countries in 1970 and Table 10

shows the distribution in 1979. Due to production cost

increases and money inflation, the international cost

categories have been increased 300 per cent from the 1970

values of "less than US$10/lb U.,0" (US$26/kg U) and

"US$10-15/lb U30g" (US$26-39/kg U) to the values given above.

The units of quantity have also been metricated. In the decade

1970-80, the accelerated world-wide programs of exploration,

together with the raised value of cost categories, have

increased world uranium rasources from 2.4 million tonnes U to

5.2 million tonnes U. The major increase is in the low-cost

reasonably assured resources (reserves). These have almost

trebled from 645,000 tonnes U to 1,828 tonnes U. The major

national changes in this category are:-

Australia + 282,000 tonnes U

Brazil + 73,000

Canada + 37,000

Niger + 140,000

Namibia ) „,„ „„„
South Africa) + 21°'°0°

U.S.A. + 304,000

Other Countries + 253,000
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Table 9 Estimated world uranium resources - 1970
(thousand tonnes U)

Country

Australia
Canada
France
Gabon
Niger
South Africa*
Sweden
USA
Others

Totals

Cost Range to
US$10/lb

Reasonably
Assured
Resources
(Reserves)

17
178
35
10
20

154
-

192
39

645

U3°8
Estimated
Additional
Resources

5
177
19
5

29
11
-

390
39

675

Cost Range
US$10-15/lb U.,0

3 o
Reasonably
Assured
Resources
(Reserves)

7
100

7
-
10
50

269
108
24

575

Estimated
Additional
Resources

5
131
12
5

10
27
38

231
51

510

•Includes Namibia

Prom: OECD/ENEA-IAEA "Uranium-Resources, Production and
Demand "Paris, 1970"

Table 10 Estimated world Resources of uranium - 1980
(thousand tonnes U)

Country

Algeria
Argentina
Australia
Brazil
Canada
France
Gabon
India
Namibia
Niger
South Africa
Sweden
USA
Others

Totals

Cost Range to
US$80/kg U
(US$30/lb U,0oo o

Reasonably
Assured
Resources

28
23

299
74

215
40
37
30

117
160
247
-

496
63

1,829

Estimated
Additional
Resources

_

4
208
90

370
26
_
1

30
53
54
-

773
32

1,641

Cost Range
US$80-130/kg U
US$30-50/lb U,0o3 o

Reasonable
Assured
Resources

5
21
-

20
16
_
_

16
_

144
301
224
48

795

Estimated
Additional.
Resources

5
5

19
-

358
20
_
23
23
_

85
3

385
53

979

From: AAEC Annual Report, 1980
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It is noteworthy that resources were discovered in

new countries together with additions in the countries that

made up the original "other countries" grouping of 1970. The

majority of South African resources are associated with gold

ores. These resources would be in much higher cost categories

if gold recovery was uneconomic. The Namibian resources were

not published separately until 1979.

uranium can also be recovered from phosphate rocks

as a by-product of soluble phosphoric acid fertilizer

manufacture. The recent investment in recovery plant in

Florida, USA (UNC, 1978; USDOE, 1979) would suggest that

recovery costs are within the US$80/kg U category since most of

the output has been contracted for sale.

The major deposits of uraniferous phosphates occur in

the USA (Florida, Idaho and adjacent states), North Africa

(Morocco), in Australia (Queensland), in Brazil and the Central

African Republic. These deposits contain 0.005-0.07 per cent

uranium. The total resource of uranium in phosphate rocks in

the USA is at least one million tonnes U and a similar quantity

(or possibly more) could be available in the known phosphate

deposits elsewhere in the world (Ziegler, 1978). It is

estimated that 2000-5000 tonnes U per year could be recovered

in the US (McGinley, 1978). The feasibility of recovery in

North Africa and Japan (an importer of phosphate) is under

study.

Brink (1974) and Drew (1977) argue from statistical

evidence that new major discoveries will continue to be made.

The USA and Europe are the only land masses to have received

intensive exploration. Even there new geological techniques

and assessments have increased known reserves. Reserves in the
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USA increased by over 300,000 tonnes U but no large ore-bodies

were discovered. The major discoveries of the past decade

have occurred in the more remote areas such as Northern

Saskatchewan, Canada; Northern Territory, Australia; Namibia

and Niger, Africa.

Figure 5 shows my estimates of cumulative requirement

(Table 8) compared to the resource estimates. Sufficient

reserves (reasonably assured resources) are available to meet

world requirements to the end of the century. On the basis of

normal prospects for continued discoveries of low cost deposits

and if necessary the proving up of inferred ore (estimated

additional resources), the forward reserve situation appears to

be adequate well into the next century.

Table 11 shows a speculative estimate of the

available resources of the world in appropriate cost categories

as prepared by the OECD-NEA/IAEA (1979).

The acceptance of reprocessing spent fuel and the

development of more efficient enrichment technology could

provide an additional 50 per cent utilization of existing and

future recovery of uranium in LWR's. This would be the result

of recycle of uranium -235 from spent fuel and further stripping

of uranium -235 from enrichment tails (to about 0.10% U235).

Table 12 shows a speculative estimate of the

available resources including higher cost categories. These

are black shale at a cost in excess of A$100/kg Ü and sea water

at a cost below A$300/kg U ($1975). The energy content of

uranium in black shale, if used in LWR's, is similar to coal.

The strip mining of shales at the required rate would

therefore by subject to the same environmental constraints as

in the mining of coal.

[
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Table 11 Speculative resources* listed by
Continent

Continent

Africa
America, North
America,
South and Central

Asia and Par East
Australia and Oceania
Western Europe

Total

Eastern Europe, USSR,
Peoples Republic of China

Number of
Countries

51
3

41
41
18
22

176

9

Speculative
Resources

Million tonnes U

1.3 - 4.0
2.1 - 3.6

0.7 - 1.9
0.2 - 1.0
2.0 - 3.0
0.3 - 1.3

6.6 - 14.8

3.3 - 7.3

* Speculative Resources refers to uranium in addition to
Estimated Additional Resources, that is thought to exist
mostly on the basis of indirect indications and geological
extrapolations in deposits discoverahle with existing
exploration techniques. The location of deposits
envisaged in this category could generally be specified
only as being somewhere within a given region or
geological trend. As the term implies, the existence and
size of such resources are highly speculative.

From: OECD/NEA "World Uranium Potential", Paris, Dec, 1978

Table 12 Speculative low cost and other uranium
resources

Convential
resources

Probable
(explored areas)

Possible
(future
exploration)

Other resources

By- products
(copper, gold)

Phosphate rocks
Shales
Sea water

Cost of
recovery
($A/kgU)
($1975)

< 2 0
20-30
30-60
<30

30-60

<30
30-50

100-300
<300

Typical
uranium

concentration
(per cent)

>0.10
>0.05
>0.03
>0.05

>0.03

~-0.03
>0.005
>0.01
^^0.02 ppm

Resources
available

(millions of
tonnes U)

2
1.5
2

2-3

2-3

0.3*
2*

10
4000

•Production rate limited by main process stream.
From: Silver & Wright (1976)
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The commercial development of the FBR offers the

promise of a 40-60 fold increase in uranium utilization which

could provide sufficient electrical energy for thousands of

years. This is because the FBR could eventually convert all

the uranium -238 isotope (over 99 per cent of natural uranium)

into fissile plutonium. Thus, uranium recovery from very low

grade resources, such as black shale, is more feasible should

the FBR become the major source of energy in the 21st century

and beyond, ie., after low-cost resources are exhausted.

5.3 Production capacity

The world has produced about 615,000 tonnes U to

the end of 1980 Of this quantity, the USA has produced 44

per cent, Canada 23 per cent, South Africa 14 per cent and

the remainder has mainly come from Namibia, France, Niger,

Gabon and Zaire.

World production for 1979 was estimated to be

38,300 tonnes U (AAEC, 1980).

5.3.1 USA

Production was a record 16,800 tonnes U in 1980,

obtained in part by depleting ore stockpiles (USDOE, 1981).

Average head grade has fallen from 0.24 per cent in 1954 to 0.11

per cent in 1979 (USDOE, 1980). Mill recovery has declined

from 95 per cent to 92 per cent (James and Simonsen, 1978).

There is considerable controversy in the US (and

confusion elsewhere) between the US Department of Energy

(USDOE, 1978a) published "can do" estimates of future US

uranium production capability and the industry forecast of what

it "will do" (EPRI, 1978). The USDOE estimates are essentially

an assessment of capability based on reserves. Industry fore-

casts are more pragmatic, being based on technical and



44.

financial judgements of the viability of individual projects.

A comparison of the two estimates is given in Table 13.

Historically, actual production tends to be lower than rated

capacities due to the normal production problems encountered

in the mining industry. Actual future output is therefore

more likely to be about 90 per cent of estimated capacity

(Pacer, 1978).

Table 13 Estimates of US uranium production
(Tonnes U)

Year

1977

1980

1985

1990

* USDOE,

** EPRI,

"can do"*

14,600

23 ,300

36,200

46,200

1978a

1978 •

"will do"**

12 ,300

17,700

20,800

27,000

Actual

11,500

16,800

The USDOE claims that the US could be self-

sufficient in uranium to 1990 (Voigt, 1978). The more

realistic industry assessment suggests that after allowance

for existing US export commitments, the US will be a net

importer of uranium by 1985 (EPRI, 1978). The US

Administration has relaxed the previous embargo on uranium

imports to allow the import of 10 per cent of US requirements

in 1977, increasing to 100 per cent from 1984. US miners will

critically assess continued investment against the competition

posed by non-US producers, particularly lower-cost producers

in Australia and Canada. Several producers have announced

closure of mines and reduction in output. New projects have

been delayed and some may be cancelled (Crowson, 1980).
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5.3.2 Canada

Present and estimated production to 1990 is shown

in Table 14. Production in 1980 was 7,045 tonnes U (AIF, 1981)

The committed increase in production is based on the fully

delineated ore-bodies of the present producers. These ore-

bodies are fully committed to domestic and export contracts.

Table 14 Estimates of Canadian uranium
production (tonnes U)

Year

1977

1978

1979

1980

1985

1990

EP77-3
(1977)

6,100

6,450

6,950

7,950

12,500

11,250

Runnalls
(1980)

-

-

6, J00

7 ,200

14 ,400

15,500

Actual

5,790

6,803

6,811

7,045

From: Report EP77-3 "1976 Assessment of Canada's
uranium supply and demand". Ottawa, 1977

: Runnalls, O.J.C., "Uranium supply and demand".

The prospects for discovery of new ore-bodies are

high, as evidenced by the announcements of major deposits in

Saskatchewan (Northern Miner, 1978). The remoteness of the

area and environment?.! constraints are increasing lead times

for production and any new low-cost reserves will not be

exploited until after 1985.

5.3.3 South Africa

Uranium is wholly produced as a by-product of the

mining and treatment of gold (and copper) ores and their tailing

dumps. Production in 1979 was 4,810 tonnes U (S.A. chamber of

Mines, 1979) . Although extensive uranium mineralisation occurs

in South Africa, no high-grade deposits have been discovered.
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Thus, the future recovery of uranium appears to be economic

only when in association with gold mining. The relative rises

in the real price of gold and uranium has altered the recovery

optimisation of some ores and tailings dumps. Figure 6 shows

the relative effect of the price increases against recovery

costs. It can be seen that in some cases, future mining could

be optimised on uranium values with gold revenue covering

operating costs. On the present evidence and known plans for

development it is very possible that, capacity could.still

exceed 4,000 tonnes U/year in 1985.

5.3.4 Namibia

The massive low-grade (0.03%) Rossing open-cut

development has had a series of technical and operating

problems which have limited output in 1977 and 1978 to about

50 per cent of the design capacity of 3,850 tonnes U/yr

(Mining Magazine; 1978). Production reached the design level

in 1979 but future expansion is dependent on political

stability in Southern Africa. There are other similar large

low-grade deposits in the area but they are experiencing

difficulty in attracting investment and markets due to concern

over the political climate and also the production problems

experienced by Rossing.

5.3.5 Other Producers

Prance produced 2,360 tonnes U in 1979 (AAEC, 1980)

and plans to expand production to about 3,000 tonnes U/year.

Mining is underground and deposits are of low-grade leading to

high recovery costs. Reserves are not increasing despite an

active exploration program and production levels may decline by

1985. France is likely to be a net importer from the 1980's.
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Niger produced about 3,620 tonnes Ü in 1979 from

the Akouta and Arlit mines (AAEC, 1980). Several other ore-

bodies have been discovered by multinational exploration

ventures. Production from these deposits is planned and it is

estimated that Niger could be exporting 6,000 tonnes U/yr in

the late 1980's (AAEC, 1977).

In 1979, Gabon produced 1,120 tonnes U in pre-

concentrate form (AAEC, 1980) and production is planned to

expand to 1,500 tonnes U/yr from 1981 (EPRI, 1978).

Other minor national producers will require their

uranium for domestic nuclear programs and will import any

additional requirements. These producers include Argentina,

Brazil, Germany, Italy, Japan, Mexico, Portugal, Spain and

Yugoslavia.

5.3.6 The Australian Position

Uranium was first discovered in the 1890's but the

initial commercial discoveries were in 1949 under the impetus

of Federal Government incentives. About 7,800 tonnes U were

produced in the period 1955-71, mainly to meet US and UK

defence contracts (Warner, 1976). Exploration by private

industry was minimal until 1967, when the Government announced

a policy allowing export of new discoveries provided sufficient

reserves were retained to meet projected domestic requirements.

Large high-grade deposits were discovered

(1970-1973) and Australia became a major uranium resource nation

and potential exporter. The Federal Government appointed a

Commission under the Environmental Protection (Impact of

Proposals) Act 1974 to conduct an Inquiry on the development of

uranium deposits in the Northern Territory (RUEI, 1976). The
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Commission made a series of recommendations on the rate of

development, marketing and export of uranium together with

other recommendations on environmental protection, Aboriginal

land rights and the proposed Kakadu National Park (RUEI, 1977).

In general the Federal Government decided to accept

the recommendations of the Commission and has enacted

legislation, as necessary, to implement its decision. The

Commission recommended a sequential development to minimize

the mining impact on the environment. The Government decision

was not to enforce sequential mine development. It expects

the normal delay in the assessment and approval of

environmental impact statements, negotiation on Aboriginal

compensation and royalties and financial and marketing

agreements to provide a natural progression of project

development. To date only four projects have approval to

export uranium.

The Mary Kathleen uranium Ltd. mine in Queensland

re-opened in 1976. After several years of financial and

technical difficulties it is now profitable and is producing

about 700 tonnes U/yr. Ore is mined by open pit methods and

reserves will be exhausted by 1984 (MKU, 1980}.

Queensland Mines Ltd. completely mined and

stockpiled its Nabarlek deposit during 1979. The mill began

operations in mid-1980 and is producing at the rate of 1,500

tonnes U/yr (QML, 1981). The milling should be completed

before 1990.

Energy Resources of Australia Ltd. (ERA) purchased

the Ranger Uranium Project in the Northern Territory from the

Ranger Joint Venturers - AAEC (50%), Peko-Wallsend Ltd. (25%)
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and Electrolytic Zinc Company of Australasia Ltd. (25%). Peko

and EZ each have a 30.5 per cent share in ERA, overseas

uranium purchasers of Ranger production have 25 per cent and

the Australian public the balance. Ranger is an open-pit mine

and is scheduled to commence production in the last quarter of

1981 at the design rate of 2,540 tonnes U/yr (ERA, 1980).

It is planned to expand production to 5,100 tonnes U per year

when markets can be found for the additional output.

The Yeelirrie Project in Western Australia is a

joint venture by Western Mining Corp. Ltd. (75%) , Esso

Exploration and Production, Inc. (15%) and Urangesellschaft

Australia Pty. Ltd. (10%). They are awaiting the ore

treatment results from a pilot plant operated by WMC in

Kalgoorlie, Western Australia. If the results are satisfactory,

it is planned to develop an open-pit mine and build a mill at

Yeelirrie to produce 2,100 tonnes U/yr from 1985/86 for 10

years and then at 850 tonnes U/yr for a further 12 years

(WMC, 1978).

There are several other projects for which final

Company and Government decisions have yet to be taken.

The Jabiluka Project in the Northern Territory is

a joint venture between Pancontinental Mining Ltd. (65%) and

Getty Oil Development Co. Ltd. (35%). Mining is planned for

underground methods with production of yellowcake to commence

three years after the decision to proceed with development.

Production rate is planned at 3,800 tonnes U per year. Possible

expansion to 7,600 tonnes U/yr will depend on future market

conditions (Pancontinental, 1978; 1981).

Denison Mines Ltd. plan to mine the Koongarra

deposit by open-pit methods and operate the mill for 12 years
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at the rate of 850 tonnes U/yr. Subject to Government

approval, production could commence two years after the

decision to proceed with development (Noranda, 1980).

There are several smaller projects awaiting the

results of pilot testing before firm development. These tests

are for in-situ leaching at Beverley and Honeymoon in South

Australia and metallurgical separation of molybdenum at Ben

Lomond, Queensland.

A further potential major producer of uranium is

the massive low-grade copper ore body at Olympic Dam, Roxby

Downs, South Australia. A $50 million exploration and

feasibility study is in progress by Western Mining Corp. and

B.P. Australia Ltd. (WMC, 1980). Uranium mineralization is

associated with the copper and uranium recovery at 5,000

tonnes U/yr. could be a significant by-product. It is unlikely

that this rate of production would be available before about

1995.

5.4 Costs of Production

As in most of the mineral industry, inflation has

increased costs significantly during the past five years.

Uranium producers have three main areas of expense - exploration,

mining and milling. These are all being affected by increasing

real costs, in labour and consumable supplies. In the case of

older mines, a continuing decline in the grade of uranium ore

mined and processed and the increasing depth of mining have

also increased production costs. The principal effect of the

decline in ore grade is to increase the required throughput of

ore to maintain the level of uranium production.

Mill recovery rate will also decrease with declining

1
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ore grade. This will also require an increase in throughput

to maintain production. On the other hand, operating cost per

tonne should be less due to economies of scale and could allow

the extension of ore reserves, i.e. milling ore that previously

was uneconomic.

DeVergie and others (1980) reported the results of

a USDOE survey of US producer costs and these are shown in

Table 15. More detailed studies have been prepared by

Klemenic (1974; 1976; 1978), Dames and Moore (1977), and

Bechtel (1976) . As would be expected all these studies show

that production costs can vary over a wide range, being

sensitive to ore throughput, grade and depth of ore-body. The

earlier studies, if escalated to 1980, give values toward the

lower end of the scale shown in Table 15. However, Cotter

Corp.* has experienced an increase in costs from $9/lb U-̂ Og for

1974 to $29/lb U.0o for 1980 (Nuclear Fuel, 1981).
J O

Table 15 US Production costs (19 80 Dollars)

Operation type

Open p i t

Underground

In-si tu leaching

Phosphate byproduct

Range of costs ,
(US$/lb U3Og)

20-32

24-35

22-30

23-33

Ref: DeVergie and others (1980)

The US industry is rather unique in that a number

of small independent mines are grouped around a few large

mine/mill complexes. The ore from the small mines is either

sold to the mill or milled on a toll basis. The small mines

can therefore obtain the cost benefit from the high throughput

*A typical medium size US underground mine/mill (1090 tonnes ore/day)

1
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mills. However, the small mines are, in general, high cost

producers and are the first to close if prices fall.

Canadian costs should be comparable to the lower

US values as the major current production is obtained from

large underground mines adjacent to large mills. Costs for

existing producers in Canada and the US are steadily increasing

due to deeper mining and lower grade ore. Average grade in

the US has fallen from 0.20 per cent U 30 g in 1970 to 0.12 per

cent in 1980 (USDOE,1981). Average grade in Canada was 0.10

per cent in 1978 (OECD,1979).

South African costs are difficult to deduce. The

uranium is recovered either as a by-product from the treatment

of gold ores or by re-treatment of old gold tailing dumps.

Examination of gold mining company financial statements and

the recent comments by company directors would suggest the

South African costs are currently above $20/lb U,0„. New and

expanded production was financed against firm contracts.

Surplus production above the level of these sales was being

sold at spot prices above US$40/lb U,0o. As the spot price

fell below $30/lb U_0_, this production was stockpiled.

The French mines are mainly government owned and

operated, being originally developed for defence requirements.

Thus costing is subject to non-commercial accounting. The

mines and mills have operated for over 10 years and capital

costs should be amortised. However, they are subject to the

same escalating cost factors being experienced in North

America - deeper mines, lower grades and increasing real costs

for labour and consumable supplies. Besse (1981) has announced

chat COGEMA is to reduce production by 20 per cent as a result

r
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of falling prices. This would suggest that French costs are

above those in North America and Prance prefers to import

additional uranium rather than subsidise domestic production.

The newer producers and potential producers in

Australia, Canada, Gabon and Niger are relatively of low cost

(<$20/lb U_0 o). They have large high-grade ore bodies that are
3 8

close to the surface and minable by open-pit methods. A common

cost factor for these new producers is their remoteness. This

requires expensive infrastructure and transport.

The Rossing mine/mill in Namibia is the largest

producer in the world and although of very low grade (0.03%)

it has obtained the benefit of very high throughput and current

technology. A significant part of its capital cost was

expended prior to the rapid escalation being experienced by

newer projects. Also a major part of infrastructure and labour

costs relate to the lower living standards of the black work-

force. Rossing costs are therefore also likely to be below

$20/lb U-0o.

Figure 7 is my assessment of the relative costs for

the major production centres of the world, based on available

data. Production costs, however, are not a fixed value for

any producer but are optimised. All producers can change

their costs by varying one or more of its components. These

include reduced production levels, raising cut-off grade of

ore ("high-grading"), modifying milling, etc.

5.5 Pricing

The price of yellowcake has experienced two major

cycles in the period 1943-1980 as shown in Figure 8. The

first rise and fall (1943-69) was the result of US and UK

defence contracts (Warner, 1976; Radetzki, 1981).

1
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5.5.1 Government Contracts

The US was the major buyer and, together with

imports, the US Government encouraged domestic exploration

which resulted in major new discoveries and the rapid

development of production. By the early 1960's, the US had

overtaken Canada as the major producer and world production

capacity exceeded defence requirements. The average price of

Australian sales in this period was US$12/lb U.,0,,. (Warner,

1976).

The US Government did not renew foreign contracts

and to assist domestic producers, placed an embargo on imports

and stretched out existing domestic deliveries. The high

prices and loan advances by the US/UK Governments on earlier

deliveries had allowed rapid amortisation of production

facilities. In the US the prices for the stretched oub

deliveries were reduced by the US Government to US$8/lb U,0
3 o

by 1964 and US$5.54/lb U30g for the final deliveries in 1971

(USDOE, 1979).

During the transition period (1962-72) from

Government to commercial demand, US and non-US high cost

producers closed down, being unable to compete in the market.

The few remaining non-US producers were financially supported

with a stockpiling policy by their domestic governments. These

purchases were at cost of production. In Canada, this was

about Can$5.45/lb U 30 g (Runnells, 1973).

5.5.2 Commercial contracts

The second rise and fall (1972-80) can also be mainly

explained as the result of US Government policies. The US

Government announced in 1972 that it had a surplus of 50,000

short tons U ^ (38,500 tonnes U) . US forecasts of nuclear

~l
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power growth at that time suggested that there could be a

shortage of enrichment capacity in the 1980's. To ensure

adequate supplies of enriched uranium and encourage expansion

in yellowcake production, the US Government introduced the

split-tails policy. The US enrichment plants were operated

at tails assays above 0.25 per cent uranium -235 while

customers were only required to provide uranium feed to meet a

tails assay of 0.2 per cent uranium -235. In addition, the US

plants pre-produced stocks of enriched uranium to meet the

forecast shortfalls. Thus the US stockpile was converted into

enriched uranium and tails rather than .used to regulate price

in the 1970's.

To ensure the capital investment and financial

viability of the forecast need of additional enrichment

capacity, the US Government required utilities to enter firm

lon-g-term enrichment contracts. These contracts were

committed 10 years in advance of initial delivery. Utilities

were also required under the terms of the enrichment contracts

to deliver uranium to the US Government enrichment facilities

well in advance of the normal period. This was known as the

"early feed" policy and assisted the US enrichment plants to

pre-produce enriched uranium. These US enrichment policies

had a marked effect on the uranium market. Utilities were

forced to obtain uranium requirements many years in advance of

their normal purchasing policy.

Radetzki (1981) has made a very detailed study of

uranium price movements and concludes that US policies on

enrichment and the delays in reprocessing of spent fuel both

added substantially to demand and thus the price rise after 1973.
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Radetzki (1981) also claims the price rise was

influenced by the existence of the "International Uranium

Cartel"*. The rapidly expanding nuclear power industry that

was apparent in 1970 showed that the depressed uranium market

should soon recover. Westinghouse Electric (the major

nuclear reactor manufacturer) however, affected demand by

guaranteeing uranium supplies to US and non-US customers but

only contracting for partial supply (Denison, 1977). The

demand and price for uranium remained below expectations and

in 1972 the Canadian Government promoted the formation of

international uranium marketing arrangements (Radetzki, 1981).

The governments of Australia, Canada, France and South Africa

had been financially supporting domestic production with

stockpiling policies. It would be in their interest to

encourage an orderly development which would reduce their

financial commitments (Wall Street Journal, 1972).

The existence of a non-US producer organization was

well known by the uranium industry but its influence on

pricing is debatable (Jaskow, 1977; Lecraw, 1977). Neff and

Jacoby (1979) argued that the "Club" was attempting to raise

real prices only to US$8/lb U3
0
8- This argument is supported

by the evidence presented by Radetzki (1981). Most financial

analysts then assumed a uranium price of US$8/lb U 0 (1970

dollars) in long term assessments of the cost of nuclear

power.

Club members would be equally concerned to place

the large new supplies planned from Namibia, Niger and

Australia. Thus, they would wish to maintain prices below

*The "Uranium Marketing Research Organization", or more commonly referred
to as "the Club".
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the level at which high-cost producers in the USA would be

encouraged to re-enter the market, ie., below $15/lb U30g in

1975 dollars (Radetzki, 1981). A joint Canadian Government-

Denison Mines Ltd. stockpile and all available non-US

production, including future supply from Namibia, was committed

by 1975 at prices below US$15/lb ^Og.

Any influence the "Club" may have gained was

overtaken by governmental policies and the inflationary

effects of the 197 3 oil price rise. in addition to the US

enrichment policies, the Canadian*, French and South African

Government stockpiles appear to have been retained for future

domestic use. Australia's delay in production and the use of

its stockpile to only honour existing commitments also

limited supply and influenced price (Neff and Jacoby, 19 79).

It is noteworthy that the Club members do not

appear to have obtained significant financial benefit from

their activities. In attempting to regulate prices below the

level that would attract higher-cost producers, the "Club" was

committed to firm prices that were quickly eroded from 1974

by inflation.

Buyers accepted cost inflation as a justifiable

case for higher price but the "Club" producers were forced to

accept re-negotiated prices that were well below the level of

spot prices {Radetzki, 1981). In Australia, Mary Kathleen

Uranium Ltd. (MKU) suffered financial losses for several

years, mainly as the result of honouring low price contracts

*This stockpile was made available in March 1981 to Eldorado
Nuclear Ltd., a Canadian Crown Company. It is to be used
as collateral to assist Eldorado in its commercial borrowing
for planned mining expansion in Saskatchewan.
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in 1976 (MKÜ, 1977).

It is an unfortunate fact that commodity analysts

continue to confuse the spot price reported by uranium

brokers with the mean price paid by buyers. Most other

commodities are traded on the basis of current market price,

e.g. London Metal Exchange. The majority of uranium sales are

long-term contracts. In the period to 1972, these were at

fixed prices or a base price plus escalation of the operating

cost component. Spot price sales represented about 10 per

cent of deliveries.

As producers had major commitments to long term

contracts at relatively low prices, they required strong

financial enducements to increase production. To increase

average price in the short-run, producers required a

relatively high price for the small quantities available for

spot sale. Thus the "market price" for uranium rose at an

average rate of US$1.25/lb U,0R per month to meet buyers

demand, from US$7/lb U_0o in January 1974, to US$40.50/lb U_0o

J O Jo

in March 1976- The price for new long term contracts had to

be high enough to raise average delivery price above the long-

run marginal cost of production. This price was required to

be guaranteed with a floor price escalated for increases in

production costs. Buyers were also required to make advance

payments to finance new production capacity. Thus most major

utilities could now have a mix of low price contracts dating

from the early 1970's, together with more recent contracts

near to spot price and some spot price deliveries.
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The Euratom Supply Agency of the European

Community (1980) reported three sets of prices for 1979

deliveries:-

(i) below US$30/lb l^Ogfor contracts

concluded or re-negotiated before 1978;

(ii) above US$40/lb U,0 for contracts

concluded or re-negotiated after 1978;

(iii) an average of US$44.5/lb U30g for spot

price which represented 10 per cent of

deliveries.

The US Department of Energy (USDOE, 1980 ).reported

a mean value of US$23.85 for 1979 deliveries (ex spot

deliveries). A major Canadian producer, Rio Algom Ltd. (1980)

reported average sales at Can$28.82./lb U30„. The US survey

showed 39 per cent of contract prices in 1979 were below

US$15/lb U^0o. This was off-set by 24 per cent of prices being

above US$40/lb U 30 g. The USDOE survey also showed that

utilities still expected to pay less than US$15/lb U,0 for

2800 tonnes U contracted for delivery in 19 851

Spot prices have fallen about 40 per cent to

US$25/lb U..0 in January 1981. This is about the level that
j o

US utilities expected to pay on average for long term

contracted deliveries in 1980 (USDOE, 1980). Many low-price

contracts are now approaching the end of their terms (e.g. 10

year contracts) and producers are seeking renewal. However,

utilities are amassing ever increasing inventories of uranium

as their nuclear programs continue to be delayed. Utilities

are therefore withdrawing from the spot market and several are

engaging in trading (USDOE, 1980 ). It is therefore to be

expected that the spot price would drop to the level of average
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sales or below. Utility trading has the potential to reduce

the spot price to US$20/lb U30 even after allowance for

interest charges. Some surplus inventory would have been

purchased well below this level, as shown in the USDOE survey.

Australian, Canadian and Niger uranium export prices

are all subject to government approval. Potential low-cost

producers in these countries are seeking markets in a period of

falling prices. There will be strong pressure on the

responsible governmental agencies to allow export at prices

significantly below levels set prior to 1980. These agencies

will have to carefully weigh the national benefit of low

tonnage exports at past price levels against possible higher

tonnage at much reduced prices. They could also delay approval

to mine and sell to potential producers eager to seek markets.

5.6 Supply-Demand Balance

The assessment of market trends in the longer term

depends on the progress with nuclear power programs. In the

shorter term there can be, and have been, distortions due to

governmental policies and optimistic forecasts for nuclear

power. As described in Section 3, a forecast based on a

judgement of the rate of installation of the presently committed

nuclear plants is more realistic than econometric forecasts or

those based on projections of past rates of growth.

Data on world uranium production, together with the

output on commitments and requirements computed by the F MARKET

program provides the trends in the supply, forward purchase and

requirements for uranium. Table 16 gives my judgemental

assessment of future production based on data for current,

under construction and planned uranium production by country,

1
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including production costs, future prices and forward purchase.

Table 16 Estimates of future uranium production

(tonnes U)

Country

USA

Canada

South Africa

Namibia

Niger

France

Gabon

Others

Sub-total

Australia

Total (rounded)

1980

16 ,800

6,800

6,000

4,200

4 ,000

2,000

1,000

500

41,300

1,560

43,000

1985

12,000

10,000

4 ,000

4,000

5 ,000

1,500

1,000

1,000

38,500

6,000

44,500

1990

12 ,000

12,000

4 ,000

4,000

6 ,000

1,500

1 ,000

1,500

42 ,000

12 ,000

54 ,000

In studying the market, the US and non-US position

is considered separately. This is because the US has been

largely self-sufficient and on balance a nett exporter. The

non-US market is further sub-divided by also considering Japan

alone.

5.6.1 The US Position

The past investments by utilities in the procurement

of uranium has been based on forecasts of a higher rate of

growth in nuclear power than is now apparent. This procurement

policy was exacerbated by the enrichment policies of the US

Government.

The utility attitude has been to forward purchase

about two years requirement. If this policy is maintained, it

will need the procurement of inventories of about 36,000

tonnes U in 1985 and 40,000 tonnes U in 1990 on a national

basis based on the F MARKET computations.
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The ÜSDOE (1980.) survey suggests that the

utilities have a large procurement policy which could result

in excessive inventories by 1985. The survey also showed that

utilities plan to maintain annual purchase quantities between

1980-90 at the level of 17,700 tonnes U per year. This would

require the purchase of about 58,000 tonnes U in addition to

existing commitments for delivery between 1980-90. Also, this

level of annual purchase (17,700 tonnes U/year) is well in

excess of current US production at 16,800 tonnes U/yr

(USDOE, 1981) . As has occurred in past annual surveys by

USDOE, utilities will reduce future procurement as their nuclear

construction schedules are again stretched out.

The US uranium industry has the potential to

increase capacity to about 20,000 tonnes U/yr by 1985 and to

25,000 tonnes U/yr by 1990 (CONAES, 1978). These levels would

be more than adequate for utility demands and are unlikely to

be attained in my judgement. Inventories held by utilities

already exceed 40,000 tonnes U and some utilities are trading

surplus holdings (USDOE, 1980 ). The sharp drop in spot price

in the past twelve months has caused several existing and

planned producers to re-assess their future programs. Thus

although utilities may reduce their procurement policies,

producers are already reducing production.

The most likely trend of supply/demand in the USA

is therefore shown in Figure 9. It is based on the following

assumptions:-

(i) Utilities will engage in trading surplus

inventories during 1980-83 to meet the

requirement of individual utilities in

deficit;

~1
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(ii) total procurements will rise to 18,000

tonnes U/yr between 1980-90 but only 12,000

tonnes U/yr will be from domestic producers;

(iii) the US uranium industry could be operating

at only 75 per cent of capacity.

5.6.2 The non-US position

To a lesser degree, delays and cancellations have

also occurred in the nuclear power programs of the non-US

countries. In Italy, Japan and Spain, current forecasts of

installed capacities for 1990 are only about one third of the

predictions made in the early 1970's. The cancellation of

programs such as the one in Iran however, are balanced by the

rapid developments in the Republic of Korea and Taiwan.

Figure 10 compares my forecast of Japanese uranium

requirements with known commitments*. These commitments could

lead to inventories of 45,000 tonnes U by 1985, equal to over

8 years forward requirements. About half of the aggregate

inventory would be held by the Tokyo Electric Power Co.

It is difficult to see the need for any additional

deliveries to Japanese utilities before 1990. However, the

national policy is to maintain large security stocks of

imported commodities whenever possible. Large inventories of

uranium are possible since being very dense they occupy a small

volume and represent only about 15 per cent of nuclear power

costs. Figure 10 therefore includes the additional purchases

for those utilities that could be in deficit. The utilities,

other than Tokyo Electric, would then average four years

forward purchase which would be in accord with Japanese policy.

*As assessed from available information and entered as data for the
F MARKET program.
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Figure 11 shows the non-US position (including

Japan) based on the following assumptions for supply/demand:-

(i) the reduction in output or closure of some

production facilities to accommodate new

lower-cost production;

(ii) overall production levels will increase with

rising demand and will tend to have about

10 per cent surplus capacity;

(iii) utilities will maintain a two year forward

inventory (four years in Japan).

On a world-wide basis, the supply demand balance is

strongly in the buyer's favour, at least to 1990. As a legacy

of past procurement policies that were based on a continuing

very high growth rate (12%) for nuclear power, most utilities

have existing commitments to purchase that are in excess of

requirements until about 1983, i.e. three years forward supply.

The committed production capacity of the world is

sufficient to meet any likely procurement program to 1985.

Producers and utilities are only recently becoming aware of

the need to adjust to the real trend of reduced nuclear growth.

There will be a continuing re-assessment particularly by

producers and potential producers on the need for additional

capacity.

Some producers with firm plans (and commitments)

will defer expansion, reduce production and/or build stockpiles

in order to bring supply/demand back into balance.

Several utilities are trading surplus inventories

and thus reducing the need for new capacity and the demand by

the few utilities that require additional short-term supplies.

Current plans for new production facilities will

f



70 ,

45

40

35 -

30 -

CO
ui o c

z 25
o

CO

1 20
»—

IS

10 -

-

NON-US
>

PRODUCTION CAPACITY^ '

•

REQUIREMENT,,^

....... i. i i i i

ê

m

s "

m

w . • " EXPORT

. • " ' * TO

* \

COMMITTED SUPPLY

1 1 1

SURPLUS

CAPACITY
•

• • -••

POTENTIAL _,.*

CONTRACTS

5 -

1980 1985

YEAR

1990

1

FIGURE 11 NON US POSITION-URANIUM SUPPLY AND DEMAND



71.

not be fully realised until at least 1990; a delay of 'five

years on producer's plans. In this period of forecast surplus

capacity and marginal price levels, higher cost projects will

be delayed indefinitely.

5.7 The Potential Market for Australia

The forecast of a decreasing rate of growth in the

requirements for uranium, together with the estimate of future

production capacity in other uranium resource countries given

in Table 17 could present some difficulties in market entry

for potential new producers in Australia. The delay in

Australia's entry has encouraged the North American, South

African and African producers to expand and commit new projects.

The continuing delay by potential Australian producers may also

decrease their creditability in the market.

Table 17 Estimates of uranium production
and requirement

(thousand tonnes U)

Year

1980

1985

1990

Requirement

OECD*

41

65

85

.0

.0

0

Judgement* *

26.4

39.0

45.5

Production

OECD*

50

98

119

i-i

0

3

Judgement***

41

38

42

3

5

0

* OECD/NEA-IAEA "Uranium-Resources, Production
and Demand", Paris, 1979

** From Table 8
*** From Table 16 (ex Australia)

Table 17 compares the OECD (1979) and my judgemental

estimates of future production, without Australia, with

requirements given in Table 8. It is evident that supply and

requirement could by in balance, to 1985, without Australian

uranium. However, it is noteworthy that:-
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(i) past OECD estimates of future production

relate to maximum attainable capability and

have exceeded actual production by 10-40%

(ii) utilities prefer to maintain a stockpile

policy and purchase requirements two years in

advance of consumption needs (Japan 4 years)

(iii) new production is only being committed

against firm contracts.

Thus, to obtain a share of the market equivalent to

Australian production capability will require a very vigorous

marketing policy by the potential Australian producers. The

overall aims and direction of Australian Government policies

in regard to safeguards, environment, Aboriginal welfare,

National Parks and the uranium marketing guidelines could limit

the rate at which potential producers enter the market.

The attained market share may therefore be less than

the levels used as illustrated in the Second Report of the

Ranger uranium Environmental Inquiry (1977), which were 60 per

cent of the quantities given in the First Report*. Although

this would still provide major national benefits (RUEI, 1977)

it requires some degree of sequential development.

Table 18 Estimate of Australian
uranium production

i r

Year

1980

1985

1990

1995

Tonnes U

1,561 (actual)

6 ,000

12,000

15,000

*First Report (RUEI, 1976) 1985. 11,500-15,000 tonnes 0
Second Report (RUEI, 1977) 1985. 6,000- 7,500 tonnes U
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Table 18 is my judgement of the likely market

share attainable by Australian producers to 1995. The basis

of this judgement is discussed below.

5.7.1 U.S.A.

This is the major nuclear nation of the world and

represents about 40% of the total market. The USA is also the

major resources and producer nation in the world and could be

fully self sufficient.

The US market is extremely fragmented, ranging

from several very large electric utilities as buyers whose

nuclear programs individually rival in size those of many

overseas countries, to a large number of small utilities who

have formed consortia to build and operate individual nuclear

reactors.

The small US utilities have a conservative view on

the purchase of "foreign" uranium while the major utilities

tend to maintain a "buy American" policy unless the import is

at a price discount. Preference would be given to Canadian

producers and they represent the major uranium imports to the

US.

Potential Australian projects with US partners such

as Yeelirrie (Western Mining Co. with Exxon) , Jabiluka

(Pancontinental Mining Ltd. with Getty Oil) and the smaller

South Australian projects, Beverley and Honeymoon would be more

familiar to US utilities and could be favoured as sellers of

"foreign" uranium.

At present the US is a net exporter of uranium but

on present estimates is expected to be a net importer in the

1980's as the import embargo is progressively reduced. However,
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it would only require a small further reduction in demand or

increase in the 1980 level of domestic supply to reverse this

position. On the other hand ten per cent of the total US

requirement could represent 2,000 tonnes U of Australia's

uranium exports in 1990.

5 .7 .2 European Economic Community

There is a major and growing commitment to nuclear

power by the Community (Table 2) and they will represent about

30 per cent of the World market. France is the only member

with significant uranium resources. These resources will not

meet the future French requirements and Fiance will also be a

net importer of uranium in the 19 80's.

The market is highly centralized with the European

Atomic Energy Supply Agency (Euratom) responsible for the

provision of nuclear fuel. in practice, however, Euratom has

concentrated on the provision of overseas enrichment services.

Each member country has maintained national responsibility for

uranium imports and Euratom is advised on these contracts.

France has also maintained control of its domestic resources.

Within each country, the generation of electricity

(and therefore nuclear power) is controlled by a limited number

of public utilities who have established long-term supply

contracts with Canadian, South African and African producers.

All these utilities, however, will require additional supplies

for the future and express a very strong interest in the

availability of Australian uranium (Langlois, 1978; Ebright,

±911). ERA now has contracts with Belgian and German utilities.

5.7.3 Other Western Europe

This region represents about 10 per cent of the

future world market. Spain, Sweden, Switzerland and Finland

r
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have nuclear programs while other European countries are

seriously evaluating the nuclear option. Spain and Sweden

have uranium resources and production potential but still

express a strong interest in Australian supply.

5.7.4 Japan

On recent estimates, Japan represents about 10 per

cent of the total market and nationally has contracted for

sufficient uranium to meet consumption until about 1990

(AIJ, 1978).

Major contracts were only entered into by some of

the utilities who subsequently made major downward revisions

in their nuclear programs. Other utilities were more

conservative and are still expanding their nuclear commitments

and are in the market for additional uranium deliveries during

the 1980's.

The utilities have major contracts with Canadian

and South African producers and are also financially supporting

exploration and development projects in Africa and other

countries (White, 1977).

Japanese utilities have contracted for about 10 per

cent of requirements to 1985 with Australia and have expressed

interest in increasing their longer-term commitment to

Australian resources. Several utilities have given financial

assistance to the Ranger (ERA) and Nabarlek (QML) projects in

the form of equity and loan funds. These utilities have also

contracted for long-term deliveries from the projects.

5,7.5 Other Countries

These are the developing nations such as Korea,

F
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Philippines, Taiwan, etc., which constitute about 10 per cent

of the long-term market.

1 f
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6. URANIUM HEXAFLUORIDE

6.1 Requirements

The g r e a t e r p a r t of a l l uranium p roduc t ion w i l l be

converted i n t o UF,. as feed fo r the enrichment p rocess s ince
6

about 90 per c e n t of c u r r e n t and p ro j ec t ed n u c l e a r power

reactors are fuelled with enriched uranium. Thus the

requirements for UFg are closely related to those for uranium

but there is a time lag of about 9 months between yellowcake

and UF, production,o

Conversion of yellowcake to UF,, is normally a to l l
o

service which includes sampling, weighing and assaying. The

uranium producer (seller) and the electric power utility

(buyer) accept this weight and assay of uranium as the final

values for financial settlement. The above time lag is

associated with transport of yellowcake from the mine to the

UFg conversion plant; sampling, weighing and assay; and the

processing period at the UFg plant.

In the conversion process, there is a "loss" of

uranium which increases the yellowcake feed requirement by

0.5 per cent.

6.2 Production Capacity

Table 19 shows that the current world UF,. conversion
b

capacity of 48,300 tonnes U per year is produced from five

plants; three in North America and two in Europe.

The plants of Eldorado Nuclear Ltd. (Canada),

COMURHEX (France) and British Nuclear Fuels Ltd. (UK), were

originally bui l t by their respective governments for the

production of UO_, uranium metal ai.<3 US1,, for defence
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requirements. These plants used a wet chemical process for

the purification of uranium prior to the conversion to UFg

(Alfredson, 1972) . The plants were rated at a maximum of

3,000 tonnes U per year for the conversion to UFg.

Table 19 Commercial conversion plants in the world

1

Country

USA

CANADA

FRANCE

UK

Owner

Allied
Chemical

Kerr-McGee

Eldorado

Comurhex

British
Nuclear
Fuels Ltd.

Location

Metropolis,
111.

Sequoyah,
Okla.

Port Hope ,
Ont.

Pierrelatte

Springfields
Lanes.

Nominal
Present
Capacity
(tonnes
0/year)

12 ,700

9,100

5,500

13,000

8,000

After
Planned

Expansion
(tonnes U/year
and date)

12 ,700 (no plans)

9,100(no plans)

14,000(1985)

15,000(1985)

9,500(1981)

From: AAEC Annual Report, 1980

In the US, several government UF, plants had been
b

operated for defence requirements, i.e. producing UFfi for the

production of highly enriched uranium. These plants were

closed down in the early 1960's. Allied Chemical Corp. built

a 12,700 tonne U per year plant to accommodate the forecast

needs of commercial toll enrichment. The plant used a new

"dry process" converting yellowcake to UF,. without a wet

chemical purification stage (Alfredson, 1972). The dry process

gave less flexibility in the specification of yellowcake that

was acceptable to the process but had the cost advantage of a

much larger scale of throughput. Kerr McGee reverted to the

wet process for its plant. COMURHEX has used both processes

for recent production (Cahen, 1978).
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The conversion step in the nuclear fuel cycle is

generally regarded as an interface between the production of

yellowcake and the enrichment process. It is required to

accept the delays and surges in the delivery of yellowcake

and then provide UFg at the steady rate and delivery dates

required by the enrichment plants. This factor, together

with the normal down-time required by chemical process plant

for maintenance and clean-up, means that actual production is

85 per cent of design capacity (Cahen, 1978) .

6.3 Cost of Production and Pricing

Costello (1972) made a detailed study of the costs

for conversion. Capital costs were $A13 million for a 3,000

tonne per year plant and $A33 million for a 10,000 tonne U per

year plant. The current estimate for a 9,000 tonne U per year

plant to be built in Canada is about $Al00 million (AAEC, 1980)•

This suggests capital costs have remained constant in real

dollar terms.

Unit manufacturing costs were calculated by Costello

(1972) as $A1.15 per kg U for a 10,000 tonne U per year plant

and $A1.38 per kg U for a 3,000 tonne U per year plant. Toll

conversion price was $A1.73 and $A2.11 per kg U respectively.

These prices included 12 per cent (after tax) real return on

equity investment. Current toll conversion price is reported

at $A4.9-5.4 per kg U (AAEC, 1980). This suggests that

operating costs, as determined by Costello, have also only

increased with inflation.

Silver and Richmond (1972) suggested a cost/output

relationship based on the study by Costello (1972). This was

of the form -

1
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-0.16

"N 0UN
Where:- C is the production cost for a plant of

output 0 R

C„ is the production cost for a normalised

plant of output O .

A US design study of a 5,000 tonne U per year

plant predicted conversion price to have a similar

relationship (Wash, 1968).

0. -0.32
C = C (—)N V
Silver and Richmond (1972) suggested that the

minimum economic size of plant would be 5,000 tonnes U per

year. It is noteworthy that expansion steps by Kerr McGee,

British Nuclear Fuels, COMURHEX and Eldorado Nuclear have been

of this capacity or greater.

Allied Chemical has been the price setter since the

opening of its plant in 1964. The toll conversion price was

then US$2.29 per kilogram U and has increased with inflation

to US$5.4-6.0 per kg U in 1980. Cahen (1978) states that

fierce competition in the market between converters for

business has meant that contract prices have been lower than

quoted values. Although the conversion charge is a very small

component of the total cost of nuclear fuel (~1%) , utilities

have been able to use the factor of surplus conversion capacity

to contain its price.

Several utilities with surplus inventories, currently

hold them in the form of natural UF,. Thus there is the
b

possibility of inter-utility trade in UF,. This would further
b

depress the price of conversion and restrain plans for increased

production capacity.



81.

6.4 Supply-Demand Balance

The economic need suggested above to make additions

to capacity in steps of 5,000 tonnes U per year or greater has

given the conversion step a history of chronic over-capacity.

However, the greater environmental concern over chemical and

nuclear plant has increased licensing and regulatory controls.

Eldorado estimated its current expansion in capacity to

require a construction period of five years. This could how

be longer as it has recently been required to change the site

of the new plant (AAEC, 1980). Scheduling of additional

capacity could become critical by 1985. The difference between

design capacity and actual production at the 85 per cent

capacity factor given above is equivalent to a 9,000 tonne U

per year planv (Table 19).

6.5 Potential Australian Market Share

Additional UF, conversion capacity may be required

prior to 1990 on the likely demand for uranium and the

installed capacity given in Table 19 for 1985. The estimate

of sales for uranium by Australian uranium producers given in

Section 5 would suggest that a plant of 5,000-9,000 tonnes U

per year could be supported to convert Australian yellowcake

prior to export.

In practical market terms, it is not likely that all

customers for Australian uranium would prefer its conversion in

Australia. silver and Richmond (1972) identified transport

costs for UFg to a US enrichment plant as $0.64 per kg U from

Australia against $0.15 per kg U from a US plant. The transport

costs of UFg are much greater than the equivalent as yellowcake.

UF6 is transported in special 14 tonne cylinders which attract

i r
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additional transport costs compared to yellowcake packed in

standard 205 litre drums. Also a further cost is incurred in

the return of empty UFC cylinders. These costs are the
b

responsibility of the power utility and are significant when

compared to the price for conversion service.

It appears likely that utilities will not express

a preference for the supply of uranium as UFg from Australia

due to the higher transport costs. This position would be

reversed however if enrichment services were also available in

Australia. There would then be an economic enducement to site

a conversion plant in Australia.

i r
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7. ENRICHMENT

7.1 Requirements

The estimated requirements for separative work units

(SWU) to the year 2000 are given in Table 20. These estimates

are based on my forecast of nuclear power and the F MARKET

computations as described in Section 5.1.5. Requirements are

estimated to increase from 16.5 million SWU in 1980, to 33.4

million SWU in 1990 and 43 million in 2000. Table 20 also

gives the most recent estimates of the OECD Nuclear Energy

Agency (1978) and the AAEC (1980) for comparison.

Table 20 Estimates of uranium enrichment requirements
to 2000 (Million SWU)

Year

1980

1985

1990

1995

2000

USA

8.0

11.2

15.4

16.4

17.1

Western
Europe

6.5

9.9

13.2

15.6

17.4

Japan

1.9

2.4

3.6

5.2

6.5

World

16.5

24.3

33.4

38.0

43.0

World

OECD*

19

31

46

62

79

AAEC**

17.5

26.0

39.0

48.0

57.0

*OECD/NEA (1978) "Nuclear Fuel Cycle Requirements, Paris.

**AAEC (1980) Annual Report, 1979/80.

7.2 Production Capacity

Table 21 is my judgemental estimate of commercial

enrichment services supplied by the four current producers,

including imports from Techsnabexport (USSR). Japan and South

Africa are both operating small pilot plants and Brazil has

contracted with West Germany for the construction of a small

enrichment plant for domestic requirements.
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Estimated production from commercial enrichment
plants (million SWU/yr)

Producers

USA - diffusion

<- centrifuge

EURODIF

URENCO

USSR - supply-

Total

1980

10.8

-

4.0

0.4

3.9

19.1

19S5

21.6

-

10.8

2.0

3.4

37.8

1990

25.6

1.1

10.8

2.0

2.4

41.9

1995

24.5

3 . 3

10.8

2 .0

-

40.6

2000

22.3

5.5

10.8

2.0

-

40.6

7.2.1 U.S.A.

The gaseous diffusion plants at Oak Ridge, Portsmouth

and Paducah were originally built for defence requirements by

the US Government. They have been in operation (now by the

USDOE) for over 30 years and have supplied the bulk of world

enrichment services required by commercial nuclear power.

Total production, including defence requirements is over 300

million SWU. The three plants are being modernized by the

Cascade Improvement Program (CIP) and Cascade Uprating

Program (CUP). At the completion of CIP/CUP in 1983, diffusion

enrichment capacity will have been increased from 17.2 to 27.3

million SWU per year although maximum production will be limited

to 25.6 million SWU per year (Voigt and Gagne, 19 80).

Centrifuge technology has been under development in

the US for nearly 20 years and promises to reduce enrichment

costs compared to modern diffusion technology. USDOE is

also constructing a new plant at Portsmouth using this

technology. This plant is being designed to provide 8.8

million SWU per year from 8 x 1.1 million SWU per year

modules. The first 1.1 million SWU per year module is

scheduled for completion in 1988. Full production of 8.8



85.

million SWU per year is planned for 1994. It is more .likely

that centrifuge capacity will only increase to 5.5 million SWU

per year by 2000. This is due to the estimated lower growth

in US enrichment requirements.

7.2.2 EUROPE

A gaseous diffusion plant is under construction in

Tricastin, France, with a planned capacity of 10.8 million SWU

per year. At the end of 1980 the initial stages of the plant

were operating at a capacity of 6.2 million SWU per year. It

is scheduled for completion during 1981 (AAEC, 1980).

The plant is being built by EURODIF, a French company

whose shareholders are to receive a proportion of the output

corresponding to their share of the equity investment. The

shareholders represent their national nuclear program needs

for enrichment. The original entitlements were:-

COGEMA (France) 42.78% or 4.62 million SWU per/yr.

SOBEN (Belgium) 11.11% or 1.20 "

ENUSA (Spain) 11.11% or 1.20

AGIP NUCLEARE (Italy) 12.5% or .1.35 "

CNEN (Italy) 12.5% or 1.35

SOFIDIF (France/Iran) 10.0% or 1.08

10.80

The shareholding agreement provided for France to receive

a slightly greater portion of the output over the initial three

to five years of production. Iran has now effectively withdrawn

from the project and its share of the output will probably be

taken up by France. In addition France has negotiated with

Italy to obtain 8.75 per cent of the EURODIF output originally

committed to Italy.
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Two centrifuge demonstration plants each of 200,000 SWU

per year capacity were completed in 1979 by URENCO. URENCO

has shareholders representing the interests of the UK, West

Germany and the Netherlands and operates under the Treaty of

Almelo of 1971. The plants are at Capenhurst (UK) and Almelo

(Netherlands). Additional capacity is under construction to

increase capacity at Capenhurst to 400,000 SWU per year in

1983 with provision for a total of 600,000 SWU per year. At

Almelo a 400,000 SWU per year plant is scheduled for completion

in 1983. URENCO plan to eventually have capacity of 1 million

SWU per year at Almelo and also build a further 1 million SWU

per year at Gronau (West Germany). (Pink, 1980).

7.2.3 Other Capacity

Techsnabexport (USSR) is contracted for deliveries of

about 2-2.5 million SWU per year through to 1990 by utilities

in Belgium, Finland, France, West Germany, Italy, Spain,

Sweden and the U.K. The USSR is believed to operate a diffusion

plant with a capacity of about 7 million SWU per year. It is

anticipated that the expanding nuclear power of the COMECON

countries will require all this capacity from 1990 (CEA, 1980).

Japan is operating a pilot centrifuge plant which will

have a capacity of 50,000 SWU per year at the end of 1981 with

the installation of improved prototype machines. A 1 million

SWU per year plant increasing to 3 million SWU per year by

2000 has been discussed but must await technical and economic

assessment of the pilot plant (Oshima, 1980; AIJ, 1981).

Brazil is building a plant of 200,000 SWU per year

capacity to meet domestic requirements. The plant will use the

West German nozzle technology and is being built with West

German assistance. It is planned for completion in 1986.
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South Africa has a pilot plant using its own

"Helikon" or vortex technology and plans to build a small plant

to meet future domestic requirements.

The nozzle and Helikon technologies rely on

aerodynamic separation which requires very high'power

consumption and are therefore not considered to be commercially

competitive with diffusion or centrifuge technologies.

7.3 Costs of Production

The three USDOE diffusion plants operate as an

integrated complex in supplying the major enrichment

requirements of the world. In its current operation as a

commercial producer, the US Government only requires USDOE to

operate the plants on a cost of recovery basis. Thus, the

USDOE price for enrichment services could be equated with

production cost.

The US Government set a "ceiling charge" escalation

formula for commercial operations. This formula has a base

charge of $30/SWU of which $10 is a fixed cost component, $15

is escalated for power costs and $5 for labour costs.

Ceiling Charge $/SWU = 10+15x P mils/kWh +5x $L/hr
3.958 2.87

where:- P is the current power cost

L is the current labour cost

In the period 1965-1973, long term US enrichment

contracts were of the "Requirement" type. The customer was

able to nominate the quantity of enrichment service required

180 days prior to delivery. Only portion of the US enrichment

capacity was required to operate to meet the growing demand.

The enrichment charge for Requirement Contracts was based on

the capital charge (at Government bond rates) for only that
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portion of the plant in operation plus the cost of power and

other operating costs.

Figure 12 shows the change in US enrichment charges

from 1970 to 1980. As the proportion of plant in operation

increased to meet commercial contracts the Requirement charge

approached the escalated Ceiling charge. To 1974, the Ceiling

charge increased at about 7 per cent per year while the

Requirement charge increased at 10 per cent per year. Both

charges were strongly affected by rising power costs.

In the early 1970's the then estimates of the growth

in nuclear power showed that the US diffusion capacity would be

exceeded by demand in the mid-1980's (Schlesinger, 1972). In

1974 Fixed Commitment Contracts were introduced to ensure the

viability of the capital investment required to install the

additional enrichment capacity. The US Government required

utilities to enter these firm long-term contracts ten years

prior to initial delivery of enriched uranium. The charge for

enrichment services was modified to include recovery of costs

associated with committed expansion.

These costs include new capital investment, natural

and enriched uranium inventories, R and D costs of new

enrichment technologies and a contingency factor (10-15%).

These costs are levelized on a rolling ten year basis, i.e. each

year the ten year period is advanced by one year. A "risk

charge" (8.15%) is added in the computation of the Requirement

charge to allow for the variability in delivery quantities. A

deduction is given in the computation of the Fixed Commitment

charge to allow for interest on the downpayments required in

these contracts.
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The effect of the oil and associated coal price

rises since 1973 can be seen in Figure 12. Coal price rises

have had a significant effect on US electric costs and these in

turn have been the major factor in raising US enrichment charges

about 17 per cent per year in the period 1975-80.

The costs of production given above are rather

unsatisfactory in that they mainly relate to cost of recovery

on plant constructed in the 1950's and interest charges at

government borrowing rates. Table 22 compares the US Government

£ase charge for 1975 of $44.25 per SWU to a commercial value of

$73 per SWU determined in 1974 by Uranium Enrichment Associates

(O'Donnell, 1975). UEA was formed by Bechtel Corp., Union

Carbide Corp. and Westinghouse Electric Corp. to investigate

the feasibility of a new US commercial enrichment plant of 9

million SWU per year capacity based on the latest diffusion

technology. It is noteworthy that in addition to differences

in capital charges there are major differences in power and

operating costs.

Table 22 Government v Commercial enrichment^
price estimate (US$/SWU)

US Government
($1975)

Power

Other operations

Capital charges

CIP/CUP capital
expenditure

Centrifuge,R S D

Contingency(15%)

Base price

19.25

8.05

5.30

3.75

2.15

3 8.50

5.75

44.25

Uranium Enrichment
($1974)

Power

Other operations

Debt service

Reserve fund

Royalties

Return to equity

Rounded price

Associates

24.24

13.44

22.11

3.45

1.33

7 .j)6

72.53

73.00
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Table 23 shows the break-down of the USDOE'

enrichment charge for early 1980. This charge includes the

10 year levelised cost for the CIP/CUP expansion in diffusion

capacity (10 million SWU/yr) and the initial 2.2 million SWU

per year centrifuge capacity. Interest rate on capital is

only 7 per cent.

The total capital cost for a 8.8 million SWU/per

year centrifuge plant based on current technology (Set III

machines) and tendered prices was estimated by USDOE at $5,029

million dollars ($570/SWU/yr) in 1979 dollar values (Clark and

Chockie, 1979). Operating cost was $197 million per year

($22.4/SWU). The capital cost of the EURODIF plant of 10.7

million SWU per year is deduced from the 1979 Annual Report at

about $3,500 million. Portion of the plant was purchased prior

to 1979 and therefore including escalation and allowances for

working capital and uranium inventory, when the plant is

operating at full capacity, total capital requirement is

calculated to be equivalent to $480 per SWU per year in 1979

dollar values. Table 24 gives my comparison of the probable

production costs for diffusion and centrifuge technology.

It should be noted that the costs for diffusion will

continue to be affected by increases in power costs.

Centrifuge plants require only about five per cent of the power

consumption of equivalent diffusion capacity. The reduction in

power cost however may not be in a similar relationship. A very

large bulk consumer of electricity such as a diffusion plant

would receive a unit cost reduction (mil/kWh) in power cost in

comparison to the industrial category likely for a centrifuge

plant.
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Table 23 Breakdown of USDOE enrichment charges for 1980
($/SWU)

Capital charges
Interest at

(i) plant

(ii) inventory

(iii) U. feed

Depreciation

Fixed Commitment

Base charge

Downpayment
credit

7%

8.35

r 9.75

5.60

5.30

29.00

Total cost

Contingency

Base charge

Contracts

L02.40

3.45

98.95

Operating costs

lower

Other

R & D

93.10

(10%) 9.30

102.40

49

10

4

64

.35

.25

.50

.10

Requirement Contracts

Base charge

Risk factor

102

8

110

.40

.35

.75

Table 24 Estimated enrichment production costs for 1979

Costs

Capital cost

Capital charge

Power cost

Other costs

Total

Diffusion

480 ($SWU/yr)

87 (18%,30 yr)

43.2 (l.sVkWh)

8

S138.2/SWÜ

Centrifuge

570 ($/SWU/yr

112 (18%,15 yr)

6 (6*/kWh)

16.4

$134.5/SWU



93.

The capital and operating costs for a diffusion

plant are adversely affected if installed capacity is less than

nine million SWU per year. This is due to the scaling factors

involved for this type of technology. The optimum size for a

centrifuge plant however is one million SWU per year. Larger

capacity plants are the replication of standard one million

SWU modules (AAEC, 1976).

7.4 Prices

Table 25 is an estimate of enrichment prices for

the current producers. The USDOE prices are published in the

US Federal Register but the EURODIF and URENCO prices are

negotiated and confidential to the parties. As shown in

Figure 12, the USDOE price is escalating 15 per cent per year

due mainly to cost increases for electricity generated by

coal-fired plant.

Table 25 Estimates of enrichment prices
(USS/SWU)

Year

1975

1980

USDOE

53.35

110

EURODIF

106

145

URENCO

100

140

TECHSNABEXPORT

43

90

The EURODIF price is also escalated by power costs.

The EURODIF pricing formulae is:-

Price - Base Priceice { 3 Operation Cost + 0.3 Labour Cost
1974 cost 1974 cost

Four nuclear power reactors (Tricastin 1-4) each of

900 MW were built adjacent to the EURODIF plant and are

dedicated to its operation. Thus the power cost is not

sensitive to increases in the cost of fossil fuel.

The operating costs for centrifuge operation are

less than half of those for diffusion (Table 24). The major



94.

factor increasing centrifuge costs is associated with

escalation in capital charges as the plant is expanded in

capacity.

At the current rate of USDOE price escalation, it

is possible that by 1985 the USDOE price, based on cost

recovery, could exceed the commercial rates of EURODIF and

URENCO. USDOE have therefore made the decision to instal no

more diffusion plants after completion of CIP/CUP in 1983.

Studies are being made by USDOE on the long-term financial

benefit of retiring diffusion capacity and replacing it with

additional centrifuge plant. Alternatively the nuclear power

program of the Tennessee Valley Authority (TVA) could assist

USDOE to contain prices by reducing the future effects of coal

price increases in power costs. The TVA is a major supplier

of electric power to the USDOE diffusion plants.

7.5 Supply-Demand Balance

To the end of 1980, the cumulative supply of

enrichment to the world, including imports from the USSR,

totalled about 163 million SWU of which USDOE produced 145

million SWU. Cumulative deliveries of enrichment service on

contracts to the end of 1980 are estimated as 130 million SWU

with producers' inventories at 33 million SWU mainly held by

USDOE.

World requirements for enrichment service to 1980

was about 102 million SWU so that utilities held about 28

million SWU as inventories. Figure 13 shows the producers,

national consumption and inventories of enrichment at the end

of 1979.

The committed and firmly planned production capacity
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of about 44 million SWU per year, is sufficient to meet the

projected annual requirements for my forecast nuclear program

to about 1990. If the plants operated at rated capacity for

the full period, the accumulated production would meet

requirements to beyond 2000. However, the excess of

production over demand (inventories) during this period could

exceed 200 million SWU by the early 1990's. This would be a

very considerable financial cost for producers to carry.

The prospect for a new producer who proposes to

enter the market before 2000 will depend on conditions which:-

(i) decrease the output of committed plants or

(ii) provide a preferred position for the new
producer which will guarantee sales.

Not all committed capacity can be identified as

being firmly contracted and there are indications that both

USDOE and EURODIF may not operate at rated capacity during the

1980's. USDOE only produced 9.5 million SWU in 1980. Current

plans, based on contracted power supplies, project production

to only increase to the maximum of 25.4 million SWU per year

in 1987. Deliveries are likely to be increased over direct

consumption requirements and utilities will hold a high level

of inventories. A more realistic assessment of supply-demand

balance should consider the conditions whereby production is

restricted in order to maintain inventoi_es within the

financial limits considered acceptable to both producers and

utilities. These committed deliveries are likely to be in

excess of requirements until about 1988. Utility inventories

would increase from the current level of about 28 million SWU

to about 100 million SWU (i.e. two to three years' forward

requirements) in 1988. Although utilities could be expected to

~1
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maintain inventories of one to two years forward requirements,

adherence to the delivery schedules on existing contracts will

lead to much higher levels in many cases. It is likely that

utilities will seek to reduce these commitments through the

deferral of deliveries or cancellation of contracts where this

is financially possible. This could aggravate the position of

producers who have excess production capacity.

For the world supply therefore:-

(i) committed capacity is sufficient to meet

demand to 1990;

(ii) capacity, if fully utilised, would meet

cumulative requirements until beyond 2000,

(iii) operation at full capacity to 1990 would

result iii excessive inventories being held

by producers and/or consumers andJ.thisj

would be financially unacceptable;

(iv) production capacity will be under-utilized

during the 1980's.

For world demand therefore:-

(i) existing contract commitments are less than

available production;

(ii) USDOE production is likely to be restricted

to only meet contract commitments and thus

minimize the further accumulation of

inventories.

(iii) the imbalance between supply-demand will

continue the utilities' attempts to seek the

deferral of deliveries or cancellation of

contracts.

The extent to which the above scenario is likely to

continue into the 1990's will be dependant on the production

levels of the 1980's and the actual growth in nuclear power.

The overall imbalance of supply-demand, however, does not
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preclude the establishment of preferred sources of supply

between countries or consortia.

7.6 Potential Australian Market Share

The share of the enrichment market which an

Australian plant might obtain will be dependant on:-

(i) the attitude of utilities to a new supplier

in their policy of diversifying sources of

enrichment service;

(ii) the strength of the^relationships between

consumers and existing suppliers of

enrichment service;

(iii) any relationship that might be made between

the supply of uranium and its enrichment;

(iv) the conditions of any association between an

Australian supplier and an overseas supplier

who is also the source of the technology

used in the Australian enrichment plant.

In this thesis the quantitative relationship

that could be made between the supply of uranium, as

yellowcake, and the provision of enrichment services is not

assessed. However, the known uranium resource and its

projected development is an inherent advantage to an

Australian enrichment supplier. The other suppliers, including

USDOE, process uranium which has been imported. Australia

could have a sales advantage in being able to offer conversion

and enrichment services together with the sale of yellowcake

so that export is in the form of enriched UFC.

Utility management generally express the view that

they favour an Australian enrichment supply because it would

allow diversification of supply. This is seen as a means to

reduce the risk of major delay to buyers and to assist them
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in containing prices and gaining more competitive terms.

Assuming Australia imports the technology for the

enrichment plant, it is implied that there will be a marketing

relationship between the parties. This is likely to be the

major factor affecting potential sales, given the overcapacity

in enrichment services described above.

The option of using Australian technology is also

available (AAEC, 1976), although this would increase marketing

difficulties. Australian supply would then be in direct

competition with all other suppliers and could be seriously

disadvantaged by the lack of technological, production and

marketing support from an established producer. The knowledge

that Australia has developed technology, however, would lend

credibility to an Australian plant using imported technology.

This could influence potential buyers to seriously consider the

option of Australian supply. It would also have a significant

influence on negotiations for technology transfer between

Australia and an overseas producer country. Credibility and

entry into the market could be difficult if the initial

deliveries on contracts could not be guaranteed against some

existing production source or inventory. This would not be

available with a wholly independent Australian project using

Australian technology.

The uranium Enrichment Group of Australia (UEGA) is

a consortia of the Broken Hill Proprietary Co. Ltd., Colonial

Sugar Refining Co. Ltd., Peko-Wallsend Ltd., and Western Mining

Ltd. UEGA recently conducted a pre-feasibility study on the

establishment of commercial enrichment in Australia and

reported the results to the Federal Government. The assessment

by UEGA of the commercial viability of an enrichment plant and
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the potential market for Australian enrichment services must

have been favourable. The government has now given approval

for UEGA to undertake a full feasibility study at an estimated

cost to UEGA of $5 million (Carrick, 1981).

On the estimates of requirements given in Table 20

and production given in Table 21, no market for a new

enrichment plant is possible before 1990. The minimum economic

output for diffusion technology is about 5 million SWU per year.

The size of market potentially available to a new plant and the

rate of growth both suggest that a large diffusion plant could

not be justified before 2000. A centrifuge enrichment plant

however could operate economically at an output of one million

SWU per year or less and could be more suited to supplying the

market growth predicted for the period beyond 1990.

The UEGA are evidently of this opinion since they

have discarded the diffusion option for the full feasibility

study. They intend to choose between the centrifuge and

chemical exchange technology. This latter technology is a

surprise inclusion and its technological and commercial

development must have been significantly advanced in recent

years.

Chemical exchange technology is under development

as a commercial option in both France and Japan. The process

depends on the small differing rates of chemical reaction by

the uranium isotopes (U235 and U238) when present in particular

organic compounds. Little has been published on the economics

of the process. Presumably, the information available to UEGA

would suggest thit recent developments now indicate that

chemical exchange technology could be competitive with

centrifuge technology.

1
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The preferred options for UEGA to follow would be an

association on centrifuge technology with USDOE, URENCO or

Japan and on chemical exchange technology with France or Japan.

These options all assume that the Australian plant would be

allocated a share in the development of the market in the

relevant country to a level which would ensure the economic

independence and viability of the Australian plant. In

addition the plant would receive technological and back-up

supply guarantees.

A major concern would be the attitude of overseas

utilities toward an Australian enrichment supplier. For

example, non-US consumers could believe that an association

between the US and Australia was not of benefit to the

objective of diversifying sources of supply. This would be

reinforced if contract terms and conditions were similar

between USDOE and the Australian supplier. This concern would

be reduced if the Australian plant was a multinational project.

In particular this would apply to Japan in its policy of

diversification in supply.

On the estimated production (and md>-3cet) for

Australian uranium given in Section 5, the maximum equivalent

enrichment services would be about 7.5 million SWU in 1990 and

about 9.5 million SWU in 2000. These levels of enrichment

services in Australia are however very unlikely considering the

known enrichment contracts and alternative suppliers.

In the light of the UEGA study proposal however, it

could be assumed that the opportunity exists, .under the basic

options available, for an Australian plant to achieve a market ,

after 1990. For the purpose of this thesis, it could be

assumed also that a maximum of 30 per cent of Australian
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uranium is exported as enriched UF by 2000, ie., a maximum of

b

2.85 million SWU. To reach this level of export requires some

prior growth. Thus it is suggested that an Australian

enrichment plant achieves sales of about 0.3 million SWU for

1990, increasing to 2.5 million SWU in 2000.

This market penetration must be qualified by the

clear assumption that the major producers between 1980-1990

(USDOE and EURODIF) maintain production levels below rated

capacity to prevent the accumulation of excessive inventories.

If enrichment requirements increase in accordance with the

estimates given in this thesis, USDOE planned capacity will be

under-utilized even in the 1990's. The US Government would

have to seriously examine the long term political and economic

implications of restricting domestic capacity expansion in

favour of new capacity in Australia and elsewhere.

If an Australian plant obtained the growth in sales

indicated (0.3-2.5 million SWU) feed requirements for Vie

enrichment plant would grow from 500 tonnes U in 1990 to 4000

tonnes U in 2000. This is a 5-10 year delay on the similar

range given by Jackson (1979). It is well below the total

potential market for Australian uranium exports given in

Section 5. It would be necessary to ensure that sufficient

UPg conversion capacity was developed to supply the enrichment

plant.



103;

8. FUEL FABRICATION

The enriched UF,. for LWR's is transported in small
o

cylinders from the enrichment plant to the fuel fabrication

plant. This may require a land, sea and air journey of

thousands of kilometers e.g. USA to Europe, Europe to Japan.

Enriched UF, will be reduced to uranium dioxide (U0o) powder

of ceramic grade for the preparation of fuel pellets. In some

cases, the ceramic grade U0_ powder is prepared in one country

and then transported to another for pellet manufacture and

nuclear fuel assembly.

8.1 Requirements

The estimated requirements for fuel fabrication to

the year 2000 are given in Table 26. These estimates are based

on my forecast of nuclear power and the F MARKET computations,

as described in Section 5.1.5. Requirements are estimated to

increase from 7,500 tonnes U in 1980, to 10,900 tonnes U in

1990 and 13,100 tonnes U in 2000. No recent estimates are

available in the literature for comparison. The estimates

include the requirements for the 10 per cent of nuclear power

reactors that are fuelled with natural uranium. These are the

Gas-Cooled Reactors (GCR) in the UK and France and the Heavy-

Water Reactors (HWR) mainly in Canada.

The requirements for the fabrication of LWR fuel are

directly proportional to the enriched UFC produced at the
o

enrichment plants but there is a time lag of about 6 months to

allow for processing. There can be an imbalance however if UFt

6
is pre-produced and a build-up in enriched UFC inventories

b
occurs.
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Estimates of fuel fabrication
(thousand tonnes)

- LWR, GCR & HWR

Year

1980

1985

1990

1995

2000

USA

2 .2

2.7

3 .2

3.6

4.0

Western
Europe

2.0

2.4

3.4

3.6

4.0

Japan

0.5

0.6

0.8

0.9

1.0

World
(LWR)

4.9

6.0

8.0

9.0

10.0

World
(GCR & HWR)

2.6

2 .8

2 .9

3.2

3.1

The fabrication of nuclear fuel is a toll service

and the fabricator warrants the fuel to an agreed performance

specification in the reactor. There is an unrecoverable loss

of about 0.5 per cent in the fabrication-process which

increases the enrichment service, UF and uranium requirements.

8.2 Production Capacity

Table 27 shows the current world capacity to

fabricate nuclear fuel is well in excess of requirements. Most

countries with a defined nuclear power program have a domestic

fuel fabrication plant. In addition, many countries with minor

nuclear programs also have facilities to manufacture small

quantities of nuclear fuel or assemble components into fuel

elements. It would therefore seem a general national policy to

encourage a domestic ability in fuel manufacture. In

conjunction with an inventory of enriched UF,-, this could
b

provide assurance on fuel supply for several years.
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Table 27 Nuclear fuel fabrication plants

Country

Belgium

France

Germany FR

Italy

Sweden

U.K.

EUROPE (Totals)

U.S.A.

Canada

Japan

India

Capacity
tonnes U/yr

300

400

150

800

600

150*

150*

60

200

400

500

2,500

1,900

900

3,300

500

1,000

2,000

200

420

490

40

24

125

Fuel type

PWR

PWR

BWR

GCR

PWR

PWR

BWR

PWR

BWR

PWR/BWR

AGR

GCR

PWR

BWR

GCR

AGR

BWR

PWR

CANDU

PWR

BWR

PWR/BWR

PWR/BWR

CANDU

•Assembly only

The major fabrication plants for LWR fuel are

either owned or part-owned by the nuclear power manufacturers

and they are licenced to those manufacturers. As the

fabricator is required to warrant the fuel, it is very

necessary that the R & D technology, design tolerances,

manufacturing techniques and fuel irradiation experience of
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the reactor manufacturer is available to the fabricator.

It is evident that only the major plants in the US

and Europe.would operate near to capacity. The smaller plants

would only operate for limited periods against small orders

for particular reactors.

8.3 Costs of Production and Pricing

The cost of fuel fabrication has significantly

reduced since the 1960's. Fuel element designs have been

standardized and manufacturing techniques considerably improved.

Alder and Wright (1970) presented the results of a study on the

manufacture of nuclear fuel in Australia. The zirconium alloy

tubing, plates, grids, etc., were major cost items. This

hardware represented about 40-60 per cent of the production

cost. An indirect production cost was the allowance for

royalties and licence fees, warranties on performance, sale and

other overheads. The added value given for LWR fuel manufacture

was based on a 100 tonne U/year plant and a production cost of

about A$60 per kilogram U in 1970 dollar values. This would be

equivalent to about A$150 per kilogram U in 1980 dollar values.

Clark and Chockie (1979) gave an estimate of

production costs for a 1000 tonne U per year plant in 1979

dollar values. Capital cost was US$101 million and operating

cost US$74 million per year. Hardware represented 60 per cent

of operating cost. Total production cost, including the

indirect costs given above, would be about US$120 per kilogram

U in 1980 dollar values.

The values of A$150 per kilogram U and US$120 per

kilogram u are in reasonable agreement assuming the normal

effects of scaling in size. These values would represent the
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likely production costs for a small domestic plant and a major

US or European plant respectively.

Pricing of fuel fabrication can be very variable.

Obviously a power utility would wish to obtain full warranties

on a new reactor. Therefore fuel fabrication would be

contracted with the plant owned or licenced by the reactor

manufacturer. The fabrication plant will take full advantage

of this factor and obtain a relatively high price for the

initial fuel loading into the reactor. The price may then be

less for reload fuel particularly if a contract is obtained

for several years fabrication.

In a free market and with surplus capacity, the

small domestic plants would not be profitable in competition

with-the large plants due to the effects of scale. In addition,

the large plants are able to minimise hardware costs. As a

major purchaser of the special zirconium alloy tubing and other

sections, a large plant can obtain a cost differential.

Westinghouse has invested in a tube mill to ensure this cost

benefit.

A small domestic plant relies on the national desire

for diversity in supply and fuel independence to gain contracts.

These tend to be reload or part-reload requirements for

individual reactors and at contract prices above those for

large fuel fabricators. However, a small plant may be idle for

extended periods between contracts.

8.4 Supply and Demand

As described above, there is currently excess

fabrication capacity to meet demand. Fabrication plants can be

built in 1-2 years against more than 7 years for a nuclear power

1
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reactor. Thus, there is ample time to expand fabrication

facilities, if necessary. It is likely that most countries

with a developing nuclear program will encourage the

establishment of domestic capability for full fabrication in

the interests of security of supply. Importation will be

mainly from the large US and European plants.

8.5 Potential Australian Market Share

It is difficult to claim a market for the

fabrication of LWR fuel in Australia for export. It may be

possible to build a small plant to supply South-East Asian

countries, in conjunction with enriched uranium supply.

However, the plant would suffer from the penalties of small

size., licence fees, warrantee insurance on performance and

the imported costs for zirconium alloy tube and sections.
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9. REPROCESSING

The annual discharge of spent fuel from a

l,000MW LWR contains about 30 tonnes U, 1 tonne of fission

products, 250 kg of plutonium and about 30 kg of other

transuranium elements - americium, curium and neptunium.

The reprocessing of LWR fuel has not reached full

commercial application. Technical problems led to the closure

of all reprocessing plants in the US and Europe in 1973-74.

Reprocessing is subject to major political as well as technical

and economic constraints. The US has exerted strong influence

on the world to defer reprocessing indefinitely since recovery

of plutonium could be misused for military purposes. However,

countries with limited uranium reserves such as France, Japan,

West Germany and the UK are developing the FBR which relies on

reprocessing plutonium fuel for its long-term operations.

These countries are all seriously interested in developing

reprocessing capabilities to recover uranium and plutonium

from LWR fuel. The uranium can be enriched, fabricated into

fuel and recycled in LWR's. The plutonium can also be recycled

by mixing with enriched uranium fuel in LWR's. Alternately, it

may be stored for eventual use as fuel in FBR's.

9.1 Requirements

The estimated quantities of spent fuel to be

discharged from the world's power reactors are given in Table

28. The quantities are 4,700 tonnes U for 1980, 9,600 tonnes U

for 1990 and 12,100 tonnes U for 2000. The estimates are based

on my forecast of nuclear power growth and the F MARKET
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computations described in Section 5.1.5. The spent fuel

discharged from the natural uranium reactors (GCR and HWR) are

shown separately.

Table 28 Estimates of spent fuel discharge - LWR, GCR & HWR
(thousand "onnes)

Year

19'0

1985

1990

1995

2000

USA

1.3

2.1

3.1

3.4

3.6

Western
Europe

0.5

1.7

2.6

3.3

3.5

Japan

0.3

0 .E

0.6

0.8

1.0

World

(LWR)

2.2

4.5

6.6

8.2

9.1

World
(GCR & HWR)

2.5

2.7

3.0

3.1

3.0

There is currently a growing inventory of spent LWR

fuel in the world. It is necessary to allow this fuel to

remain in "cooling ponds" for at least several months to let

short lived fission products decay away. The ban on

reprocessing in the US and delays in building reprocessing

plants in Europe, has meant that spent LWR fuel is likely to

reside in storage for many years.

In the case of the fuel from GCR's however, there

are no delays. Reprocessing plants were built in the UK and

France during 1950-60 to recover plutonium for defence purposes.

These plants are still in operation and recover plutonium from

commercial GCR fuel for eventual use in PBR's. The technology

and experience from this work is being utilized for

reprocessing LWR fuel.

9.2 Production Capacity

There is a 1500-2500 tonne U per year plant in the

UK reprocessing GCR fuel and two smaller plants in France
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(800 and 1000 tonne U/year). There are only two small plants

at present reprocessing LWR fuel. Cogema (France) is operating

a plant at 200-250 tonnes U per year although it was designed

for 400 tonne U per year (AAEC, 1980). PNC (Japan) has a plant

designed for 200 tonnes U per year. This plant has only

reprocessed about 100 tonnes of LWR fuel in three years due to

equipment problems and restrictions imposed by the US

Government. US approval is required for reprocessing US source

fuel. India has a non-commercial 100 tonne U per year plant

for domestic LWR fuel.

There are plants under construction in the UK (1200

tonnes U/year) and France (800 tonnes U/year). Additional

capacity is being planned for France (800 tonnes U/year), West

Germany (300 tonnes U/year) and Japan (1200 tonnes U/year).

A partly completed plant in the US (Barnwell, 1500

tonnes U/year) appears unlikely to be licensed and will

probably be converted to store spent fuel. The USDOE has

plants recovering plutonium for defence purposes but they are

non-commercial.

9.3 Costs of Production

Clark and Chockie (1979)suggest that a plant of 1,500

tonnes U/per year capacity would have a capital cost of about

US$1500 million in 1979 dollar values. This estimate is mainly

based on data provided to an International Nuclear Fuel Cycle

Evaluation (INFCE) Working Group (1978). A Japanese study

suggests that a 1200 tonne U per year plant could cost US$3

billion (AAEC, 1980).

Since there has only been limited reprocessing of

LWR fuel, production costs are subject to uncertainty.

Reprocessing costs are likely to be a significant cost item
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since the operating plants have each had operating difficulties

that have either caused a shut-down for major repair or reduced

through-put of spent fuel. It will be the credit for recovery

of uranium and plutonium that will make reprocessing

economically viable. Economically this benefit may be a

negative value if the recovered plutonium is stored for future

use in FBR's and its future value discounted for the period of

storage.

9.4 Supply-Demand Balance

As described above, supply of reprocessing services

is well below the quantity of spent fuel being discharged from

nuclear reactors. On current construction and future plants,

it is likely that spent LWR fuel will require to be stored for

long periods of time (5-10 years) before being reprocessed

There is an increasing demand for "away from reactor"

spent fuel storage.

9.5 Potential Australian Market Share

A large and growing potential market for reprocessing

spent fuel is available to Australia as it is to any other

country prepared to offer this service. The current trend,

however, is for Japan and the European countries, France, West

Germany and UK to build commercial reprocessing plants. These

countries have major domestic nuclear programs and plan to

recover plutonium for later use in FBR's.

Australia's main advantage would be in suitable

siting compared to the more densely populated Japan and_:

European countries. Australia has the disadvantage of distance

from the reactor sites that discharge the spent fuel. The

transport cost for spent fuel is very high. It requires

specially shielded and cooled "casks" weighing many tens of

1
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tonnes; designed and tested to withstand major transport

accidents.

The economies of scale suggest that commercial

plants need to have a capacity of 800 tonnes U per year and

possibly 1500 tonnes U per year. The very large capital

requirement ($2-3 billion) for a plant of this size would

necessitate firm long term contracts for the full capacity in

order to attract investment. The technology and major

equipment items would need to be obtained from the organizations

supporting the Japanese and European plants. These sources

would prefer to obtain reprocessing contracts to support their

domestic capacities. Technology is also available from the US/

but this has not been supported to date with a commercial plant

although reprocessing for defence purposes has been in

operation for over 20 years.

On balance it is unlikely that a reprocessing plant

would be built in Australia in the foreseeable future. This

type of project would only be favoured if it was an

international plant built in Australia for siting reasons. The

major capital investment would therefore be foreign. The

investment would be under-written with long term reprocessing

contracts, preferably from utilities who have made an

investment in the plant.
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10. RADIOACTIVE WASTE DISPOSAL

The wastes from mining and milling are treated and

managed at the site. These wastes contain the major

radioactivity associated with uranium ore, i.e. radium 226,

radon 222 and the other radionuclides from uranium radioactive

decay (USAEC, 1972). These radioactive decay products are

separated from uranium in the milling process and are retained

in the mill tailings.

Wastes from UF, conversion, enrichment and fuel
b

fabrication, are mainly chemical in form, contain little

radioactivity and are also treated and managed at the plant

site.

In the nuclear industry a relatively large volume of

solid low-level radioactive waste is generated from the

disposal of contaminated clothing, tools, equipment, etc. This

waste is compacted and sealed in drums. Several thousand

tonnes per year have been dumped into the Atlantic Ocean under

international supervision at depths of 4500 m(RUEI, 1976).

These forms of waste are also buried on land. Low-level

liquid and gaseous radioactivity is diluted and dispersed into

the biosphere.

Large quantities of radioactive products are

generated in a nuclear reactor through the fission of uranium

(and plutonium) atoms. Over 99.5 per cent of this radioactivity

is retained within the fuel and its metal sheath.

Spent fuel containing the major radioactivity is

allowed to "cool" for some time (>12 months) to allow the
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short-lived radioactivity time to decay. A large part of spent

fuel is being indefinitely stored at the reactor sites.

Eventually the spent fuel is to be reprocessed to recover

uranium (and plutonium) or permanently stored away from the

reactors.

Reprocessing spent fuel produces very highly

radioactive liquid waste. This consists of a nitric acid

solution containing about 0.5 per cent of the uranium (and

plutonium) from the spent fuel and all the other transuranium

elements and fission products. The annual discharge of spent

fuel from a 1,000 MW LWR generates about 33 cubic metres of

high-level liquid waste.

The long-term policy is to convert this high-level

liquid waste into solids and incorporate them into glass or

ceramic blocks. These blocks would be encased in metal

canisters and buried in deep, dry and stable geologic

formations (Costello, 1978) . There are many rock formations

that have been stable for hundreds of millions of years. It is

very highly probable that waste would remain sealed in these

rocks while decaying to levels comparable to uranium ore. It

has been calculated that the hazard potential of waste would

be less after 1,000 years than that of an equivalent mass of

uranium ore (NRC, 1976).

Many people are concerned over the potential hazards

associated with planned high-level waste disposal. However,

mill tailings are orders of magnitude greater in volume, and

the total dose commitment to the biosphere is higher than is

likely from buried high-level waste (Connolly and others, 1979).

The public is much less concerned over the surface storage or

shallow burial of mill tailings than the deep burial of

1
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encapsulated waste in sealed geologic formations.

10.1 Discharge Quantities

10.1.1 Low-level waste

It is difficult to quantify this form of waste, since

it is also associated with non-power nuclear activities, such

as medical and industrial applications of nuclear energy. Past

records of waste generation by countries with major nuclear

power programs, however, suggest that 20 drums of low level

waste per year are generated for every tonne of nuclear fuel

(USDOE, 1978b). On this basis the world generated about 95,000

drums in 1980 and will generate 190,000 drums in 1990 and

240,000 drums in 2000. The majority would be buried within the

borders of each nuclear country or dumped in the ocean. There

is rising concern over ocean dumping and many countries have

limited land areas suitable for waste burial, e.g. Netherlands,

Japan and Switzerland.

10.1.2 High-level waste

Table 28 shows the annual and cumulative discharge

of spent fuel in the world. This fuel will be either:

(i) stored above ground until "cool" enough to be

encapsulated and stored deep underground; or

(ii) stored above ground until "cool" enough to be

reprocessed. The waste from the reprocessing

plant could be solidified in glass blocks

encapsulated and buried deep underground.

Table 29 shows the cumulative quantities of all

forms of radioactive waste from the reprocessing of spent fuel,

assuming that reprocessing is introduced on a large scale

towards the end of this century. It can be seen that by 2020

the total accumulated high level liquid waste of the world is

1
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Cumulative radioactive waste

Year

1990

2000

2010

2020

kind of
waste

LLLW

LLLW{a)

LLSH

HLLW

HLOH

HLLW

HLSW

LLLH

LLLW(a)

LLSW

HLLW

NLOW

HLLW

HLSW

LLLW

LLLW(o)

LLSW

HLLW

HLOH

ALLW

HLSW

LLLW

LLLW(a)

LLSW

HLLW

HLOW

HLLW

HLSW

LLLW,

LLSW

HLLW

HLOtf

HLLW

HLSW

kind of -
package

(£ - litre)

A00-l-drums

200-1-drums

400-1-drums

200-1-drums

200-1-drums

70-1-giass

2 m -containers

400-1-drums

200-1-drums

400-1-drums

200-1-drums

2oo-l-drums

70-1-glass

2 m -containers

400-1-drums

200-1-drums

400-1-drums

200-1-drums

200-1-druras

70-1-glass

2 m -containers

400-1-drums

200-1-drums

40ff-l-drums

200-1-drums

200-1-drums

70-1-glass

2 m -containers

number of packing

LHR

160,714

23,036

95,893

26,786

4,821

8.571

2,411

723,214

103,661

431.518

120,536

21,696

38,571

10,348

!, 933,036

420,402

L,750,045

488,840

87,991

156,428

43,995

B.357,748

1,197,857

».986,430

1.392,857

250,714

445,714

125,357

HUR

-

-

-

-

-

-

-

-

-

-

-

-

-

-

43.096

6.306

25,251

7.333

1.320

2,346

660

208,983

29,954

174.S71

34,831

6.270

11,146

3,135

units for

AGR

6.032

865

3,599

1.005

181

322

90

30,160

4,323

17.995

5.027

905

1,608

452

102,546

14.698

61,185

17,091

3,077

5,469

1,538

271,205

38.873

161,819

45,201

8,136

14,464

4,069

f inal disposal

FBR

15,340

2,199

9.153

2,557

460

818

230

87,090

12,483

51,964

14,516

2,612

4.645

1.306

486,400

69,718

290,219

81,068

•14,592

25,911

7,296

2,850,101

408,515

1,700,560

475,018

85,503

151.975

42,752

total

182,

26,

108,

30,

5,

9,

2 ,

84-0,

120.

5Ö1

140

25

<i4

12

3.565

511

2.U7

594

106

190

53

11 ,687

1,675

7.0Z3

1,497

350

623

175

LLLW(a): UJW level JHquid waste (a : a-contained) f ixed in concrete
: J_ow ]_eve\ ^o l id waste f ixed in concrete
: medium level l i qu id waste ' f ixed in bitumen
: medium leve l organic waste f i xed in PVC
: high level l i qu id waste f ixed in glass-blocks
: high level so l id waste f ixed in concrete

086

100

645

348

462

711

731

464

467

477

079

213

824

606

.978

,124

jca

.332

,960

.154

.489

,432

,199

,380

,907

.623

,299

,312

From: Connolly and others (1979)
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contained in less than 650,000 blocks of glass 70£ each). High

level solid waste representing the fuel element sheaths and

other fuel element hardware and sludge from reprocessing plants,

could be encapsuled in 175,000 containers (each 2 cubic metres).

10.2 Costs

10.2.1 Low-level waste

Clark and Chockie (1979) estimate the cost of burial

at about US$11 per kg of spent fuel. To this cost must be added

the cost of transport. This cost could be relatively high if

Australia was to be the burial ground. The organizations

generating the waste would need to assess the relative tangible

and intangible costs of the available burial areas - domestic,

ocean or Australia.

10.2.2 High-level waste

Clark and Chockie (1979) estimate the direct cost of

high-level waste burial as US$51.20 per kg jf spent fuel. To

this cost must be added research and development and other

overheads of about US$35 per kg of spent fuel. Transport from

the reprocessing plant to the repository is an additional cost

which could exceed US$50 per kg of spent fuel (Clark and

Chockie, 1979) .

A major repository would contain the wastes from the

reprocessing of over 60,000 tonnes of spent fuel. The capital

cost, including mining, backfilling and decommissioning could

be US$1.27 billion and annual operating cost US$68 million in

1979 dollars (USDOE, 1978b).

10.3 Australia as a Repository for Waste

As commented above, there is growing concern over

ocean dumping of waste and several countries with nuclear

1
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programs have little available land area for burial. Australia

is a very large land mass with a small population that is

concentrated along the coastal regions. It could therefore

accommodate the small volume of low-level waste generated by

countries with limited burial areas. Suitable areas could

include worked out mines, arid regions oc areas of existing

radioactive contamination, e.g. Rum Jungle.

In common with other continents, Australia contains

several areas where underground rock formation could be very

suitable for permanent burial of high-level waste (Crook,

1977). High-level waste is of relatively low volume (see Table

29) and could readily be accommodated in one central repository

for the world. Australia could offer this repository provided

the community accepted the safety of waste disposal.

A waste management fee would be charged for the

service. In the case of low-level waste, probably one payment

would be sufficient. The fee should be at least equivalent to

the cost of alternative burial and preferably include a premium

to cover the alleviation of concern on domestic burial or

ocean dumping.

In the case of high-level waste, the fee should

consist of a major down-payment plus annual rental charges for

an extended period (centuries are possible) . The down-payment

should be at least equivalent to the cost of alternative

disposal.

The aim is not to offer cheap disposal, but a safe

central repository which meets all safety regulations and

alleviates domestic concern to the countries producing the

waste.
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11. EFFECT ON AUSTRALIAN ECONOMY

The main purpose of this Section is to describe the

effects of the mineral industries and, in particular, the

potential uranium industry on the development and distribution

of Australia's economic and financial resources.

The impact of a uranium industry on the economy

could be of importance over the next fifty years or the period

during which uranium remains an important source of energy.

This is on the assumption that significant ore-bodies of

uranium will continue to be discovered in Australia. The

industry could contribute directly to export income, capital

flows and employment. Indirect impact would include increased

imports, forward and backward linkages and taxation. The

national objective should be to maximise the benefits to

Australia.

This objective assumes that in the public sphere,

governments can separate the effects generated by specific

industries and prescribe a mixture of industries which are

more economically and socially desirable. However, the only

policy objectives which are generally debated concern the

degree of Australian ownership and the generation of new

employment.

For the past decade, the mining and ore processing

industries have been subjected to repeated parliamentary and

public debate. Economic concern has highlighted issues such

as:-

(i) the apparent escalation in consumption

of mineral products and the decline

in mineral resources;



121.

Cii) pricing domestic resources at parity

with world prices controlled by

cartels, e.g. OPEC;

(iii) mis-allocation of economic resources

in favour of the mining and

processing industries;

(iv) the appropriate level of taxation,

royalties, tariffs and economic

rent;

(v) conservation and environmental

protection;

(vi) Aboriginal land rights and

financial compensation.

Debate continues on whether Australia should have

a uranium industry, particularly on the relative costs and

benefits. This is included in the wider issue of the

so-called "resources boom" and its effect on the economy.

A related issue is the comparitive benefits of only quarrying

Australia's mineral and fuel resources for export. The

domestic upgrading and processing prior to export to increase

the level of added value and economic rent also significantly

increases the capital investment.

Some answers can be provided by an assessment of the

economic impact of energy resource industries in comparison

with that of other industries. Measures such as added value,

capital expenditures, export income and direct employment

give some answers. To obtain a more complete assessment

requires the additional supplement of measures of the indirect

and induced economic effects. These include forward and



1
122.

backward linkages and the multiplier effects on national

income and employment.

11.1 Export Income

Since the first major oil price rise late in 1973,

the real price for energy has increased relative to other

goods and services. This has meant that a net exporter of

energy, such as Australia, has benefited at the expense of

countries that are net importers of energy.

In the ten years since 1970, Australia's annual

trade balance in energy commodities has been converted from a

deficit of $100 million to a small credit. Although the price

of imported oil has risen more than tenfold, energy exports

increased at an average of 30 per cent per year in value,

being mainly the export of coking coal to Japan.

Currently Australia's net energy exports are

relatively small on a world basis being about 25 million tonnes

oil equivalent in 1979. Our resources of coal, natural gas and

uranium could project Australia into one of the major energy

exporters in the world. Exports of coking coal could increase

by 1990 to more than 45 million tonnes. Steaming coal exports

could also rapidly increase to about 40 million tonnes by 1990

from a level of 7 million tonnes in 1980. The World Energy

Conference (1978) projected that Australian coal exports would

represent 20 per cent of world coal exports by 1985; by 2000

Australia was expected to be the largest coal exporter in the

world.

Table 30 shows an estimate of the relative export

earnings from coal and the other energy fuels, including

uranium. The estimates are downgraded from the WEC (1978)



123.

projections. This is based on my previous arguments that

energy growth will not continue at the levels determined by

econometric and regression analyses (Section 3). The uranium

values assume that the level of sales as concentrate given in

Section 5 are achieved. The added value from upgrading to

enriched uranium given in Section 7 is included after 1990. It

is estimated that uranium could be equivalent to about 20-25

per cent of the future export income from coal to 2000. In 1990

coal exports could be $3600 million against uranium exports at

$800 million; in 2000 coal could increase to $4600 million

against uranium at $1250 (including upgrading to enriched

uranium). All values are in 1980 Australian dollars.

Table 30 Estimates of future Australian
exports of fuel

Fuel Exports

Coking coal
@ $50/tonne

Steam coal
@ $35/tonne

L.P.G. & Other

LNG

Uranium
@ $65/kg

Conversion
@ $5/kg

Enrichment
@ $140/SWU

Totals

1980

1980*

1510

180

420

-

ion

-

-

2210

Dollars,

1990

2200

1400

550

900

770

20

60

5900

Millions

2000

2500

2100

50

900

950

20

330

6850

* Values estimated from Australian Bureau of Statistics data.
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11.2 Imports

Historically, Australia's balance of trade has been

in relative equilibrium except during periods of world

commodity booms as occurred during the Korean War and in the

early 1970's. Exports then were at record levels. In the

latter period, the appreciation of the Australian dollar and a

general 25 per cent cut in tariffs was employed to reduce the

cost of imports. Imports then increased rapidly and the

balance of trade returned to near equilibrium.

Manufactured items, at about 55 per cent, are the

major imports. Of the manufactured items, capital goods

represent about 24 per cent of total imports. The mineral

resource and processie sectors of the economy are significant

importers of capital goods both directly and indirectly. Under

the impact of OPEC pricing, oil imports have increased from

8.7 per cent in 1970 to 13 per cent in 1980. The balance

of imports are mainly in the service sector — transport and

travel.

It has been commonly assumed that rising export

income from the predicted "resource-boom" would be absorbed

by a continuing increase in the volume and cost for oil imports,

Oil demand and, in particular, petrol consumption, appears to

be stabilizing in Australia and may even reduce under the

pressures of conservation and world parity pricing. In

addition, future OPEC price increases may only match world

rates of inflation rather than include real increases in price.

Consumption of oil products is also stabilizing world-wide and

oil production could exceed demand unless major producer

countries such as Saudi Arabia restrict production.
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Australia could thus again experience upwards

pressure on the exchange rate. In the U.K., manufacturing

industries are currently being adversely affected by the

rapid increase in the value of sterling. This increase is

the result of North Sea Oil and Gas revenues. Since in the

long-run imbalance in trade must be minimised, it implies a

contraction in the remainder of the traded sectors. The

rapid expansion of the energy sector requires restructure of

the UK manufacturing industry in particular, since it is no

longer competitive with imports.

In Australia, Stone, the Secretary to the Treasury,

has said that the rise in capital inflows and the consequent

rise in exports from the "resources'boom" will have to be met

with a substantial increase in imports. Currently, the

Government policy is to prefer to allow the exchange rate to

rise. However, as is the case in the U.K., this will

inevitably expose the domestic manufacturing sector to

increased import competition.

Economists would generally agree that the increase

in Australia's export trade, due to competitive advantage, will

be substantially favourable. However, some domestic sectors

could be net losers. It is to be hoped that Australia will

be able to restructure the industrial sectors to enhance the

economy further as a result of the resource income. The

potential uranium industry could play a significant part in

both export income and restructure with the introduction of

enrichment services. In the past, Australian policy, however,

has favoured high domestic protection from the effects of a

strong exchange rate. This protection has included both high

tariffs and the imposition of quota restrictions on imports to
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limit the volume of imported goods. If this continues to be

the preferred policy, then Australia will continue to fail to

optimise the potential gains from its increased export income

and squander some of the benefits from the development of its

mineral resources.

11.3 Capital Flow

The capital intensity required for mineral resource

development is an important issue that has attracted a

considerable amount of discussion. As an industry's output is

increased, the price mechanism determines from which other

industries the additional resources it requires will be drawn.

The expansion of a capital intensive industry requires

relatively little labour. However, in drawing resources from

the economy, more labour is released because the balance of the

economy is less capital intensive. Also other capital

intensive industries find capital is scarce and costs more to

attract. These other industries have to raise prices since

capital is more expensive which affects the demand for their

products and their output falls. Thus all other industries

are affected by the expansion of the most profitable.

In the Australian economy, the amount of capital

investment required to service the resource development is far

rare than the domestic economy can provide. Thus large

uantities of capital inflow from overseas. The resource

ndustries are seen to be more profitable than other sectors in

he Australian economy. An increased capital inflow can be

expected to seek new opportunities for resource investment.

Tnere will also be an expansion of existing resource

developments.
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The future capital investment requirements for the

resource developments has been estimated by the Department of

Industry and commerce in June 1980 at about $29 billion. On

the Department's survey, 70 per cent was described as energy or

energy related projects. The Department's estimates have been

critized by the construction industry as including mutually

exclusive projects. That is, only one of several projects will

actually be finally committed. At any time, the market will

only require a certain additional quantity of output. Thus the

projects that do not obtain sales contracts will have to delay

commitment for development. However, even a discount of 50

per cent on the survey would still represent a very sizable

capital investment over the next ten years.

The development of the North West Shelf gas field is

expected to become the major private investment undertaken in

Australia. This single project is estimated to require a

capital expenditure of about $8000 million. For a project of

this magnitude, the main portion of borrowed funds must come

from overseas. The net result on the balance of payments is

expected to be positive in nearly all years, even prior to the

commencement of major exports in 1986 (Bambrick, 1978).

The projected developments in the uranium industry

will require the continuation of the current capital expenditure

of over $100 million per year. By 1990, the progressive

increase in enrichment capacity would raise capital expenditure

to $200 million per year (in 1980 Australian dollars).

This forecast capital investment will cause

significant changes in the Australian economy. It will require

clear fiscal and monetary policies to moderate the severe
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pressures that will.occur on macro-economic balances.

11.4 Linkages

A useful measure to show the inter-relationship and

dependance between various sections of the economy is "linkage

analysis". A static model of the economy can be developed

from an evaluation of inputs and outputs for each sector and,

where possible, actual data is applied. It may then be

possible to study the impact of a change in one or more sectors

of the economy on other sectors.

A sector is forwardly linked when its output is an

input to other sectors of the economy. The aggregate of all

outputs by a sector, which are inputs to other sectors, is the

total forward linkage. Using the 1966 input-output tables,

McCulla and Stahl (1977) calculated the Canadian linkage

coefficients as 0.76 for metal ores and concentrates and 0.37

for non-metallic minerals and 0.28 for iron ores and

concentrates. Using the Canadian 1971 input-output tables,

Nickel and Others (1978) indicated a forward linkage of 0.67

for metallic ores and concentrates and 0.56 for non-metallic

minerals.

Since mineral resources are only an intermediate

input to further processing, a forward linkage coefficient

significantly less than one implies that an upgrading

opportunity has been foregone - probably due to export. The

uranium mining forward linkages could be measured by :-

(i) the number of other industries to which

it sells;

(ii) the share of the total uranium output which

is used by other industries;
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(iii) the value of uranium in the inputs used by

the purchasing industries.

The Canadian forward linkage must be close to unity.

Their uranium is either converted to UF,. prior to export or
b

processed into ceramic grade U0_. The UO- is fabricated in

pellets for the manufacture of fuel elements for the domestic

nuclear power reactors. These are of the Heavy Water Reactor

type and do not require enriched uranium as fuel.

The initial forward linkage for Australian uranium

is very low since the major part of uranium oxide concentrate

production is exported. It will require the establishment of

a UFfi conversion plant in Australia to significantly raise the

forward linkage coefficient for uranium mining. The

establishment of an enrichment plant would in turn raise the

forward linkage for the UF, conversion plant close to unity.

In general each sector of the economy that has

forward linkage to other sectors also has backward linkage to

various sectors of the economy, mainly through the purchase of

commodity inputs. Backward linkages are therefore of

importance in the analysis of the economic impact of one

sector of the economy on other sectors - particularly the

expenditure by one industry on the products from other

industries within the economy. In the case of the mining

industry, it purchases machinery and other equipment, business

services, transport, chemical products and other consumable

items. The mining industry has more backward than forward

linkage. This is especially the case for uranium mining since

uranium has only one major use.

The direct impact of one sector of the economy on

other sectors through forward and backward linkage is also
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felt indirectly by other sectors. The directly linked sectors,

in turn, are linker1 to other sectors for their inputs and

outputs. The measure ..n,. the total impact, however, not

only includes the direct and indirect linkage effects but also

the induced effect. Economically, a given output by a sector

will provide revenue to that sector that in turn will be

distributed to other sectors by direct linkage or through

wages, dividends, taxes, etc. This induced effect will be

repeated many times until the initial impact of one sector has

spread throughout the economy.

In the case of uranium enrichment, for example, not

only would it affect UFfi conversion and centrifuge manufacture

directly, it would affect uranium mining, indirectly. It

would induce effects on construction, housing, transport,

education, local government, etc. The overall impact on the

economy is the coefficient which, when applied to any income

change, will give the total effect on the area or the national

income. The coefficient is known as the "multiplier". The

greater the proportion of income that is respent within the

area of the economy at each successive movement through the

ever widening linkage, the greater is the value of the

multiplier.

Boadway and Treddenick (1977) have made a study of

the impact of mining industries on the Canadian economy. Their

examination of uranium mining and uranium processing (i.e. UF,
o

conversion and UO2 production) would suggest that the

multiplier in each caSe is at least double the direct impact.

The value of the multiplier can be restricted to its

effect on a town, a region or a state. In Canada, Saskatoon,
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the major city of Saskatchewan, is experiencing a major boom

from uranium mining. The price of commercial and industrial

property has more than trebled in value. New business activity

has more than doubled and includes major increases in hotels,

motels and shopping centres.

In any study of linkage effects, it must be

remembered that the derived model is based on a static

condition. Each sector is assumed to have all inputs and

outputs based on fixed prices and quantities. All output is

assumed sold and all inputs available in unlimited supply at

the fixed price. Also the consumer spending pattern remains

unchanged from the basic model.

In reality, the market forces of supply, demand,

competition, substitution and prices can all affect the

impact of a change in one sector of the economy.

11.5 Employment

The ability of the resource industries and, in

particular, the uranium industry to generate employment, both

directly and indirectly, is the subject of continuing debate.

The uranium industry is generally considered to be very

capital intensive. This is the case for each processing stage

of the fuel cycle with the exception of fuel fabrication. The

manufacture of nuclear fuel is a highly specialized process

which requires labour intensive inspection and quality control.

The range in values (1980 dollars) for the

investment of capital to the direct employment of labour is :-

(i) Reprocessing $2 million/person

(ii) Enrichment $1.5 million/person

(iii) Mining/Milling $1.0 million/person
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(iv) Conversion (UFC) $0.5 million/person
o

(v) Fuel fabrication $0.1 million/person

A survey by the Institute of Applied Economic and

Social Research (IAESR, 1980) suggests that the additional

employment resulting from resource development during 1980-85

will be equivalent to over $0.8 million (1980 dollars) per

person directly employed. The direct employment effect can

be misleading and the more relevant impact is obtained by

including the indirect and induced employment. This

multiplier or total impact is generally assumed to be twice

the direct employment in the resource industries. The

(IAESR, 1980) survey gave a value of 1.5 construction workers

for each production worker and then a multiplier of two for

second round employment generated by the increased demand for

goods and services, i.e. an overall multiplier of 4 per

directly employed person. Johns (1976) suggested a similar

value for uranium mining. Nickel and others (1978) quote 4.33

as the calculated value for Canadian uranium "ores and

concentrates". The Canadian study also suggests that detailed

assessment of the impact of mining in a virgin region shows

that the employment effect would exceed that for the expansion

of manufacturing industries in established regions. A mine in

a virgin region will create major infracture such as road,

rail and post facilities, airport, housing, education,

commercial facilities, etc.

Australia is experiencing a period of relatively

high unemployment yet it is difficult to attract and retain

unskilled labour in the more remote areas where major resource

developments are in progress. Of even more concern is the
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availability of skilled labour. In the past decades,

Australia has relied on the importation of skilled labour

from Europe to supplement an inadequate technical training

policy. Government funding of technical education,

particularly Federal funding has been parsimonious in

comparison to all other forms of education. In terms of

opportunity cost, however, it has the best chance of yielding

significant national benefits by raising productivity, GNP

and living standards with lower inflation.

It is now apparent that a major shortage of skilled

labour will occur during the 1980's. This shortage could

impede the rate of resource development and add strong

pressure to wage rises. It is most likely that increases in

wages to attract and hold skilled labour will flow onto labour

generally in the resource development regions. In turn, given

the rigidity of the Australian wage system, this regional

margin cannot be contained but will accelerate the growth in

wages generally throughout Australia without a corresponding

improvement in productivity.

The IAESR (1980) study argues against a crash

immigration program and an urgent general domestic technical

training policy to rapidly increase the pool of skilled

tradesmen. The study recommends a disaggregated understanding

of the overall labour demand. It considers the problem is

more likely to be the supply of skilled labour on a regional

and occupational basis rather than a national shortage. The

study does however agree that a general increase in technical

training is desirable on a national level to improve the

employment prospects of young Australians who currently have

low skills.
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12. DISCUSSION

The world nuclear power industry was experiencing a

period of very rapid expansion at the time of the major

discoveries of Australian uranium resources in 1970-73. It

appeared very likely that demand for uranium could exhaust

the then low-cost world resources before the year 2000. The

price of uranium began to rise and exploration was rapidly

increased to meet the forecast demand.

Australia was (and still is) very prospective for

the continued discovery of large additional resources,

particularly in the low-cost category. It was therefore

assumed that a very strong potential existed for the

development of a major uranium industry in Australia.

The Australian industry planned to commence mining

and milling uranium for export as concentrates from about

1976. Peko/EZ (Ranger) and QML (Nabarlek) had contracts

approved for initial export from 1977. Export income from

uranium was forecast to quickly increase and probably rival

that from wool or wheat, by 1985 (Silver and Wright, 197 6).

This income could be augmented by the investment in further

processing in Australia to the stage of enrichment. The

value of uranium exports could thus potentially be doubled.

The Ranger Uranium Environmental Inquiry and

associated policy decisions of both the Whitlam (Labour Party)

and Fraser (Liberal/National Country Party) Governments have

led to a five year delay in the development of the uranium

industry. This represents about 20,000 tonnes U from the

Ranger and Nabarlek deposits or 12 per cent of world
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cumulative production for 1976-8Q. It could be considerably

greater on the assumption that the Yeelirrie, Jabiluka and

Koongarra deposits have also been delayed in production.

Australian uranium would not have been available in

quantity prior to 1976 and thus the spot price would have

still risen to over A$70 per kilogram (US$30/lb l^Og) by the

end of 1975. The Ranger Joint Venturers submitted to the

Inquiry (RUEI, 1976) that future uranium prices for long-term

contracts would range between US$15-25/lb U30 in 1975 dollar

values. On the assumption that Australian uranium would have

been offered on these terms from 1976, it is unlikely that the

spot price would have continued to rise above $30/lb U~0

after 1975 and may have fallen. Certainly, the spot price

would not have risen to US$40/lb U 0 and remained above this
j o

value to 1980, as actually occurred.

Attempting to forecast the future price for uranium

is difficult. It is equally .difficult to assess the effect of

changed past circumstances on the prices of previous years.

The costs and benefits from the policy decisions of Australian

Governments are therefore subject to debate.

Assuming that large quantities of Australian uranium

was perceived by the market to be available to meet forecast

demand, it is most probable that uranium price movements

during 1976-80 could have been similar to those for the other

non-oil energy fuels, i.e. coal and natural gas. The long-

term price could have risen quickly and then settled back to a

level of about $65 per kilogram uranium (US$25-30/lb U-.0o) in

1980 dollar values. The delay in uranium production, on this

argument has probably cost Australia $1300 million in export
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income, since 1976.

The Inquiry (RUEI, 1977) in assessing the costs of

a delay in production took the economist's simplistic view

that a market is always available. In reality, long-term

buyers who were in the market for deliveries beginning

between 1976-80 have now obtained alternative supply at

relatively higher prices. Buyers that may have preferred

Australian uranium to improve diversity in supply and contain

price rises, have now become contracted for supply from other

producers. African, South African and North American

producers have been encouraged to increase production at

Australia's expense. In delaying entry, Australia is now

faced with market over-supply and lower prices. It is lxkely

that significant potential export income to Australia has

been delayed by at least ten years (the period of a long-term

contract). On the assumption that continued good relations

are maintained between overseas producers and their customers

(a not uncommon marketing factor), these potential customers

could now be permanently lost to Australia. If my assessment

of low future growth in the nuclear industry proves correct,

then the five year delay in entry to the market conservatively

represents a permanent loss of export income of $200 million

per year, in 1980 dollar values (i.e. 3,000 tonnes U/yr).

It is of interest to speculate the effect an earlier

entry by Australia into the market may have had on the

Westinghouse problem. Westinghouse would still have faced its

difficulty of insufficient supply to meet contracted

deliveries to its utility customers. Available market supply

would still have been limited and at prices above those

1
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contracted by Westinghouse for delivery to its customers.

However, cartel litigation would have been much more difficult

to pursue. It could be readily argued that the market price

had been initially depressed as a result of Westinghouse buying

short. The sharp rise in price from 1974 then being the

combined effects of (i) OPEC oil pricing; (ii) U.S. Government

uranium stockpile and enrichment policy decisions and (iii)

Westinghouse customers attempting to obtain alternative

supplies in the market (Radetzki, 1981).

In these circumstances, Westinghouse could have gone

into liquidation. However, the price rise would have been

less and Westinghouse probably could have obtained a U.S.

Government loan similar to that recently granted to Chrysler

Corp. The electric utilities and the U.S. Government would

not have wished Westinghouse in liquidation, leaving General

Electric as the only major electrical manufacturer in the U.S.

Delay in market entry is not likely to have had a

significant effect on further processing of uranium within

Australia. During the period 1972-80, there have been

several pre-feasibility studies on upgrading to enriched

uranium. The studies were between the Australian Government

(through the AAEC) and U.S., European and Japanese Government

Agencies. More recently, a study has been conducted by the

Uranium Enrichment Group of Australia (UEGA). All the studies

appear to have concluded that future enrichment by Australia

could be a viable industry. However, there has been little

incentive to conduct more detailed studies or make a firm

commitment to upgrading. This will only occur when overseas

consumers show a firm desire for enrichment in Australia-
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The benefits of delay are difficult to quantify

The most significant is the recognition of Aboriginal land

rights in the Northern Territory. This mainly resulted from

the recommendations of the Woodward Report and the Ranger

Uranium Environmental Inquiry. In this respect, the

Australian Government has granted comparable rights to

those already enjoyed by the indigenous people of Canada and

the U.S.A., i.e. Eskimos and Red Indian tribes. Compensation

for land use and disturbance is now given to Aborigines in

the form of cash payments and royalties. This could still

have occurred, retrospectively,- without a delay in uranium

mining.

It may thus be claimed that the delay in mining

represents a nett loss of income to Aboriginal Land Councils.

Some could argue that any additional income, such as royalty

payments, would lead to an equivalent reduction in Social

Security Benefits to Aboriginals. I would suggest that it is

of greater benefit for Aboriginals to earn an independent

income from their land, free of bureaucratic control. In

this respect it may be of more benefit to give Aboriginals an

equity share in each exploration and mining venture on their

land (plus a disturbance allowance) rather than a royalty.

It is most likely that all other Inquiry

recommendations accepted by the Government, including the

proclamation of Kakadu National Park, would also have occurred

without the need of a delay in mining. The environmental

requirements and international safeguards that have oeen

formulated are little different to those now in force by

Canada and the U.S.A.
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CONCLUSION

The potential for a major uranium export industry

in Australia, based on the known reserves and production

costs, has been established. The market share obtained by

Australia will be limited by the continuing v. orld economic

and energy recession. It is considered that the rate of

electrical growth will continue to decline in the developed

countries under the influence of lower economic and

population growth coupled with increasing real costs for

energy. World nuclear installed capacity may only increase

from 117GW in 1980 to 305GW in 1990 and 425GW in 2000.

The procurement of uranium and upgraded products has

been based on forecasts of higher rates of growth in nuclear

power. The long delay in Australia's entry has encouraged

other producers to expand and commit new projects.

To obtain a share of the market equivalent to

Australian production capability will require a very vigorous

marketing policy by the potential producers. The overall aims

and direction of Australian Government policies in regard to

safeguards, environment, Aboriginal welfare, National Parks

and the uranium marketing guidelines could restrict the rate

at which potential producers may enter the market.

The industry would mainly consist of the production

of uranium oxide concentrate (yellowcake) for export.

Production is estimated as 6000 tonnes U in 1985, 12,000

tonnes U in 1990 and 15,000 tonnes U in 1995. A proportion of

yellowcake could be upgraded prior to export by conversion to

uranium hexafluoride (UF5) and enrichment to about 3 per

cent U235.
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A plant of 5,000-9,000 tonnes U per year could be

supported to convert yellowcake to UF6. Higher transport

costs for UF6 from Australia could be a deterrent. This would

be reversed if enrichment services were also available in

Australia. There is the potential for an Australian

enrichment plant to achieve sales of 0.3 million SWU in 1990,

increasing to 2.5 million SWU by 2000.

It is considered that little opportunity exists for

the development of nuclear fuel fabrication. A large and

growing potential market for reprocessing spent fuel is

available to Australia but it is unlikely that a reprocessing

plant would be built in the foreseeable future. Australia

could accommodate the low-level waste generated by countries

with limited burial areas. High-level waste is of low volume

and a central repository for the world could be accommodated

in Australia. The fees for this waste management should

include a premium on the cost of overseas burial to cover

the alleviation of their concern regarding domestic burial.

Uranium could be equivalent to about 20-25 per cent

of Australian export income from coal. In 1990 coal exports

could be $3,600 million and uranium exports $800 million; in

2000 coal could increase to $4,600 million and uranium to

$1,250 million. The delay in the development of the uranium

industry has probably cost $1,300 million in export income

since 1976 and represents a permanent loss of $200 million

per year in 1980 dollar values.

The most significant benefit of delay is the

recognition of Aboriginal land rights in the Northern

Territory. It may be of more benefit to give Aboriginals an

equity share in each venture on their land rather than a

L
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royalty. Environmental and safeguard requirements are little

different from those of Canada and the USA. They could have

been implemented without the need to delay mining.
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