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PROSPECTS FOR AUSTRALIAN INVOLVEMENT IN THE
NUCLEAR FUEL CYCLE

EXECUTIVE SUMMARY

BACKGROUND

The availability of low cost electricity is the key to sustained economic
development Nuclear power plants are now operating in 26 countries.
Alternatives to nuclear power for those countries either do not exist or are too
cosily. Australia has 30 per cent of western world's low cost uranium (the fuel
used in nuclear power plants) reserves.

The Slatyer Report (1984) examined Australia's role in the nuclear fuel cycle and
recommended that in the interest of non-proliferation Australia should develop
new uranium mines and further stages of the fuel cycle. Four years later little of
anything comprising the substance of the report has been implemented.

PROSPECTS FOR A NUCLEAR FUEL CYCLE INDUSTRY IN AUSTRALIA

A review of recent overseas developments in the nuclear industry by the Northern
Territory Department of Mines and Energy suggests that there are market
prospects in all stages of the fuel cycle. Australia could secure those markets
through aggressive marketing and competitive prices.

Cumulative uncommitted demand for uranium to the year 1997 is estimated a!
. 175 000 tonnes, an average of 17500 tonnes a year over the next ten years.

Australia could secure a large proportion of the uncommitted demand and supply
15 000 tonnes uranium a year of by the mid 1990s. This would represent a further
$1 000 million a year in export earnings.

Cumulative uncommitted demand for uranium enrichment over the next ten years
is estimated at 37 million separative work units (SWU). The United States
Department of Energy, with three-quarters of the Western World's enrichment
capacity, has lost half of the world enrichment market since 1975 and one-third of
the US market since 1985. The door is wide open for Australia to develop
competitive enrichment. A one million SWU a year capacity enrichment plant
could be developed initially and its capacity incremented to six million SWU pa-
year.

Enrichment increases the export value of uranium by about two and a half times.
This would represent a further $3 500 million a year in export earnings.

There is little doubt that firm markets for the back-end of the fuel cycle would be
readily secured. The western world faces a serious shortage of reprocessing,
solidification and waste disposal facilities. By 1995, the reprocessing capacity



will amount to 4 000 tonnes of heavy metal a year when reprocessing demand will
be around 7 000 tonnes of heavy metal a year.

It is envisaged that a facility capable of reprocessing 1500 tonnes of reactor fuel,
if constructed, would accept wastes generated annually by about SO nuclear power
plants. The high level nuclear wastes from a reprocessing plant could be
converted into SYNROC for deep burial in Australia. This could represent a
further $2 000 million in export earnings.

NUCLEAR FUEL CYCLE AND AUSTRALIA'S BALANCE OF PAYMENTS

Uranium is Australia's greatest untapped source of revenue. Australia has
already lost, over the past decade, more than four billion dollars in revenue from
uranium exports. Currently, uranium earns around $ 370 million a year in exports
but has the potential to dramatically increase this income. With its ever
increasing foreign debt, Australia cannot afford the luxury of not taking full
advantage of its uranium supply potential on "idealistic" grounds.

Australia's crippling balance of payments situation will further deteriorate if it has
to increase its oil imports due to the expected decline in production from the Bass
Strait. In this environment it makes no economic sense for Australia to foster a
policy which precludes the development of its uranium industry.

Continued inaction will result in Australia missing out completely on a legitimate
and highly profitable industry, which is rapidly growing on a global basis and
which could provide work and development in this country as well as numerous
high technology spin-offs. These would provide a further multiplier of jobs and the
much needed export income.

A scheme, based on developing all stages of the fuel cycle, is proposed which
could increase the value of uranium by six fold. Instead of exporting uranium as
yellowcake, Australia should export fuel elements which would be leased to
overseas nuclear utilities. The spent fuel would be returned to Australia for
reprocessing and deep geologic disposal. Such a scheme would solve Australia's
balance of payments problems and ensure that no diversion of Australian uranium
to nuclear arms could occur.

AN INTEGRATED NUCLEAR FUEL CYCLE INDUSTRY
IN THE NORTHERN TERRITORY

The Northern Territory is the logical choice for establishing an integrated nuclear
fuel cycle industry. It has two producing uranium mines, two more ready to
proceed, a population which is 80 per cent in favour of uranium mining, the need to

-develop a self-supporting economy and a government with the will to pursue such
a course. Also, the Northern Territory is located conveniently for export.



Central Australia has vast desert interior which could be developed into a storage
site for nuclear wastes. It contains some of the most suitable rock formations
(suitable for geologic disposal) in the world.

By the year 199S, the Northern Territory could be well advanced in its
involvement in both the front-end and the back-end of the nuclear fuel cycle. This
would provide estimated 10000 - 15000 jobs during construction and 3000 -
5 000 jobs during operation of the nuclear fuel cycle industry. A further 20 000
jobs would be created in support industries.

RECOMMENDATIONS

It is recommended that further vacillation on the above issues must cease and the
Federal Government:

(1) re-examine its position on the Slatycr Recommendation that Australia
should develop new uranium mines and further stages of the nuclear fuel
cycle; and

(2) give its in-principle agreement to the Northern Territory to seek
expressions of interest from the nuclear industry for the establishment of
an integrated nuclear fuel cycle industry in the Territory.



1. INTRODUCTION

The availability of low cost electricity is the key to sustained economic
development. Nuclear power is emerging as a major source of electricity in the
world. It accounts for 16 per cent of the total world electricity production. In a
number of industrial countries nuclear power is responsible for SO to 70 per cent of
the total electricity generated. Alternatives (to nuclear power) for those countries
either do not exist or are too cosily.

The total number of nuclear power plants operating in the world (26 countries) is
561 units. Of those, 126 operate in the USA and Canada; 168 in western Europe;
46 in the USSR; 35 in Japan; 6 in Korea; 6 in Taiwan; 7 in India; and the remaining
132 are operated in Eastern Europe, Africa, South America and Asia.

Nuclear power is also emerging as the favoured environmental option for the
generation of electricity in the light of mounting evidence about the warming of the
earth's atmosphere (the greenhouse effect) contributed to by using fossil fuels for
electricity generation.

Australia has 30 per cent of western world's low cost uranium (the fuel used in
nuclear power plants) reserves. However, this worldwide sought-after
commodity remains Australia's greatest untapped source of revenue. The export
income derived from uranum, currently around $370 million a year0', has the
potential to dramatically increase. With its ever increasing foreign debt Australia
cannot afford the luxury of not taking full advantage of its uranium supply potential
on "idealistic" grounds.

In May 1984, at the request of the Prime Minister, an expert committee under the
leadership of Professor R Slatycr prepared a major document entitled "Australia's
Role in the Nuclear Fuel Cycle"(2). Its recommendations gave a positive impetus
for the involvement of this country in all aspects of the nuclear fuel cycle. Four
years later little of anything comprising the substance of the report has been
implemented. Continued inaction will result in Australia missing out completely
from a legitimate and highly profitable industry.

A review of recent overseas developments in the nuclear industry by the Northern
Territory Department of Mines and Energy suggests that there arc market
prospects in all stages of the nuclear fuel cycle. Australia could secure those
markets through aggressive marketing and competitive prices.

2. PROFILE OF THE NUCLEAR FUEL CYCLE

2.1 Nuclear Fuel Cycle

The nuclear fuel cycle refers to a scries of steps including the production of
nuclear fuel ("front-end" of the fuel cycle); "burning" this fuel in a nuclear power
plant; and disposing of the products after utilisation in the nuclear power plant
("back-end" of the fuel cycle).



2.1.1 Uranium

Uranium is the element from which nuclear power is derived. It is one of the more
common elements in the earth's crust. Pure uranium metal is 2.5 times heavier
than steel and 1.7 times heavier than lead. Its high density and very low level of
radioactivity make uranium attractive for many special applications. Granite,
which makes up 60 per cent of tbe crust, averages 4 parts per million (ppm)
uranium. Some phosphate rock used for fertiliser is as high as 400 ppm. Three
ppm is also present in coal on average. The relative abundance of uranium in
relation to some other elements is: uranium - 1, lead - 6, tin - 0.7, mercury - 0.04,
silver - 0.63, gold - 0.002. Uranium exists as oxide occurring in various minerals
with a number of elements. Concentrations of uranium higher than 1000 ppm are
considered as ore.

Exploration of uranium generally entails surveying by sensitive radiation
detectors carried in aircraft. After defining areas of interest, prospectors on foot
examine rock, soil and water, and use instruments to detect the natural
radioactivity of the uranium. Next step is drilling to obtain underground core
samples for analysis and to determine reserves.

2.1.2 Mining

The mining of the ore is done by conventional mining techniques. Open cut mining
is more common as most economic ore concentrations are on or near surface. The
vast majority of the hazards associated with open cut mining are common to other
mining operations. Safety in uranium, as well as some other underground mines,
is complicated by the presence of radon gas - a natural substance resulting from
uranium decaying into radium which in turn decays into radon gas The potential
hazard can be eliminated by suitable ventilation system and controls on
underground work time. Radon once vented to the atmosphere rapidly disperses.
The total amount of radon coming from all the mines in minute compared to
natural emissions from the land surface.

A typical open cut uranium mine has capacity 500 000 tonnes a year of 0.2 per cent
ore, exclusion area 1200 hectares, pit area 50 hectares. A 1 000 megawatt
electric (MWe) nuclear power plant requires 32 tonnes of fuel a year, i.e., 165
tonnes of uranium oxide contained in 82 000 tonnes of ore, requiring removal of 2.5
million tonnes of overburden.

A uranium mine produces two types of waste - rock and water. Rock from
overburden and drilling programs is deposited on the surface in regulated areas.
This rock contains usually very small amounts of uranium and radium with
negligible levels of radioactivity. Water from the natural water table and from
mining operations has traces of uranium and radium. Water may be treated with
barium chloride to remove bulk of the radium and channelled into the mill tailings
treatment system.

2.1.3. Milling

The ore is crushed and ground to a fine sand consistency, mixed with chemicals to
form a thick slurry. The uranium oxide is chemically separated from this solution



and dried. The material in this form is called yellowcake, which is impure uranium
oxide with the chemical formula U3O,. Typically, 400 to 1000 kg of ore must be
mined to obtain 1 kg of yellow cake, leaving up to 99% of the ore as waste.

The wastes in slurry form, called tailings, are pumped to man-controlled settling
lakes. Here the solids containing most of the radium settle out from the rest of
the tailings. The liquid balance may be treated in another series of man-controlled
lakes to remove the small amount of soluble radium still left in the waste and then
released or recycled into the mill circuit. A typical milling plant has a capacity of
1000 tonnes U30, a year and an area approximately 10 hectares.

2.1.4 Refining and Conversion of Yellowcake

Refining involves the removal of impurities from yellowcake in a series of chemical
conversions to take the uranium into a form suitable for further processing. The
refined product as uranium dioxide can be used directly in fuel fabrication for
natural uranium fueled reactors. However, most present day reactors require the
concentration of die naturally occurring isotope of uranium, uranium - 235 (U-235)
in yellowcake increased from its natural level of 0.7 per cent to 3 to 3.5 per cent
(enriched uranium). This entails partial separation of U-235 from the more
common uranium isotope, U-238. All commercial enrichment plants require
uranium in gaseous form, and since uranium hcxafluoride (UF6) is easily
vapourized at quite low temperatures, it is used as the feedstock for enrichment
Refined uranium trioxide is used for conversion to uranium hexafluoride.

The refining wastes contain small amounts of thorium, uranium and radium, and
are usually returned to the plant for recovery of uranium and isolation of the
chemical and radioactive impurities from the environment

2.1.5 Enrichment

Three enrichment methods are commercially available to increase the
concentration of U-235 to 3 to 3.5 per cent; gaseous diffusion based on diffusion of
gaseous UF6 through porous walls (barriers), ultra centrifuge and separation
nozzle. The last two are based on centrifugal force for separation of gaseous UF6.

Diffusion plants exploit the small differences in the average speed at which
molecules of different masses move and have been used on a large scale for over
25 years. All plants are built up from a number of enrichment elements arranged
in a cascade. For economic reasons diffusion plants must be large. A typical
diffusion plant is of 9 million separative work units1 (SWU) per annum capacity,
requiring 2500 MW of electric power. Such an enrichment plant would have feed
of 15 000 tonnes of natural uranium, producing 2 500 tonnes of 3 per cent enriched
uranium sufficient to fuel 80 large (1000 MWe) nuclear power plants.

The gas centrifuge process for enrichment exploits the difference in the mass
between U-235 and U-238. The concept is somewhat like separating cream from

1. A separate work unit (SWU) is a measure of the effort expended to separate a quantity
of uranium of a given assay into two components, one having a higher (3%)
percentage of uranium -235 and one having a lower (02%) percentage of uranium-235.



milk. The UF6 gas is introduced in a rotor (centrifuge) rotating at a very high
speed. Pressure difference created in the rotor causes the heavier hcxafluoride
molecules containing U-23S to concentrate on the periphery and the lighter
molecules containing U-235 to concentratencar the centre of ihe rotor.

A typical centrifuge is about 1 metre long and 15 to 25 centimetre in diameter and
rotates at 50 to 70 thousand revolutions a minute. It is a low output device
relative to the size of a commercial plant. Thousands of centrifuges are connected
in a special way to achieve the necessary throughput and enrichment level. A
minimum economic size plant is of 1 million SWU/a capacity.

The separadon nozzle (stationary walled centrifuge) process is currently under
development in Germany and South Africa.

Laser isotope separation (enrichment) has been demonstrated on a laboratory
scale. Canada has used lasers to produce heavy water. By using a laser (or ion)
beam to raise only atoms or molecules of the 235 species to an excited state,
leaving the 238 species unaltered, advantage can be taken of the changed physical
and/or chemical properties to effect very efficient separation. Its development for
uranium enrichment, offering the possibility of nearly complete separaUon of the
U-235 and U-238 species in a single stage, could have profound consequences.

Atomic vapour laser isotope separation process was selected by the USA in 1985
as their future enrichment technology. Considerable amount of research and
development work needs to be completed. Several potential advantages - low
costs compared with diffusion and centrifuge processes, and the ability to produce
substantial, or even complete, separation in a single operation - are claimed for
this method. The latter has implications for minimum economic plant size.

Diffusion technology is well established. It is efficient but costly, and is suited for
large throughputs. Centrifuge technology is currently the favoured technology for
new enrichment plants. It is best suited for gradual increase in plant capacity.
Laser technology may be favoured for future facilities. It is expected to be
technically ready and commercially competitive by the end of the century.

2.1.6 Conversion to Uranium Dioxide and Fuel Fabrication

Enriched UF6 is first converted to uranium dioxide (UO2) which is pressed into
high density cylindrical pellets. The pellets are placed into alloy tubes which are
welded shut (fuel rods). The fuel rods are then assembled into fuel elements,
which form the reactor core.

2.1.7 At Reactor

The irradiation of nuclear fuel in a reactor causes the uranium -235 atoms to
fission (split). The resultant heat is transferred by a coolant from the fuel
assemblies to raise steam and generate electricity.

The present world reactor market is dominated by reactors in which light
(ordinary) water is used as (he coolant. There are two main types of light water
reactors (LWR): the pressurised water reactor (PWR), in which the pressurised



coolant circulates to an external heat exchanger, generating steam in a second,
independent water circuit; and the boiling water reactor (BWR) in which steam is
produced within the reactor core. The Canadian developed heavy water reactor
uses heavy water as coolant.

Studies in future deployment of various types of reactors, based on covering the
estimated energy consumption and optimisation techniques to minimise overall
cost, suggest the fast breeder reactor (FBR) may become the dominant reactor
type.

In the FBR recycle option, new fuel elements containing recycled uranium and
plutonium are used in FBRs. The central core of uranium-plutonium fuel is
surrounded by a blanket of depicted uranium (tailings from enrichment operation)
which contains U-238. Some of the U-238 atoms arc converted to plutonium
during reactor operation. Such reactors produce more plutonium than they
consume.

Thermal (current) reactors would be used initially to establish sufficient reserves
of plutonium, with fast breeders gradually taking over, using this plutonium to
breed more plutonium from depleted uranium which the thermal reactors cannot
use. The benefit from deployment of fast breeders is that they permit utilisation of
about 70 per cent of the energy locked in the uranium compared with 1 per cent in
thermal reactors, thus safeguarding world energy supplies once fossil fuels,
especially oil, begin to dwindle. Another important role of the breeder is that it
acts as an incinerator consuming the growing stockpile of both plutonium and
depleted uranium from the reactors of the current type.

The back-end of the nuclear fuel cycle begins with the discharge of spent fuel from
the reactor which contains unused uranium, plutonium, fission products and other
heavy elements. The volume of spent fuel produced in nuclear power stations
worldwide is remarkably small considering the amount of electricity generated.
Two fuel cycle options exist:

1. In the once-through cycle the spent fuel, after a period of storage, is
conditioned and buried in a deep underground geological repository, figure 1.

2. In the recycle option, the spent fuel is reprocessed to recover unused
uranium and plutonium. Both the uranium and plutonium are used to
produce new fuel elements for reuse in thermal reactors as shown in figure
2.

2.1.8 Fuel Reprocessing and Wasle Management

Reprocessing is a proven technology which has been demonstrated on a pilot
plant basis in several countries and on a commercial basis by France and the
United Kingdom. Several other countries plan to have commercial reprocessing
plants in operation in the 1990s.

The cost of direct disposal or reprocessing options is a small fraction of the total
cost of electricity generation. At today's uranium prices there is no clear cut
economic advantage in reprocessing.



Figure 1: Once-through Nuclear Fad Cycle
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The high level wastes from reprocessing operation are incorporated into a
chemically and physically stable solid matrix for subsequent storage and
disposal in repositories. Solidification of high level wastes by vitrification has
been developed to a commercial scale in France. Solidification in ceramics
(Synroc) is being developed in Australia. Disposal in deep geologic repositories
ensures that the wastes are isolated fiom the biosphere while the radioactivity
decays to a level which no longer presents an unacceptable hazard to man or the
environment

Naturally occurring rock salt deposits known to have been stable and water free
for hundreds of million years, and for which technologies for mining and
repository construction are well established, ate one of the prime candidates for
vitrified high level waste disposal.
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Fiture 2: Reprocessing Cycle
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2.2 The Economics of the Nuclear Fuel Cycle:

A recent study of the economics of the nuclear fud cycle by OECD expert*0*
indicates that uranium, uranium enrichment, and reprocessing and vitrification are
the major cost components of the fuel cycle.

Table 1 presents a breakdown of nuclear fuel cycle component costs.

Tablet: BREAKDOWN OF NUCLEAR FUEL CYCLE COSTS

Component
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Source: The Economics of the Nuclear Fuel Cycle, OECD. Paris. 1985
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3. NUCLEAR FUEL CYCLE TECHNOLOGIES

Currently over 90 per cent of all nuclear power plants, predominantly LWRs, use
enriched uranium fuel. It is expected that this trend will continue during the next
few decades. Enrichment technology is thus an important part of the nuclear fuel
cycle which embraces all activities associated with the preparation and processing
of fuel used in a nuclear reactor. Besides enriched uranium, there are fuel cycles
based on natural uranium, thorium, and fast breeder fuels.

The uranium fuel used in LWRs requires to be enriched to a U-23S concentration
of between 2 and 4 per cent, the value depending on the particular design of
reactor and the refuelling arrangements. In general, uranium used for the initial
core loading has a lower enrichment than that used in subsequent reloads. Since
any given quantity of natural uranium contains definite amounts of the two
isotopes U-23S and U-238, it follows that the production of enriched uranium has
as its counterpart a residual material - depleted uranium (tails) - in which the
proportion of U-235 atoms is lower than that found in natural uranium.

3.1 Refining and Conversion

Yellowcake as produced at a uranium mill normally contains 70-75 per cent U,Or

Refining involves the removal of impurities from yellowcake in a series of chemical
conversions to take the uranium into a form suitable for further processing. The
refined product as U 0 2 can be used directly in fuel fabrication for natural uranium
fuelled reactors. Refined uranium trioxide is used for conversion to UF4 plants is
about 5 years. UF6 production can be considered independently of any enrichment
process as it is a commercial commodity in itself. Conversion to UF6 adds about 8
per cent to the value of uranium.

3.2 Enrichment Technologies

Many processes for separating isotopes are known and have been employed
either experimentally or on a large scale. These processes exploit either physical
or chemical differences - often very small - between the atoms or molecules of the
element whose isotopes have to be separated. The most obvious difference
between the two isotopes of uranium is their mass, although there are other
differences, only evident on an atomic or molecular scale. The processes which
are presently being used to enrich uranium on a large scale exploit the isotopic
mass difference to achieve enrichment - isolopic separation.

The diffusion process is the only isotopic separation technology proven in large
scale enrichment plants on an industrial basis. The existing plants in the USA,
Great Britain, France, Soviet Union and China are based on this technology.
More than 25 years of operation have demonstrated the reliability of this process.
The characteristic data of new plants of this type can be predicted with great
accuracy. Apart from this process, the gas centrifuge and the nozzle separation
processes have reached an advanced state of application. Although early
development of gas centrifuges took place more than 40 years ago, the availability
of new materials and improved technology over the past 15 years has led to recent
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rapid development and to industrial application of this process. Encouraging
research and development is in progress using lasers and chemical methods for
uranium enrichment. However, even if any of the new processes turns out -to be
economically viable, it is not expected to make any major contribution in the
foreseeable future.

Since most enrichment processes achieve only a small amount of separation for
each passage of the separating element, it is necessary to arrange for repeated
separations in a series of stages in cascade. The product from each stage is used
as feed for the next stage. The stages are also coupled in the down-flow
direction, by directing the waste from each stage to the feed point of the next
stage below. This forms a counter-current cascade. The stages above the feed
point form the enriching section, and those below it the stripping section. It is
evident that smaller quantities of material are being handled at the top end of the
enriching section compared to the feed point, and that the quantities at the bottom
end will also be somewhat reduced compared to feed flows.

Optimum design of a cascade requires that degradation of separated material be
minimised. This applies in particular to the feed to each stage, which is a
combination of material depleted in the next stage above with material enriched in
the stage below. The two components of the feed must be matched as closely as
possible in U-235 concentration to avoid economic loss. The number of stages
required in a cascade depends on the U-23S concentration required in product and
tails, as well as on the particular enrichment technology employed.

Like in any other process, work is required to achieve a certain level of
enrichment. The unit used in enrichment technology to express the amount of work
done is SWU. Approximately 5 SWUs must be expended to extract one kilogram
of 3 per cent enriched uranium from 6 kilograms of natural uranium. (The cost of
enriching uranium comprises about one third of the entire nuclear fuel cycle cost.)

3.2.1 Diffusion

In the diffusion process, gaseous UF6 is pumped through pipe with porous walls
through which UF6 molecules containing U-23S diffuse slightly faster than UF6

molecules U-238. In fact the relative speed ratio is approximately 1.004 so that
the assay of the UF6 coming through the walls changes from 0.711% U-235 (for
natural uranium) to 1.004 x 0.711% = 0.714%. By repeating this process 377 times
sequentially in a cascade one obtains (1.004)337 x 0.711% = 3.2% enriched
uranium. Thus the minimum ideal number of stages required to enrich 0.711%
uranium to 3.2% uranium is 377. Actually for practical flow rates, the number is
twice this, and if one includes other losses, one finds that the real number of
necessary stages is about 1000.

A compressor is used to pressurise the process gas (UF6). Since the gas
temperature is raised by compression, it is then brought back to an optimum
process temperature by passing it through a water-cooled heat exchanger before
it arrives at the barrier. The combination of compressor (with its drive motor),
heat exchanger and barrier is a diffusion stage, Figure 3.
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Figure 3: Gaseous Diffusion Unit
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In the diffusion process the basic unit produces several thousand SWUs per
annum and can be made so large that coupling in parallel is not required. Based on
the published data the specific power consumption is in the range 2200-2600 kWh
perSWU.

A typical enrichment plant would be of 9 million SWU/a capacity, located on a site
of 100 hectares, costing $6000 million, and requiring a 2S00 MWe power plant
Further generating capacity of 500 MWe is required as an emergency standby.

Such an enrichment plant would have an annual feed of 15 000 tonnes of natural
uranium and produce 2500 tonnes of 3 per cent enriched uranium annually,
sufficient to support 80 large nuclear power plants. Most of the operating cost for
diffusion plant is in providing electricity to run the compressors.

All the energy input into the plant appears eventually as waste heat, which must
be dissipated to surface water or to the atmosphere as humidified air from cooling
towers. The cooling water requirements are huge. Construction time for a plant of
this magnitude is about 8 years, to which planning time of another 2-3 years must
be added.

There are 3 large diffusion plants in the USA at Oak Ridge, Tennessee; Paducah,
Kentucky; and Portsmouth, Ohio. The first stage of the Eurodiff (France) gaseous
diffusion plant began operation in 1978 and full production of 10.8 million SWU/a
was reached in 1983. The USSR has a diffusion plant with an estimated capacity
of 7-10 million SWU/a. There are smaller diffusion plants with capacities of about
500 000 SWU/a at Capcnhurst in England and Picrrclalte in France.

3.2.2 Gas Centrifuge

The gas centrifuge is essentially a hollow, vertical cylinder which is spun about its
axis at 50 000 - 70 000 rpm. Gaseous UF6 is fed to the centrifuge. Centrifugal
forces cause steep pressure gradients to be built up in the gas and ensuing
pressure difference results in a radial concentration, with die light isotope being
slightly enriched in the vicinity of the axis and the heavy isotope being slightly
enriched in the vicinity of the rotor wall. In counter-current gas centrifuges, an
axial conveclive circulation of the process gas is induced within the rotor in order
to produce large end-to-end separation effects. The centrifuge spins inside of an
evacuated casing. The introduction of the feed gas and the withdrawal of enriched
and depleted streams are accomplished by means of stationary tubes at the axis
of the rotor with stationary scoops at the ends of the rotor which extends into the
rotating gas.

As the separation effect (about 1.06) is quite high, only a few stages are required
in a cascade to achieve the required enrichment.

A typical ultra centrifuge machine shown schematically in figure 4 can only
process between 10 SWU/a (Urenco models) and 150 SWU/a (US models). Thus,
even though the enrichment gain per unit of equipment is better for the ultra
centrifuge, the throughput of UF6 is small. A very large number of centrifuges
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must be connected in parallel. Electrical consumption for a centrifuge enrichment
plant is about 250 KWh/SWU, about one-tenth of a diffusion plant

An advantage of the centrifuge is that because of the small size of the individual
units, the specific capital investment increases only very slightly when the size of
the plant is reduced. The centrifuge process is therefore suitable for relatively
small separation plants, one million SWU/a being about the minimum economic
scale of operation. Such a plant would require about 100 000 centrifuges and
would cost about $800 million. The power requirement of only 25 MWe could be
provided from an existing electricity grid.

3.2.3 Nozziie Separation Process

This technology has made remarkable progress since the successful operation of a
10 stage pilot plant in Germany in 1970. A plant is under construction in Brazil
with an initial capacity of 300 000 SWU/a. South Africa is also working on a
process believed to be similar to the nozzle process. It has been variously
described as an 'advanced vortex' process and a 'stationary-walled centrifuge'.

In the nozzle process, isotope separation is brought about by the mass
dependence of the centrifugal force in a fast curved flow. Gaseous UF6 mixed with
a light auxiliary gas (helium or hydrogen) expands along a curved fixed wall. At
the end of the deflection, the flow is split into a light and heavier fraction by means
of a skimmer. The light auxiliary gas increases the maximum flow velocity of UF6

and hence increases the centrifugal force. As the optimal inlet pressure of the
feed gas is inversely proportional to the characteristic dimensions of the nozzle,
and high inlet pressures are desirable for economic reasons, very small nozzle
systems are installed in gas distribution tubes. A number of separation element
tubes are installed in parallel in a tank, which, together with a radial compressor
and a cooler, makes up one stage. As the stages can be built as large as required,
currently 22 000 SWU/a, it is necessary to couple only a few stages in parallel to
reach the production levels required.

The specific capital investment is substantially lower than for the diffusion
process, with the elementary separation effect being approximately 3 times as
high as for the diffusion process, but the power consumption, about 3000
KWh/SWU, is substantially higher. As the start-up time is extremely short,
about half an hour, use can be made of off-peak power. This is in contrast to the
diffusion process where it takes several weeks to reach equilibrium operating
conditions, and the centrifuges require continuous operation once started, because
of stress problems.

3.2.4 Other Enrichment Processes

Laser enrichment: Several alternative schemes have been proposed for the
application of laser separation of uranium isotopes. One of them makes use of
uranium in the atomic form and by successive laser irradiations produces U-235 in
an ionised form, which may then be collected by electrostatic means. Another
scheme is based on a molecular form of uranium, such as UF6. After suitably
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cooling the gas, laser irradiation preferentially forms U235^, which may then be

physically separated from the target mixture of U235^.

Several potential advantages have been claimed for laser isotope separation,
although practical implementation has yet to be publicly demonstrated. These
include very low costs compared with the diffusion or centrifuge process, and the
ability to produce substantial or even complete separation in a single operation.
The latter prospect has implications for minimum economic plant size, since there
may be no requirement for cascading stages.

Chemical exchange processes depend on differences in equilibrium between
different uranium isotopes in suitable uranium compounds in different phases, ie
as solids, liquids, or gases. One phase may be stationary, or both phases may be
moving in a counter-current fashion. Although chemical exchange processes were
originally believed to offer separation factors which were too low for practical
application, recent work has identified more promising methods.

The plasma separation process takes advantage of the gyration frequency of
uranium ions (produced from a plasma) when subjected to a radio frequency field
superimposed on a magnetic field. Uranium-235 ions are less heavy than U-238
ions, and therefore possess a resonant frequency which is lower than that for U-
238. Application of the appropriate frequency causes U-235 ions to move in
spiral paths with increasing amplitude, until the ions leave the region of the field
and are trapped at a collector.

All these processes are in various stages of research and development, and no
early commercial applications are expected.

3.2.5 Comparison of Enrichment Technologies

Diffusion technology is well established, efficient but costly, and suited for large
throughputs.

Centrifuge technology has high maintenance cost and is best suited for gradual
increase in capacity. (The recent centrifuge plants built by Urcnco in Europe have
demonstrated however that maintenance costs can be kept low if good quality
control and workmanship is exercised in the manufacture of centrifuges.)
Centrifuge technology requires only a tenth of the power required for a diffusion
plant. The higher maintenance costs for a centrifuge plant partially offset the
savings in electricity.

Separation nozzle is simple, with low maintenance but highest power
consumption.

All these processes produce enrichment at competitive prices. Their application
will depend on conditions and requirements, both political and economic,
prevailing in a particular location or country.
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3.2.6 Fuel Fabrication and Assembly

After enrichment, the UF6 is converted to UO2 which is the fuel used in most
modern power reactors. Gaseous UF6 is metercd to a prccipitator where it is
hydrolysed to form uranyl fluoride solution and precipitated with ammonia to form
ammonium diuranate, which is then filtered, dried and reduced with hydrogen to
produce high surface area UO2 powder.

At the fuel fabrication plant, the UO2 powder is cold pressed at about 4000 kg/cm2

to form pellets. These pellets are sintered in a hydrogen atmosphere at
temperatures of about 1650*C. This increases the density to about 95 per cent of
its theoretical value. The pellets are somewhat distorted during this process and
are finished by grinding the cylindrical surface to the required dimensions. Fuel
pellet dimensions vary according to the reactor type but are typically 10-15 mm
diameter and about 15-20 mm long.

The pellets are stacked in fuel pins which are metallic sheaths of zircaloy. After
loading the pellets, the fuel pins are filled with an inert gas such as helium to
improve heat transfer, and then sealed and leak tested. The fuel pins are then
attached to support plates to form the fuel assembly. Many types of pin
assemblies (eg circular, square and hexagonal) are used, and their dimensions
vary greatly according to the reactor design.

3.2.7 Fuel Reprocessing

In reprocessing, the fuel element is cut into small pieces to expose the fuel which
is dissolved in nitric acid. The leach solution contains uranium, plutonium and
mixed fission products. The Purcx process is the most widely used method for
recovery of uranium and plutonium. Pulsed columns, mixer settlers or centrifugal
contactors are used for the solvent extraction operations involved in this process.
The separate uranium and plutonium are generally put through additional solvent
extraction or ion exchange processes to complete purification. After evaporation
they are converted to the material form (eg Pu2, UF6) required for recycling.

3.3 Nuclear Waste Management

Waste is an inevitable by-product of all industries. The methods used in
managing radioactive wastes arc designed to minimise their impact on the
environment and to ensure that the radiation exposure to the public is kept well
within any legislated requirements and small compared to that received from the
natural environment.

Radioactive wastes are classified as:

(1) the high level waste (HLW) where the radioactivity levels are such that
cooling is required to remove the heat;

(2) the medium level waste has a lower activity level and heat output and
does not require cooling but requires shielding during handling and
transportation; and
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(3) the low level waste includes all wastes which, because of its low
radioactive content, does not require shielding during normal handling and
transportation and may be considered for shallow burial sites.

There are three basic principles of radioactive waste management which may be
expressed simply as: delay and decay, concentrate and confine, dilute and
disperse. Delay and delay applies particularly to radioisolopcs of short half-life
which decay to stable elements if stored for a sufficient time. Concentrate and
confine implies that the volume of the radioactive waste is reduced, but the waste
retains its identity. Dilute and disperse applies where the radioactivity can be
reduced to acceptable concentrations by dilution in the environment Before
radioactivity is released tu the environment, it is necessary to evaluate
quantitatively the physical, chemical and biological routes by which it could
reconcentrate and return to man.

3.3.1 Reactor Operation

The fission of uranium in nuclear power reactors produces a wide range of highly
radioactive by-products and transuranium elements. These are retained within
the fuel elements by the fuel cladding.

Small quantities of gaseous, liquid and solid wastes are produced. These are
treated and/or disposed of at or near nuclear facilities. In practice, releases of
radioactivity from commercial power reactors have been low and well within legal
limits.

3.3.2 Spent Fuel

After the irradiated fuel if discharged from the reactor, it is stored in water-filled
ponds which cool the fuel, provide shielding from radiation, and allow the
radioisotopes with relatively short half-lives to decay substantially. The
spontaneous heat generation rate in freshly discharged fuel is about 2 MW/1 of
contained uranium, falling to 10 kW/t after one year's storage, and to 1 kW/t after
10 years.

A modern 1000 MWe nuclear power plant (LWR) operating at 80% capacity, and
capable of supplying lr- electrical needs of more than 1 million people, discharges
73 spent fuel assemblies each year. The spent fuel consists of about 32 tonnes of
uranium, 1.15 tonnes of fission products, about 285 kg of plutonium, and about SO
kg of other transuranium elements.

Two options then present themselves. The spent fuel assemblies may be suitable
encapsulated as they stand, and ultimately buried in a geological repository
without further treatment. Alternatively, the spent fuel may be reprocessed to
recover re-usable uranium and plutonium, and to separate the highly radioactive
fission products and higher actinides which constitute the HLW.

There has been an extensive international debate about the comparative merits of
the oncc-lhrough versus the reprocessing option. According to a recent OECD
report, the economics of direct disposal or reprocessing option arc "sufficiently
similar that a compelling argument can not be made for one over the other on
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economic grounds alone". The reprocessing option however represents a much
more efficient utilisation of the intrinsic energy content of the fuel. Accordingly,
most countries are currently tending to favour the reprocessing option although
there is a substantial shortage of reprocessing capacity.

There is a third alternative method of closing the back-end of the fuel cycle which
has yet to receive serious consideration. This option would combine aspects of
both direct disposal of spent fuel, and of reprocessing. It would begin with the
back-end reprocessing operations of chopping spent fuel pins and their dissolution
in nitric acid. It is fundamentally different from reprocessing in that uranium and
plutonium arc not extracted for future recycling but remain together in the waste
along with fission products and transuranics.

This particular strategy appears to offer some attractive benefits in the areas of
reduced environmental hazard and non-proliferation. For example, the plutonium
content of the fuel is not concentrated in a large repository facility as envisaged for
spent fuel management in the once through fuel cycle, but would be immobilized in
a high performance ceramic wastcform buried several kilometres deep within the
earth. Thus, the potential both for misappropriation of plulonium, and for
environmental contamination by fission products and transuranics are greatly
reduced.

3.3.3 Reprocessing

The HLW left after uranium and plutonium have been extracted is of major
importance in radioactive waste management.

Medium and low level radioactive waste streams are also produced during
reprocessing. The medium activity liquid wastes are concentrated by evaporation,
the concentrate is combined with high activity wastes and the remainder combined
with low activity liquid waste. The low activity liquid wastes are also treated,
usually by ion exchange, to concentrate the radioactivity for storage and enable
the bulk of the water to be recycled in the plant or discharged and diluted in the
environment.

During cutting and leaching of the fuel, tritium and gaseous fission products,
including iodine, krypton and xenon isotopes, arc released from the fuel. Of these,
radioactive iodine is the most significant biological hazard. The iodine isotope
produced in the largest quantity, iodine 131, has a half-life of only eight days and
decays to low activity during fuel element cooling before reprocessing. The
remaining iodine, along with another isotope, which has a half-life of 16 million
years, is absorbed in nitric acid. The waste solutions resulting from treatment of
gas streams containing iodine are treated as high level radioactive waste. The
radioactive noble gases, krypton and xenon, which are not biologically active, and
tritium, are usually discharged through tall stacks to obtain sufficient dilution in
the atmosphere.

A variety of solid wastes are generated during reprocessing. The chopped
cladding that remains after the fuel has been dissolved is stored in concrete-lined
silos and it could be retrieved for final disposal.
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High level liquid wastes are solidified, as solids are less mobile than liquids.
Solidification reduces volume by a factor of ten or more. Solidification of high level
waste solution involves evaporation of nitric acid and water, calcination of residual
nitrates of fission products and actinides into oxides, and conversion of the oxides
into a stable waste form (glass, ceramics).

The optimum solid high level waste form should include the following
characteristics:

• the ability to incorporate more than S3 fission products and actinidc
elements at a high proportion in the solidified product;

radiation stability;

• thermal stability;

• low teachability and high resistance to groundwatcr attack;

• production at low temperatures to retain volatile elements; and

• production technology compatible with remote operation.

The ideal waste form with all the desirable characteristics has yet to be
demonstrated. However, many solid forms are likely to be satisfactory in an
appropriately engineered disposal system. Conversion of wastes into borosilicatc
glass (vitrification) is in operation on an industrial scale for wastes from low bum-
up fuel. The technology has also been demonstrated for wastes from high bum-up
fuel. As a first generation technology, glass is considered to be adequate for
solidification, transportation and ultimate disposal, but second generation ceramic
waste forms, such as Synroc, are being developed which appear to have superior
overall characteristics.

Many nations consider that the best policy for the near term is interim storage of
spent fuel and solid wastes.

A number of different designs for a retrievable surface storage facility for solidified
waste have been examined. All proposals involve first loading the waste into
stainless steel canisters. These canisters would then be stored either in air-
cooled vaults, or in water-cooled ponds. Similar approaches arc currently used to
store irradiated fuel after it is discharged from a reactor and arc used for long term
storage of unrcproccsscd spent fuel in the USA. All the necessary technology is
available for constructing and operating a retrievable storage facility, for cither
solidified waste or spent fuel, for periods of up to 100 years.

3.3.4 Transport of Trradialcd Fuel and High Activity Solid Wastes

The most important shipments in the nuclear industry involving wastes arc those
of irradiated fuel from a reactor to a reprocessing plant and of solid high activity
wastes to an engineered storage facility or a final repository.
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Shipping containers for irradiated nuclear fuel are massive vessels, weigh 30
tonnes or more, designed to dissipate heat from radioactive decay, to shield
people from radiation, and to prevent release of any radioactivity under normal or
accident conditions. Under International Atomic Energy Agency regulations, they
must be capable of withstanding the following simulated accident conditions in
sequence without loss of containment:

(i) a free fall of about 9 m on to an unyielding surface;

(ii) a drop of lm on to a ISO mm diameter 200 mm long, steel bar, with the
container in an orientation to do maximum damage;

(iii) a 30 minute exposure to an 800*C fire;

(iv) total immersion in water at a pressure equivalent to a head of 15 m for 8
hours.

Over IS 000 spent fuel shipments have been made by road, rail and sea within and
between OECD countries over a period of 30 years with no accidents leading to
significant exposures to the public. Whilst there have been only a few significant
shipments of reprocessing waste, the requirements are similar to those for spent
fuel. - According to a recent OECD report™ "transportation of spent fuel and
reprocessing waste is technologically well demonstrated". Further development,
according to the report, will be directed towards optimising designs for ease of
handling and for shipping larger quantities.

3.3.5 Ultimate Disposal of High Level Radioactive Wastes

It is generally agreed that nuclear wastes are ultimately to be buried deep within
the earth. After burial, the only plausible means by which radionuclidcs could re-
enter the biosphere is via leaching of the wastes by circulating groundwaters
followed by transport to the surface. This is to be prevented by two
complementary strategies, each of which should ideally provide an independent,
fail safe barrier. The first is to immobilise the wastes in a highly stable and
insoluble form which will not leak or corrode when it is placed in the earth and
subjected to the action of groundwatcrs over a very long period, up to a million
years. Thus, we regard the wastcform itself as the primary immobilisation
barrier. The second strategy is to bury this wasteform deep underground in a
carefully chosen geological environment. The solution envisaged in virtually all
countries at present is to deposit the waste in a mined repository.

It is not always appreciated that current policies to dispose of HLW in centralised
mined repositories at depths less than 1 km arc linked closely to the earlier
commitment to borosilicale glass as the preferred wastcform. The use of glass
restricts the depth of disposal because of the increase of temperature with depth
in the earth, generally 20-30"C per km. This factor, combined with ihc heat
generation of the waste itself (even after 50 years of surface storage), would
cause glass to be highly unstable in the presence of groundwatcr, if buried, for
example, at depths of 3-5 km.
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The technology to drill very deep holes, 4 km or more with diameters of 1-3 m, has
recently become available. A single hole would be able to accommodate the
waste from a hundred large nuclear power stations operating for a year.

There are major technical and socio-political advantages in deep drill hole
disposal. The most obvious benefit is that the waste is deposited much further
from the biosphere than in the case of a mine repository.

Another important factor is that in many regions, the permeability of rock
systems, particularly crystalline rocks, decreases considerably with increasing
depth. There is a high probability that by disposing of waste at depths below
1500 m, environments can be found where there is little or no groundwaier, and
where the permeability of the rocks is so low that the lime scale for any upward
diffusion of groundwater to the biosphere is extremely long compared to the decay
rate of the waste.

Drill holes also produce a much smaller environmental impact than mined
repositories. A single hole would remain open only for a few years while it is
filled, and can then be permanently sealed. On the other hand, the strategy for a
mined repository is to keep it open for 40 to 50 years while it is being filled.
Moreover, recent experience in several countries demonstrates that on technical
grounds alone, it is difficult to locate acceptable sites for large, centralised mined
repositories. Disposal of HLW in deep drill holes would increase considerably the
number of sites that are acceptable on technical grounds.

3.3.6 Status of High Level Waste Vitrification

At present, most nations with nuclear power programs have selected borosilicate
glass as the principal form for immobilising their high level waste?4. In terms of
established engineering scale process, borosilicate glass is the only choice
available.

France is the world leader in vitrification technology. A commercial scale
vitrification plant is operational at Marcoule and the technology is being marketed
internationally - Belgium, Germany and the United Kingdom.

Reprocessing commitments by France and the UK from 1983 to the mid 1990s
include contracts for reprocessing 9150 tonnes uranium, from spent LWR fuol from
other countries, and 10 850 tonnes uranium from domestic fuel. High level wastes
from reprocessing, 20 000 tonnes uranium, will therefore be immobilised in
borosilicate glass; this is equivalent :o vitrifying wastes from more than 4 years of
the installed nuclear power program for the whole world (1985).

3.3.7 Advanced Waste Forms - SYNROC

The Australian developed method for immobilising high level nuclear waste is
SYNROC. SYNROC is a synthetic rock composed of three titanatc minerals -
hollanditc, zcrconlite and pcrovskiic, and rutilc. Almost all the elements in high
level waste can be made to form an integral part of the crystal lattices of
SYNROC.
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SYNROC is exceptionally resistant to ground water leaching, even at high
temperatures. This means that it can be buried in very deep (4 km) drill holes
where underground temperatures arc high. Further, it can be buried soon after it
is manufactured. Prolonged above ground interim storage is unnecessary.

SYNROC shows considerable promise as a second generation technology for the
world nuclear industry. The Federal Government is backing radioactive waste
management research involving this process and has signed bilateral agreements
with Japan, Italy and United Kingdom for joint research.

A South Australian based company, Nuclear Waste Management Ply Ltd, is
involved in developing (commercially) and marketing this technology.

4. PROSPECTS FOR AUSTRALIAN INVOLVEMENT IN THE
NUCLEAR FUEL CYCLE

Australia's role in the nuclear fuel cycle was examined by the Australian Science
and Technology Council, under the leadership of Professor R. Slatycr, at the
request of the Prime Minister. The ASTEC report, commonly called the Slalycr
report, concentrated on international interests and concluded that Australia will be
able to make a significant contribution to non-proliferation and world peace if it is
actively involved in the nuclear fuel cycle. The Federal Government rejected the
two key recommendations contained in the report*2', namely, Australia should
expand its uranium mining and should develop further stages of the fuel cycle.

Australian involvement in (he fuel cycle is considered here from a national
perspective. A review of market prospects and economic benefits from such an
involvement arc highlighted.

4.1 Market Prospects

The supply and demand requirements for nuclear fuel depend on the outlook for
nuclear power generating programmes. A review of governmental policies in 1987
shows that most nuclear programmes have not been modified by the Chernobyl
accident in 1986, at least in the short-term. New orders for nuclear power plants
have been placed in France, Japan, South Korea, and the United Kingdom in the
past twelve months or so.

However, in most European countries Ihcre was strong post - Chernobyl publicity
against nuclear power. In Finland and the Netherlands, orders for a total of 3000
MWc have been deferred for at least two years. In Sweden, two plants originally
scheduled for decommissioning in 2010 may be closed in 1994-96 because of the
political response to the accident.

In spite of numerous delays caused by the nuclear debate, nuclear power is
emerging as a major source of electricity. There are currently 561 nuclear power
reactors in operation in the world. Of these, 126 operate in the USA and Canada;
168 in Western Europe; 46 in the USSR; 35 in Japan; 6 in Korea; 6 in Taiwan; 7
in India; and the remaining 132 are operating in Eastern Europe, Africa, South
America and Asia(5).
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Nuclear power accounts for 16 per cent of the total world electricity production. In
France, 70 per cent of all electricity is now generated by uranium, making France-
independent of foreign oil and politics (see Table 2).

Table 2: NUCLEAR SHARE OF ELECTRICITY

Country

USA

Franca

USSR

Japan

FRG

Canada

UK

Sweden

Spain

Belgium

Korea

Taiwan

Switzerland

Finland

Nuclear Share of Electricity

16.6

69.8

10.0

24.7

29.4

14.7

18.4

50.3

29.4

67.0

43.6

43.8

39.2

38.4

Source: IAEA, August 1987
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It is estimated that the western world's 264- GWe of installed nuclear capacity,
which is in commercial operation in 1988, would grow to 317 GWe by 1995 and to
about 347 GWe by the year 2000. The short-term nuclear generating capacity of
the western world is fairly well known since it consists mainly of power plants
which are already operating or are under construction. Nuclear generating
capacities not yet under construction range from 1.S per cent in 1995 to 9 per cent
in 2000 of the total forecast capacities for those years.

To estimate the amount of materials and services required to operate nuclear
power plants, the generating capacity figures have to be adjusted for a number of
variables:

• capacity factor (which is tending to rise, thus increasing demand for
uranium);

• the fuel management techniques employed in the reactor (which
generally reduce fuel requirements - the Uranium Institute estimates
that the reduction is likely to be of the order of 2 by the year 2000);

• the quantity of uranium needed to maintain strategic inventories (often
taken to be about two year's forward requirements);

• adjustment to the SWU/ feed material mix at the enrichment step (the
Institute estimates that declining SWU prices may bring uranium
demand down by up to 9 per cent by 2000); and

• the uranium in the fuel processing pipeline.

In addition, the quantity of fuel obtained through reprocessing of used fuel
elements needs to be considered when estimating the requirements for "fresh"
uranium. It is estimated that recycling represents a possible source of supply of
fuel equivalent to 4600 tonnes of uranium in 1997, or 9 per cent of total
requirements.

4.1.1 Uranium

At present western world's uranium resources in the categories of reasonably
assured resources and estimated additional resources producible at up to US
$80/kgU (low cost resources) amount to 2.54 million tonnes uranium. More than
70 per cent of the low cost resources are located only in four countries (Figure 5).
Australia has almost 30 per cent of western world's low cost resources and its
major competitors in world uranium market are Canada and South Africa.

In addition to these resources uranium inventories are held by producers,
consumers, and by governments for strategic reasons. These inventories arc
necessitated by the long lead times between the production of ycllowcakc and the
manufacture of fuel elements and by security of supply, but have been inflated by
previous over production. Current uranium inventories of about 126 000 tonnes'"

1. The Uranium Institute is an international association of producers, users
and processors of uranium.
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Figure 5: Western World's Low Cost Uranium Resources

Total: 2.54 million tonnes Uranium

Nigtr 182%

/V
AustraRa 28.4% / >^
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/Canada 10.4% .X

" USA 52%

^.>t i_^NainWa 5.3%
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14% jr

Source: Bureau of Mineral Resources, 1987

correspond lo about three year's forward supply and arc expected to run down to
less than two years supply by 1992-1993.

Western world's uranium production peaked at about 44 000 tonnes U/a, but
declined by 15 per cent to 37 000 tonnes U/a in 1986. This was caused by a
dramatic decrease in US production. In 1980, the USA produced 38 per cent of the
total production, followed by Canada (16 per cent) and South Africa (14 per
cent)™.

In 1986, US production dropped to only 14 per cent of the western world's annual
production while Canada's production rose to 30 per cent of the total production.
Many high cost mines in the USA ceased production and arc unlikely to start up
again in the foreseeable future.

Table 3 shows uranium production by country for 19873'. Canada with a little
more than a third of Australia's low cost resources leads the western world in
uranium production followed by the USA, South Africa, Australia and France.
Australia has the potential to occupy the first place among western world's
uranium producers but has lost the opportunity to Canada, at least for now.
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Table 3: URANIUM PRODUCTION FOR 1987

Country

Canada

USA

South Africa

Australia

Franca

Namfcia

Niger

Gabon

Others

TOTAL

Number of
Producing Mines

6

most dosad, others
operate on ad hoc basis

12

2

5

1

2

1

11

Production

tonnes U

11700

4900

4550

4154

3200

3000

3000

940

750

36194

Percent of Total

32.3

13.5

12.6

11.5

8.8

8.3

8.3

2.6

2.1

100

More than 90 per cent uranium is sold under long-term contracts. A recent report
by the Japanese Atomic Energy Commission revealed that cumulative
requirement for natural uranium in Japan is 200 000 tonnes to the year 2000 and
more than 635 000 tonnes by 2030. About 90 per cent of the requirement to 2000
has been procured by the electric utility industry, but 10 per cent, or about 20 000
tonnes, of the requirement was still uncovered. The Korean nuclear industry has
also seen a remarkable expansion where nuclear share of total electricity
generation rose from 22 per cent in 1985 to more than 40 per cent in 1987.
Koreans are keen to obtain adequate and reliable supplies of uranium to meet
future requirements. Like Japan it has adopted the policy to diversify its supply
sources.

Recent industry estimates indicate that large quantities of uranium requirements
are yet to be contracted. Cumulative uncommitted demand (Figure 6) to the year
1997 amounts to 175 000 tonnes uranium(6), an average of 17 500 tonnes a year
over the next ten years.

Australia is in an excellent position to capture a large proportion of the
uncommitted demand by virtue of the fact that Australian uranium can remain
competitive over the long-term and supply 15 000 tonnes uranium a year by mid
1990s.

At present the uranium industry in Australia is based on three mines; Ranger and
Nabarlck in the Northern Territory, and Olympic Dam at Roxby Downs in South
Australia.
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Figure 6: Uncommitted Demand for Uranium

('000 tonnes Uranium)

29.7

25.0

22.0

20.6

18.3

15.3

6.4

13.1
13.0

12.0

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

Source: Nukem Market Report, April 1988
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• Ranger mine has a capacity of around 3200 tonnes of uranium a year.

• Nabarlck mine is expected to cease production in 1988.

• Olympic Dam is expected to commence production in 1988 at less than
2000 tonnes a year.

Table 6 indicates how Australia could supply up to 15 000 tonnes of uranium a
year by the mid 1990s.

Table 4: URANIUM PRODUCTION CAPACITY
BY MID 1990s

(tonnes Uranium)

Mine : Ranger Jabiluka Koongarra Olympic Dam
& Others

Production 5500 4000 1500 4000

4.1.2 Enrichment Services

Enrichment services in the western world are provided primarily by three
producers, the United Stales Department of Energy (DOE), Eurodiff (France),
and Urenco (Europe). The US DOE and Eurodiff use gaseous diffusion technology
which was the first technology to be developed on a commercial basis. No further
addition of diffusion enrichment capacity is projected. Urenco uses the gas
centrifuge technology which is also being developed in Japan.

About 90 per cent of the nuclear power plants in operation or under construction
use enriched uranium. The requirements for enrichment are expected to increase
from 26 million SWUs per year in 1988 to 31 million SWUs per year in 1997(6J.
Cumulative uncommitted demand, over the next ten years, for enrichment is 37
million SWUs (Figure 7).

In addition to the above uncommitted demand for enrichment, there have been
some recent developments in the United States which indicate that there are
significant prospects for developing new, competitive enrichment plants.

The US DOE enrichment capacity is approximately three-quarters of the western
world's capacity. Urenco accounts for one-tenth of the capacity. One-third of the
US capacity (Oak Ridge) has been molhballed. The remaining plants are
operating on off-peak hours to cut power costs.

Until the mid 1970s the whole western world used the US DOE to enrich uranium.
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Figure 7: Uncommitted Demand for Enrichment
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Until die mid 1980s the US utilities relied entirely upon DOE for enrichment.
There arc 52 utilities in the USA who operate 110 nuclear power plants.

As of April 1988, 16 US utilities producing approximately 30 per cent of the US
nuclear generating capacity have cancelled all of their enrichment contracts with
the DOE from 1996 through to 1998(91O). Indications are that individual utilities
arc looking to diversify their supply and would like more supply choices.

The price for enrichment offered by non US sources, in particular Urcnco, is more
than 40 per cent lower than DOE's price(U). Acid rain legislation and upgrading of
coal fired power plants, which supply DOE with electricity, are expected to further
increase significantly the price DOE has to 'charge.

In this environment, it is not surprising that an increasing number of US utilities
arc turning away from the DOE for their enrichment needs. Certain US utilities
are reportedly looking into the possibility of building a privately owned
enrichment facility in conjunction with Urenco. Urcnco's advantage is in its
prices. The centrifuge enrichment technology uses about 10 per cent of the
electricity consumed during diffusion enrichment. The difference is important as
electricity accounts for 70 per cent of the cost in gaseous diffusion. Urcnco's
process is also simpler and easier to maintain.

In 1987, the DOE produced 7 million SWUs and sold 12 million SWUs. Five
million SWUs were supplied from inventories generated years ago when
electricity cost was lower. At this rale, the inventory of low cost SWUs will last
less than two years.

Japan and Far East plan to construct 100 nuclear power plants over the next 30
years. This development offers further prospects for new enrichment contracts.

The above enrichment market developments offer significant prospects for
Australian involvement in the uranium enrichment industry. It is proposed that
Australia construct (initially) a one million SWU/a capacity plant based on
centrifuge enrichment technology and gradually increment its capacity to around
6 million SWU/a by 2000. A plant of this capacity would enable Australia to
export its uranium in enriched form.

4.1.3 Back-end

It is estimated that by the year 1995 the spent fuel stockpile in the western world
will amount to 127 000 tonnes of irradiated heavy mctal(W).

There are currently two main options for spent fuel management. France has
selected the reprocessing option, as have Japan, the United Kingdom,
Switzerland, Spain and Germany. The USA, Sweden, Taiwan and South Korea
have adopted the direct disposal (of spent fuel) option.

Currently, France and the UK operate the only commercial facilities for processing
low burn-up natural uranium metal fuel from their early gas-graphite reactors.
The existing facilities arc sufficient to handle the spent fuel from such reactors
until they arc phased out of use.
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France has modified one of their reprocessing facilities to enable it to also
reprocess light reactor fuel. A further new plant, now under construction, is
expected to be completed by 1990. The UK also expects to have a plant
completed by 1990<4).

In Japan, a commercial plant is planned for completion by 1995.

It is estimated that the western world reprocessing capacity (for light water
reactor fuel) will amount to only 4000 tonnes of heavy metal per year when
reprocessing demand will be around 7000 tonnes per year03'.

4.2 Nuclear Fuel Cycle and Australia's Balance of Payments

Recent overseas developments in the nuclear fuel cycle (highlighted above)
suggest that there arc market prospects in all major stages of the fuel cycle. With
aggressive marketing and competitive prices, Australia could secure a significant
proportion of these markets.

Uranium is Australia's greatest untapped source of revenue. Australia has
already lost, over the past decade, more than four billion dollars in revenue from
uranium exports. Currently, uranium earns around $370 million a year in exports
but has the potential to dramatically increase this income. With its ever
increasing foreign debt, Australia cannot afford the luxury of not taking full
advantage of its uranium supply potential on "idealistic" grounds.

Australia's crippling balance of payments situation will further deteriorate if it has
to increase its oil imports due to the expected decline in production from the Bass
Strait. In this environment it makes no economic sense for Australia to foster a
policy which precludes the development of its uranium industry

It is estimated that Australia could supply up to 15 000 tonnes of uranium a year,
about one-third of the western world's demand, by the mid 1990s. This would
generate a further $1000 million a year in export earnings.

The export value of uranium (ycllowcakc) is significantly increased if it is
upgraded and exported as enriched uranium. At the current prices for ycllowcake
and separative work units, it is estimated that enrichment increases the export
value of uranium by about two and a half limes. By the year 2000 this could mean
a further $3500 million a year in export earnings.

A facility capable of reprocessing 1500 tonnes of reactor fuel a year, if constructed,
would accept wastes generated annually by about 50 nuclear power plants. The
high level nuclear wastes from a reprocessing plant could be converted into
SYNROC for deep burial in Australia. This could represent a further $2000 million
a year in export earnings.

A scheme, based on developing all stages of the fuel cycle, is proposed which
could increase the value of uranium by six fold. Instead of exporting uranium as
ycllowcakc, Australia should export fuel elements which would be leased lo
overseas nuclear utilities. The spent fuel would be returned lo Australia for
reprocessing and deep geologic disposal. Such a scheme would solve Australia's



34

balance of payments problems and ensure thai no diversion of Australian uranium
lo nuclear arms could occur.

Table 5 shows potential capital investment and revenue opportunities offered by
such a scheme. The figures arc indicative only and arc based on the assumption
that all of Australia's uranium produced by mid lo late 1990s is converted into
reactor fuel, the spent fuel reprocessed and nuclear wastes disposed of in
Australia.

Table 5: POTENTIAL INVESTMENT AND REVENUE
OPPORTUNITIES IN YEAR 2000

Activity Potential Capital
Investment

($m)

Potential Revenue
per annum

($m)

Uranium

Conversion

Enrichment

Fabrication

Reprocessing and
Vitrification

Waste Disposal

1000

400

4500

500

3500

NA

1500

100

3500

750

3000

1000

Total 9900 9850

The Northern Territory is the logical choice for establishing an integrated nuclear
fuel cycle industry. It has:

• two producing uranium mines and two more ready to proceed;

• a population which is 80 per cent in favour of uranium mining;

• bipartisan support for uranium industry;

• the need to develop a self-supporting economy; and

• a government with the will lo pursue such a course.

Central Australia has vast desert interior which could be developed into a storage
site for nuclear wastes. It contains some of Hie most suitable rock formations for
geologic disposal in the world.
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By the year 1995, the Northern Territory could be well advanced in its
involvement in both the front-end and the back-end of the nuclear fuel cycle. This
would provide estimated 10 000 - IS 000 jobs during construction and 3000 - 5000
jobs during operation of the nuclear fuel cycle industry. A further 20 000 jobs
would be created in support industries.

CONCLUSIONS

Recent overseas developments in the nuclear industry suggest that there are
significant market prospects in all stages of the fuel cycle. Australia could secure
those markets through aggressive marketing and competitive prices.

The nuclear fuel cycle industry has the potential to earn around $10 billion a year
in export income.

It is incumbent on Australian Government to end years of expensive vacillation
and proceed "full speed" ahead with an industry which the Northern Territory
Government has recognised as potentially one of the greatest income earners.
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