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OVERVIEW
This Progress Report has been prepared by the Synroc Study Group (SSG), comprising
staff members of The Australian Nuclear Science and Technology Organisation (ANSTO),
The Australian National University (ANU), BHP, CRA, Energy Resources of Australia
(ERA) and Western Mining Corporation (WMC). It also draws upon work undertaken
for the SSG by consultants from Nuclear Assurance Corporation (market estimates), the
Swedish Nuclear Fuel and Waste Management Company (SKB) (cost estimates and other
data) and Wave Hill Associates (US and international perspectives).
Synroc is applicable solely to the immobilisation of liquid high-level waste after such
waste has been separated from spent fuel in a reprocessing operation; use of Synroc
therefore requires prior construction of a reprocessing plant An alternative management
strategy, based upon direct disposal of encapsulated spent nuclear fuel, does not require
reprocessing, and therefore makes no use of Synroc. The SSG has examined both of
these alternatives and also a third, which is to defer decision-making on reprocessing
versus direct disposal for a lengthy period while spent fuel is held in interim storage.
The SSG recognises that many utilities and countries have deferred decisions as between
reprocessing and direct disposal of spent fuel. The construction of interim spent fuel
storage facilities and related infrastructure appears to be a practical strategy in the short
term, although for many utilities and countries this period of satisfactory and acceptable
deferral may be starting to run out.
Synroc is likely to find its principal commercial application in second generation
reprocessing plants employing advanced technology, because existing reprocessing plants
in France and the UK, and the prospective plant in Japan, are committed to the use of
borosilicate glass for immobilisation. Decisions to construct second generation plants are
unlikely to be made before 2005. It is possible, however, that new developments in
partitioning technology (involving separation of shorter lived fission product waste from
longer lived actinidc waste) will facilitate a role for Synroc even in existing reprocessing
plants.
The SSG has identified five separate ways in which Synroc could be commercialised, with
varying economic benefits for Australia. These are:
•

licensing of Synroc overseas;

•

participation in overseas plant(s) using Synroc;

•

establishment of an international reprocessing plant in Australia
with immobilisation of high-level waste in Synroc and return of
waste to the customers;

•

establishment of an integrated spent fuel management industry
outsiuc of Australia with international participation;

•

establishment of an integrated spent fuel management industry
in Australia, with international participation, and with disposal
of waste on an Australian territorial site either on the mainland
or offshore.

The concept of long-term storage and/or disposal in a country which is neither the
original user of the fuel nor its reproccssor is not new, it was proposed by the Peoples'
Republic of China in the early 1980s. However, the SSG has not yet approached
prospective customers to establish whether there is a significant interest in such "thirdparty" nuclear waste management or any other potential applications of Synroc
technology. This activity would be pursued in a future phase of the Study.

To quantify the generalised concept of an integrated spent fuel management industry (not
tied to any particular location), the SSG also examined several scenarios for commercial
enterprises based upon the management of spent nuclear fuel. All of these reflect the
extremely long lead times associated with this service industry and, at the same time, the
potentially large revenue and earning streams relative to the expected capital
requirements (see Appendix III). For example, an evaluation of the world inventory of
spent fuel shows that the potential commercial value of its disposal is very large indeed,
in the range of USSlOO billion to US$200 billion to the end of this century.
For any centralised facilities likely to contemplated, the need to provide absolute
guarantees for the safe storage and ultimate disposal of accepted spent fuel, and also for
the security of any funds paid at an early stage and needed much later on, almost certainly
requires the involvement of national Governments) and international organisations.
New concepts for the joint operation of private enterprise and governmental bodies might
need to be developed to deal with this need, possibly leading to the establishment of a
regional facility with some form of international involvement Difficulties and delays have
been noted in those countries where spent fuel management has remained exclusively in
government hands.
Proponents and backers of Synroc may need to contemplate an extended period before
the technology is utilised, and may have to be prepared for periodic review of their
strategies and forward planning to take account of national and international policy
changes and developments affecting a range of energy matters.
The SSG has evaluated the technology and safety issues relevant to an integrated
commercial enterprise based on the management and safe disposal of spent nuclear fuel.
It concluded that mature technology is already available for all stages of the handling of
spent fuel and only final disposal has yet to be demonstrated. There already exists
substantial experience to confirm that all operations involving spent fuel, including its
reprocessing and the immobilisation of high level waste, can be conducted safely.
The SSG believes that Australian participation in spent fuel management would give
Australia significant additional influence towards the strengthening of the international
nuclear non-proliferation regime. Such participation could also deliver more tangible
benefits for Australia, including foreign exchange earnings, a high-technology industry
base and employment opportunities.
Public acceptance is a primary concern to be addressed in any nuclear waste management
enterprise. A policy of continuing disclosure and accountability is essential to earn public
acceptance, and has been adopted by the SSG from the outset of its work.
The advantageous properties of Synroc as a wasteform, including its outstanding chemical
durability and resistance to leaching at elevated temperatures, have been recognised
throughout the world. However, a considerable effort is still required for production of
Synroc under fully radioactive conditions. This development work would need to be
continued by a commercially-oriented nuclear waste management enterprise for
application to reprocessing if that option is maintained and/or chosen more widely in the
future.
In view of the long lead times in nuclear waste management, certain options were
included in the study even though they are currently precluded either by Australian or
overseas government policies. The SSG recommends to its principals that the study
proceed to the next phase to include early discussions with overseas organisations dealing
with spent fuel management to refine the alternatives that could be of commercial
interest.
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CHAPTER 1

OPPORTUNITIES AND BENEFITS
1.1

Because of its substantial endowment of natural resources, Australia has
developed over many years a range of high-level technological skills in mining
engineering, resource development, and the management of long lead-time
projects. Now, as environmental problems of a global nature become an
increasingly important component of business and public policy, this Australian
skill base may have increasing global value; properly employed, this skill base
may promote both economic development and improved environmental
protection.
Growing awareness of environmental problems has already spawned a new
generation of environmental management businesses worldwide. These
businesses earn their profits by contributing to environmental protection, and are
thus excellent examples of the manner in which economic growth and
environmental protection are becoming increasingly intertwined. No less
importantly, environmental management businesses illustrate the validity of the
concept of 'sustainable development'.
The idea of 'sustainable development', a key concept in a 1987 United
Nations-commissioned study of environmental issues, has attracted wide
attention. It is currently having an influence on policies and programs designed
to lessen possible threats of global warming by establishing global standards for
carbon dioxide emissions.1
'Sustainable development* has meaning for all parties in a discussion of
environmental protection. On the one hand, the phrase implies that
environmental protection is a prerequisite for continued economic development;
this appeals to those who place priority on increased environmental protection
over economic growth. On the other hand, the phrase also implies that
continued economic development can be a sustainable phenomenon; this appeals
to business executives and policy makers who focus on the benefits of economic
growth.

1.2

Australia, which has seen its early isolation from the rest of the world diminish
steadily over the years - and markedly so in today's era of global electronic
communications - could have many opportunities to participate in this worldwide
movement toward making environmental management into a sound business
proposition.
Among such opportunities, Synroc, as an Australian invention, with all rights
currently residing in this country, may prove capable of making important
contributions to the field of nuclear waste management worldwide.
Synroc2, an acronym for synthetic rock, was invented by
Professor A E Ringwood of the Australian National University (ANU) in 1978.

'

For example, (he interim planning targets for carbon dioxide, methane, nitrous oxide and certain other
gases were adopted by the Australian Government on 11 October 1990, as a response to the so-called
"Toronto targets" set by the First World Climate Conference in June-July 1988, and supported by the
UN Environmental Program and the World Meteorological Organisation.

2

Sec Appendix I.

It is an advanced ceramic composed of titanate minerals chosen because of their
geo-chemical stability and their collective ability to immobilise within their
crystal structures essentially all the elements present in high-level waste arising
from the generation of electricity by nuclear fission. The minerals utilised in
Synroc occur in nature, and in this form have demonstrated their capacity to
contain naturally occurring radioactive elements over millions of years under
conditions of extreme duress.
A decade of research into Synroc has indicated its superior ability to resist
leaching by groundwater, and thereby established its potential as an advanced
second generation wasteform for high-level waste immobilisation. Synroc's
inherent stability as a means of immobilising high-level waste suggests a wider
range of geological disposal options than are suitable for borosilicate glass, the
technology currently in commercial use in the United Kingdom and France as a
means of immobilising waste for long term disposal. For example, the ability of
Synroc to withstand both high temperatures and groundwater could permit the
eventual disposal of high-level waste in deep drill holes (4km underground),
rather than in the mined repositories (0.5km) currently favoured in design
studies overseas. The deep drill hole concept provides further isolation from the
biosphere, and has the potential for improved economics over current designs.
The potential for commercialisation of Synroc will depend significantly on the
strategics for waste management yet to be fully developed in countries with
nuclear power generating capacity.
1.3

Currently, individual countries are attempting to cope with waste management
largely on their own, because of a lack of regional or international facilities and
despite universal agreement that protection of the environment is a global issue.
In these circumstances, Australia has a window of opportunity to pursue
development of regional and international waste management strategies
employing Synroc that would be environmentally sound and, at the same time,
be a practical contribution to the nuclear non-proliferation objectives of
Australia and most other countries.

1.4

As major suppliers of energy resources on world markets - particularly coal,
natural gas, and uranium - Australians have recognised a responsibility to supply
these resources in ways that promote economic and political stability. As
suppliers of some 10 per cent of global uranium, Australians have been
concerned about the destination of these exports and the uses to which they are
put. Australians, through long-established Commonwealth Government policies,
have demonstrated their intention to contribute positively to the creation of an
international system of safeguards against the proliferation of nuclear weapons
and, toward that end, to the development of satisfactory processes for the
management of waste produced in the fuel cycle of nuclear power plants.
As part of this activity, successive Commonwealth Governments have provided
significant financial support for the development of the Synroc process. This
support has led, among other things, to:
•

progress, achieved on a continuing basis since 1979, by the Australian
Nuclear Science and Technology Organisation (ANSTO) and ANU on
Synroc research and development;

•

the evolution of cooperative R&D programs on Synroc with research
organisations in Italy, Japan, UK and the USSR;
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1.5

•

establishment of an Australian Science and Technology Council
(ASTEC) study for the Prime Minister on "Australia's Role in the
Nuclear Fuel Cycle* and an accompanying report (1984);

•

a 1987 re-affirmation of Government support for continued Synroc
development; and

•

the Government's request to ANSTO to initiate agreements for the
participation of Australian industry in the commercialisation of Synroc
technology.

With all these factors in mind, four leading Australia-based resource companies,
each with international project development experience, joined with ANSTO, as
the principal government agency dealing with nuclear matters, and with the
Research School of Earth Sciences at the ANU, where the original work on
Synroc was conducted, and agreed in December 1988 to undertake a prefeasibility
study of the potential for commercialisation of Synroc. The vehicle set up for
this purpose was the Synroc Study Group (SSG).
The overall aim of the pre-feasibility study has been to explore possibilities for
the commercial potential of Synroc in a global context - that is, by considering
possible options for marketing Synroc, or services predicated on future use of
Synroc technology, throughout the world.
The potential to be explored for Synroc was seen at the outset to include:
•

Benefits for Australia by way of:
foreign exchange earnings that could significantly reduce the
country's current account deficit;
new, high-skill jobs in fields ranging from research to finance,
industrial engineering, and equipment manufacturing;
continuing basis for scientific and technological development
within Australia;
high-level Australian participation in international discussions
on nuclear-related issues, including greater Australian control
over uranium originally mined within its borders;
increased international influence on economic and political
issues generally, based on respect for Australian achievements
in the frontier work encompassed by Synroc and related
services;

•

Benefits for the world at large, such as:
enhanced global environmental protection arising from the safe
management of radioactive waste;
the possibility of strengthening the international
non-proliferation regime, stemming from Synroc's capacity to
immobilise plutonium irretrievably,
global energy security, in an era when possible global warming
may require less use of fossil fuels.
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1.6

From the outset it has been clear to the SSG that proper handling, storage and
further treatment of nuclear waste are all activities requiring a high level of
technical competence and responsibility. The major technical attributes of the
nuclear waste management industry are described in Chapter 2.
The SSG began the pre-feasibility study by examining safety issues relating to
various waste management options and technologies. This Safety Appraisal
concluded that extensive literature and historical track records indicate that all
aspects of nuclear waste management can be conducted with a high level of safety
using existing technologies. At the same time, Synroc was found to provide
potentially even greater safety than technologies currently in use. An overview
of the safety issues surrounding various waste management technologies is
presented in Chapter 3.
Chapter 4 discusses the institutional and organisational structures that have been
established internationally to monitor the back end of the nuclear fuel cycle and
provide global safeguards against the proliferation of nuclear weapons.
An estimate of the size of the market for waste management services, and the
countries most likely to make use of internationally provided waste management
services, is the subject of Chapter 5.
The various options identified and evaluated by the SSG are described in
Chapter 6.
An issue to which the SSG has accorded high priority is public acceptance.
Although Australian involvement (other than uranium mining) in the nuclear
fuel cycle has been discussed in both government and non-government circles for
many years (for example, extending to examination of uranium enrichment
opportunities in the 1980s), public debate has seldom been widespread or
sustained. The SSG nevertheless recognises that all nuclear-related matters
require a high level of public accountability and open discussion. An account of
the SSG's public acceptance initiatives and activities to date, including copies of
briefing papers and press releases, is found in Appendix II.
The SSG has functioned on the basis of unanimous agreement among its
members, and this has extended to their underlying assumption that broad-based
public support for SSG activities has been and remains an essential prerequisite
to proceeding to possible further steps in the investigation of commercial
opportunities in this industry.
The SSG commissioned an independent report from the Swedish nuclear waste
management company, SKB, to verify and elaborate on topics the SSG had
explored on its own in earlier stages of the study. Appendix III contains material
derived from the SKB work on the costs of providing various waste management
services, and outlines the economic factors affecting estimates of these costs.

1.7

Information included in this report was gathered from many sources, including:
•

interviews with experts in the relevant subjects, including, but not
limited to, SKB;

•

extensive literature reviews;

•

company and ANSTO databases; and

•

accumulated experiences of SSG members.
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2.1 INTRODUCTION
Radioactive waste arises from all stages of the operations of the fuel cycle for the
generation of electricity by nuclear fission. The term radioactive waste is applied
to any radioactive material (combined with a non-radioactive material or not) for
which no subsequent use is planned, and whose nature and radioactivity level are
such that its immediate dispersion into the biosphere would fail to meet
established safety standards. Radioactive waste also arises from the utilisation
of radioisotopes in research, industry, and medicine. These can be solid, liquid
or gaseous.
The primary objective of radioactive waste management and disposal is the
effective protection of man and his environment, now and in the future, from the
radiological hazard of nuclear waste material. International recommendations
on radiation protection are built on the basic principles set out by the
International Commission on Radiological Protection (ICRP), founded in 1928.
These serve as the foundation for the Basic Safety Standards for Radiation
Proiection published by the International Atomic Energy Agency (IAEA) and
jointly sponsored by the World Health Organisation (WHO), the International
Labour Organisation (ILO), the Nuclear Energy Agency of the Organisation for
Economic Cooperation and Development (OECD/NEA) and the International
Atomic Energy Agency. The implementation of these principles of radiation
protection and the Basic Safety Standards is undertaken by national authorities
that prescribe maximum permissible radiation doses. These dose limits are set
such that nuclear electricity generation, including the full fuel cycle, docs not add
significantly to the doses received by the general population from the naturally
occurring radiation that has always been present in the biosphere. Additionally,
there is a requirement stemming from the ICRP principles to ensure that all
exposures to radioactivity should be as low as reasonably achievable (ALARA
principle) below the regulated dose limit, taking social and economic factors into
account.
Before describing the various fuel cycles employed in nuclear generation of
electricity, it is useful to discuss briefly radioactivity and radioactive waste
classifications to simplify subsequent references to these matters.
2.1.1

Radioactivity
Most elements that occur naturally, and also those that are man-made, are made
up of a mixture of isotopes, i.e. atoms having identical chemical properties but
differing in mass. Some of these isotopes are unstable and will break down, or
disintegrate, of their own accord by emitting nuclear particles and/or
electro-magnetic energy from the nucleus of the atom until a stable arrangement
of nuclear particles is attained. In so doing, the atom changes into an isotope
of another element. This process is called 'radioactive decay', otherwise described
as 'radioactivity'.
Radioactivity was first discovered by Henri Becqucrel in 1896. In the same year
the Curies discovered the radioactive clement radium. By 1912, scientists had
identified three types of emission from radioactive sources. These are known as
alpha, beta, and gamma emissions. Later it was discovered that some isotopes
could emit uncharged nuclear particles, known as neutrons.
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Alpha radiation consists of heavy positively charged particles, which are in fact
the nucleus of the helium atom. Alpha radiation may just penetrate the surface
of the skin and can be stopped completely by a sheet of paper. The human body
can be readily shielded from alpha radiation. However, if alpha emitting
materials are taken into the body by inhalation or along with food or water they
can be exposed to internal tissue directly, and may therefore represent a hazard.
Beta radiation consists of electrons. These are more penetrating than alpha
particles, and can pass through 1-2 cm of water. In general, a sheet of
aluminium a few mm thick will stop beta radiation.
Gamma rays are a form of electromagnetic radiation similar to X-rays. They can
be very penetrating and can pass right through the human body, but are almost
completely absorbed by one metre of concrete or corresponding thicknesses of
other dense materials.
The rate of decay of an isotope is measured by the term 'half-life'; the time taken
for half of the atoms in a given mass to disintegrate. A short half-life means a
high decay rate. In two half-lives, the radioactivity is reduced to a quarter, in ten
half-lives to one thousandth and in twenty half-lives to one millionth of the
original level. Each radioisotopc has its own unique half-life, which cannot be
changed by physical, chemical, or any other means.
Radioactive isotopes have always been present in the natural environment.
Some, e.g. tritium, carbon-14 and sodium-22, have been produced by the
interaction of cosmic rays with atoms of stable nuclides in the atmosphere and
in the earth's crust. There are also primordial radio-isotopes which have existed
in the earth's crust throughout its history, e.g. potassium-40, uranium-233 and
thorium-232. Indeed, the heat of decay of these primordial radioisotopes
maintains the molten core of the earth.
Radioisotopes may also be artificially produced (i.e., man-made) in nuclear
reactors, including those employed to generate electricity, and in accelerators that
are employed in research and medicine.
Some examples of half-life periods are listed below:
Uranium-238
Uranium-235
Carbon-14
Bismuth-212
Iodine-137
Polonium-212

-

4,500 million years
710 million years
5,700 years
60 minutes
23 seconds
less than a millionth of a second

Thus, unlike some elements - e.g. cadmium and arsenic - which remain toxicforever, radioactivity decays and weakens with time until only stable atoms are
left. Highly radioactive materials have short half-lives and so the radiation levels
only last a very short time. This gives rise to a method of waste management
called 'delay and decay', followed by release when the relevant radioactive
material has decayed into stable substances. The most important waste
management strategy, however, is based on concentration and containment. This
is particularly applied to radioactive waste with long half-lives.
In the case of gaseous or liquid effluent streams containing very low levels of
radioactivity, dilution and dispersion may be employed. The maximum
concentration of radionuclides remaining in the effluent and the rates at which
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they are released must conform to standards set by regulatory authorities, usually
on the basis of internationally agreed levels based in turn on concern for public
safety. These limits take account of all possible pathways for human exposure
and of the possibilities for the radioactivity to be reconcentrated through such
avenues as water sources and food chains.

2.1.2

Waste classifications
Waste may be gaseous, liquid or solid. However, the most common classification
has focused not on the state of the waste but on the basis of its radioactivity.
The term high-level waste is usually reserved for the liquid waste stream from the
first stage of reprocessing of spent fuel. High-level waste contains both fission
products and actinides1, is highly radioactive, and generates heal that requires
cooling to be taken into account when designing handling, storage, or disposal
facilities. More than 99 per cent of total radioactivity from the nuclear fuel cycle
is contained in spent fuel and hence in high-level waste from reprocessing.
Intermediate-level waste is less radioactive than high-level waste and does not
generate a significant amount of heat, but generally requires shielding. Often the
intermediate-level category is further subdivided into two categories depending
on the content of long-lived alpha emitters.
Low-level waste, although not as radioactive as intermediate-level waste, still
exceeds the limits set for disposal in conventional municipal landfill sites.
Low-level waste docs not require shielding during normal handling and transport.
The above classification of waste was useful in the earlier days of nuclear power
generation, as it provided guidance for what were considered the most important
criteria in developing safe procedures for handling, storage, and transport. Today,
additional emphasis in waste classification is being given to the possible strategies
for waste disposal.
Consequently, a distinction is made between short-lived waste (requiring a few
hundred years to decay to levels not requiring special handling) and long-lived
waste which requires management and containment for thousands of years. In
general, low-level waste containing short-lived radionuclides can be disposed of
in engineered surface or near- surface facilities, whereas a consensus is emerging
that long-lived intermediate-level waste, as well as high-level waste, will require
deep geological disposal.

2.2 THE NUCLEAR FUEL CYCLE
The nuclear fuel cycle is conveniently divided into a 'front end' and a 'back end\
The former is illustrated schematically in Figure 2.1.

2.2.1

Front-end of the nuclear fuel cycle
Uranium is generally mined as a low-grade ore (0.1-0.3% U). Processing begins
at a uranium mill, which crushes, grinds, and leaches the ore. The uranium in

Actinides are elements with an atomic number from 89 to 103 inclusive. A!! are radioactive.
High-level waste may contain uranium, plutonium, neptunium, americium and curium.
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the 'leach liquor' is purified and precipitated, filtered, dried, and calcined to give
a uranium oxide concentrate known as "yellowcake'. The concentrate is further
purified and converted into uranium hexafluoride (UF6), first by reaction with
hydrogen fluoride to produce uranium tetrafluoride (UF4) and then with fluorine
to UF6. Uranium hexafluoride is a colourless solid which sublimes without
melting at room temperature and pressure. UF6 may be handled as a solid,
liquid, or gas, under appropriate temperature and pressure.

MINING AND MILLING-

•YELLOWCAKE

CONVERSION OF U308 TO UF6

235

U ENRICHMENT

1

FUEL FABRICATION

TO NUCLEAR POWER STATION

FIGURE 2.1
'FRONT END' OF THE NUCLEAR FUEL CYCLE

Current light-water reactors can only fission uranium-235, which is no more than
0.71 per cent of the natural uranium in UF6. For commercial power stations, the
uranium-235 content is increased in enrichment processes from 0.71 to 2-4
per cent. These processes require UF6 feed in a gaseous form, and achieve
separation cither by the preferential passage of lighter molecules (the fluoride
of U-235) through microscopic pores (diffusion) or by the differential effect of
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centrifugal force on the mass difference between the fluorides of U-235 and U238 (centrifuge). The fraction enriched in U-235 is shipped to a fuel fabrication
plant, whereas the tails, containing 0.2-03% U-235, are stored to await the time
when a fast breeder reactor can utilise the energy content of U-238. In the fuel
fabrication step, gaseous enriched UF6 is reduced (converted) to ceramic grade
uranium oxide (UOa) powder, which is then pressed into pellets 8-15 mm in
diameter and 10-15 mm in length and sintered. The sintered pellets are loaded
into thin-walled tubes of a zirconium alloy, which is then sealed by welding.
These fuel rods are then assembled into fuel elements.
The bulk of the waste produced in the front-end of the fuel cycle remain at the
uranium mine. ASTEC2 (para 8.7.30) noted that the general procedures for
radiation protection associated with uranium mining and milling are well
established, although the exact approach taken may be specific to each site.
The remaining stages of the front-end of the fuel cycle produce only a minute
quantity of waste. The waste produced is low-level and, because enrichment and
fuel rod fabrication plants process uranium that has not been fissioned, contain
only naturally occurring radioisotopes.
Operations at the front-end stages do not require special shielding or the use of
remote handling techniques. The only requirement is adequate ventilation and
dust protection to prevent operators from inhaling fine particles of uranium
oxide and radon gas.

2.2.2

Back-end or the nuclear fuel cycle
The nuclear industry has adopted two main strategies for the post-fission portion,
or back-end of the fuel cycle:
•

the 'once-through' fuel cycle, in which the spent fuel from nuclear
reactors is considered as waste for eventual disposal; this process is
sometimes called 'direct disposal';

•

the reprocessing (or 'closed") fuel cycle, in which the spent fuel is
chemically processed for re-use, the uranium and plutonium are recycled,
and fission products and actinides form the high-level waste stream for
conditioning and disposal.

Another option could be the 'open cycle', with long-term storage of the spent fuel
to keep open the options for future retrieval and reprocessing or direct disposal.
The once-through and reprocessing cycles are illustrated schematically in Fig.
2.2. Before considering the different steps of the two strategics, it is useful to
understand the nature of spent fuel, the established practice of short-term storage
at the reactor and subsequent transport to centralised storage facilities.
The characteristics of waste arising from the back-end of the fuel cycle depend
on the choice between the oni;e-through fuel cycle and reprocessing. In the
once-through cycle, spent fuel itself becomes a high-level waste form, whereas in

Australian Science and Technology Council (ASTEC), "Australia's Role in the Nuclear Fuel Cycle",
Canberra, 1984.
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the reprocessing cycle a number of liquid and solid waste streams arise that
require different methods of treatment.
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FIGURE 2.2
STAGES OF SPENT FUEL MANAGEMENT

23 SPENT FUEL
The spent fuel discharged from reactors contains uranium, plutonium, fission
products and actinidcs. For pressurised water reactor fuel with a 33,000
MWd/ionne uranium burn-up3, the spent fuel consists of about 96 per cent
Burn-up is a measure of the thermal energy extracted from a given mass of heavy metal originally
loaded as fuel, and expressed in megawatt-days per tonne of uranium, abbreviated as MwdAonne.
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uranium, 1 per cent plutonium and 3 per cent other fission products, mainly as
oxides; the U-235 concentration has fallen from about 3 per cent in the fuel
originally, to about 1 per cent. The exact fuel composition after irradiation in
the reactor depends upon many parameters such as initial enrichment, initial
composition, bum-up, etc. Current burn-ups are increasing through advancing
technology to 40,000 MWd/tonne in pressurised water reactors, and it is expected
that by the end of the century they will be around 50-60,000 MWd/tom,e.
The original fuel, if made from enriched natural uranium, contains U-235, which
is fissile and capable of being fissioned in thermal reactors, and U-238 which in
a reactor is transformed to heavier elements such as Pu-239, which is also fissile
and hence a potential fuel. Natural uranium also contains U-234, which is a
non-fissile alpha emitter. After irradiation, the spent fuel contains a number of
other uranium isotopes such as U-232 and U-236. A number of plutonium
isotopes are also formed in the original uranium oxide fuel. Typical plutonium
isotopic compositions after a burn-up of 33,000 MWd/t are: Pu-236,0.11 ppm4;
Pu-238, 2.0 per cent; Pu-239, 57%; Pu-240, 23 per cent; Pu-241, 13 per cent;
Pu-242, 5 per cent.
Radioactive decay, the ejection of alpha and beta particles and gamma rays, is the
source of heat generation in spent fuel. The residual heat in a fuel element, on
removal from the reactor, is only a small fraction of the heat generated during
the operation of the reactor. Nevertheless, it is still high enough to require
special handling. The initial rate of reduction of the radioactivity and the
associated heat output is quite rapid, decaying during ths first year to one-tenth
of the level at removal. Typical decay heat of pressurised water reactor fuel is
in excess of 100 kW/tonne on removal from the reactor, 24.3kW/tonne after 150
days, and 10.4 kW/tonne after one year.
The longer term thermal power and evolution of radioactivity of spent fuel is
shown in Table 2.1.

2.3.1

At-Reactor storage of spent fuel
Fuel discharged from a reactor must be stored until radioactive decay and
residual heat generation have declined to a point sufficient to permit safe
transportation or further processing. This storage occurs in water-filled pools
installed in the reactor building. Storage of spent fuel under water
simultaneously solves the problems of heat removal and shielding against
radiation. The spent fuel can be cooled for a year or two, or longer if the
capacity exists and the operator chooses to do so.
Pools for light-water reactor fuel are usually rectangular and typically
12-13 metres deep to ensure that the fuel assemblies can be lifted from vertical
storage racks whilst maintaining a water shield of at least 3 metres. Pool sizes
vary from 10-20 metres long by 7-15 metres wide and they are constructed of
reinforced concrete and are lined with stainless steel or with a fibreglass material.
Water chemistry is controlled to avoid corrosion of the fuel clad. Radioactivity
that is always present in storage pool water is controlled by water purification
systems, which include filtration and ion exchange to minimise radiation exposure
of operating personnel.

ppm = pans per million.
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TABLE 2.1 THERMAL POWER AND RADIOACTIVITY
OF SPENT FUEL

(As a function of time)*5
TIME FROM
REACTOR
DISCHARGE
(YEARS)

ENERGY RELEASE
FROM ORIGINAL FUEL
ELEMENTS
(WATTS/TONNE)

RADIOACTIVITY OF ORIGINAL
FUEL ELEMENTS
(TBqnX>NNE)
FISSION
PRODUCTS

10
100

ACT1N1DES &
DAUGHTERS

1,290

11,500

2,660

284

1,270

234

1,000

49.4

0.8

57

10,000

13.5

-

163

100,000

1.0

-

1.4

1,000,000

03

-

0.5

10,000,000

-

-

0.2

Data for a pressurised water reactor with a fuel burn-up of 33,000 MWd/tonne. 1 Tbq =
1 terabecquerel = 10IS disintegrations per second = 27 curies. Natural uranium, for
coir.parison, has a radioactive concentration of about 0.05 to 0.2 Tbq/tonne. Uranium ore
has a radioactive concentration towards the upper end of this range.
The total radioactivity after 10,000 years in spent fuel with burn-up of 33,000 MWd/tonne
is approximately equivalent to that in the amount of uranium ore used to produce the fuel.

23.2

Spent fuel transport
A typical 1000 MWe6 nuclear power station discharges 30-40 tonnes of spent
fuel annually. Transportation of this spent fuel, after an initial period of storage
at the reactor, is an essential part of spent fuel management. Over the past 30
years, more than 15,000 movements of spent fuel have been made in Europe,
North America, and Japan, using road, rail, or marine transport.
The transport has always been conducted in accordance with the International
Atomic Energy Agency's Regulations for the Safe Transport of Radioactive
Materials, first published in 1961 and regularly revised. The International
Atomic Energy Agency regulations have been adopted by international and
national authorities to regulate the transport of all radioactive materials on all
modes of transport.
Typical spent fuel containers, or casks, weigh 50-120 tonnes and are made of
forged or wrought and welded steel or nodular cast iron. The wall thickness is
about 0.4 metres and the walls incorporate additional gamma and neutron
shields. External fins may be used to assist in the dissipation of the radioactive

OECD - Nuclear Energy Agency, "Nuclear Spent Fuel Management - Experience and Options", A
report by an Expert Group, OECD, Paris, 1986.
MWe = megawatts of electrical output (usually around 30 per cent of the heat output as a result <f
the efficiency of conversion from heat to electricity).
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decay heat from the spent fuel. Depending on the age of the spent fuel, the
casks may be dry or wet
Each cask design must undergo a rigorous series of tests to demonstrate its
ability to survive severe accident conditions, and each individual cask is subjected
to inspection and testing for certification before it can be used.
Special rail, road, and marine transport equipment has been developed for spent
fuel casks.

233

Away-From-Reactor storage
The combined effects of increasing nuclear electricity generation, delays in the
construction of reprocessing plants, doubts about the need for prompt
reprocessing and the need for extended cooling before spent fuel could be
disposed geologically, have led to the consideration of interim storage. The finite
capacity of at-reactor sites, and the recognition that a multiplicity of small stores
is a relatively expensive way of storing spent fuel, have led some countries to
consider larger, centralised away-from-reactor storage facilities in which spent
fuel could be stored for extended periods before reprocessing or direct disposal.
Large central spent fuel storage capacity was initially installed at the reprocessing
facilities in France and the UK to provide a buffer. Generally underwater
storage has been favoured at reprocessing plants. The facilities at La Hague,
France, provide the capability to store 10,000 tonnes of spent fuel. Sellafield,
UK, has a capacity to store about 9,500 tonnes of spent fuel.
A central away-from-rcactor interim storage facility, CLAB, was commissioned
in Sweden in 1985 to store spent fuel and reactor core components in pools for
a period of about 40 years prior to geological disposal. The CLAB storage
building is located underground in a rock cavern whose ceiling is 25-30 metres
below ground level. By locating the storage section underground the facility
provides protection against intrusion, theft, sabotage, and acts of war. CLAB has
a capacity of 3,000 tonnes of spent fuel, with the potential to be enlarged to
7,000 tonnes.
Dry storage of spent fuel becomes an attractive technique when long periods of
storage are considered. Initial cooling can be carried out at reactor pools for five
or more years before the fuel is consigned for long-term dry storage prior to
direct disposal or deferred reprocessing. Dry storage results in lower operating
and maintenance costs and produces less secondary waste because natural air
cooling is used. Dry stores have been licensed in Germany, the USA and UK.
A number of variants of dry storage have been developed and tested since the
1970s. In the past decade, dual-purpose transport/dry storage casks have gained
attention because of the possibility of modular construction of storage facilities.

2.4 THE 'ONCE-THROUGH' FUEL CYCLE
In the once-through fuel cycle the spent fuel becomes the waste form in which
the main fraction of fission products, actinides, and plutonium are firmly fixed
in the UO2 matrix of the fuel. The spent fuel must be conditioned before final
disposal and isolation in a deep geological repository, after an appropriate time
of interim storage. Generally, the rate of residual heat generation of spent light
2-10

water reactor fuel decreases by about a factor of 10 from one year to 40 years
after it has been unloaded from the reactor. After about 40 years the rate of
decrease in residual heat is rather slow-, to achieve another factor of 10 reduction
it would be necessary to wait for 500 to 1000 years. Thus, there is little technical
incentive to defer disposal beyond 40 years or so.
The conditioning of spent fuel involves hermetic encapsulation in corrosionresistant canisters, which are required to provide a significant barrier to the
escape of radioactivity from the waste. Encapsulation is also required to permit
safe handling during transport and deposition in the repository. A number of
different canister materials have been studied. In the USA attention has focused
on iron based and titanium alloys, whereas Sweden has considered copper and
lead. Copper has been chosen in Sweden because, given the groundwater
conditions existing in Sweden, copper canisters, about 0.1 metre thick, are
predicted to have a corrosion lifetime in excess of one million years.
All steps in the process of spent fuel encapsulation in 0.1 m thick copper
canisters have been demonstrated in Sweden, using simulated fuel rods.
Procedures for evaluating the welds and for quality assurance in the entire
operation have been described and tested. It is envisaged that 8 or 9 boiling
water reactor fuel assemblies would be encapsulated in a 0.8 metre diameter and
4.5 metre long copper canister by hot isostatic pressing. The interstices between
the fuel assemblies would be filled with copper powder which would sinter and
become compact after the hot isostatic pressing. Such a canister would contain
about 1.5 tonnes of uranium and weigh a total of 18.5 tonnes.
Technological development is required to develop remote processes for actual
spent fuel encapsulation. However, as final disposal is not expected to start in
Sweden prior to the year 2020, adequate time exists to optimise the design of the
hot cell process.
An alternative concept of direct disposal of spent fuel has been investigated in
Germany for eventual disposal in salt domes. This employs the POLLUX Cask
System, which allows, in addition to containment for transport, for long-term
interim dry storage and also for re-opening, in case reprocessing is deemed
desirable at a later stage. The POLLUX containment concept is based on a
double shell defined by the disposal cask and a shielding overpack. The disposal
casks have welded gaslight containment and are surfaced with Hastcloy C4 by a
welding process after the spent fuel is loaded to ensure adequate corrosion
protection.
The technical feasibility of this concept has been demonstrated in principle and
a pilot plant is being constructed.

2.5 THE REPROCESSING CYCLE
As noted above, spent fuel from nuclear reactors is comprised largely of uranium
(some 96 per cent by weight) and plutonium (about 1 per cent), both of which
can be recycled. The remainder (of about 3 per cent) is comprised of radioactive
waste, mainly fission products and actinidcs. The separation of the uranium from
plutonium and from the waste products is called reprocessing.
The initial impetus for reprocessing was provided by an expected shortage of
uranium and the realisation that current light-water reactors utilise only about

2-11

1 per cent of the energy of uranium, whereas fast breeder reactors could extend
this to 50 per cent This arises because the capture of a neutron by the fertile
U-23S gives rise to Pu-239 which is fissile. However, significant utilisation of U238 requires an abundance of energetic neutrons (fast), which would be provided
in a fast breeder by the fission of Pu-239.
Reprocessing was also seen to be advantageous because uranium could be
recycled to save demand for enrichment. A typical pressurised water reactor
spent fuel element after a burn-up of 30-35,000 MWd/tonne still retains 0.8-1.0%
of U-235, which is higher than the U-235 content of fresh natural uranium.
However, the successful demonstration of light-water reactor fuels with burn-ups
significantly in excess of 40.000 MWd/tonne has reduced the incentive for
uranium recycle in thermal reactors at current uranium prices.
Usually, the spent fuel is stored for 2-3 years, to allow the decay of short-lived
fission products before reprocessing. Commercial reprocessing generally employs
the PUREX process but a number of alternatives have been investigated5.
The main stages of reprocessing of oxide fucis involve:
•

cutting of the fuel assemblies to expose the UO2 fuel;

•

fuel dissolution in hot concentrated nitric acid;

•

clarification of the solution;

•

solvent extraction in which the radioactive waste products are isolated
in the first cycle, followed by separation of the uranium and plutonium
streams; and

•

purification of the uranyl and plutonium nitrate solutions and
conversion to oxide forms.

Associated with the main process are systems for dissolvcr off-gas treatment,
nitric acid recovery and recycle, and solvent purification and recycle. These
operations produce a number of waste streams, which, wherever possible, are
concentrated by evaporation before storage and conditioning.

2.5.1

Uranium and plutonium recycle
Increasing amounts of plutonium and reprocessed uranium are becoming
available to utilities that contracted for reprocessing services with COGEMA
and/or British Nuclear Fuels Limited (BNFL), the two organisations that operate
commercial reprocessing facilities in France and the UK, respectively. Since
widespread introduction of commercial fast breeder reactors is no longer
expected until at least the year 2020, the plutonium and reprocessed uranium
must be stored for long times or utilised in current thermal reactors in the form
of recycled uranium and/or mixed uranium and plutonium oxides (MOX). The
use of MOX fuels in thermal reactors reduces (by up to 20 per cent) the need
for fresh uranium purchases by utilities.
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2.5.1.1 Uranium recycle
The characteristics of reprocessed uranium differ substantially from
natural uranium:
•

Reprocessed uranium contains U-232, which does not occur
naturally and whose daughters (the products of its radioactive
decay) continue to build up with storage to a maximum at
around 10 years. The U-232 daughters (themselves radioactive)
give rise to gamma activity, which complicates handling and
processing unless inter-stage delays are minimised.

•

Reprocessed uranium contains traces of fission products and
transuranic elements that contribute additional radioactivity.

•

Reprocessed uranium contains U-236, which is a neutron
absorber that must be compensated by higher levels of U-235
enrichment. The U-236 content of reprocessed uranium
increases with fuc! burn-up.

•

Both gaseous diffusion and centrifuge enrichment processes
applied to reprocessed uranium deliver a product that is
enriched in U-232, U-234, and U-236. Thus all U-232 in
reprocessed uranium goes to the enriched stream as well as two
thirds of the U-236.

The technical feasibility of recycling of uranium in light-water reactors
has been demonstrated in a number of countries. Much of the
reprocessed uranium originated from low burn-up fuels. The recent
widespread demonstration of safe and reliable utilisation of higher
burn-up has, however, reduced the economic potential of uranium
recycle in light-water reactors. Thus, it is likely that reprocessed
uranium will be stored for extended periods unless factors other than
current economics come to dominate the decisions.
To be economic, the widespread utilisation of reprocessed uranium in
light-water reactors would probably require the development of a laser
enrichment process, which would permit highly selective separation of
U-235 from U-232, U-234 and U-236.

2.5.7.2 Plutonium recycle
Extensive storage of plutonium is expensive, and the value of the
material for use in light-water reactors reduces progressively over time
because the fissile content decreases as Pu-241 decays to americium-241.
The latter is also highly radioactive, and requires more expensive
handling facilities. To avoid costly purification, the recovered plutonium
needs to be processed within 2-3 years of reprocessing.
Plutonium is utilised as mixed uranium and plutonium oxides (MOX)
in fuel assemblies identical to those used for uranium fuel. The fissile
content is provided by 2-5 per cent of fissile PuO2. Originally most of
the UO2 in MOX used natural uranium. In the latter half of the 1980s
the emphasis shifted to the use of depleted uranium, i.e. the tails from
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uranium enrichment Obviously, the recycle of plutonium in MOX fuels
reduces the need for uranium enrichment.
Plutonium can be recycled in MOX fuel several times. Fuel made from
MOX has been reprocessed and the plutonium recycled a second time.
It normally takes 10 to 15 years between each plutonium recycling
operation of MOX fuel. The changing isotopic composition of
plutonium is likely to limit the number of recycles in light-water
reactors. Utilisation of such plutonium requires the advent of fast
reactors.
MOX fuel fabrication facilities are in operation at Dessel (35 tonnes of
heavy mctalyear)7 in Belgium and at Hanau (25 tonnes HM/year) in
Germany. MOX fuel fabrication facilities require significant shielding
for neutrons and gamma rays and good containment of alpha
radioactivity. Increasing levels of automation and remote handling are
being introduced in MOX fabrication facilities to limit operator
exposure to radioactivity.
With the introduction of increasing fuel burn-up in light-water reactors,
the economic advantage ol MOX fuel utilisation in thermal reactors is
decreasing. The main impetus for MOX utilisation in thermal reactors
comes from the desire to avoid the build-up of stocks of plutonium, a
legacy of reprocessing contracts concluded in earlier times, and from
legislative requirements in a number of European countries.

2.6 WASTE CONDITIONING
The main objective of v^aste conditioning is to convert the waste to a form
suitable for handling, storage, transport and disposal.
Generally, waste
conditioning should aim for a product that resists leaching to minimise the
release of radionuclidcs and possesses adequate mechanical, physical, and
chemical stability.
The nature of high-level waste is sufficiently different to justify its being
discussed separately from low-and intermediate-level waste.

2.6.1

High-level waste
In the reprocessing strategy, the high-level liquid waste discharged from the first
separation cycle is concentrated by evaporation and stored in high integrity
cooled and shielded tanks. The conversion of this liquid waste to a solid form
reduces the mobility of the radionuclides and simplifies the surveillance required
during a period of storage to reduce the rate of heat generation.

2.6.1.1 Borosilicate glass
Attention internationally has focused on borosilicatc glass as a possible
waste form since the late 1950s. A vitrification process using

7

Note: "heavy metal" (HM) is commonly used as an omnibus term to include both uranium and
plutonium.
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borosilicate glass was first demonstrated by France on a commercial
scale at Marcoule in 1978. This technology has been successful, and new
facilities based on the Marcoule design have been constructed at
La Hague, France, and at Sellafield, UK. Different vitrification
strategies are being developed by Germany, Japan, India, and the USA.
In Belgium, the PAMELA vitrification facility at Mol in Belgium, using
a ceramic glass melter, started operation in October 1985, and has
operated since then at designed levels. Thus, there are now two proven
technologies for immobilisation of high-level waste in borosilicate glass.
Ceramic melters for vitrification of high-level waste are also favoured in
Japan and USA, which, however, do not yet have production plants.
In both processes the vitrified waste is cast in stainless steel canisters
that are welded, decontaminated, and stored in interim facilities at the
vitrification plant. The radioactive decay heat from the waste canisters
is removed by forced air and/or natural convection. It is usually
envisaged that the vitrified high-level waste will be stored for periods of
about 40 years before disposal to allow for sufficient heat decay.
Transport flasks and storage facilities have been developed. Fjctended
storage of solidified high-level waste does not present difficulties since
the volume of high-level waste arising is very small even for large
nuclear power programs.

2.6.1.2 Synroc
Research on alternative high-level waste forms commenced in the 1970s
and the results have been reviewed recently.8 Synroc, a titanatc ceramic
developed in Australia, has emerged as a second generation waste form
with significantly superior leach resistance to borosilicate glass. The
technology has been demonstrated on an experimental basis at Lucas
Heights, using non-radioactive materials to simulate high-level waste.
The enhanced stability of Synroc to leaching by ground waters suggests
that it may be more appropriate than borosilicate glass for solidification
of waste from high-burn-up fuels, MOX recycle, and fast breeder
reactors where far higher levels of long-lived actinides are present than
in current light-water reactor fuels. The Castaing Report9 in 1982
explored the idea of using Synroc to immobilise actinides from the
high-level waste stream.

2.6.2

Low-and intermediate-level waste
These categories account for about 99 per cent of the volume of all radioactive
waste, but contain less than 1-5 per cent of the total radioactivity of waste
generated in the various parts of the nuclear fuel cycle.

W. Lutze and R.C. Ewing eds., "Radioactive Waste Forms for the Future", North Holland, Elsevier
Science Publishers, Amsterdam, 1988.
R. Castaing (Chairman), "Report of Working Group on Spent Fuel Management", Ministry for
Research and Industry, Supreme Council for Nuclear Safely, France, 1982.
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Low-level waste encompasses a wide range of items that are only slightly
contaminated. Examples are: worn out or damaged equipment, protective
clothing, air fillers, chemical sludges, and ash from the incineration of
combustible low-level waste. Intermediate-level waste also covers a broad
spectrum of materials, including fuel cladding, used reactor components, filters,
sludges, and resins from gaseous and liquid effluent treatment systems. In both
these categories, the level of alpha contamination, i.e. associated with long-lived
isotopes, is an important issue that will have a decisive impact on possible
disposal routes. Most alpha waste is expected to arise fi>">m reprocessing facilities
and from plants that handle recycled uranium and plutonium.
The mair: aim of conditioning is volume reduction by compaction, evaporation,
and incineration, followed by encapsulation in concrete, bitumen, or polymer
resins. Generally, the encapsulation is carried out in 200-litre drums. In some
countries, concrete moulds and tanks of standardised size are also used.
Conditioning of low and intermediate-level waste has been practiced in most
countries for a long time. Whilst the technologies are well established,
improvements continue to evolve. Quality control and quality assurance have
received increased emphasis with the development of firm acceptance criteria for
waste at low-level repositories.
A number of countries are following the example cf the French National
Radioactive Waste Management Agency (ANDRA), which has developed and
instituted a register of radioactive elements in each waste package or drum,
including the source of the waste, and tracks its movement and disposal location.
In this way, it can be confirmed that radioactive waste packages comply with the
requirements for storage, disposal, and transportation. A detailed description of
the quality assurance and quality control schemes for radioactive waste
management in Germany has been given by Warnecke ct al10.

2.7 WASTE DISPOSAL
2.7.1 Low-and intermediate-level waste
All disposal concepts rely on isolation of waste from the biosphere until
radioactive decay has made subsequent releases to the environment compatible
with radiation protection criteria. Multi-barrier containment systems have been
designed and implemented in some countries for low- and intermediate-level
waste categories. Sea dumping of conditioned waste is subject to a moratorium
and is not currently practised.
Most of the radionuclides in low-level waste have half-lives of less than 30 years;
consequently, most of their radioactivity will have disappeared in 200 to 300
years. Because the safety of low-level waste handling is not significantly
improved by extended storage, this waste, after conditioning, is disposed of
immediately in countries that have, low-level waste disposal facilities.
The near-surface repository at the Centre de la Manche in France, operated since
1969, remains a good example of a soundly engineered near-surface disposal
facility for short-lived waste. The Centre occupies 12 hectares and the waste

10

E. Warnecke, D. Bracking and P. Podewils, "Quality Assurance (Q.A.) and Quality Control (Q.C.)
for Radioactive Wastes", The Third Annual Waste Management Conference, Las Vegas, 1989.
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packages are disposed in earth mounded concrete bunkers or tumuli.
Construction involves a below ground phase for disposal of the higher activity
intermediate-level waste and an above ground phase for low-level waste. The
facility begins with a pit that is lined with steel reinforced concrete. Waste is
enclosed in concrete containers and embedded in concrete monoliths.
Reinforcing steel is placed on the last layer of intermediate-level packages, and
the compartments are then completely filled with concrete. Thereafter, a layer
of asphalt is placed on the concrete, and low-level waste packages are placed over
the sealed monoliths. The packages are back-filled and covered with a series of
earthen layers, including clay, to render the whole structure impervious to rainfall
and underground water. Each package deposited in the repository is recorded
and a permanent inventory of waste disposed is maintained. A monitoring
network, situated at the base of the concrete monoliths, is accessible by
inspection pits to enable the watertightness of the structure to be checked and
to enable counter measures to be initiated in case of failure of any of the
barriers. The Centre de la Manche has a total capacity of 485,000 cubic metres
of waste, and according to existing plans will be fully utt.'ised by the early 1990s.
At the end of the operational phase, the facility will be decommissioned, and
only grass mounds will be visible. The land will remain under government
control for 200 to 300 years, after which the potential risk to the environment
will be negligible and institutional control will cease.
The outstanding operational record of the La Manche facility has enabled France
to proceed quickly with licensing of a new site known as Centre de 1'Aube.
Planning started in June 1984, and the final decree authorising the new Centre
was issued by President Mittcrand in July 1987. This new low-level waste
repository incorporates the concepts pioneered at La Manche, and includes
further improvements gained from the experience gained at La Manche over the
previous 17 years, to give enhanced protection of workers and the environment.
Shallow ground burial of conditioned low-level waste and intermediate-level
waste in concrete basins in a clay formation is practised in Hungary. The former
East Germany devised a system to dispose of low-level waste and
intermediate-level waste in a disused salt mine, operational since 1979. The
former West Germany has conducted detailed studies for waste disposal in a
disused iron ore mine at Konrad.
The UK experience at the Drigg site, where shallow land burial was employed,
has not been as successful, and public and x political pressures have required
remedial action. As the result of these pressures BNFL has recently completed
a £20 million program of engineering improvements which have taken note of
French practice. All current disposals at Drigg are placed into below ground
concrete vaults. In Canada, an underground reinforced concrete facility known
as IRUS (Intrusion Resistant Underground Structure) is being developed at the
Chalk River Nuclear Laboratories.
For countries with smaller nuclear programs, alternative solutions may be
preferable. Thus, Sweden has constructed an underground repository, SFR, in"
a rock cavern with different storage chambers located about 50 metres below the
seabed. This repository has a volume of 90,000 cubic metres and accepts
conditioned low- and intermediate-level (short-lived) waste. It was constructed
in about 4 years and began receiving waste in 1988. Finland will have a
repository consisting of two rock silos at a depth of 60-90 metres in granite for
disposal of low- and intermediate-level waste in 1992; excavation of the
repository commenced in 1988.
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2.7.2

High-level waste and spent fuel
No country has yet constructed a repository for high-level waste disposal. This
is partly because the associated hazards of high-level waste decrease with time
and safe and economic solutions exist for extended interim storage of high-level
waste and spent fuel. At the same time, a failure to achieve early public
acceptance of the concept of high-level waste disposal and consequent political
difficulties in site selection or site preparation have delayed commencement of
such site selection and actual construction of a repository in some countries that
have proceeded with plans for high-level waste disposal.
A substantial body of scientific and technical evidence from past and ongoing
studies, together with R&D activities coordinated through the OECD/NEA and
the International Atomic Energy Agency, have generated a high degree of
confidence among waste management experts about the feasibility of designing
and operating disposal systems in deep geological structures. These structures
will assure long-term isolation for high-level waste or spent fuel and meet the
relevant long-term safety objectives. The required safety is envisaged to be
achievable by a high degree of redundancy through the use of a system of
multiple barriers including:
•

a waste form in which immobilisation is assured by its high resistance to
leaching by groundwatcr;

•

engineered barriers such as the canister, composed of a metal such as
copper, titanium, or stainless steel that resists corrosion by
groundwaters, and a clay ovcrpack that is highly impermeable to
groundwater and has a high capacity to absorb and fix radionuclides;

•

a geological barrier at depth in a carefully chosen environment that has
low permeability to groundwater and has the capacity to delay the
migration of waste elements to the biosphere for extremely long periods
(ten to a hundred thousand years), whilst the radioactivity of the waste
decays to safe levels.

Table 2.2 reproduces a recent International Atomic Energy Agency summary of
the national plans for disposal of high-level waste and/or spent fuel. This table
shows that a variety of geologic media are being investigated for repository siting.
The potential host formations include underground clay deposits, bedded salt and
salt domes, crystalline rocks such as granite, basalt, schist, gneiss and tuff.
Most countries with nuclear power programs are developing technology for deep
geological facilities for high-level waste disposal. The worldwide status of these
extensive development programs is shown in Table 2.3.
The main aims of these investigations of the deep geological disposal concept
arc:
•

development of methods and instrumentation for site investigation and
characterisation;

•

testing of hypotheses and mathematical models;

•

provision of data for modelling and performance assessment;
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TABLE 2.2 NATIONAL PLANS FOR DISPOSAL OF HIGH-LEVEL WASTE
AND/OR SPENT FUEL11
GEOLOGICAL
DISPOSAL
Argentina
Belgium

•
•

ROCK
MEDIA
Granite

REPROCESSING
DOMESTIC

Glass blocks

•

Bulgaria

Glass blocks

•

Canada

•

China

Spent fuel in casks

Granite

Glass blocks

•

•

Cuba

•

Czechoslovakia
Finland

•
•

France

•

Granite
Clay, salt
granite, schist,

•
•

Germany (GDR)
Germany (FRO)

India

•

Japan
Netherlands

Glass blocks

•

Glass blocks

•
•

Italy

•

Glass blocks

•
Salt

Hungary
Granite

•

Clay or
crystalline

•

Granite,
schisl.tuff

•

Glass blocks

•
•
•
(1992)

Salt, clay

•
•

Poland

Glass blocks
Glass blocks
Glass blocks

•

Romania
Spain

•
•

Sweden

•

Switzerland

United Kingdom
United States
USSR

FOREIGN

•

Clay

FINAL
WASTE FORM

•

Salt, clay,
crystalline
Granite

•

•

•

•

Tuff
Salt,
crystalline

Glass blocks and
spent fuel in casks
Spent fuel in casks

Granite,
sedimentary
rock

•
•

•

Glass blocks and
spent fuel in casks
Glass blocks
Spent fuel in casks

•

•

Glass blocks

Notes: No Member State has made a final selection of a repository site for disposal of high-level waste or spent
fuel. The idenlified rock media are those under consideration and/or the subject of site characterisation studies.
In Bulgaria, Cuba, Czechoslovakia, Hungary, Poland, and Romania (and what was formerly the German
Democratic Republic), spent fuel is to be returned to the foreign supplier.

J.L. Zhu and C.Y. Chan "Radioactive waste management: World Overview" IAEA Bulletin
31 (4) p. 5 (1989).
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•

evaluation of the engineering feasibility of repository construction,
operation and closure.

The status of the in situ programs has been summarised by the International
Atomic Energy Agency12 and the Nuclear Energy Agency of the Organisation
for Economic Cooperation and Development.13

TABLE 2.3 HIGH-LEVEL WASTE/SPENT FUEL DISPOSAL:
RESEARCH AND DEVELOPMENT PROGRAMS14

SITE
INVESTIGATION

Argentina
Belgium

CONSTRUCTION

INVESTIGATION

•

•

•

•

REPOSITORY
OPERATION
(PROJECTED)

•

•

Canada

•

China

>2020

•

Finland

•

France
Germany
India

•

•

•

•

•

Japan

•

Netherlands
Spain
Sweden
Switzerland
United
Kingdom
United States
USSR

UNDERGROUND RESEARCH
LABORATORY

•
•

Brazil

SITE
SELECTION

2009

•

•

•

•

>2000

>2020

II

•

•

•

•

•

•

•

•

•

•

•

•

•

•

2005-10
>2020
>2020

•
•
•

Notes: In Bulgaria, Cuba, Czechoslovakia, I lungary, Poland, and Romania (and from the former East Germany),
spent fuel is to be returned to the foreign supplier.

'2

IAEA-Tecdoc-446, "In situ experiments for disposal of Radioactive Wastes in deep geological
formations", IAEA, Vienna, 1987.

73

OECD/NEA "In situ research and investigations in OECD countries", OECD/NEA Paris, 1988.

M

Zhu and Chan: loc. cit.
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2003

The earliest underground laboratory was the salt mine near Lyons, Kansas, USA,
where the Oak Ridge National Laboratory conducted tests from 1965 to 1968.
The use of the Asse salt mine in Germany dates back to the same period.
The first underground research laboratory in granite is located in the Stripa mine
in Sweden. The Stripa Project began in 1976-77 in an abandoned Swedish iron
mine for the purpose of analysing the natural geological barrier to the migration
of radiological material. Stripa quickly stimulated international interest by
providing a unique opportunity to conduct field tests in granite rock at a depth
of 350-400 metres. Such was the level of interest that the project came under the
sponsorship of the OECD/NEA. Participating countries currently include
Canada, Finland, France, Japan, Spain, Sweden, Switzerland, the United
Kingdom and the United States.
Research during 1980-86 was concentrated in three areas:
•

detection and mapping of rock fracture zones;

•

analysis of groundwater conditions and migration paths; this work
identified mechanisms for the retardation of the migration of radioactive
material;

•

appraisal of bcntonite clay as a backfilling and sealing material; in this
case, the effectiveness of bcntonite clay in filling voids after water
saturation and swelling was validated.

Given these results, it was decided to continue research and development into
the 1987-91 period with emphasis on the following:
•

coupling measurement technology to a mathematical modelling effort so
that theoretically-calculated values for groundwater flow and nuclide
transport can be compared with values measured in the field;

•

finding
suitable methods for injecting grouting and determining the
long-term properties of materials for the sealing of groundwater flow
paths in the Stripa granite.

Stripa's track record to date gives confidence that the project will continue to
yield valuable information for repository design.
Sweden is currently constructing a new laboratory, called the Swedish Hard Rock
Laboratory, in granite close to the Oskarshamn nuclear power plant. This
project is conducted in three main phases:
•

the preconstruction phase, 1986-1990, included site investigations with
extensive measurements involving aircraft, deep boreholes and surface
methods; based on these measurements, models were developed in
different scales of the site characteristics;

•

construction began late in 1990; it will include the construction of an
access tunnel from the ground down to the main experimental level at
about 500 metre depth; throughout the construction phase a
comprehensive observation and measurement program will be carried
out in the tunnel and in the various boreholes in the surrounding area;
in parallel the results of the modelling efforts will be followed up and
supplemented;
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•

the operation phase will start when the access tunnel is completed which
is planned to be in 1993; this phase will go on for at least 15 years; the
tentative program for this period includes continued observations and
measurements of ground water movements, tracer tests and other
experiments related to nuclide transport, tests and demonstration
experiments with major components of the disposal system, development
and testing of techniques for repository construction, waste handling and
emplacement and finally quality control and quality assurance.

The continued development, testing and when possible validation of models for
groundwater flow and nuclide transport within the Hard Rock Laboratory project
and also within other ongoing and planned studies will contribute to more
realistic and less conservative safety assessment methods. In the long run this
should contribute towards increased confidence in and acceptance of the long
term predictions of the repository performance.
The Hard Rock Laboratory is an important stepping stone for the beginning of
the construction of a repository for spent fuel disposal in Sweden in 2010.
Underground laboratories have also been established in Belgium, where the focus
is on studies relevant to repositories in clay, Canada, India, Germany, Switzerland
and the United States. Additional laboratories are planned in France, Italy and
Japan.
The Canadian underground research laboratory is part of an extensive 10-year
generic research and development program on waste management approved by
the Canadian government in 1981. The laboratory is located east of Lac du
Bonnet, Manitoba, on a portion of a large granite pluton. It is a unique
geotechnical research facility because it was sited in a previously undisturbed
portion of the pluton that was well characterised before construction began.
Sweden and the USA have collaborated with Canada.
The Swiss Underground Rock Laboratory was constructed in 1983-1984 at
Grimsel. The scientific program in Grimsel is carried out in cooperation
oetwcen Switzerland and Germany.
Important demonstrations of the underground handling of spent fuel elements,
combined with a series of geoscientific investigations, have been carried out by
the US Department of Energy in the Climax mine on the Nevada Test Site.
An important research and development dividend of the underground
laboratories is the broad exchange of information, the cooperative programs
among countries that are underway and the continuing workshops that are being
held to discuss progress and findings. For example, there is a high level of
cooperation among four countries - Canada, Sweden, Switzerland and the United
States - with a strong interest in repositories constructed in granite. This
cooperation makes a strong contribution toward assuring safe disposal programs
within each of the countries by helping to find the right combination of site and
disposal concept.
Most of the underground research laboratories arc being used for generic
research, and for technology development and testing. Exceptions are the sites
at Mol, Belgium and Gorleben, Germany, where the in-situ characterisation is
aimed at the qualification of a potential repository site. The Waste Isolation
Pilot Plant near Carlsbad, New Mexico, USA, is also designed to be a repository.
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Confidence in the deep geological disposal concept has been achieved through:
•

the results of the in situ research programs;

•

the formal safety cases accepted by Governments of Sweden (8KB) and
Switzerland (Project Gewahr 1985); and

•

the results of studies of natural analogues among which ihe more
prominent ones are the studies at Pocos de Caldas, Brazil; Cigar Lake,
Canada; Oklo, Gabon, and at Alligator Rivers, NT, Australia.

Most of the studies on repository concepts have been based on mined caverns
and tunnels about 500 metres below the surface. An alternative disposal concept
involving deep holes has also been studied in the USA, Denmark and Sweden.
The deep hole concept envisages the burial of waste at depths of 3-5 km below
the surface to provide additional barriers to the return of radioactivity to the
biosphere. This concept has not been demonstrated but experience of the oil
industry and the work by the USSR at Kola peninsula shows that technology
exists to pursue this concept.
In 1988 the Commission of the European Communities concluded a six year
Performance Assessment of Geological Isolation Systems - Project PAGIS. The
study was based on commonly found rock formations in the European countries.
Reference sites for the study were based on clay, granite and salt and sub-seabed
disposal was also considered. The assessments used rock parameters derived
from in-situ research. The PAGIS results show that there arc no reasons to
doubt the possibility of achieving safe disposal of high-level waste in any of the
formations examined provided that appropriate sites are selected and repositories
are designed and built according to sound engineering practices.
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3.1 INTRODUCTION
The safety appraisal conducted by the SSG gave priority to two topics:
•

safety issues and the track record of all relevant stages of the back-end
of the nuclear fuel cycle;

•

non-proliferation and safeguards as applied to the back-end of the
nuclear fuel cycle.

The emphasis on the back-end of the nuclear fuel cycle stems from the SSG's
interest in high-level radioactive waste management, which accounts for almost
all (99 per cent) of the radioactivity produced during nuclear electricity
generation. It also recognises the public concern for environmental issues and
with the perception that the back-end of the nuclear fuel cycle has potential to
contribute to the proliferation of nuclear weapons. The latter issue is addressed
in Chapter 4.
Appraising the safety of nuclear waste management is a well trodden path, but
the issue remains controversial because the answer to nuclear waste management,
particularly management of high-level radioactive waste, is not totally
technological or scientific, requiring environmental, societal, legal and political
inputs as well. This review is primarily designed to provide a basis for deciding
whether the existing processes and operations can be considered to be
environmentally and technologically safe. Potential enhancements to safety from
the further development of Synroc technology, a topic of particular interest to
the SSG, is addressed only briefly in this Chapter; a more detailed description of
Synroc is provided by the inventor, Professor A E Ringwood, who is also a
member of the SSG, in Appendix I.
Disposal of nuclear waste in geological formations was discussed as early as 1955.
An extensive literature has evolved since then of national*1"10 and
international11'24 reviews of the state-of-the-z't of nuclear waste management
technologies, reviews of scientific and technical controversies25, legal, social and
institutional issues 2M4, and recommendations39 for further research to assist
decision-makers involved in radioactive waste management. In view of the
extensive literature generated in the area of nuclear waste management in the
past 30 years, this appraisal largely constitutes a summary of this material.
The SSG was encouraged by a report of the Australian Science and Technology
Council (ASTEC)10, which concluded in 1984 that the technology to provide for
safe management of radioactive waste is available. Taking note of the
conclusions of the ASTEC report, the SSG's safety appraisal addressed each of
the primary operations involved in the back-end of the fuel cycle, in light of
subsequent developments and the track record of the waste management
endeavours worldwide and issues of fact or perception that have influenced
public debate.

In this Chapter all footnotes/references appear at the end of the Chapter - refer pages 3-34 to 3-40.
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3.2 SPENT FUEL STORAGE
ASTEC (paragraph 93.6) concluded that:
"the technology of spent fuel storage is well established and
adequate for protection of workers in the industry and of the
general public*.
Since that time the International Atomic Energy Agency has published a
Guidebook on Spent Fuel Storage38, the results of a Coordinated Research
Programme on the behaviour of spent fuel assemblies during extended storage37,
an extensive survey of experience with dry storage of spent nuclear fuel with an
update on wet storage3*, and a document summarising current status and
prospects of spent fuel management22.
An OECD/NEA Expert Group reported in 198612 that:
'The relative ease, safety and low cost of spent fuel storage in
water filled pools is well demonstrated. Many OECD countries
will continue to store much or all of their spent fuel for periods of
20 to 50 years."
The more recent reports substantiate the conclusions of ASTEC and document
the accumulating evidence of safe dry storage methods which ASTEC (9.3.2)
considered offer potential advantages over wet storage.

33 TRANSPORT
ASTEC (paragraph 8.10.5) noted that:
"There has been considerable world-wide experience in the
transport of radioactive materials, especially spent fuel, plutonium
and low-level solid waste, and the record of performance has been
good."
The track record in transport of radioactive materials has continued to be
outstanding and the International Atomic Energy Agency39 reported in 1988 that:
"In more than 40 years of experience, there have been no known
deaths or injuries due to the radioactive nature of material being
transported under the provisions of the [Agency's] regulations."
More recently, SKB (paragraph 4.2.4)M has reported continuation of the excellent
performance into 1990.
ASTEC also noted (paragraph 8.10.5) that:
"Detailed assessments of risks by several competent authorities
have shown that although accidents during transportation can, in
principle, be expected to occur from time to time, the possible
radiological consequences of any release of radioactivity would be
small and acceptable if the present international standards and
criteria are applied."
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Jefferson40 has provided an extensive review of spent fuel transport in the United
States. He notes four accidents involved spent-fuel casks and these survived the
accidents as they were designed to do, and did not release their contents. Even
in the case of the highly-publicised accidental sinking of the cargo ship
Mont-Louis, which was transporting 350 tonnes of uranium hexafluoride in 30
containers in shallow water off the Belgian coast in 1984, there was no significant
leakage of the contents, either radioactive or physico-chemical, providing further
evidence of the successful operation of the transport safety standards.
Twenty-nine of 30 containers were recovered intact One container showed a
small leak in a closure valve and this was sealed with resin. Earlier studies had
shown that the UF8 would have reacted with the water and plugged the valve.
The entire recovery operation was performed without detriment to the health of
the salvage team or to the environment41.
This highly successful track record can be attributed to:
•

close collaboration among the International Atomic Energy Agency,
concerned international bodies, and national authorities in achieving
consistent safety provisions for all modes of transport;

•

the underlying philosophy that, as far as possible, the consignor should
be responsible for ensuring safety during transport by ensuring that the
packaging should provide the main protection against radioactive
hazards; this minimises the contribution required from carriers and
ensures that transport industry workers are expected to treat radioactive
consignments with care, but with no more care than that accorded to
other dangerous goods;

•

regulations that require prescribed rigorous tests for each type of
package and a regular inspection and certification.

The severity of the tests on spent fuel casks is illustrated by the following
examples:
•

Operation Smash Hit - In July 1984, the United Kingdom's Central
Electricity Generating Board conducted a test whereby a 140-tonne
dicsel locomotive coupled to three 35-tonne coaches smashed into a 37tonnc nuclear fuel flask at 165 km/h. The impact hurled the flask
100 metres along the track. The locomotive was destroyed yet the flask
retained its containment and shielding integrity. There was only a very
slight loss of containment cavity pressure41.

•

Drop Test - A cask used for shipping spent fuel from a research reactor
in the USA was dropped from a helicopter, crashing into the desert
floor at 390 km/h. Although the cask was buried more than 1.2 metres
in hard-packed soil, some paint scratches were the only damage40.

•

Explosive Attack • During 1981-82, a series of tests was conducted in the
USA to evaluate the consequences of attacking a spent fuel cask with
explosives. Analysis of the debris resulting from the explosion revealed
that only 0.0006% of the contents was released in respirable form.
Theoretical analysis of the release (if it had been from an operating
cask) indicated that two-tenths of one cancer would occur in the exposed
population over the next 30 years40. The population chosen for this
analysis consisted of a very densely populated urban area in which the
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normal expectation of cancer incidence would be about 250,000 during
the same time period.
Despite the good track record, the International Atomic Energy Agency
maintains a Standing Advisory Group on the Safe Transport of Radioactive
Material (SAGSTRAM) which generally meets on a two-year cycle to review and
recommend any changes that may be required to the regulations.
The nuclear industry has continued to develop improved packaging and methods
of transport For example, SKB in Sweden has constructed a special-purpose ship
for spent fuel transport from coastal reactor sites to the central
away-from-rcactor site called CLAB. The ship has a double bottom and double
hull, includes a laboratory for measuring radioactivity, and uses special shielding
to ensure the crew is not exposed to radiation any greater than obtained from
natural background radiation. The ship is equipped with special communication
facilities to ensure its precise location is always known.
Transport of conditioned high-level waste will have to be undertaken to enable
vitrified waste to be returned to customers with reprocessing contracts with
COGEMA (France) and BNFL (Britain). The cask design is similar to those
used to transport spent fuel for which there is already considerable operational
experience. For example, the Japanese Nuclear Safety Commission42 has already
accepted existing plans for the return of vitrified waste.
The only controversial area in the transport field is linked to the transport of
plutonium and less importantly MOX fuel associated with recycle of material
from reprocessing operations. Safe methods of transport have been developed
and demonstrated43*48, but there is concern over the adequacy and complexity of
protection from terrorism and theft, particularly in the case of shipments over
the long distances involved from Europe to Japan. This issue is discussed under
the heading of physical protection of sensitive material (Chapter 4).

3.4 REPROCESSING
Reprocessing technology was initially developed for military purposes in the
USA, UK, France, USSR and China to extract plutonium from irradiated
uranium (metal) fuel. Its commercial development has been carried out mainly
in France and the UK, where early power reactors used hundreds of tonnes per
year of metallic fuel that could not be stored for extended periods as can oxide
fuel used in the now predominant light-water reactors.
Commercial reprocessing in the USA was pioneered by Nuclear Fuel Services at
West Valley, New York, in 1966. The plant was shut down in 1972 after being
beset by a variety of problems including high operator radiation exposures that
continued to increase during the life of the plant. After six years of difficult
operation, only 240 tonnes of oxide spent fuel from light-water reactors were
reprocessed.
Two other commercial facilities had to be abandoned. The General Electric
plant at Morris, Illinois, had adopted a process other than PUREX and this did
not work on an industrial scale. The Barnwell, South Carolina, plant (AlliedGeneral Nuclear Services), with a capacity of 1500 tonnes per year, did not
receive the necessary authorisation to start before the policy reversal adopted in
1977 by President Carter. Luther Carter47 attributes these failures largely to
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pressure exerted unrealistically by the US Atomic Energy Commission to keep
reprocessing costs low and the consequent need to cut corners in the design to
minimise capital costs.
Luther Carter47 however, recognises that the military reprocessing plants, built
in the early 1940's at Hanford and Savannah River, have an impressive record of
availability and that average worker exposures have been kept at about
one-seventh of the maximum allowed. He attributes the success at Hanford and
Savannah River reprocessing plants partly to the competence of the
Du Pont Company and of cost being no object. It may be significant that in the
USA, differing in this respect from France and the UK, the experience of the
team employed in military reprocessing was not utilised in proceeding to
commercial reprocessing. The ban on commercial reprocessing in the USA was
lifted in 1981 but no companies have moved into this market.
In Europe, reprocessing on a smaller scale than in France and the UK has been
undertaken at the Eurochcmic plant in Mol, Belgium, and at WAK, a
semi-industrial plant operating at Karlsruhe, West Germany. Reprocessing is
also carried on at Tarapur (India) and at Tokai-Mura, Japan. There have been
no reports of incidents with radiological significance from these facilities.
ASTEC10 did not review the safety of reprocessing, which it saw as complex
chemical engineering in comparison with the encapsulation of spent fuel for
direct disposal. Indeed, Schapira*5 echoes these views in noting that first
industrial experiences during the 1970s showed that reprocessing of oxide fuels
was technically far more complex and more costly than had initially been
anticipated. The Castaing Commission6 examined detailed aspects of
reprocessing in its first report, whilst the two subsequent reports dealt more with
waste management. Castaing acknowledged the technical feasibility of the two
reprocessing plants UP-3 and UP2-800 planned for La Hague and subsequently
approved by the French Government.
Castaing also argued for the development of more advanced reprocessing
strategies that would involve the separation of long-lived actinide elements from
fission products in the high-level waste stream from reprocessing. The
Commissioners also recommended the consideration of improved solid matrices
such as Synroc for immobilisation of the actinides and research on transmutation
of actinides. A most significant result of the Castaing Commission study was the
urgency given to the need to reduce intermediate-level waste streams from
reprocessing operations. Schapira53 has shown that a dramatic volume reduction
of the technological intermediate-level waste is expected from the new UP-3
plant at La Hague in the 1990s compared with the earlier UP-2 plant and that
their on-line conditioning of process waste will ensure safer and easier short-term
management than existed earlier in the 1980s.
A recent review by Schmicdcr and Ebert48 of the safety of reprocessing concludes
that:
'...reprocessing is a technology which has been proven for more
than 30 years and successfully demonstrated for light-water reactor
fuels having undergone high burn-ups.*
They have catalogued the causes of incidents in the earlier history of reprocessing
and shown that they are largely understood, so that the required protection can
be achieved by engineering.
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For a track record in reprocessing one must look mainly at the two facilities
which have most experience in commercial reprocessing of power reactor fuels,
the Sellafield plant of BNFL in the UK and the La Hague plant of COGEMA
in France.
Reprocessing commenced at Sellafield in 1952 and a second plant was brought
on line in 1964 to reprocess uranium metal fuel from the UK civil Magnox
reactor program48. About 30,000 tonnes of Magnox fuel has been reprocessed
at Sellafield.
The La Hague plant is more modern and, since start up in 1966, has reprocessed
about 4,900 tonnes of Magnox fuel and about 1,900 tonnes of light-water reactor
fuel50.
Discharges of radioactive effluents from Sellafield into the Irish Sea have been
a frequent cause of intense public concern. The record, as illustrated in Figures
3.1 and 3.2, shows that the discharges have always been below the authorised
level and, by continued improvements in line with the 'as low as reasonably
achievable' principle of radiation protection, discharges are nowadays (since 1986)
only a very small fraction of the authorised levels, i.e. a reduction of about 100
times from the peak levels in 1975.

AUTHORISED lEm
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FIGURE 3.1

ALPHA DISCHARGES AT SELLAFIELD (UK)
(Showing effect of plant modifications)
From C. S. Mogg*4

The authorised discharge levels for Sellaficld are set by the UK Department of
the Environment and the Ministry of Agriculture, Fisheries and Food. The latter
is also responsible for the independent monitoring of radioactive discharges. The
basis for the limits is the International Commission on Radiological Protection
(ICRP) recommendation for the radiation dose limit to members of the public
and an analysis which identifies pathways leading from Sellafield discharges to
radiation exposure of the most exposed members of the public (the 'critical
group').
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However, the authorised limit is not the only consideration. BNFL's own policy
is that:
•

discharges to the environment should be kept within authorised limits;

•

discharges should be controlled so that the resulting radiation dose to
the critical group is well within the limits recommended by the
International Commission on Radiological Protection and that the
ICRP's principles of radiological protection, including lay low as
reasonably achievable', are adhered to;

•

over and above the 'as low as reasonably achievable' considerations, the
aim should be to restrict the radiation doses to the most exposed
members of the public to less than 0.5 mSv per year (i.e. 10 per cent of
the limit recommended by ICRP).
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FIGURE 3.2

BETA DISCHARGES AT SELLAFIELD (UK)
(Showing effect of new plant coming on-stream)
From C. S. Mogg54

The 'as low as reasonably achievable' principle was inserted into the authorisation
as a requirement in 1983 and, in 1986, a requirement to use the best practicable
means to limit discharges was also introduced by the relevant UK Departments.
In applying these philosophies, BNFL has over the years introduced major
modifications and improvements to its process waste handling, as shown in
Figures 3.1 and 3.2 which identify the introduction of new processes.
The La Hague plant discharges to the sea have been considerably lower in
magnitude than those at Scllafield. Nevertheless, between 1976 and 1986, beta
discharges have been reduced by a factor of six and alpha discharges by a factor
of eightS1. Even lower levels of beta discharges to the sea have been achieved
at the Tokai reprocessing plant in Japan52. The radioactive discharges in liquid
effluent at the WAK plant are lower, by live orders of magnitude, than achieved
at Scllafield except for tritium48.
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The level of individual operator doses received in various reprocessing plants4*
is shown in Figure 33. This figure demonstrates a number of points:
•

despite the increasing throughput and burnup of fuel reprocessed, a
clear tendency exists towards lower operator radiation exposures;

•

high operator doses that were responsible for the closure of the Nuclear
Fuel Services' facility at West Valley, New York;

•

Tokai, which has the most modern plant of those shown, achieved very
low levels of operator exposure.
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FIGURE 33
MEAN INDIVIDUAL DOSES RECEIVED IN REPROCESSING PLANTS
From H Schml»d«f «nd K. Ebert4*

The average whole body dose of operators at Sellafield has continued to decrease
continuously53 to 5 mSv in 198754.
The reasons for the higher operator exposures at Sellafield (formerly known as
Windscale) are to be found in the independent Safety Audit 198653. The site had
many old facilities and buildings and the overall emphasis was on reducing
radioactive discharges to sea, which diverted resources from and complicated
other aspects of site management. In a sense, BNFL (a wholly state owned
enterprise) appears to have been under-resourced in the previous decade as a
result of uncertainty and shifts in Government policy on nuclear energy. The
Safety Audit noted that there had not, in recent years, been a serious incident
within the Sellafield perimeter that had affected the health and safety of the
public in any measurable or identifiable way. Nevertheless, the need for
rectification of the physical condition of much of the old plant, which is
contaminated, will not permit operator doses to decline significantly in the very
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near future until the new Thorp plant is completed. The increased level of
automation and remote handling facilities in Thorp should bring the operator
exposures nearer to those achieved at La Hague.
From a waste management perspective, one of the main arguments for
reprocessing has been the belief that it decreases the waste inventory, thereby
reducing long-term potential risk. Inherent in this belief is the understanding that
the impact of secondary waste is negligible relative to high-level waste and that
the plutonium and uranium recovered by reprocessing is recycled. This view was
questioned by the Castaing Commission4 in the early 1980s and by Schapira55 and
by the proponents of direct disposal of spent fuel. In the direct disposal option
the uranium oxide of the spent fuel acts as the waste matrix for most fission
products and all actinides. Schapira95 argues that the production of large
volumes of low- and medium-active waste, which are conditioned in matrices of
lower quality than high-level waste or the uranium oxide of the fuel, is the
stumbling block of the concept that reprocessing represents the best long-term
waste management option.
The final outcome of an evaluation of the benefits for long-term waste
management of the two options - direct disposal of fuel versus reprocessing with
uranium and plutonium recycle - is not predictable at this stage for a number of
reasons. The volume reduction of low-level and intermediate-level waste and
better plutonium decontamination expected in the modern UP-3 reprocessing
plant at La Hague55 and continuing efforts to address waste minimisation all
suggest that the balance could swing back in favour of reprocessing.
Reprocessing is necessary if fission products are to be partitioned from actinides
in the high-level waste stream and the quantity of long-lived actinides is to be
reduced by transmutation. It is also necessary if the high-level waste is to be
immobilised in advanced waste forms such as Synroc. Additional uncertainty in
such comparisons is introduced by the recent trend to utilise higher fuel burn-up.
Much of the difficulty in these evaluations arises from the long lead times
associated with the introduction of new technology in most parts of the back-end
of the fuel cycle and thus judgements must be made about the level of potential
further process improvements. The reprocessing cycle with its recycle of fissile
materials reduces the demand for natural uranium and thus the environmental
impact of mining must also be considered in a full systems evaluation.
The media has reflected some other public concerns which could be read as
casting doubt over the safety of nuclear waste operations in certain
circumstances. One such report quoted results of an investigation of the possible
increased incidence of cancer in West Cumbria by an Independent Advisory
Group chaired by Sir Douglas Black (1984). This investigation showed statistical
evidence of higher than average mortality from leukaemia in children in the
village of Seascale, near Sellafleld.
However, subsequent research work (that of Professor M J Gardner - published
in the British Medical Journal on 17 February 1990) has found that the risk of
childhood leukaemia in Cumbria does not appear to be related to indications of
environmental contamination from Sellafield discharges. The Gardner study
appeared to suggest that there could be a higher incidence of leukaemia among
children of workers at the Sellafleld reprocessing plant. Less widely publicised,
the Gardner study also showed higher leukaemia incidence among children of
agricultural workers and steelworkers, suggesting that some other agent besides
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radiation may be responsible. Further studies are under way at Sellafield
involving Gardner and other epidemiologists.
More recently (on 14 September 1990) the US Department of Health and
Human Services announced the results of a two-year study of cancer mortality
around nuclear facilities in the USA. It showed no increased risk of death from
cancer for people living in counties with, or close to, nuclear facilities, including
52 commercial nuclear power plants, nine research and weapon plants and one
commercial reprocessing plant. This National Cancer Institute research
examined deaths from 16 types of cancer, including leukaemia. Researchers
investigating the incidence of leukaemia near four or five French nuclear sites
have likewise found no statistical differences compared with the national
average88.
These contrary indications regarding a leukaemia association with nuclear power
and reprocessing plants should have come as no surprise. As shown by Gardner,
clusters of leukaemia incidence show up in epidemiological studies of areas
where there is no connection with nuclear facilities. Further studies under way
at present in the UK may help to resolve these conflicts.

3.5 WASTE CONDITIONING
The main objective of waste conditioning is to convert waste to a form suitable
for handling, storage, transport, and disposal.
Failure to condition liquid waste in a timely manner has resulted in a number of
past incidents that have been widely reported, involving leaks of radioactivity at
reprocessing plant sites at Scllaflcld, UK, and at Hanford, Washington, USA.
The most serious incident, caused by corrosion of storage tanks made from black
steel, occurred at Hanford in 1973. Safety concerns over chemical explosion risks
at storage tanks at the military reprocessing plant at Hanford have emerged in
1990 following the release of a report by a US Government Advisory Panel. The
potential for explosion is seen to arise from chemicals added 30 years ago to
reduce the volume of liquid high-level waste from military reprocessing and to
inhibit tai ik corrosion.
The use of black steel even under the wartime conditions of the 1940s clearly
suggests that the plant designers at Hanford expected that the liquid high-level
waste would not be stored for extended periods in the tanks. The obvious
questions are:
•

why was nothing done to condition this waste?

•

what has been learnt from these incidents by the commercial
reprocessing industry?

Many reasons can be advanced why conditioning was deferred. These could
involve lack of funds because of priorities given to other military expenditure and
a broader institutional failure to adequately regulate military sites. An important
factor could have been the inability to resolve arguments over disposal sites
which would have created difficulties in defining criteria for an adequate wasteform given that earlier actions, involving chemical additives as a short-term
solution, had created an ill-characterised mixture of sludges and liquids .
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The commercial reproccssors in the UK and France learnt from these leaks at
military facilities and reacted by designing double-walled tanks made of
corrosion-resistant stainless steel. Also, the development of the vitrification
process was accelerated and the backlog of liquid waste has been eliminated in
France and will be reduced at Sellaficld now that the vitrification plant there has
been commissioned. At the new La Hague plants coming on-line in 1990, all
process waste will be conditioned on-line in solid forms". At the same time, the
debate continues in the USA on remedial actions to remedy past errors at the
military plants.

3.5.1

High-level waste from reprocessing
3.5.1.1 Borosilicate glass
Borosilicate glass is at present the only waste-form used to immobilise liquid
high-level waste from commercial reprocessing. ASTEC (paragraph 2.3.40)
considered that
". borosilicate glass is an adequate waste-form, provided that a
multiple barrier approach is used and, in particular, that the
geological repository does not expose glass to groundwaters at
excessive temperatures or pressures. Because the capacity of glass
alone to immobilise actinide elements on very long time scales is
open to doubt, the selection of an optimum repository site Li
essential if waste in borosilicate glass is to be disposed of with
complete confidence.*
Intensive research on the corrosion of borosilicatc glass since 1984 has been
reviewed by Lutze and Ewing56. The mechanisms of glass corrosion under
repository conditions are now better understood and improved mathematical
models of corrosion have been developed. However, these developments have not
altered materially the basic conclusions of ASTEC that the use of borosilicatc
glass for high-level waste disposal requires the other barriers in a disposal
repository to perform over very long time scales and thus a premium is placed
on the choice of a repository site.
Industrial-scale radioactive fabrication has been demonstrated for borosilicate
glass and production experience has been acquired in a number of countries.
One process is the well known French AVM process, operating since 1978, which
employs a continuous two-stage vitrification. The technology has been
mastered57'80 and design levels of output have been achieved. The other process
employs a single-stage ceramic mcltcr as used in PAMELA, at Mol, Belgium, and
this has operated successfully57'81. The single-stage ceramic mcltcr has also been
adopted for military waste solidification in the USA and for commercial waste
glass solidification at Tokai-Mura, Japan. Both vitrification processes give rise
to secondary waste whose volume needs to be determined more accurately.
Sombret58, believes that the ceramic mcltcr may give rise to more process waste
than the French melter.

3.5.1.2 Synroc and alternative waste forms
Lutze and Ewing58 compared the characteristics of the various waste forms and
concluded that:
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"(1)

In addition to borosilicate glass, there are a large number of
potential nuclear waste forms and a smaller number of fairly
thoroughly developed waste forms, eg. Synroc. This is an excellent
situation, as the wide variety of nuclear waste streams and
repository environments requires that waste forms be selected so as
to optimise thsir long-term performance.

"(2)

Performance assessment studies of radionuclide release from
repositories should consider the waste form as a critical barrier to
radionuclide release. The physico-chemical basis for the corrosion
of a waste form is much easier to model than it is to predict the
long-term hydrologic and geophysical viability of a nuclear waste
repository. The present state of knowledge for selected waste forms
(e.g., borosilicate glass and Synroc) justifies this approach.

*(3)

The large volumes and numerous types of liquid high-level
radioactive waste produced by and stored in various countries
necessitate continued research on v.'aste forms at an appropriate
level, rather than discontinuing research and development and
giving credit to numerous additional barriers for which the
long-term performance is not easily determined.

'(4)

There can be no simple comparison of waste forms. As an
example, the study of corrosion processes using standard tests
provides little basis for the comparison of long-term behaviour.
Corrosion tests must be repository specific and be designed to
obtain a fundamental understanding of the corrosion and
radionuclide release mechanism. In the absence of an
understanding of the mechanism, little can be said concerning the
long-term behaviour. If possible, predicted long-term behaviour
should be verified by the study of natural analogues. Further
research on corrosion mechanisms is necessary tofulfy understand
long-term processes in specific repository environments of
borosilicate glass and Synroc.*

Research on alternative high-level waste forms commenced in the late-1970s and
the results have been summarised recently56. Synroc, developed in Australia, has
emerged as the most likely second generation waste form96 but it has not been
commercialised at this time. Synroc is more tolerant of elevated temperatures
than borosilicatc glass and the solubility of the main matrix component, TiO2, is
3 to 4 orders of magnitude lower than that of SiO2 - the network of glass56. This
is an important factor in limiting the release of radioactivity to groundwatcr in
repositories engineered so that matrix solubility of the waste form is the
controlling factor. The stability of Synroc at elevated temperatures permits its
disposal in deeper repositories than possible with borosilicate glass, thus
providing a greater degree of geological isolation. Synroc is an advanced waste
form with properties that permit a multiplicity of disposal systems both now and
in the future.
The process technology for radioactive Synroc production has not been
demonstrated. A demonstration pilot plant has been built and operated at Lucas
Heights, Australia, for testing the production of non-radioactive Synroc on an
industrial scale. However, a radioactive Synroc pilot plant is required to
demonstrate the process steps under fully radioactive conditions before a
commercial facility could be constructed.
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3.5.2

Spent fuel (Once-through cycle)
ASTEC (paragraph 9.4.6) noted that the technology for spent fuel encapsulation
for disposal is relatively simple, requires little further development and
(paragraph 9.4.5) does not produce significant additional waste streams. In this
concept, the spent fuel, mainly a UO2 ceramic, constitutes the primary waste
form. The KBS-3 concept4 relies on encapsulation of spent fuel in copper which
is expected to survive corrosion over one million years in Swedish granites. The
early failure of some canisters would not affect the safety of disposal because
other barriers in the system provide adequate protection. Details of the KBS-3
system are also provided in Appendix I.
ASTEC (paragraph 23.41) noted that fuel to be encapsulated would be held for
a period of intermediate storage before final disposal. This interim period of
storage would allow improvements in the encapsulation and repository
technology to be incorporated at a late stage. ASTEC concluded
"..... that these technologies are at the test and development stage
and thsre appear to be no technical barriers or prohibitive costs
associated with implementing them."
8KB has demonstrated, on a non-radioactive basis, all process steps for the
encapsulation of spent fuel in copper canisters. The encapsulation facility is
planned to be operational by the year 2020 when disposal is expected to
commence.
Bcchtold ct al56 have summarised in depth alternative encapsulation strategics.
It is noted that there has been considerable world wide development of
technologies utilising cask materials other than copper and that some studies
have explored encapsulation of dismantled fuel assemblies to achieve higher
packing density.

3.5.3

Low-and intermediate-level waste
ASTEC (paragraph 2.3.19) noted that proven technology is available for the
handling and conditioning of low- and intermediate-level waste. It also noted
(paragraph 2.3.25) that alpha waste (long-lived intermediate-level waste) can be
suitably immobilised.
The treatment90 and conditioning of low- and intermediate-level waste81"62 has
been described in some detail by the International Atomic Energy Agency which
more recently83 has updated the description of alpha bearing waste treatment.
The technology for treatment and conditioning of this waste is continuously
being optimised as evidenced from recent conferences84. The new emphasis has
been on waste characterisation, quality assurance and acceptance criteria for
disposal, i.e. a total integrated systems concept has been developed in a number
of countries with disposal facilities. Clclland ct a].84 noted that:
'Although sufficient and effective technology is available for waste
treatment, conditioning, storage, transport and disposal, further
improvements are still possible and desirable. The rate of progress
indicated at this symposium in the development of treatment and
conditioning processes is highly commendable.1"
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The symposium6* further concluded that
*— safe management of low and intermediate-level radioactive
wastes does not constitute a barrier to the harnessing of nuclear
power for mankind."

In general, the track record in this area has been good, particularly in countries
that have established disposal sites and thus a more detailed set of procedures
for handling waste. Such regulations for disposal include legal requirements for
waste acceptance. In countries without repositories, waste is conditioned and
stored temporarily. The consequences of an inadequate quality assurance scheme
for waste conditioning and labelling can be serious, as shown by the
'Nukem/Transnuclear affair* which brought into question the effectiveness of the
International Atomic Energy Agency's Safeguards system because plutoniumcontaminatcd waste (not labelled accordingly) was widely misrepresented as
safeguardable material. As a result, Germany has instituted a sophisticated
quality assurance and quality control system, AVK95, including an independent
testing facility. The purpose of the new system, AVK, is to track the route of all
radioactive arisings from their origin to disposal in a repository. Similar schemes
exist in France and Sweden.

3.6 WASTE DISPOSAL
All current radioactive waste disposal concepts rely on isolation of the waste
from the biosphere until radioactive decay has made subsequent releases to the
environment compatible with radiation protection criteria. Multi-barrier
containment systems have been designed and implemented in some countries for
low- and intermediate-level waste categories and the multi-barrier concept is an
integral part of the various designs for high-level waste disposal.

3.6.1

High-level waste and spent fuel
No country has yet constructed a repository for high-level waste disposal, for a
multiplicity of reasons. There has been no urgency to accelerate disposal, because
the volume of high level waste is very small compared with waste from other
industrial activities, and safe and economic solutions exist for extended interim
storage of both vitrified high-level waste and spent fuel. At the same time, there
are sound technical reasons to delay disposal for periods of about 50 years until
the radioactive decay heat has reached levels appropriate to ensure the integrity
of the geological disposal medium.
Nevertheless, failure to demonstrate actual disposal of high-level waste has
negatively affected public perceptions of the safety of high-level waste disposal.
This has led, in turn, to political consequences that are now delaying the timely
commencement of site selection and construction and testing of disposal
concepts. The task of nuclear waste management is not only to find a solution
that is acceptable to the experts, but also one that is also acceptable to the
public2*.
ASTEC (paragraph 2.3.47) considered that:
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"There are no insurmountable technical problems in construction
of a suitable mined repository in several different types of rock,
although some appear to be preferable to others.'

It also noted there that:
"There appear to be no economic factors which would seriously
constrain safe disposal methods for high-level waste.*
ASTEC considered (paragraph 23AS) that, provided the best practicable
technology is used at each stage and an optimum geological repository is used,
"..... any return of radioactivity to the biosphere can be held to safe
and acceptable levels over long periods (up to one million years)
so that maximum doses to the most exposed individuals would be
a small fraction of natural background levels. We consider,
moreover, that the technology required to achieve these objectives
is available.*

Chapter 2 noted that a substantial body of scientific and technical evidence exists
from past and ongoing studies and R&D activities. This has generated a high
degree of confidence among waste management experts about the ability to
design, construct, and operate disposal systems in deep geological structures that
will assure long-term isolation of high-level waste or conditioned spent fuel and
meet the relevant long-term safety objectives.
The long time scale, covering tens of thousands of years or more, during which
high-level waste (or spent fuel) must be immobilised means that it is not possible
directly to demonstrate the safety of high-level waste disposal by reviewing the
track records of pilot or commercial scale activities, as has been done for other
short term steps in the management of waste and spent fuel.
Nevertheless assessments of repository performance have been made19'88 using
predictive models which identify various mechanisms, rates and pathways by
which radioactivity can potentially be transported from the high-level waste
through the various barriers to the biosphere. Such safety analyses require a
complex array of geological, hydrological and geochemical data and a knowledge
of the behaviour of the waste form and the various independent barriers of the
disposal system. Pessimistic assumptions are often made in these models to
compensate for uncertainties in the basic data.
The results of various safety analyses for high-level waste disposal were reviewed
by the Swiss cooperative NAGRA8 in 1985 in terms of the natural background
radiation which in Switzerland averages around 250 mSv per year, and depending
on place of residence and life-style, can vary between 150-500 mSv per year.
NAGRA8 concluded that:
"..... the results of the various studies generally lie below natural
radiation exposure and, when looked at in detail, they are
distributed according to assumptions made and can be divided into
three groups:
•

safety analyses with parameters for which, in the absence
of definite results from detailed investigations very
pessimistic (conservative) values are assumed, give doses
between id9 to 0.1 mSv.
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•

somewhat more realistic analyses with parameter values
which can be better defined through more comprehensive
investigations give doses between ca.lff'2 to 10* mSv.

•

considered as most probable in the KBS studies and in
Project Gewahr 1985 are radiation doses which are too
low to plot in the figure (Iff14 mSvJa) and which appear
onfy billions of years after emplacement. These are, of
course, of academic interest onfy and without practical
significance since the conservative-realistic analyses
already result in a completely negligible risk to man and
the environment,"

The level of uncertainty continues to be reduced by the results of extensive
research and development involving:
•

in situ research and investigations at either reference or potential
repository sites;

•

natural analogues which provide evidence of containment of certain
radionuclides over geological time scales.

The results of in situ research and investigations of underground repositories
have been described extensively in 1988 by an expert group18 of the OECD/NEA.
The report includes results from underground research laboratories such as Asse
(West Germany), Stripa (Sweden), Grimsel (Switzerland) and URL (Manitoba,
Canada) where generic research and investigations are conducted. At
underground research laboratories in Mol (Belgium) and Gorleben (West
Germany) the work is more site-specific and aimed at characterisation and
qualification of a potential repository site for waste disposal. These studies have
shown that geological disposal is a flexible concept, due to the variety of
potentially suitable geological media, such as salt, crystalline rock (granite, gneiss,
schist, basalt), clay, shale and tuff. Underground facilities have been constructed
with current technology, based on the extensive experience available in mining
and civil engineering, that could be utilised to construct a repository. In-situ
studies have contributed significantly to the development of instrumentation for
site investigation and to the data-base for validation of performance assessment
models.
Confidence in the safety of isolation of long-lived radioactive waste from the
biosphere is provided by evidence of the stability of certain geological formations
for many millions of years, which is a relatively short period on geological
time-scales. Nature has provided evidence at Oklo in Gabon that Svaste'
radionuclides such as plutonium, neptunium and thorium from a naturally
occurring chain fission reaction have remained in one location, before they
decayed to stable isotopes, over a period of several hundred million years. The
potential value of the results from Oklo in the validation of models of waste
isolation has been recognised widely67-8* as they provide natural analogues to
processes relevant for a high-level waste repository over time scales that are far
longer than those required for safe disposal of waste from nuclear power
generation. Natural analogues arc also being studied in areas of uranium
concentration in Australia and Brazil involving international collaboration. In
Australia the study is managed by ANSTO under the sponsorship of
OECD/NEA88. This involves the study of geochemical and hydrogeological
processes acting upon the Koongarra uranium deposit in the Alligator Rivers
region in the Northern Territory.

3-17

Natural analogues can contribute to a demonstration that the results of a
performance assessment are robust by showing that no important processes
affecting radionuclide release and transport have been omitted from the
mathematical models used in the performance assessment67. However, the
application of analogues to repository performance assessment is currently
regarded67 as a relatively immature science. Additional scientific and technical
information expected from current R&D programs in this field may remove the
above qualification.
The scientific and engineering development and testing of concepts of deep
geological disposal of high-level waste, the in-situ work in many countries and
the evidence provided by natural analogues has produced a broad consensus18'68
that no additional breakthrough in technology is needed for the safe disposal of
any radioactive waste, including high-level waste and spent fuel. This positive
consensus on the safety of high-level waste disposal in deep geological formations
is universally based on concepts employing a mined repository at least 500 metres
below the surface.
In general, the effectiveness of the isolation of high-level waste, and also the
suitability of hydrogeological and geochemical regimes, increases with increasing
depth. The use of a very deep hole drilled to depths of 5 km for high-level waste
disposal has been one of the alternatives to disposal of waste at depths of around
500 metres below the surface which have been examined70"72. The very deep drill
hole concept has also been examined in Sweden73 with the conclusion that spent
fuel disposal may be feasible and economic using today's technology.
One reason why the "very deep hole' (VDH) concept has not received greater
attention is the realisation that at depths around 5 km below the surface, the
ambient temperature would be in excess of 150°C which is generally considered
to be too high for safe disposal of borosilicate waste forms. On the other hand,
the 'very deep hole' concept becomes increasingly attractive for the disposal of
long-lived radioactive waste immobilised in Synroc,
As a result of ongoing R&D programs in many countries, continuous
improvements are being made in the quantitative understanding of the various
processes which affect the performance assessment of deep geological disposal
of high-level waste. SKB in Sweden is well on the way*2 to completing a major
integrated safety assessment, SKB 91, that will as far as possible reduce the
excessive factors of safety in the calculations and avoid highly pessimistic
simplifications used in the earlier KBS-3 assessment4. The higher realism will
permit a better quantification of the effects of changes in design and/or
dimensions on overall safety. The SKB 91 assessment will include sensitivity
analyses of the effects of the various geological and engineered barriers on the
overall performance of the system.
SKB83 has detailed a plan of action which includes:
•

site-specific assessments by 1994, complementary to SKB 91, for the
candidate sites identified in 1992;

•

comparative performance evaluations by 1995 for those barrier
alternatives that are of importance for the execution of detailed
geological characterisation;
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•

continuing performance and safety assessments to 2001 as a basis for
optimisation and site adaptation of the selected final high-level waste
repository system;

•

a safety assessment in 2003 of the long-term performance of the
repository in the context of a formal site application;

•

planned start of construction for the final repository in the year 2010.

Progress has also been made in the areas of public acceptance and political
support for deep geological disposal. Evidence is provided by:
•

acceptance by the Swedish Government in 1984 that the feasibility of
final disposal of high-level waste has been demonstrated in the KBS-3
study4; and

•

the decision in June 1988 by the Swiss Government that Project
GewShr* had established the safety of disposal for low-level waste,
intermediate-level waste and high-level waste; the Swiss Government
noted that the existence of a site had not been demonstrated and
requested the extension of field investigations.

Nevertheless, the lack of full public and political acceptance of high-level waste
disposal at this time is impeding progress because of difficulty in reaching a
consensus on possible sites necessary for site specific rather than generic studies.
The Beijer Institute25 states that:
'These failures (to implement national repository sites) have their
common root in intense public reactions to the siting of radioactive
waste facilities, and the desire of many politicians and decision
makers to escape the political costs. This situation could lead to
policies and choices which will ultimately prove to be
environmentally and socially undesirable.*
The authors of the Beijer Institute study29 believe, however, that
"Clear, consistent, scientifically and uncompromised valid
performance will, over the long term, do much to reduce
controversies about government intentions and resolve what today
continues to frustrate the implementation of radioactive waste
disposal in Europe and North America.'
An important milestone was reached in 1989, when International Atomic Energy
Agency Member States accepted and the International Atomic Energy Agency
Board of Governors formally approved for publication as an Agency Safety
Standard the document "Safety Principles and Technical Criteria for the
Underground Disposal of High-Level Radioactive Wastes"23.
3.6.2

Low-and intermediate-level waste
ASTEC (paragraph 2.3.20) noted that
'Technology for the shallow land burial of these types of waste is
established and practised satisfactorily in several countries. France
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for example has fifteen years of satisfactory experience with a
trench and mound burial system.'

The operational experience in shallow ground disposal of radioactive waste has
been reviewed since then by the International Atomic Energy Agency74 and the
OECD/NEA75-78 and subsequent developments have been discussed in many
conferences77. An overview of radioactive waste management has also been
provided recently by the International Atomic Energy Agency7". These all show
that different types of low-level and intermediate-level waste can be, and are
being, stored and disposed of safely.
The track record of the disposal facility in France has continued to be
satisfactory and a new facility is being constructed. Since the ASTEC report, a
new below ground facility, SFR, has been built and commissioned in Sweden.
In Germany underground mines have been utilised for waste disposal without
radiological incidents.
Shallow land disposal in unlined trenches, as practised in the USA in the early
1960s and 1970s, was basically an adaptation of sanitary landfill techniques.
When the first commercial site was opened in 1962 comprehensive criteria for
selecting sites, packaging low-level waste for disposal and operating shallow land
disposal sites were not available. Water infiltration into trenches and subsequent
leaching and migration of some radionuclides away from the controlled area led
to two sites, West Valley, New York and Maxey Flats, Kentucky, being closed
earlier than scheduled. This water infiltration arose because the waste was not
conditioned adequately and excessive void space between waste and packaging
and between waste packages gave rise to land subsidence74. Other commercial
sites in arid areas of the USA continue to operate safely without any
groundwatcr related problems.
Similarly, difficulties with leachate from waste were noted at the Drigg repository
in the UK78 and these are now being rectified by the construction of an
engineered disposal facility similar to that existing at La Hague in France.
These difficulties with shallow land disposal in facilities commissioned before the
1960s have provided the technical inputs which now form the basis of national
regulations and international standards of operation. These experiences have
also brought about a recognition that all steps in waste treatment and
conditioning, transport, storage and disposal must be viewed in the context of an
integrated system. Modern facilities also incorporate extensive networks for
monitoring of any inadvertent radioactivity releases during the phase when
institutional controls are exercised.
In this brief examination of the track record we have excluded consideration of
waste generated by defence industries in a number of countries because the
institutional arrangements have differed significantly from those associated with
commercial waste.
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3.7 INSTITUTIONAL SUPPORT
3.7.1

Introduction
National institutional support plays a vital role in bringing about safe waste
management practices. The role of government is to ensure that the
responsibilities of all authorities and organisations involved in radioactive waste
management are clearly defined and coordinated through a framework of
legislative and institutional control.
Unfortunately the evolution of the basic laws and policy for the development of
a nuclear power industry began at a time when the technology was not widely
understood and at a time when national security issues were paramount This
was particularly the case in the leading nuclear countries. Subsequent
participants in civilian nuclear power often imitated the institutional structures
of the pioneers. The beginnings of the nuclear industry under conditions that
effectively precluded thorough public discussion, partly because the public did not
have adequate information, led to institutional arrangements which arc perceived
to favour the promotional side of the industry rather than the regulatory arms.
A perception was also created in the public that the regulatory arm was not
sufficiently independent because its expertise was often recruited from a common
source; i.e. large national laboratories, particularly in the smaller countries. An
additional impediment was the lack of appropriate prior institutional models in
most countries for dealing with control of toxic materials, waste and
environmental issues.
The international agencies, International Atomic Energy Agency and the
OECD/NEA, have done much to assist the development of improved
institutional structures through cooperative programs on nuclear safety and
radiation protection. The legal, administrative and financial aspects of long term
management of radioactive waste were examined in depth by the OECD/NEA*8
which also provided examples of national institutional arrangements. A summary
of the current regulatory framework for storage and disposal of radioactive waste
in the member states of the European Community has been published recently29.
Financial measures for waste management and decommissioning and site
rehabilitation in the nuclear industry have been reviewed by the Uranium
Institute30. A Working Group of the International Nuclear Law Association has
also reported recently31 on institutional aspects of waste management. INLA
noted that:
'The problems raised by the management of radioactive wastes are
scientific, technical, economic, social, juridical and political in
nature; satisfactory solutions exist for the scientific and technical
problems, although studies are still being pursued to improve them;
economically speaking, the financing of the management (including
the associated insurance) presents a very distinctive aspect because
of the abnormally long duration of the operations. For the social
and political problems, which essentially involve the protection of
the environment, the very long-term control of the disposal sites,
and the information of the public, the solutions depend on the
national context."
On the basis of observations of national practices, the International Nuclear Law
Association recommended that the competent national authorities:
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•

should take account, at an initial stage, of the long-term functions and
responsibilities which are inevitably implied by the management of waste
coming from nuclear installations;

•

should in particular take appropriate measures so that:
the radiation protection standards are harmonised,
since any discrepancy could incite the public to mistrust
the safety measures taken;
the statutory controls applicable to nuclear installations
are extended to the post-operational period for those
in charge of radioactive waste, taking into account the
period of time during which institutional surveillance
can reasonably be maintained with a satisfactory degree
of continuity;
full information on the different aspects of radioactive
waste management is provided to the public;
the financing of the management of radioactive waste,
many years after it is produced, is guaranteed by an
appropriate financial mechanism which would cause
this cost to be borne by the operators of nuclear power
stations (and other producers of waste);
the provisions for compensation for damage which
might be caused in the far distant future by radioactive
contamination originating from an installation for the
disposal of waste arc studied in more detail.

A detailed analysis of sociopolitical and institutional issues connected with safety,
siting, storage and disposal of radioactive waste has been carried out by the
Beijcr Institutex based on an examination of important factors in six countries.
Their analysis clearly shows that:
•

cultural differences impose substantial burdens on
understanding that is not present in the technical realm;

•

it is not unusual for the views of technical experts and those of the
public to be at great variance, particularly in the way judgements over
risk and safety arise and the degree to which the task of safe disposal is
seen as tractable or intractable;

•

the safety goal and the technical means for assuring compliance do not
appear to be the subject of controversy in the respective countries; on
the other hand, there is intense interest in the institutional process that
will affirm safety compliance; in some cases, a distrust of those
responsible for certifying safety will complicate this task;

•

environmental critics in various countries appear to be unanimous in
their view that the institutional process used in safety assurance, and not
the technical demonstration, would be a critical factor;

•

in countries with an adversarial political culture, such as the USA, in
which conflict is expected, regulations are highly quantified,
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increased

governmental agency personnel are often held in low regard and are
distrusted, and while public participation is expected at all stages,
progress on siting has been disappointing;
•

in countries such as Sweden where the political culture emphasises
negotiation, compromise and accommodation, the program has gone
forward;

•

existing institutional mechanisms for siting facilities are often inadequate
for dealing with the conflicts engendered.

Clearly, the review by the Beijer Institute2* shows that there is no common
institutional formula that can work for all without reference to the political
cultures of the various countries.

3.7.2

The Swedish example
In Sweden the primary responsibility lies with the owners of the reactors to
guarantee safe and efficient management of the radioactive waste generated from
nuclear energy production. This responsibility also includes the financing of the
total costs. For the financing a fee is levied on nuclear electricity production.
For the fulfilment of their obligations, the four owners of the nuclear utilities
have set up the jointly owned Swedish Nuclear Fuel and Waste Management
Company (8KB). 8KB has been assigned the responsibility for all handling,
transportation and storage (interim and final) of all radioactive waste from the
power plants. SKB is also responsible for the planning, construction and
operation of all facilities required for the management of spent fuel and
radioactive waste (including low and intermediate-level waste) and for the
comprehensive research and development work necessary to provide such
facilities.
The ultimate and long-term responsibility for nuclear waste disposal in a way that
is satisfactory to society remains of course with the Swedish State. State review
and assessment of the activities of SKB is carried out by a number of government
agencies issuing directives for the work of SKB. These agencies are:
SKN (National Board for Spent Nuclear Fuel), which supervises
planning and research and development work for the handling and
disposal of spent fuel and for the decommissioning of reactors. Another
of SKN's main tasks is to determine the annual fees and to administer
the financing system connected to the fees.
SKN also has
responsibilities in the field of public information.
SKI (Swedish Nuclear Power Inspectorate) and SSI (National Institute
of Radiation Protection) are the agencies responsible for the supervision
of the safety of nuclear power and that of nuclear waste management.
Their task is to study and appraise the nuclear safety and radiation
protection of proposed facilities and processes. They are also involved
in research and development work on nuclear waste.
These agencies all report to the Ministry of Environment and Energy.
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There is also a Consultative Committee for Nuclear Waste Management
(KASAM) reporting annually to the same Ministry on the progress in the Geld
of nuclear waste management including research and development
The common threads that characterise the Swedish regulatory organisations for
nuclear waste management are:
•

the principal focus is on safety;

•

the objective is to obtain scientific consensus on safety issues and to
formulate safety policy and recommendations;

•

the agencies are independent of the nuclear pov.ir industry.

"Open' communication with the general public on nuclear waste matters is also
a high priority of the Swedish government Early on in the waste management
program it was recognised that
'The task of nuclear waste management is not only to find a
solution that is acceptable to the experts but to find a solution that
is acceptable to the public.*
Given this orientation, the government directed that the public should have
access to non-partisan information on R&D that is being undertaken to achieve
safe disposal of nuclear waste. Swedish legislation - Nuclear Activities Act of
1984 - also directed that the R&D program for waste management be publicly
scrutinised every third year to provide a framework for public policy discussions.
The "openness* of the Swedish program is well illustrated by the breadth of the
process instituted in 1983 for the evaluation of the waste disposal concept
proposed by KBS. In this case the concept was carefully scrutinised by 28 expert
groups - 20 from Sweden and 8 from outside the country including the USA, the
United Kingdom, France, Canada, the International Atomic Energy Agency and
the Nuclear Energy Agency of the Organisation for Economic Cooperation and
Development These independent reviews have been published and made freely
available to the public.
The Swedish culture for consultation and consensus building was noted earlier.
Use is made of study circles within the political panics or labor unions as a way
of shaping national consensus in advance of program implementation. The
financial accounts of the waste management system, including R&D, are updated
regularly and are made available to the public.
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The Australian situation
The radiation protection standards for individuals exposed to ionising radiation,
based on the International Commission on Radiological Protection (ICRP)
recommendations, have been published by the National Health and Medical
Research Council. Responsibility for administering radiological health standards
rests with State legislatures.
Australia's involvement in the nuclear industry is mainly limited to mining and
milling of uranium ore. The Australian Code of Practice on Radiation
Protection in the Mining and Milling of Radioactive Ores (1982 with
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amendments in 1987) contains the relevant standards. The South Australian
Government has the prime role of regulating uranium mining at Roxby Downs.
The Commonwealth Government through the statutory Office of the Supervising
Scientist is responsible for the conduct of research into the development of
standards, practices and procedures for uranium and other mining in the
Alligator Rivers region of the Northern Territory.
The overall regulatory control of mining and milling activities is the
responsibility of the Northern Territory Government, with the Office of the
Supervising Scientist having a limited supervisory role.
Currently, there is no code of practice for the disposal of radioactive waste
arising from medical, industrial and research uses of radionuclidcs in Australia.
Commonwealth/State Consultative Committees are examining the feasibility of
a national code. Australia has no centralised low-level waste repository and the
waste is stored temporarily in various locations.
The Australian Safeguards Office is responsible for administering bilateral and
international safeguards and physical protection of nuclear materials.
The relatively low level of involvement in nuclear technologies has created a
situation in Australia where the responsibility for regulation of nuclear activities
is fragmented among a number of organisations, government departments and
between different levels of government. Nevertheless, the emerging consensus
internationally on institutional support provides a model on which more
comprehensive arrangements can be developed as required.

3.7.4

Other countries
The essential elements of institutional arrangements are common to most
countries involved in nuclear waste management. The regulation of waste
management programs takes place through licensing actions by means of a body
whose purpose is to review, certify, and ensure all of the stages of the disposal
program. The regulatory body may either be one single national authority or a
system of authorities designated by the government. The key to such regulation
is a set of procedures for the actions of the implementing organisation, the
review by the regulatory body, and the involvement of other parties. In some
countries, e.g. in the USA, the government may undertake both the
implementing and the regulatory functions. Nevertheless, also in these countries,
the implementing functions for waste disposal are, as a rule, effectively separated
from regulatory functions.
As stated by the Beijer Institute study29 the success of the various national
institutional arrangements in the area of nuclear waste management is highly
dependent on the national political culture.
The UK has an institutional structure to conduct and regulate nuclear waste
management activities with some rough parallels with the Swedish structure:
•

a Radioactive Waste Management Advisory Committee to advise the
Secretary of State for the Environment;

•

a Nuclear Installations Inspectorate;
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•

a National Radiological Protection Board to establish radiological
protection standards; and

•

a Nuclear Industry Radioactive Waste Executive (NIREX) set up by the
nuclear industry in 1982 to coordinate the disposal of intermediate and
low level waste.

In practice, there are major differences. The producers are not levied for costs
of waste disposal and decommissioning. Hence, NIREX is a very poor analogue
of SKB in Sweden.
The UK makes frequent use of the public inquiry process but many would agree
with S. Boyle of Friends of the Earth, UKM, that this process does not represent
consultation with the public. The public is denied timely access to relevant
information and the public inquiry process is often seen as being unfair to
independent objectors. At the same time the UK Government has been the sole
shareholder of the major businesses generating the waste. Frequent changes of
policy have been seen84 as evidence of political expediency and a marked lack of
openness. In such a climate it is not entirely surprising that public acceptance
of nuclear power and waste management has declined in the UK during the past
decade.
Analysis of institutional arrangements, public acceptance and progress towards
establishing an integrated waste management system in other countries is
contained in studies referenced previously in this chapter.

3.7.5

International institutional support
International cooperation and exchange between national programs and
international organisations continues to be important and beneficial for all
parties. In Chapter 2, we noted the role of the International Commission on
Radiological Protection as an independent, professional body that issues
recommendations on radiation protection standards. The International Atomic
Energy Agency plays a key role in developing an international consensus on
important issues related to waste management, and translates this into agreed
safety principles, technical criteria and guidelines to assist relevant national
bodies and experts. The NEA/OECD and the Commission of the European
Communities have equally important roles in the development of consensus and
harmonisation on waste management and institutional issues through joint
projects and expert meetings. The importance of these organisations is reflected
in the number of publications cited in the table of references appended to this
chapter.
A number of organisations29'31'33 have explored the concept of international waste
repositories for permanent disposal of radioactive waste. On technical grounds
it can be argued that global environmental protection would be enhanced if
optimum geological sites were used. An economic advantage is that countries
with small and/or short nuclear energy programs may find cost advantages in
using repositories abroad rather than developing small national repositories.
International repositories can also be useful in shaping of international consensus
on technical and safety issues particularly through the involvement of
international organisations such as the OECD/NEA and the International
Atomic Energy Agency.
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The OECD/NEA study33 examined two major administrative options:
•

the formulation of an international project;

•

the extension of a national program(s), on a commercial basis, to accept
additional material from other countries.

Their preliminary study concluded that:
" on the basis of the many international studies carried out so
far, there are no apparent insurmountable safety, technical,
economic or institutional reasons why such a concept could not be
seriously considered.
"Recent state-of-the-art studies have indicated that early disposal
of high-level waste and spent fuel is feasible. However, it is
necessary that national programs continue expeditiousfy to promote
site specific R&D studies and to develop repositories which will
demonstrate the technology and promote confidence in safety
assessments. This will provide guidance for future development
for international repositories.
'Whether or not an international repository will ever be created
obviously depends on at least one country finding sufficient
incentives to be the first to receive foreign nuclear waste. A major
obstacle to an international waste repository is the present political
and public opinion context which prevents most countries from
making proposals for hosting a joint disposal facility. In addition,
the schedules for the development of national repositories are such
that none of them will be in operation until at least the end of the
century. No rapid progress can therefore be expected in the
international sphere."

3.8 CONCLUSIONS
On the basis of the scientific and technical evidence cited here, the SSG
concludes that:
(i)

Mature technology exists for the handling of spent fuel in all stages of
the waste management process, except that no country has as yet finally
disposed of high-level waste.
•

Safe spent fuel storage in at-rcactor and away-from-reactor
facilities is well established; the increasing experience with
extended spent fuel storage in dry facilities, including dual
purpose transport/storage casks, provides a wide choice for
economic and safe storage of spent fuel depending on the
particular needs of the customer.

•

Reprocessing is a pre-requisite for high-level waste management
strategies which aim to utilise advanced waste forms such as
Synroc and strategies which pursue waste partitioning and
transmutation of long-lived actinides or their immobilisation in
Synroc.
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(ii)

The track record of the industry has shown that transpon, extended
storage, conditioning and reprocessing of spent fuel can be conducted
with safety.
•

(iii)

(iv)

There has been considerable world-wide experience in the
transport of radioactive materials, especially spent fuel,
plutonium and low-level solid waste, and the record of
performance has been good.

Continuing reductions in operator doses and environmental impacts are
occurring in all parts of the back-end of the nuclear fuel cycle.
•

There has been a steady and significant reduction in the
operator radiation exposures and levels of radioactivity
discharges to the environment from large reprocessing plants
during the 1980s. This has been achieved despite major
increases ia reprocessing throughput and fuel burn-up. At the
same time, the experience at smaller facilities in West Germany
and Japan indicates that farther improvements can be expected
in new large-scale reprocessing plants and that an acceptable
level of safety can be ensured.

•

From a waste management viewpoint, reprocessing generates
process waste streams, which although decreasing in modern
plants, are seen to need further attention.

Demonstrated safe options exist for the disposal of low- and
intermediate-level waste.
•

(v)

The conditioning and handling of low- and intermediate-level
waste is well established in many countries and sophisticated
quality control and verification systems have been introduced.
Active development programs exist in the major nuclear
countries to minimise low-level and intermediate-level waste
arisings and to optimise their conditioning. Waste disposal has
been demonstrated cither in engineered shallow ground
facilities, in disused mines or in near surface geological facilities.
In countries without disposal facilities, waste is stored awaiting
disposal until siting issues are resolved.

Wide consensus exists on the technical feasibility of safe disposal of
conditioned high-level waste from reprocessing or of encapsulated spent
fuel in deep geological repositories.
•

The borosilicate glass technology has been adequately
demonstrated on an industrial scale and two process
technologies are available. The methods for dealing with
process waste from borosilicate glass melting have not yet been
demonstrated. The production feasibility for Synroc has been
demonstrated on a non-radioactive basis but further
development is required before radioactive operation can be
demonstrated.

3-28

(vi)

Institutional issues are obviously important in gaining public acceptance
for high-level waste disposal. The steady progress achieved in Sweden
provides one example whereby widespread public acceptance has assisted
progress towards the implementation of a totally integrated waste
management system.

(vii)

Active world wide R&D programs on all aspects of the back-end of the
fuel cycle, including waste management, will ensure further
improvements in safety and environmental protection.
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4.1

INTRODUCTION

The arrangements that have been devised by the international community to
permit commerce in peaceful nuclear activities, while ensuring that those
activities do not contribute to the proliferation of nuclear weapons, are known
collectively as the non-proliferation segime. There are three elements that are
central to this regime:
•

the Treaty on the Non-Proliferation of Nuclear Weapons (NPT);

•

the safeguards system of the International Atomic Energy Agency
(IAEA);

•

bilateral nuclear cooperation and supply agreements.

In addition to this framework there are ancillary measures which reinforce the
regime, including voluntary safeguards agreements of the five nuclear weapons
states, nuclear supplier export controls, the Convention on Physical Protection
of Nuclear Materials and regional arrangements such as the Treaty of Tlatelolco,
the South Pacific Nuclear Free Zone Treaty (the Rarotonga Treaty) in the South
Pacific and Euratom safeguards in Europe. No single element of this regime can
provide a guarantee against the spread of nuclear weaponry but, taken together,
they provide a powerful disincentive to proliferation and a basis for trust among
nations seeing it as in their own security interests to forgo the option of nuclear
weapons.
A thorough background including the historical evolution of the NPT regime and
national legislation covering trade in nuclear materials and technology has been
published in 1988 by the OECD/NEA1.
The single most important factor in non-proliferation is a decision by national
political authorities that acquiring nuclear weapons is not in the national
interest. The central role of the NPT, which came into force in 1970, derives
from this, since, on joining the NPT, a nation makes a binding international
commitment not to develop or acquire nuclear weapons. The signatory
furthermore agrees to submit all of its nuclear activities to International Atomic
Energy Agency scrutiny in order to verify to the rest of the world that this
commitment is being met. NPT members have also agreed to assist each other
on peaceful applications of nuclear energy. Three nuclear weapons states - USA,
UK and USSR - have agreed to work toward nuclear disarmament.
The issue of whether civil nuclear programs contribute to the risk of proliferation
of nuclear weapons has been discussed since civil programs were first considered.
It is pertinent to note that some early power reactors, e.g. the Magnox in the
UK, were derived from earlier military production designs. These reactors
discharged their fuel after low burn-up, and coupled with reprocessing, were
capable of producing weapons-grade plutonium.
Today, on the other hand, the predominant light-water reactors are economically
impelled to high burn-up and the resultant plutonium is not suitable for weapons
use. This evolution in technology has been neglected by many of the active

'

OECD/NEA, "The Regulation of Nuclear Trade, Non-Proliferation, Supply, Safety, Vol. 1,
International Aspects, Vol. 2, National Regulations", OECD/NEA, Paris, 1988.
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participants in the debate on possible linkages between military and civilian
nuclear programs.
While it is feasible to run light-water reactors for very short campaigns of 2-3
months to produce weapons-grade plutonium, such activities would be quickly
detected by the International Atomic Energy Agency's safeguards system.
Light-water reactors need to be shut down for refuelling and fuel removal and
replacement takes considerable lime. It is clear that a country wishing to acquire
weapons-grade plutonium would find it far easier and cheaper to proceed by
other routes, e.g. research reactors.
No country has chosen the civilian route to weapons production.
Efficient uranium weapons normally require at least 80-90 per cent of the fissile
isotope, U-235, whereas power reactors are fuelled with U-235 enriched to
3-5 per cent. Reliable weapons based on plutonium should use material with at
least 90 per cent of the Pu-239 isotope. It was noted in Chapter 22 that the
plutonium in spent fuel from light-water reactors contains an increasing amount
of higher isotopes, especially Pu-240, which makes the plutonium unsuitable for
bombs, because the presence of significant spontaneous fission interferes with
efficient detonation.

TABLE 4.1 AVERAGE ISOTOPIC COMPOSITION OF PLUTONIUM
(Produced In Uranium-Fuelled Thermal Reactors3)
REACTOR
TYPE

MEAN
FUEL
BURN-UP
(MWd/t)

PERCENTAGE OF Pu ISOTOPES AT
DISCHARGE
Pu-239

Pu-240

Pu-241

Pu-242

80.0

16.9

2.7

0.3

5,000

0.1
*

68.5

25.0

5.3

1.2

7,500

*

66.6

26.6

5.3

1.5

AGR

18,000

0.6

53.7

30.8

9.9

5.0

BWR

27,500

59.8

23.7

10.6

3.3

30,400

2.6
*

56.8

23.8

14.3

5.1

33,000

1.3

56.6

23.2

13.9

4.7

43,000

2.0

52.5

24.1

14.7

6.2

53,000

2.7

50.4

24.1

15.2

7.1

3,000

Magnox

CANDU

PWR

Pu-238

Information not available.

See Page 2-8
"Australia's Role in the Nuclear Fuel Cycle", A Report to the Prime Minister by the Australian
Science and Technology Council (ASTEC), R.O.SIatyer (Chairman), Australian Government
Publishing Service, Canberra, 1984.
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The isotopic composition of the plutonium produced in different power reactors
is a function of the neutron spectrum and fuel burn-up as shown in Table 4.1.
The half-lives of the various plutonium isotopes differ widely and the isotopic
composition of plutonium in spent fuel depends on the time during which the
fuel was resident in the reactor.
Because the half-life of Pu-240 is relatively short, some have argued that spent
fuel will decay into material suitable for weapons use. The proponents of such
views have neglected to consider Pu-242 which has an extremely long half-life and
is a neutron source like Pu-240. In light-water reactor spent fuel the specific
neutron source strength remains effectively constant for up to 100,000 years after
removal from a reactor. This clearly indicates that the accumulation of all the
plutonium in spent fuel from light-water reactors and the direct linking of this
quantity to proliferation or risk from theft by terrorists is far too simplistic.
There is no technology available today to separate Pu-239 from the other
plutonium isotopes.

4.2 IAEA SAFEGUARDS SYSTEM
International Atomic Energy Agency safeguards are a system of technical
measures designed to track nuclear material through the nuclear fuel cycle, so as
to verify that no diversion for military purposes has occurred within safeguarded
activities, thereby confirming compliance with the non-proliferation undertakings.
The measures include the following:
•

containment and surveillance, c.g., seals which allow conclusions that no
material has disappeared, and portal monitors which record any action
occurring in a particular area of a nuclear installation;

•

nuclear materials accountancy - an audit of operators' records and
balance of shipment transactions;

•

physical inspection by Agency inspectors and sampling for analysis.

To enable this system to work effectively, nations have permitted an
unprecedented level of intrusion upon their national sovereignty by opening their
nuclear activities to International Atomic Energy Agency inspectors.
For International Atomic Energy Agency safeguards to work, it is not necessary
that they be able to account at all times for every grain of nuclear material in the
system. It is sufficient that the technical measures have a high probability of
detecting, in a timely manner, if a diversion of a significant quantity of nuclear
material takes place. In the event of such a finding, the International Atomic
Energy Agency is obliged to report promptly to its Board of Governors and, if
deemed to be of sufficient concern, may report the matter directly to the United
Nations Security Council. (The International Atomic Energy Agency is the only
UN agency with this direct channel to the Security Council).

43 NPT AND THE SAFEGUARDS SYSTEM
In the decade 1945-54, three nations (USA, UK, USSR) developed nuclear
weapons. In the next decade, 1955-64, two more nuclear weapons states emerged
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(France and China) and it was widely expected that another 10-20 threshold
nations would join the 'nuclear weapons club' in coming years. In practice, in
the 26 years since that time, not one signatory state has taken the step to nuclear
weapons status, and none of the handful of non-signatory states suspected of
having weapons-related technology has been prepared to claim or demonstrate
that it has nuclear weapons status. By comparison, the number of civil nuclear
power reactors has growrt6 over this period, from zero to more than 420 in 26
countries.
A large part of the credit for this result must go to the NPT and the
international safeguards system of the International Atomic Energy Agency which
have achieved this not so much by the threat of detection and exposure but more
by the security guarantee provided by the verification that states are honouring
their commitment not to proliferate. As a result states continue to see their own
security interests as being best served by maintaining their NPT commitments
and encouraging others to enter similar commitments.
As a consequence of the recognition of this NPT success, the number of
signatories has increased from 43 states in 1970, to 111 in 1980 and now to more
than 140 states.
The final measure of the performance of the non-proliferation regime and
International Atomic Energy Agency safeguards is given by the fact that in every
annual report since the commencement of the IAEA safeguards 28 years ago, the
IAEA has been able to conclude that there was no diversion of nuclear material
from peaceful uses.
The system is not, however, perfect. Critics of the NPT point to two particular
shortcomings:
•

Six nations with significant nuclear activities continue to remain outside
of the NPT - South Africa, Israel, Pakistan, India, Brazil and Argentina.
While this is a matter for international concern because of the distrust
and instability engendered by such a stance, it needs to be recognised
that the majority of the peaceful nuclear installations in those countries
are in fact covered by International Atomic Energy Agency safeguards
under bilateral agreements. Also, that in their nuclear export practice,
the six countries have given indications that they will require IAEA
safeguards to be applied. (South Africa, Brazil and Argentina are
currently expected to proceed in the near future to signature of either
the NPT or the Treaty of Tlatelolco respectively.)

•

The unsatisfactory rate of progress by the nuclear weapons states to
meet their NPT obligations to achieve nuclear disarmament. The
Intermediate Nuclear Forces (INF) Treaty and recent superpower
disarmament negotiations are encouraging in this respect.

Considerable effort is being expended in many countries under International
Atomic Energy Agency coordination on R&D to improve the efficiency of
safeguarding of reprocessing, spent fuel handling and recycling operations. The
results of these developments are published regularly in the proceedings of
IAEA-sponsored symposia4 on nuclear safeguards technology. Modern concepts

4

IAEA, "Nuclear Safeguards Technology 1986", Proc. of an International Symposium, Vienna, 10-14
November, 1986.

4-5

include the acknowledgement that safeguards must be addressed at the design
stage of facilities using fissile material. The development of near real lime
materials accountancy systems has also provided assurance that adequate
verification of diversion is possible in large-scale commercial facilities. At the
same time, the development of quality control and quality assurance regimes for
all waste streams has improved the overall materials accountancy procedures
throughout the whole of the back-end of the nuclear fuel cycle.

4.4 THE AUSTRALIAN EXAMPLE
Australia's non-proliferation and safeguards requirements arc recognised as
amongst the most stringent of all countries' and serve as a model of how the
various elements of the non-proliferation regime interrelate and reinforce o'ae
another.
Australia will only allow nuclear exports to non-nuclear weapons stales which are
parties to the NPT and which, in addition, have concluded a bilateral safeguards
agreement with Australia. These arrangements ensure that the nuclear exports
will always be covered by International Atomic Energy Agency safeguards as well
as being tracked by Australia's own system operated by the Australian safeguards
Office. The bilateral agreements also specify inter alia "fallback" safeguards
arrangements which will apply in the remote event of cessation of the NPT or
International Atomic Energy Agency safeguards or withdrawal by the state from
the NPT.
These requirements therefore act both to strengthen the NPT by providing
advantages to signatories not available to non-signatories (access to Australian
nuclear exports for peaceful non-explosive purposes) and to ensure that
Australia's nuclear exports do not, under any circumstances, become available to
assist any country's non-peaceful nuclear program. Nuclear weapons states, too,
must enter into bilateral safeguards agreements with Australia and give an
undertaking that nuclear material of Australian origin will not be diverted to
military or explosive purposes and that it will be covered by International Atomic
Energy Agency safeguards.
To date, Australia has concluded 13 agreements which form a network covering
exports of Australian nuclear material to, and transfers between, a total of 21
countries.

4.5 CONVENTION ON PHYSICAL PROTECTION
Concern exists that increasing trade in nuclear materials could lead to risks of
diversion, theft, sabotage or nuclear terrorism. The major concern relates to
shipments of separated plutonium from reprocessing plants to domestic and
overseas MOX fuel fabrication facilities. These issues were examined in detail by
the International Task Force on Prevention of Nuclear Terrorism in 1986s.
The Task Force found that the interest of terrorists to acquire nuclear weapons
should be regarded as technically, politically, and psychologically plausible; that

5

"Preventing Nuclear Terrorism", Ed. P. Lcventhal and Y. Alexander, Nuclear Control Institute,
Lexington Books, Lexington, U.S., 1987.
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design and construction of crude nuclear weapons, while not as easy as previously
suggested by some experts, are within the reach of terrorists with sufficient
support to recruit a team of three or four qualified specialists; and that terrorists,
if they could gain entry to a nuclear installation for only a few minutes, could
succeed in sabotaging the plant, causing severe consequences, possibly leading to
radioactive releases in the event of a reactor core melt. (Note that enhanced
precautions against unauthorised entry to plants have been implemented since
1987 - see later - and that all the built-in safety features such as the containment
structure would still be in place to meet any such releases.)
The Task Force made a number of recommendations to limit the risks of
terrorists turning to nuclear forms of violence.
Several of these
recommendations are already in hand in the International Atomic Energy Agency
which continually reviews its guidelines on physical protection.
The Convention on Physical Protection entered into force in February 1987. It
requires parties to it to notify each other (directly or through the International
Atomic Energy Agency) of their central authority and point of contact
responsible for physical protection and for coordinating recovery and response
operations in the event of any unlawful act (or credible threat) relating to
nuclear material. By the end of 1988, 25 states including Australia had become
parties to the Convention. An International Atomic Energy Agency Technical
Committee was convened in 1989 to review the guidelines on physical protection
in preparation for an international review of the adequacy and scope of the
Convention by 1992.

4.6 SAFEGUARDS ASPECTS OF SPENT FUEL DISPOSAL
VERSUS REPROCESSING
There are essentially two arguments:
•

spent fuel reprocessing is a sensitive step in the nuclear fuel cycle,
because it involves the separation of plutonium that would prove
difficult to safeguard and protect as the 'plutonium economy' expanded;

•

plutonium contained in spent fuel would effectively create a 'plutonium
mine' if it was disposed of geologically because the potential
attractiveness for diversion increases with time as the degree of
radiological self-protection decreases.

A simplistic acceptance of these extreme assertions ignores the complexity of the
real issues from a safeguards or non-proliferation viewpoint of the two main
strategics for high-level waste management. INFCE6, after a two year
evaluation, ending in early 1980, concluded that while there was no 'technical fix'
to eliminate proliferation risks there were no insurmountable proliferation
problems associated with the various fuel cycles, including those based on
plutonium recycle. INFCE also argued that, in the event that reprocessing
develops, it would be necessary to adopt the best technical safeguards and
institutional measures to increase the protection of such material against
diversion.

6

"International Nuclear Fuel Cycle Evaluation", IAEA, Vienna, 1980.
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Jennekens7 has recently summarised the steps that the International Atomic
Energy Agency has undertaken to increase the overall effectiveness of its
safeguards work. These include major improvements in instruments for analysis
and equipment for containment and surveillance to enhance verification of
non-diversion. Baeckmann8 has discussed the effects of modern fuel cycle
technologies and the International Atomic Energy Agency safeguards, including
thermal recycling of plutonium in MOX fuel and spent fuel storage.
Baeckmann8 has also noted that the potential attractiveness for diversion of spent
fuel is increasing with cooling time due to decay of major fission products. He
suggested that the International Atomic Energy Agency should address the
question of plutonium categorisation by noting that plutonium contained in spent
fuel with low burn-up after extended storage might be significantly more
attractive for weapons production than separated plutonium originating from
high burn-up fuel being stored in the form of high temperature sintered mixed
oxide fresh fuel elements.
The International Atomic Energy Agency has also recently examined9 the
safeguards aspects of spent fuel disposal in permanent geological repositories.
A fundamental consideration in the disposal of spent fuel is whether conditions
can be met for termination of safeguards on the material or whether safeguards
must be continued indefinitely. One viewpoint is that a permanent repository
must dispose of fuel in a way that isolates it from the biosphere and prevents
human access; hence making it practically irretrievable. The opposite viewpoint
is that the technology and skill required for emplacement can be used for
retrieval as well. Impetus for recovery could be provided by spent fuel becoming
a unique source of chemicals in the future. Rhodium, for example, is a material
that could become increasingly valued in the future and, since this is contained
as a fission product in spent fuel, this could also lead to plutonium extraction.
The view of an International Atomic Energy Agency advisory group is that at
present the IAEA should not consider termination of safeguards, based on
material accountancy procedures, on spent fuel even after closure of the
repository. Containment and surveillance safeguards measures could provide a
solution in the future and the IAEA has initiated discussions on the possibility
of a new multinational program to address these issues.
The three International Atomic Energy Agency reviews7'8'9 and recent
proceedings of international symposia on nuclear safeguards technology4,
demonstrate clearly that significant advances are occurring in technologies for
verification of non-diversion of sensitive material from the civilian nuclear fuel
cycle. At the same time there is an acceptance that safeguards should be
addressed at an early stage in the design of reprocessing plants or other
plutonium facilities.
At the beginning of this chapter it was noted that the most powerful factor in
non-proliferation was the decision by national political authorities that acquiring

7

J. Jennekens, "IAEA Safeguards: A look al 1970-1990 and future prospects", IAEA Bulletin, 32 (1),
1990, p.5.

8

A. von Baeckmann, "Modern fuel cycle technologies and IAEA safeguards", IAEA Bulletin, 32 (1),
1990, p. 11.
A. Fattah and N. Khlebnikov, "International safeguards aspects of spent fuel disposal in permanent
geological repositories", IAEA Bulletin, 32 (1), 1990, p. 16.
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nuclear weapons is not in the national interest. The International Atomic
Energy Agency's safeguards system has been successful in maintaining the trust
of the nations that are party to the NPT. Apart from further technical measures
to assure that there has been no diversion, the most important advances in the
future could come from advances in institutional aspects of safeguards.
INFCE6 and ASTEC3 have noted that joint national fuel cycle and waste
management facilities in a regional or international context could do much to
increase confidence in security of supply and that such facilities could not be
used for non-peaceful purposes. Indeed ASTEC (paragraph 5.7.12)
recommended:
"That Australia actively encourage the concept that sensitive
facilities, particularly enrichment and reprocessing plants, should
be located in as few countries as possible* At the same time
Australia should encourage the concept of joint ownership and
supervision of such facilities, both in a global and regional context,
and the application to them of the most stringent safeguards."
The co-location of spent fuel storage facilities, reprocessing plants and mixed
oxide fuel processing facilities, while enhancing safeguards, has also the potential
to improve physical protection of sensitive material. No progress has been made
on such proposals because no country has yet offered to host an integrated
back-end fuel cycle facility including waste repositories.

Additional Reference:
OECD/NEA "Plutonium Fuel - An Assessment", OECD/NEA, Paris, 1989.
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5.1 INTRODUCTION
The International Atomic Energy Agency reports that, as at the end of 1989,426
nuclear power plants were in operation worldwide producing 318 GWe\ with
another 96 nuclear power plants under construction. Table 5.1 (overleaf)
provides details of the number of nuclear power plants by region and generating
capacity, together with details of new nuclear power stations under construction.
The electricity generated from these plants in 1989 was equivalent to about 17
per cent of the world's total electricity consumption.
The number of nuclear power plants scheduled to commence operation in 1990
is shown by country and generating capacity in Table 5.2.

Table 5.2 NUCLEAR POWER PLANTS COMMISSIONED IN 1990

COUNTRY

UNITS

TYPE

NET MWe

Canada

2

CANDU

1,762

France

3

PWR

3,940

India

1

PHWR

Japan

2

BWR

2,134

Mexico

1

BWR

654

USA

3

PWR/BWR

3,355

USSR

3

PWR

2,850

TOTAL

15

Notes:

BWR
PWR
PHWR
CANDU

220

14,915

Boiling Water Reactor
Pressurised Water Reactor
Pressurised Heavy Water Reactor
Canadian Deuterium Uranium Reactor

Future growth in nuclear generating capacity is expected to slow as the backlog
of nuclear power plants under construction or firmly planned is progressively
completed, given that no new nuclear power plants have been ordered in the
United States since 1978 and most new orders in the Western World have been
restricted to France, Japan and South Korea.
Despite slowdowns in the rate of construction of new nuclear power plants in
recent years, the task of managing spent fuel and nuclear waste remains.
Moreover, the absolute amounts of spent fuel needing interim storage,
reprocessing and/or disposal, as well as the volume of vitrified high-level waste
from reprocessing requiring storage and disposal, continue to grow at an
increasing rate as new nuclear power stations enter service.

GWe = 1,000 megawatts (MW) electricity
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TABLE 5.1 NUCLEAR POWER PLANTS OPERATING, 1989
REACTORS
IN
OPERATION

ELECTRICAL
GENERATING
CAPACITY
(MWe)

PERCENT OF
TOTAL
ELECTRICITY
GENERATION

REACTORS
UNDER
CONSTRUCTION

NORTH & CENTRAL AMERICA
Canada

18

12.185

16.6

4

Cuba

0

0

0

2

Mexico

1

654

^

1

110

98.331

19.1

4

Arcentina

2

935

11.4

1

Brazil

1

626

0.7

1

Belcium

7

5,500

60.8

0

Bulgaria

5

2.585

32.9

2

Czechoslovakia

8

3,264

27.6

8

East Germany

6

2.102

10.9

5

Finland

4

2.310

35.4

0

France

55

52,588

74.6

9

Huncarv

4

1,645

49.8

0

Italy

2

1,120

^

0

Netherlands

2

508

5.4

0

Romania

0

0

38.4

0

USA
SOUTH AMERICA

EUROPE

Spain

10

7,544

38.4

0

Sweden

12

9,817

45.1

0

Switzerland

5

2,952

41.6

0

UK

39

11,242

21.7

1

West Germany

24

22,716

34.3

1

Yucoslavia

1

632

5.9

0

ASIA
China

0

0

0

3

India

7

1.374

1.6

7

Iran

0

0

0

2

Japan

39

29.300

27.8

12

Pakistan

1

125

0.2

0

South Korea

9

7,220

50.2

2

Taiwan

6

4.924

35.2

0

USSR

46

34,230

12.3

26

2

1,842

7.4

0

426

318,271

-

96

AFRICA
South Africa
TOTALS

Source: International Atomic Energy Agency, Vienna
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As noted in Chapter 2, several alternative ways of managing spent fuel and
vitrified high-level waste haw been developed to various stages of
implementation. To date, most steps that have actually been taken in
waste-generating countries have involved dealing with spent fuel and nuclear
waste on a temporary, or interim, basis; development of final disposal systems has
so far been limited to experimental facilities.
Lack of commitment to long-term solutions (except in Sweden) may be ascribed
to a number of factors, one of which is that spent fuel is rightly seen to be a
potential energy resource in itself, though currently uneconomic. Under present
conditions, reprocessing of spent fuel to extract useable uranium is more
expensive than purchasing natural uranium concentrates. In addition, there is
considerable uncertainty over which combinations of conditioning, transport,
storage, and disposal are most cost-effective.
These uncertainties combine with political and other 'wait-and-see'
considerations, including possible establishment of international waste
management programs, to create a presumption on the part of most nuclear
power generating countries that interim storage, and a deferral of decisions about
final disposal, are a superior course of action to an early commitment to a
long-term system of waste management and now in interim storage.
As a result of these uncertainties and the effects of economics of scale, estimates
of the costs of dealing with nuclear waste, which also represent the value of the
potential market for the provision of comprehensive waste management services,
vary widely. However, by any measurement the total market will amount to
many tens of billions of dollars, even if applied simply to waste already generated
and now in interim storage.
To get an idea of the order of magnitude of the nuclear waste management
market worldwide, one member of the SSG commissioned Nuclear Assurance
Corporation (NAC) of the USA, a consulting firm specialising in nuclear fuel
cycle services, to prepare a survey of the market. This study, undertaken prior
to formation of the SSG and completed in 1988, estimated the value of the
potential market for disposal of spent fuel expected to be generated by
12 selected countries to the year 2000 to be approximately USS70 billion (in 1987
dollars), exclusive of interim storage and transportation. If these additional
components were factored in, the value of the market would increase to US$98
billion including interim storage and USS108-118 billion including
transportation.2
NAC's estimate was made using reference volumes of spent fuel scheduled to be
discharged from nuclear power plants in 12 countries it considered likely
customers for international waste management services; and adopted a reference
price of USSl,500/kg3 then on offer from the China Nuclear Energy Industry
Corporation (CNEIC) to utilities in West Germany, Switzerland, Spain, and Italy
for the final disposal of spent fuel. The NAC estimate also included reference
volumes for vitrified waste from reprocessing which would require disposal and
a reference price which could be charged. This latter figure has been amended
2

"The Potential Market for High-Level Waste Management Services", prepared for Energy Resources
of Australia Ltd, by Nuclear Assurance Corporation, Norcross, Georgia, USA, March 1988.

3

Spent fuel volumes are commonly quoted as 'Heavy Metal' (HM); see definition of HM in footnote
to Section 2.5.1.2
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to USS250/kg to more accurately reflect the figure reported by the OECD / NEA
in 1985.4
SKB, in a study for the SSG, has estimated a total of capital and operating costs
of 38.7 billion Swedish Krona (SEK) in 1990 SEK for transport, intermediate
storage, encapsulation and disposal of 10,000 tonnes of spent fuel over 10 years.
This translates to a cost of USS710/kg. The SKB estimate does not include
interest nor a profit component for waste management but, apart from
encapsulation, is based on firm experience of costs in Sweden. SKB believes the
market price would be in the range of 5,000-10,000 SEK/kg (ie: USS900USSl,800/kg at current exchange rates). Thus the price offered by China of
USSl^OO/kg appears to be reasonable and within the range of estimates by SKB.
On the basis of the International Atomic Energy Agency estimate of
143,000 tonnes spent fuel shown in Table 5.4, the total business to dispose of this
fuel generated to the year 2000, apart from the relatively small amounts
reprocessed, and based on the price of USSl,500/kg, will be around
USS214 billion.
Although the wide range within and between these estimates of the potential
market to the year 2000 (of anything from USS100 billion to USS200 billion)
serves to reinforce the importance of imponderables involved in estimating the
value of nuclear waste management services, SSG members have been
encouraged that two independent surveys of the potential market yielded revenue
estimates of this order of magnitude.
In this Chapter the SSG accordingly seeks to shed more light on the value of the
market for nuclear waste management services by looking at various ways to
measure the two main components of market value: prices to be paid for waste
management services, and volumes of spent fuel expected to be generated by
nuclear power plants.
The Chapter then takes note of uncertainties affecting the market and, in turn,
both present and potential providers of nuclear waste management services.
These uncertainties appear to work both ways. On the one hand, demand for
such services could well be depressed (more correctly, remain latent) because
deferral of decisions to purchase such services for several decades is feasible and,
by many accounts, preferable. On the other hand, demand for nuclear waste
management services could also strengthen in the near term, were an attractive
and credible new offer to provide such services to be made.
5.2 PRICES
Price quotes for waste management services have varied widely, depending on
such factors as:
•

whether the entity offering such services is operating on a profit-making
basis or on a non-profit basis either as a government body or as a
pooled or co-operative entity such as the SKB facility in Sweden;

•

what combinations of services might be offered;

The Economics of the Nuclear Fuel Cycle", OECD/NEA, Paris 1985.
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•

whether at the time price quotes are given, the offer relates to (i) the
base load capacity of the waste management facility (for which the
capital investment required was provided for by up-front payments and
which subsequently had been substantially amortised) or (ii) the
marginal capacity, which could be made available at a lower price;

•

timing of payments relative to the timing of services offered; and

•

sharing of costs as evidenced by the reprocessing contracts with
COGEMAand BNFL negotiated by European and Japanese utilities in
the 1970s.

Some examples of prices, for varying combinations of services, that have been
mentioned in commercial discussions or in literature circulating in the market
in recent years are:
(i)

the CNEIC offer for storage and unspecified final disposal of European
utilities' spent fuel for USSl,500/kg (see above. Page 5-4). This offer has
not been taken up, however, presumably because potential customers are
uncertain about Chinese technical capabilities and/or are constrained by
inter-governmental safeguards regimes designed to control strictly the
proliferation of plutonium that might be extracted from spent fuel via
reprocessing.

(ii)

Contracts obtained by COGEMA in 1989 to reprocess spent fuel from
German utilities until 2005 are widely reported to be for FF 5000/kg
(about US$1,000). This price is lower than the USSl,500/kg reputedly
secured by the same utilities in the late 1970s. The original contracts
are believed to have required the utilities to make capital payments for
the construction of UP3 at La Hague in advance on a quarterly basis
with operating costs to be paid in full on delivery of spent fuel to La
Hague. These deliveries started in 1981 whereas actual reprocessing
began in 1990. The original contracts are effectively seen as cost plus
profit (widely stated to be 30%) and open ended; they were favourable
to the reproccssor. The original price was also negotiated on the basis
that the capital costs of the UP3 plant were to be fully amortised in 10
years. The new contracts to COGEMA's base load customers, at the
lower price, provide for an escalation of the agreed price to account for
inflation and sharing of costs of any plant refurbishment beyond 2000;
these new contracts are more favourable to the utilities.

(iii)

BNFL is also understood to have entered into similar contracts with
German utilities at a price of UK£500/kg in July 1989.

(iv)

The reprocessing contracts with COGEMA and BNFL require the
utilities to pay for repatriation of waste, additional storage and any
further encapsulation of vitrified waste and their disposal. 8KB
estimates that this will require the utilities to spend another 20005000 SEK/kg (ie: USS360-USS900). This suggests a cost to the utilities
of around USS2,000-USS2,500/kg for the reprocessing route. The utility
customers can offset some of this cost by savings from recycling of
plutonium and reprocessed uranium.

(v)

Information circulating in commercial circles suggests that while German
utilities have effectively committed the bulk of spent fuel discharges until
2005 under their reprocessing contracts with COGEMA and BNFL, they
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will by 2003 need to exercise an option to extend the reprocessing
contracts from 2006 to 2015.
(vi)

The German government's Nuclear Research Centre
(Kernforschungszentrum Karlsruhe GmbH) in October 1989 estimated
that the cost of direct disposal of spent fuel under German conditions
would be USS850/kg at current exchange rates (DMl,450/kg).

(vii)

Nuclear Fuel, an industry newsletter, reported in July 1990 that the
Soviet Union was offering to take back, store, and dispose of spent fuel
(direct disposal option) for Eastern European utilities for a price of
USSl,200-USSl,300/kg5. The possibility that a Soviet organisation
might provide waste management services on an international basis
raises questions similar to those raised by the CNEIC offer cited above.
More particularly, there could be questions concerning (a) Soviet
capabilities in the field, including environmental standards that are
generally thought to be much lower than in Western countries, (b) the
political acceptability of Soviet management of nuclear waste, and
(c) whether new independent governments in Eastern Europe will
continue to look to such Soviet offers in preference to possible new
offers of waste management services from Western-based entities.

These arid other industry data imply a range of prices, exclusive of related terms
and conditions of payment, for direct disposal of spent fuel of USS900 to
USSl,500/kg, and for interim storage, reprocessing of spent fuel and final
disposal of high-level waste from reprocessing of USS2.000 to USS2,500/kg. Such
data remain inherently speculative, however, unless and until contracts are signed
and subsequently implemented without substantial revision. Moreover, since no
actual final disposal systems have been established as yet, historical data for costs
and prices of this service are entirely lacking.
In addition to price variances resulting from the factors cited above, the timing
of payments for future waste management services critically affects estimates of
the value of providing such services, from the supplier's perspective, or of
purchasing them, from the customer's perspective. In other words, the total
market value depends significantly on the lime value of money. Because of the
magnitude of expenditures expected to be made on nuclear waste management
services and the long time-frames for which services are to be provided, the net
present value varies widely, depending on payment schedules and expected
interest and inflation rates. Issues raised by the time value of money are
discussed in greater detail in Appendix III.

5.3 VOLUMES
As discussed above, the second main component in valuing the market for
nuclear waste management services is the volume of spent fuel requiring
managenu nt, as distinct from that already reprocessed or slated for reprocessing.
Quantifying spent fuel discharges, both historical and 10 years ahead, is a
relatively straightforward task and many databases exist in international
organisations such as the IAEA, nationally (eg ANSTO) and in private
organisations. Estimates of the volumes of spent fuel requiring management

Nuclear Fuel, 9 July 1990
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services vary depending on the completeness of the databases and on factors such
as :•

whether average or actual availability of individual nuclear power plants
is used and whether the database includes allowance for actual burn-up
of fuel;

•

how frequently the database is adjusted for early closure (eg nuclear
power plants in the former East Germany) or for delays in construction
and start-up of nuclear power plants and reprocessing plants;

•

whether the estimated volumes of spent fuel are adjusted for quantities
already reprocessed or covered under reprocessing contracts.

The cumulative figures developed by NAC for spent fuel discharges in 16
countries, and for that portion of discharges expected to be reprocessed are given
in Table 5.3: Estimates available from the International Atomic Energy Agency,
given in Table 5.4 are generally lower than the NAC figures, but the differences
do not change the conclusions.

TABLE 5.3 PROJECTED SPENT-FUEL AND HIGH-LEVEL WASTE
AVAILABLE FOR DISPOSAL

(Cumulative Totals in Tonnes for 16 Selected Countries)
(Data prepared January 1988)

YEAR

SPENT FUEL
DISCHARGED

SPENT FUEL
AWAITING
DISPOSAL

SPENT FUEL
REPROCESSED

VITRIFIED WASTE*
CANISTERS

CUBIC
METRES

82,491

33,801

48,690

15,988

2,702

1988

1,290

35,746

55,544

16,901

2,856

1989

100,451

37,906

62,545

17,916

3,028

1990

110,298

40,163

70,135

18,978

3,207

1991

119,788

42,157

77,631

19,914

3,365

1992

30,476

44,906

85,570

21,210

3,584

1993

140,526

48,110

92,416

22,722

3,840

1994

151,197

51,585

99,612

24,363

4,117

1995

163,211

55,238

107,973

26,090

4,409

1996

173,896

58,816

115,080

27,780

4,695

1997

183,737

62,250

121,487

29,402

4,969

1998

194,448

65,628

128,820

30,997

5,239

1999

205,109

68,521

136,588 ,

32,361

5,469

2000

214,042

71,316

142,726

33,679

5,692

Prior
to!988

Docs not include quantities reprocessed in the USSR
Source: Nuclear Assurance Corporalion
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As can be seen from these Tables, the absolute quantity of spent fuel and nuclear
waste requiring storage, followed by conditioning and disposal services or
reprocessing, is expected to continue to grow.
TABLE 5.4 SPENT FUEL DISCHARGES (TONNES)

1990

1995

2000

2005

ANNUAL DISCHARGES

9,000

9,400

10,500

11,000

CUMULATIVE TOTAL

80,000

100,000

143,000

190,000

Source: IAEA Yearbook 1990, International Atomic Energy Agency, Vienna

In search of greater detail on sub-sections of the total market, the SSG looked
at data from the NAC reference case in sub-categories broken down by
geographic location. Table 5.5 reveals that:
•

More than two-thirds of the spent fuel generated in Western Europe to
date has been generated in France and the UK.

•

Excluding France and the UK, more spent fuel has been generated in
Asia-Pacific than in the rest of Europe.

•

Because Japan, Korea, and Taiwan (along with France) are continuing
to construct nuclear power plants, the rate of growth of cumulative spent
fuel discharges in Asia-Pacific is more than twice that of Europe.

•

The proportion of spent fuel that has been reprocessed in Western
Europe to date, and that is expected to be reprocessed during the
coming decade, is far greater than that reprocessed or slated for
reprocessing in Asia-Pacific.

•

The uranium content of spent fuel expected to be generated in the
Asia-Pacific region is roughly 40 per cent greater than the quantity
expected to be exported from Australia in the 1990s.

Estimating the volumes of spent fuel that has been generated to dale is a critical
step in estimating the value of the market for nuclear waste management
services, but to be commercially useful the market evaluation will require much
more detailed analysis, both on a national policy and a utility-by-utility basis.
Such an analysis \vould include, for example, a survey of how and when volumes
arising in specific countries will be further conditioned and/or disposed of in a
long-term manner, and a survey of how individual utilities might deal with waste
problems within a context of national policy in the country in which they are
located and how they would respond to offers of centralisation of disposal
services.

5.4 FACTORS AFFECTING THE MARKET
Although member companies of the SSG have considerable experience with the
uncertainties inherent in mining and other long lead-time development projects,
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nuclear waste management has its own additional and probably unique
difficulties. As mentioned above, these stem from technical, economic and
political factors that have led many countries to defer decisions on whether to
reprocess spent fuel or undertake direct disposal.

5.4.1

Incentives to defer decisions
Among the factors that have given nuclear power plant operators reasons to
defer decisions on reprocessing versus direct disposal are the following:
(i)

Extended storage of spent fuel in at-reactor pools by re-racking has the
technical advantage of allowing for greater radioactive decay over time,
and the associated advantage of thermally cooling the material, making
it easier, safer, and therefore to some degree less expensive to manage,
whether for extended interim storage at away-from-reactor facilities, or
for reprocessing.

(ii)

Reprocessing of spent fuel is currently more expensive than extended
storage of spent fuel and purchasing natural uranium concentrates. The
absence of new reactor orders in the USA since 1978, together with
excessively optimistic forecasts of future uranium demand made in the
early-1970s, has contributed to a continuing over-supply of uranium
concentrates on the world market, resulting in a sustained decline in
uranium prices throughout the 1980s; prices reached an historic lew in
late 1990, with no substantial increases currently expected until at least
the second Iialf of the 1990s. The planned reprocessing plant at
Wackersdorf in the Federal Republic of Germany was scrapped in 1989
even though it had been partly completed - this because of much
increased regulatory and legal complexities and public opposition in the
wake of the Three Mile Island accident in the USA in 1979 and the
Chernobyl accident in the Soviet Union in 1986, which considerably
extended the time and consequently dramatically increased the cost of
construction to unacceptable levels. Thus, the only plants currently
providing commercial, transnational reprocessing services arc those in
Britain and France. Both have new plants coming on line, primarily on
the basis of previously agreed long-term contracts to the year 2000.
Capacity beyond 2000 has been taken up until 2005 by orders from West
German utilities, which are required by existing law to demonstrate that
they have a forward plan for spent fuel management and which have
met these requirements to date through commitments to reprocessing.
After 2005, however, these utilities may shift their waste management
policies to direct disposal if government policy favouring reprocessing is
altered. For the moment, given the benefit of the presumably lower
prices now on offer from British and French plants (as referred to in the
price discussion above), German utilities have chosen to buy into these
external reprocessing services rather than proceed with completion of
the Wackersdorf facility.
Table 5.6 outlines the major cost elements in the nuclear fuel cycle and
illustrates that the total back-end of the nuclear fuel cycle constitutes
between 2.1 per cent of total electricity generating costs (for the direct
disposal option) to 5.5 per cent (for the reprocessing option). The cost
of uranium is shown as approximately 7-8 per cent of the total electricity
generating costs.
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TABLE 5.5 CUMULATIVE GLOBAL SPENT FUEL DISCHARGES
1990

Country

Spent Fuel
tonnes

Reprocessed
Waste m3

1995
Vitrified
Waste m3

Spent Fuel
tonnes

Reprocessed
Waste m3

2000
Vitrified
Waste m3

Spent Fuel
tonnes

Reprocessed
Waste m3

Vitrified
Waste m1

Japan
S Korea
Taiwan

6,988
1,413
1,079

1,985
0
0

160
0
0

10,194
2,739
1,697

4,005
0
0

322
0
0

14,003
4,265
2,521

6,603
0
0

531
0
0

Subtotal
Asia-Pacific

9,480

1,985

160

14,630

4,005

322

20,789

6,603

531

FR Germany
Holland
Sweden
Finland
Belgium
Switzerland
Italy
Spain
UK
France

2,636
132
2,227
431
947
801
370
1,203
28,819
19,007

1,806
103
57
310
169
184
1,307
1,395
23,400
9,245

145
8
5
0
14
15
105
112
1,883
744

3,762
92
3,406
636
1,160
745
815
1,933
38,766
26,292

3,403
213
57
450
429
629
1,550
1,835
28320
14,145

274
17
5
0
35
51
125
148
2,279
1,138

5,738
105
4,517
841
1,485
726
1,246
2,887
43,614
34389

4,169
273
132
590
603
1,036
1,613
2,269
33,785
20,041

336
22
5
0
49
83
130
183
2,719
1,613

Subtotal Europe

56,573

37,976

3,031

77,607

51,031

4,072

95,548

64,511

5,140

Canada
US

14,791
21,894

8
194

1
16

24,366
33,726

8
194

1
16

34,810
45,711

8
194

1
16

Subtotal N America

36,685

202

17

58,092

202

17

80,521

202

17

102,738

40,183

3,208

150,329

55,238

4,411

196,858

71,316

5,688

6,813

0

0

9,993

0

0

15,646

0

0

Total
Equivalence in
Australian
uranium exports
Note 1:
Note 2:
Note 3:

Source of data in this Table is Nuclear Assurance Corporation.
One tonne spent fuel is approximately O.lm3 vitrified waste, depending on the waste loading.
"Equivalence" is the amount of spent fuel which arises from the total quantity of fresh uranium originally exported from Australia.
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(iii)

Reprocessing remains an option for any utility that wishes to hedge
against contingencies such as
(a)

possible increased prices for uranium concentrates in the event
that the current inventory overhang available in both Western
countries and the Eastern Bloc is substantially drawn down;

(b)

possible increased acceptability of nuclear power as a result of
a concerted effort to become less dependent on imported energy
or as a result of Greenhouse Effects; and/or

(c)

generalised strategic advantages of retaining possession, and the
right to future use, of spent fuel or the useable plutonium and
reprocessed uranium contained therein.

A policy of deferring decisions on reprocessing versus direct disposal
implicitly recognises that spent fuel is itself a potential energy resource,
particularly in the event of supply interruptions or in the event that
reprocessing costs continue to fall in real terms (along the lines of the
recent price declines reported to have occurred in negotiations between
British and French reprocessors and German utilities). For a utility to
try to insure itself against these various possibilities, by means of a
systematic plan to contract for extended interim storage of spent fuel in
lieu of either immediate reprocessing or direct disposal, is at least a
rational course of action to take, even if it also leaves open the issue of
how to dispose of nuclear waste in the very long term. Moreover, in
some countries the authority to decide between reprocessing and direct
disposal has been pre-empted by governments, and thus is not entirely
within an individual utility's control.
(iv)

Elected politicians often perceive that newly-chosen sites for extended
interim storage or final disposal will generate considerable local
opposition, the so-called NIMBY, or political "not in my backyard"
problem. This perception has led most elected governments to avoid
any new away-from-reactor siting decisions whenever possible. The
politically remote and intangible costs of failing to devise workable
long-term waste management systems, including central storage and
disposal sites in particular, are usually given a lower weighting in the
calculations of governments than the concrete, negative reactions
thought likely to be generated by siting decisions.

Table 5.7 lists choices made thus far by prospective customer countries. That
only three countries, Canada, Sweden and the USA, have chosen direct disposal
indicates how strongly most nuclear power plant operators (or their
governments) regard spent fuel as a potential resource, to be stored for possible
reprocessing rather than irretrievably disposed of. As noted above, German law
mandates that utilities have a spent fuel management strategy. For the moment,
this has led the (formerly West) German utilities to rely on reprocessing rather
than direct disposal. Japanese government policy on nuclear energy, stemming
from historical fears of the country's being 'energy poor' and excessively
dependent on foreign sources of energy, has long been actively promoting a
domestic reprocessing capability specifically to develop future energy supplies
under domestic control. South Korean policy, built on similar historic fears, has
closely followed Japanese practices, although specific Korean steps to deal with
the back-end of the fuel cycle have yet to be taken.
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TABLE 5.6 PRESSURISED WATER REACTOR FUEL CYCLE COMPONENT COSTS

REPROCESSING
CYCLE

ONCE-THROUGH

Mills/kWh

%

Mills/kWh

%

Uranium

3.48

7.5

3.48

7.6

Conversion

0.17

0.4

0.17

0.4

Enrichment

2.28

4.9

2.28

5.0

Fuel fabrication

0.88

1.9

0.88

1.9

Subtotal for front-end

6.81

14.7

6.81

14.9

Transportation of spent fuel

0.14

0.3

0.14

0.3

Storage of spent fuel

0.17

0.4

0.65

1.4

Reprocessing/Vitrification

2.18

4.7

-

-

SF conditioning/disposal

-

-

0.18

0.4

Waste disposal

0.08

0.2

-

-

Subtotal for back-end

2.57

5.5

0.97

2.1

Uranium credit

(0.54)

(1.2)

-

-

Plutonium credit

(0.28)

(0.6)

-

-

Subtotal for credits (b)

(0.82)

(1.8)

-

-

8.56

18.4

7.78

17.0

Operating

10.00

21.5

10.0

21.8

Capital

28.00

60.1

28.00

61.2

Power Generation Costs:

38.00

81.6

38.00

83.00

TOTAL COSTS

46.56

100.0

45.78

100.00

FUEL CYCLE COSTS:

Fuel Cycle Costs
POWER GENERATION COSTS*

'Based on Estimates for a "French Design" for a lOOOMW module
Source (except for Power Generation Costs): "The Economics of the Nuclear Fuel
Cycle", OECD 1985
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TABLE 5.7 SPENT FUEL STRATEGIES OF SELECTED COUNTRIES

DIRECT DISPOSAL

DEFERRING DECISIONS

REPROCESSING

CANADA

FINLAND

BELGIUM

SWEDEN

GERMANY

FINLAND

USA

S KOREA

FRANCE

SPAIN

GERMANY

TAIWAN

JAPAN
NETHERLANDS
SWITZERLAND

UK
Note: Some countries are listed in more thpn one column because pans of the spent fuel generated
have been committed to reprocessing or direct disposal and parts remain uncommitted.
Source: IAEA Yearbook, 1990

5.4.2

Incentives to take long-term decisions
Despite factors cited above that have led many decision-makers to postpone
decisions on long-term waste management policy, other factors could influence
those same people to make decisions sooner rather than later. Such factors
include:
(i)

When countries and/or utilities with nuclear power plants begin to reach
the limits of their at-reactor storage capacity, they are forced to examine
other options. Unless they can enlarge their capacity of at-reactor
storage pools via re-racking (or other means of consolidating fuel rods),
away-from-reactor solutions must besought. To the extent, however, that
economic or political factors prevent nuclear power plant operators from
developing new domestic away-from-reactor storage capacity,
international waste management services may be an attractive option.
Table 5.8 shows the estimated planned interim storage capacities of
OECD countries.

(ii)

While there is no crisis in interim storage capabilities at present, more
capacity is expected to be needed by 2005. Decisions about where and
when such additional interim storage facilities will be constructed are
expected within the next two to three years. Therefore a window of
opportunity exists for a potential provider of international waste
management services to persuade decision-makers to explore
international options for interim storage as part of the current round of
planning.
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(iii)

If a reliable international waste management option were on the table,
many of the same political forces that have in the past led elected
politicians to postpone siting and long-term decisions could lead them
to commit to a long-term, frontier-crossing solution for the future.

TABLE 5.8 SPENT FUEL STORAGE CAPACITIES: OECD COUNTRIES

(Including At Reactor And Away-From-Reactor Storage)
(Tonnes)

COUNTRY

1988
Actual

1989
Actual

1990

1995

2000

2005

Belgium

1,200

1,200

1,200

1,200

1,200

1,200W

Canada

25,500

29,600

29,600

37,900

38,400

38,900

Finland

1,890

1,890

1,890

1,890

1,890

1,890

France

17,400

17,400

19,900

21300

21,400

21.900W

4,135

5,955

5,955

7,466

7,466

7,466

449

449

449W

449W

449W

600^

13,490

16,800

85

85

Germany FR

Italy
1 1

Japan "

6,210

Netherlands

85

6,510

85

6,710

85

19,800WW
230W

Spain

2,0%

2,0%

2,0%

4,421

4,921

4,707

Sweden

4,500

4,500

4,500

6,500

6,500W

6,500W

800

800

800

800

800

800

Switzerland

9.987WW

7,717

9,017

11,593

10,037

9,987

United States

56,000

57,300

58,300

58,700

59,200

59,200

'OECD Total

127,982

136,802

143,078

164,238

169,098

173,180

United Kingdom (c)

(a)
Secretariat estimate
(b)
For fiscal year
(c)
Industry estimate
Source: Nuclear Energy Data, Nuclear Energy Agency, OECD, 1990

5.5 CONCLUSIONS
5.5.1

Implications of uncertainties
The range of considerations affecting development of away-from-reactor storage
and/or final disposal systems is symptomatic of the difficult issues utilities face
in managing the back-end of the nuclear fuel cycle. Moreover the long lead
times implicit in providing nuclear waste management services can be expected
to test even the normal long-term horizons of companies experienced in mining
and infrastructure development projects.
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Paradoxically, perhaps, this unusual degree of uncertainty has led SSG members
to the conclusion that some form of international nuclear waste management
program is likely to emerge in due course, spurred by factors such as:
•
•

the highly capital-intensive nature of, and long lead times required for,
storage and disposal systems;
stringent and rising environmental and safety standards;

•

difficulties in siting storage and disposal systems, for both geological and
political reasons;

•

the importance of scale in lowering costs of nuclear waste management
for most national programs.

As noted in the preceding Sections, estimates of the value of the market vary
widely, and are highly dependent on such factors as the time value of money ami
predicted inflation over the active life of a waste management project. However,
even taking the lowest cost estimate mentioned above - USS900/kg - for direct
disposal of spent fuel, and estimates of spent fuel volumes for just the AsiaPacific region - 20,789 tonnes to the year 2000 - yields a potential market
estimate for that one geographical region of USS19 billion in present-day dollars
and annual discharges thereafter of the order of 2,000 tonnes.

5.5.2

Areas of opportunity
Assuming that Australia has the assets and capabilities needed to support at least
part of an international nuclear waste management program, the relevance of the
rapidly growing Asia-Pacific markets of Japan, South Korea and Taiwan becomes
inescapable. The quantity of spent fuel expected to be generated in these
countries is greater than that likely to be generated in all of Western Europe,
excluding France and the UK, and growing more rapidly than that in Europe. At
the same time, other potential customers, for example the Finns, the Swiss and
the Belgians, who are known to be receptive to proposals for an international
nuclear waste management program, should also be approached. The US
market, which has enormous potential, must also be approached in case there is
an eventual change in policy.
To the extent that an Australian nuclear waste management initiative were to
become viable in environmental, political and economic terms, it could be
expected that enterprises in other countries would be encouraged to pursue the
provision of similar services. It is easy to imagine, for example, that Canada,
currently the largest uranium mining and exporting country, could also enter the
waste management market. Canada has extensive experience in spent fuel
storage and has been engaged for more than a decade in R&D on spent fuel
disposal. This R&D program has included the construction of an underground
laboratory.

5.53

Principle of equivalence
The International Atomic Energy Agency estimates that spent fuel globally
requiring management reached 80,000 tonnes in 1990 and will rise to 190,000
tonnes by 2005. By the year 2005 annual spent fuel discharges from nuclear
power reactors will be 11,000 tonnes.
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Australia supplies some 10 per cent of the world's uranium. Translating that level
of industry participation into the volume of spent fuel discharged by the world's
nuclear power staions, past Australian uranium sales have given rise to 7,000
tonnes of spent fuel overseas. By the year 2000 the Australian 'export equivalent'
spent fuel will have increased to 15,000 tonnes and by 2005 to some 20,000
tonnes.
Recognising that Australia currently exports about 10 per cent of the world's
uranium requirements and that this market share can be expected to be
maintained, if not increased, by the year 2000, it is reasonable to conclude that,
as a minimum, management by Australian interests of 10 percent of annual
worldwide spent fuel discharges of 10,000 tonnes from the year 2000 is within the
realm of political as well as commercial possibilities. To the extent that
Australia's share of the world uranium trade increases above the level of 10%
and applying this 'principle of equivalence', the annual volumes of spent fuel
capable of being managed could also increase commensurately.
Based on this annual volume of 1,000 tonnes spent fuel, an annual cash flow of
the order of USS0.7 to USS1.5 billion can be derived. However, Table 5.5 shows
that at the year 2000, the expected cumulative volume of Australian uranium
exports will already have amounted to the equivalent of 15,646 tonnes of spent
fuel. If this and other volumes of spent fuel were managed by Australian
interests, whereby 2000 tonnes were to be accepted annually over a 40 year time
frame, this would lead to a cash flow generation throughout most of the project
life exceeding USS5 billion pa.
Note that the hypothetical economic assessment in Appendix III is related to the
above quantities, in that it has been largely based on the conservative
assumptions of:
•

a total market share of 10,000 tonnes over a ten year period;

•

an annual intake of 1,000 tonnes.

However, on the basis of Australian uranium exports being sustainable into the
future, management of spent fuel could be expected to continue for decades.
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6.1 INTRODUCTION
The information in previous Chapters relates to the safety, socio-political and
economic aspects of nuclear power generation and, more particularly, to the
handling, transport, storage, treatment and disposal of spent nuclear fuel.
Having assembled and reviewed these data, the SSG has identified five ways in
which Synroc could be commercialised to the advantage of Australian developers
or investors and the nation as a whole.
In view of the long lead times in nuclear waste management, certain options have
been included even though they are currently precluded either by Australian or
overseas government policies.
Present Australian government policy is not to import nuclear waste. This policy
is shared by many other countries. Some countries also prohibit export of spent
fuel and its derivatives. Hence many countries with nuclear power have been
required to seek a national solution for nuclear waste management, including
disposal. Such policies have not unduly hindered the development of nuclear
power since the volume of waste is still small enough to permit economic
extended storage of spent fuel cr high-level waste. Nevertheless, in the longer
term these policies could lead to a proliferation of reprocessing plants and the
use of sub-optimal waste management practices. Not all countries possess
desirable geology or candidate sites for waste disposal. Moreover, since unit
waste disposal costs are a function of the size of the nuclear program, there
would inevitably be a significant cost penalty on small national programs.
The IAFA and the OECD/NEA, and some of the smaller countries, have
recognised such difficulties and have called for regional or other international
solutions to waste management, including disposal of waste. Centralised regional
or international waste management and disposal facilities may be capable of
providing the most advanced solutions on non-proliferation, safeguards and
global environmental grounds. At the same time, the host nations for such
facilities could acquire a major role in the control of and influence over the
development of safe nuclear power; these nations could receive significant
economic benefits in return for providing access to sites possessing optimum
geological characteristics for safe disposal of high-level waste.
The most likely options for Synroc commercialisation identified by the SSG
include:
•

licensing of Synroc overseas;

•

participation in overseas plant(s) using Synroc;

•

establishment of an international reprocessing plant in Australia
with immobilisation of high-level waste in Synroc and return of
waste to the customers;

•

establishment of an integrated spent fuel management industry
outside of Australia with international participation;
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•

establishment of an integrated spent fuel management industry
in Australia, with international participation, and with disposal
of waste on an Australian territorial site cither on the mainland
or offshore.

These options need to be considered in the context of alternative waste
management strategics and of prospects for development and use of Synroc in
second generation waste management facilities, as well as the technical, economic
and socio-political factors impacting on commercial options for spent fuel
management.

6.2 STRATEGIC ISSUES
IN SYNROC COMMERCIALISATION
6.2.1

The need to reprocess
Synroc was invented and its initial development took place in an era when the
major concern of nuclear waste management was the immobilisation of liquid
high-level nuclear waste arising from reprocessing of spent fuel.
(Sec
Anncxurc A.) This was an era in which prompt reprocessing was seen to be in
need of rapid development to provide fuel for fast breeder reactors that were to
be deployed before the end of the 20th century. More recently, these
circumstances have changed, and reprocessing is now only one of the following
three strategics being adopted for spent fuel management:
(i)

Reprocessing of spent fuel with recycling of plutonium (and uranium)
followed by the solidification of liquid high-level waste in borosilicatc
glass. The borosilicatc glass is to be stored in engineered near-surface
facilities for about 40 years until radioactivity and heat emission decay
to levels that permit effective and safe disposal in deep (about 500 m)
geological repositories.

(ii)

Storage of spent fuel in engineered facilities for about 40 years after
discharge from a nuclear power reactor, to permit adequate decay of
radioactivity and heat prior to encapsulation in corrosion-resistant
canisters; subsequent disposal in deep geological repositories (similar to
those envisaged for borosilicatc glass waste forms); this is the so-called
direct disposal strategy.

(iii)

Extended storage of spent fuel in engineered facilities, until a decision
on reprocessing or direct disposal is made at some time in the future;
this is the deferral strategy.

For practical purposes there is no real difference between options (ii) and (iii)
until spent fuel is encapsulated, because the reprocessing option remains
available to this point without significant economic penalties. Similarly,
monitored retrievable storage of spent fuel docs not preclude a later change of
policy in favour of reprocessing if economic and resource parameters have altered
sufficiently before closure of the repository.
Commercialisation of any invention depends on finding profitable applications
for the technology. Synroc's potential market could be perceived to have been
weakening throughout the second half of the 1980s as a result of slippage in the
commercialisation of the fast breeder reactor, softening of the uranium market
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and the evolution, in many countries, of policies which defer the choice between
reprocessing and direct disposal.
One of the keys to Synroc's continued relevance is the value of spent fuel as a
potential energy resource and this in turn must be largely dependent on the
longer term emergence of reprocessing and fast breeder reactors needed to fuel
economic growth. HSfcle1, in a broad based review of the future of nuclear
power, notes that
"... many future scenarios show that meeting energy needs and
environmental demands without nuclear power will be difficult."
He also notes that when the reactors currently under construction are completed
there will be about 400 gigawatts (GWe) of installed nuclear electric power
capacity. If nuclear power capacity should remain constant at this level for 100
years, between 6 and 7 million tonnes of uranium will be required during the 21st
century to fuel the power stations; the OECD/NEA2 estimates that there are 3.4
million tonnes of 'known' uranium resources; obviously more resources may be
defined in the future as demand increases, but their development may require
substantial increases in uranium prices from levels prevailing today.
If Ha'fcle's projections prove to be correct, the "once-through" fuel cycle in
present-day light water reactors (LWR) with direct disposal of spent fuel will be
unsustainable as a long-term strategy.

6.2.2

Reprocessing versus direct disposal of spent fuel
Discussion of the relative merits of reprocessing and direct disposal of spent fuel
will continue for some time, driven by issues which include technical, economic
and safeguards perspectives; all of these may continue to change with time.
6.2.2.1 Technical issues
•

Reprocessing is essential to provide fuel for fast breeder reactors; the
latter will be required if nuclear generated electricity is to be an energy
vector of the future in a world increasingly depleted of cheap resources.

•

Reprocessing permits recycling of fissile materials in present generation
light water reactors, giving savings of up to 30% of fresh natural
uranium; in fast breeder reactors the savings arc more than fifty-fold.

•

Significant improvements in reprocessing technology can be expected in
the future.
Reprocessing is essential for advanced methods of
management of long-lived waste via partitioning of fission products and
minor actinides; the actinidcs can then be transmuted by "burning" in
advanced reactors or solidified in advanced waste immobilising
substances such as Synroc.

'

\V. Hafcle, "Energy from Nuclear Power", Scientific American, p.91, September 1990.

2

"Uranium Resources, Production and Demand" (Red Book), OECD/NEA and IAEA 1989.
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Reprocessing currently generates large volumes of intermediate-level
waste in addition to high-level waste; the intermediate-level waste, whilst
not heat generating, contains long-lived actinides which require deep
disposal; such waste, conditioned in cement or bitumen, may well prove
to be more difficult to isolate than high-level waste in glass or Synroc,
In recent years France has demonstrated significant reductions in the
volume of secondary waste streams from reprocessing. By contrast,
direct disposal of spent fuel generates less secondary waste than
reprocessing, but the disposal of fissile materials in spent fuel, for a
given level of electricity generation, results in the disposal of more longlived waste with this disposal strategy.
Other than final disposal, all steps in the reprocessing strategy have been
demonstrated on a commercial scale. Whilst direct disposal of spent
fuel is widely accepted to be technically feasible, the encapsulation of
spent fuel has not yet been demonstrated on a commercial scale.
Both strategies for spent fuel management share common and well
established technologies for storage and transport of radioactive
material.
6.222 Economic issues
9

With present technology reprocessing may be up to twice as expensive
as direct disposal as a means of spent fuel management; this disparity is
due to the low value of recovered uranium for recycling in comparison
with current prices for fresh uranium.

•

The cost differences between the two strategies, whilst large in absolute
terms, amount to about 2-4% of the overall cost of electricity generated.

•

Contemporary economic assessments of the options for managing spent
fuel may be too optimistic in favour of direct disposal. All technologies
on the reprocessing route, other than the final disposal of high-level
waste, have been demonstrated and prices for these services exist on the
open market. There is significant potential for further price reductions
because the BNFL and COGEMA reprocessing plants were designed in
the 1970s and future plants are confidently expected to be more
economic. On the other hand, no one has yet demonstrated all steps of
direct disposal, including encapsulation, under remote conditions and
past experience suggests that the costs of the direct disposal option will
mount.

•

Further improvements from R&D in laser enrichment and from evolving
maturity of mixed oxide fuel fabrication promise to enhance the
economics of recycling fissile materials in current generation reactors.

•

Reprocessing becomes more economic as uranium prices increase and
perceptions change on its availability vis-a-vis any increase in nuclear
energy's share of electricity generation in the 21st century.
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622J Non-proliferation and safeguards issues
•

Non-proliferation and safeguards issues feature prominently in any
debate on the back-end of the fuel cycle. Reprocessing was at one time
the focus of most concerns. However, experience over the past 15 years
has demonstrated that reprocessing is not a technology that can be
mastered readily and hence there has been no proliferation of
reprocessing plants. The technical sophistication and capital-intensive
nature of reprocessing, coupled with long lead tines, suggest that in
terms of economic logic, future reprocessing will be restricted to large
centralised facilities.

•

The IAEA has established an acceptable regime for safeguarding of all
existing reprocessing plants. Research and development over the past
ten years has also shown that it is possible to design new reprocessing
plants with improved safeguards through real time materials
accountancy.

•

Under current reprocessing arrangements, transport of separated
plutonium from European reprocessors to Japanese utilities still causes
some concern and stringent security is required. One solution is that
separated plutonium for recycling should be fabricated into mixed oxide
fuel at the reprocessing plant site. There is far less risk of weapons
proliferation through theft of mixed oxide fuel.

•

It is widely accepted that the future non-proliferation, safeguards and
physical protection requirements are best addressed through the use of
large centralised facilities with international ownership and participation.

•

There are as yet no agreed procedures for long term safeguarding of
spent fuel disposed of without reprocessing, although many countries are
working with the IAEA to develop solutions. A concern is that with the
decrease in radioactivity over time, the plutonium in spent fuel could
become an attractive resource. The cost of safeguarding disposed fuel
could then become an important factor in the economic comparison with
the reprocessing strategy.

Nevertheless, the option of direct disposal is preferred in Sweden for a range of
reasons, including the current policy on phasing out of nuclear power by 2010.

6.2.3

Deferral of reprocessing
As previously indicated, deferring a decision on what means will ultimately be
chosen to manage fuel is a rational response to present-day uncertainties on the
part of nuclear power generating authorities. The rationale for deferral stems
from the following factors:
•

spent fuel is a resource available for recycling;
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•

the net benefits, if any, of recycling via reprocessing, with subsequent
immobilisation and disposal of resultant high-level waste, will depend on
market and various political and energy security factors which may not
be apparent for many years yet; and

•

the need to allow a period of extended cooling of spent fuel in interim
storage prior to direct disposal, and the viable alternative of recycling via
reprocessing at any time during this period of extended storage may
make it uneconomic, at least for another 5 to 10 years, to do anything
other than defer decisions on final disposal options.

Plans for the commercialisation of Synroc must take account of these factors.
Early entry into the spent fuel management industry may need to develop
through a two step strategy, involving interim storage of spent fuel in a
centralised facility, with the option of later reprocessing and waste
immobilisation in Synroc prior to geological disposal. The experience of the
French and UK reprocessors suggests that appropriate long term contracts,
mutually beneficial to both reproccssors and to customers, can be negotiated to
support long term projects of this nature.

6.2.4

Summary
In the shorter term it is most likely that many countries will follow strategies for
extended storage of spent fuel and the feasibility of direct disposal will be
explored further. However, reprocessing of spent fuel may be preferred in the
longer term because:
•

the recycling of uranium and plutonium is essential if nuclear power is
to become a major long term global energy source; recycling of valuable
resources is consistent with policies aimed at sustainable development,
encompassing sound environmental management; in turn, the
development of nuclear power, including recycling of fuel, is consistent
with policies aimed at minimising environmental damage from fossil
fuels;

•

reprocessing may provide the best option for management of long-lived
nuclear waste, when coupled with technology to separate out (partition)
lission products and minor actinides such as neptunium, amcricium and
curium.

Consequently, commercial high-level waste management strategies must preserve
some flexibility between the reprocessing and direct disposal routes until the
long-term future of nuclear power becomes clearer.

6.3 REQUIREMENTS FOR SYNROC
COMMERCIALISATION
As Australia has no expertise in the reprocessing of spent fuel, commercialisation
of Synroc will almost certainly require linkages with:
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•

commercial reprocessors in France, the UK and Japan; Germany has
relevant technology but its recent decision to abandon domestic
reprocessing may lead to rapid loss of expertise;

•

countries which have high-level waste that has not yet been solidified;
these include China, the USSR (neither of these have developed glass
technology) and the USA; the latter possesses military waste which
requires solidification but which has been neutralised with additives to
limit corrosion of storage tanks, such that the resultant mix is chemically
different from commercial waste.

Development of a commercial processing plant for production of Synroc
incorporating radioactive high-level waste would be facilitated by access to
technology possessed by France, Germany, Japan, UK or USA. Construction of
a commercial Synroc plant to handle high-level waste from an 800 tonnes p.a.
reprocessing plant would cost about AS600 million, i.e. slightly in excess of 10%
of the cost of construction of the reprocessing complex. Clearly, it does not
make good business sense to pursue such development without suitable prior
commercial agreements with reprocessors and/or potential clients.
The Synroc concept was developed at a time when COGEMA had just begun
commercial vitrification of liquid high-level waste at Marcoule. The French
vitrification technology was also chosen by BNFL in the UK in order to avoid
extensive storage of liquid high-level waste still in tanks from previous
reprocessing. For COGEMA or BNFL also to have shown an early interest in
Synroc might well have seemed inconsistent with these investments and could
have threatened a then-emerging global consensus on glass as an adequate matrix
for immobilisation of high-level waste.
Japan, however, has been in a different position, seeing Synroc as an insurance
in the event that disposal of glass is not possible in the geological sites available.
Japan also has a track record of investing in premium solutions to technological
problems, and has recently commenced the construction of a AS400 million
advanced reprocessing and waste management R&D facility (NUCEF), which
includes plans for Synroc solidification equipment.
Since the final disposal of high-level waste immobilised in glass is yet to take
place, and there is a renewal of interest in advanced reprocessing involving
separation (partitioning) of fission products from long-lived minor actinides,
there is some potential to change the perspective of the European reprocessors
towards Synroc. Such reappraisal could present new options for Synroc, which
is an ideal host for minor actinides and is also the only waste form which can
immobilise significant amounts of plutonium or uranium that are not suitable for
recycling. It is unlikely that transmutation (see Glossary) will eliminate all
actinides and hence remove the need for a stable waste matrix such as Synroc.
Alternatively, Synroc could be utilised to immobilise the heat generating fission
products, leaving glass to handle minor actinides under conditions where the
glass would not be heat generating. The combined use of glass and Synroc in
existing reprocessing plants augmented by partitioning equipment is technically
feasible and may significantly reduce the costs of disposal of high-level waste and
improve the overall safety of waste disposal.
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6.4 OPTIONS FOR SYNROC COMMERCIALISATION
The previous analysis demonstrates that:
•

commercial high-level waste management strategies must preserve some
flexibility between the reprocessing and direct disposal options until the
long term future of nuclear power becomes clearer, Synroc will have a
place in those strategies unless and until the direct disposal of spent fuel
supersedes the current de facto policy of extended storage as the
dominant strategy for high-level waste management;

•

suitable prior commercial linkages and agreements arc necessary with
reprocessors and/or potential clients if Synroc commercialisation is to
eventuate;

•

long lead times, coupled with continuing technical developments and
changing economic and political perceptions, provide a window of
opportunity to pursue Synroc commercialisation.

Against this background the
commercialisation of Synroc:

6.4.1

SSG has developed

five

options

for

Licensing of Synroc
The simplest arrangement is to license the Synroc technology to overseas
reproccssors or groups with high-level waste requiring conditioning. The
resultant royalties would be related to Australia's investment in the development
of Synroc, i.e. around 525 million to date. In the short term, the most likely
partners for such a venture arc China and the USSR, which have expressed an
interest in hosting a disposal repository, have existing liquid high-level waste and
are in need of hard currency.

6.4.2

Participation in overseas Synroc plants
This option envisages linkages with existing commercial reprocessors, e.g. France,
UK and/or Japan through the utilisation of Synroc in existing or new facilities.
For example, there may be scope for Australian technological or engineering
participation in an integrated regional, e.g. Asian, facility. Alternatively,
advanced reprocessing through partitioning could provide options for utilisation
of Synroc in parallel with borosilicatc glass. Benefits for Australian industry
would include entry into a growth industry with access to advanced technologies
and overseas R&D. Australian industry could conceivably be a minor player with
limited benefits initially, but it would be an option worth pursuing if industry can
identify leverages for gaining the necessary linkages with the established
technology holders.
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Reprocessing and Synroc operations in Australia with waste
re-exported to customers for disposal overseas
This option envisages the construction of reprocessing and Synroc plants in
Australia, with the immobilised waste to be returned overseas for disposal. It is
possible that newcomers seeking reprocessing and, in due course, even existing
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reprocessors, would find Australia an attractive site to service the Asia-Pacific
market, given that they would probably prefer to utilise fully the capacity in
existing plants beyond the year 2005. The potential benefits from pursuing this
option include:
•

employment growth, underwritten by long term contracts, in a high
value-added part of the manufacturing sector,

•

opportunities to gain technical experience in handling spent fuel
(transport and interim storage);

•

strengthening of safeguards through multinational participation, with
corresponding gains in public confidence in the nuclear industry,

•

creation of a regional facility which could attract customers in the AsiaPacific region as a diversification of supply.

This option could produce significant returns to Australia (including employment
growth), but the market for these services would need to be reliably identified
and defined.

6.4.4

Integrated overseas facility Tor spent fuel management
This option envisages that Australian corporations, in conjunction with overseas
investors and international bodies, would find a suitable site outside of Australia,
where an integrated spent fuel management facility would be established; the
facility would incorporate provisions for interim storage of spent fuel and for
waste disposal and would provide for:
*•
•
interim storage to continue until such time as a decision could be made
on reprocessing versus direct disposal;

6.4.5

•

reprocessing, fabrication of recycled fuel and disposal of Synroc
containing high-level waste to take place;

•

if required, direct disposal of spent fuel after conditioning.

Integrated Australian facility fur spent fuel management
This option envisages that Australia, with international participation, would host
an integrated spent fuel management facility, with provisions for interim storage
of spent fuel and for eventual waste disposal, and would provide for:
•

interim storage to continue until such time as a decision could be made
on reprocessing versus direct disposal;

•

reprocessing, fabrication of recycled fuel and disposal of Synroc
containing high-level waste to take place;

•

if required, direct disposal of spent fuel after conditioning.

While this option is based on establishment of the industry in Australia, it does
not necessarily require a disposal site on the mainland. There are many offshore
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locations within Australian territory which may prove to be suitable sites. No
siting investigations have been carried out at this stage.
This option is not feasible at present because the Australian government policy
is not to import nuclear waste. Nevertheless, the return of spent fuel equivalent
to Australian exports of uranium does fall within the ambit of possibilities
previously canvassed in official and public circles (see Annexure B).
The arguments for such Australia-based services are at the very least
strengthened by considerations of Australia's role as a supplier of uranium to the
world nuclear power industry and consequently the Australian interest in safe
disposal of the spent fuel inevitably arising from these activities.
As discussed in Section 6.5.3, the 'principle of equivalence' may be defined as
Australia's moral responsibility for at least as much spent fuel as must notionally
be attributed to the downstream processing and use of the uranium originally
exported from Australia.
The SSG is not contemplating a rigid demand that Australian uranium should
be returned for reprocessing and waste disposal in Australia via a formal 'lease'
arrangement, and in this respect agrees with ASTEC which recommended:
"That Australia not seek to impose particular strategies for
radioactive waste management on countries using Australian
uranium but rather encourage all countries to adopt the best
practicable, rather than merely adequate, waste management
strategies." (R25: 9.11.15)

6.5 CRITERIA FOR ASSESSMENT OF OPTIONS
The options described above do not necessarily exhaust the possibilities. Nor is
any one of them necessarily exclusive of all others. In fact, an option which may
not be particularly attractive in its own right may become significantly more so
if its value is partly measured by where it may lead, e.g. to Australian
involvement in one or more of the other (conceivably more substantial) options.
That aside, there are five separate criteria against which the merits of each
option will need to be judged in order to determine whether more market and
other research will be warranted in a bid to commercialise it. These are as
follows.

6.5.1

Contribution to safe disposal
Would implementation of the option being considered materially bring about a
reduction in the sheer volume or potential toxicity of radioactive waste?
It is to be expected that the answer will be different - in scale, if not in kind - for
every option, which itself ir.ay serve to demonstrate the need for further study.
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6.5.2

Contribution to non-proliferation regime
As previously described, the non-proliferation regime rests largely on a system
of surveillance, including inspections, of nationally controlled plant and other
installations, such as storage and treatment facilities.
Questions to be considered relate not only to possible technical benefits which
could flow, for example, from adoption of Synroc, but also the implications, if
any, of international or regional ownership of spent fuel in storage or under
treatment (or when finally disposed of).
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Environmental enhancement
Among the questions to be posed is whether, and to what extent, each of the
options has the potential to enhance the global environment. Issues raised by
this are:
(i)

the relative impact of nuclear power generation on the global
environment;

(ii)

existing and proposed methods of managing spent nuclear fuel; and

(iii)

the potential benefits to flow from particular applications of both Synroc
technology and any wider Australian participation in this considerable
service industry.

Because of the existing backlog of spent fuel in interim storage and the inevitable
further additions to that inventory, (ii) and (iii) above need to be examined
irrespcclive of future growth or otherwise of nuclear power generation
worldwide.

6.5.4

Public accountability and acceptance
Each option similarly needs to be scrutinised for two discrete qualities relating
to broad public policy.

6.5.5

•

Would (or could) Australian involvement enhance the public
accountability of an industry that in some countries (eg. Sweden), but
not universally, operates under a direct and continuous public gaze.

•

Is the industry - or are relevant parts of it - capable of commanding the
public support (or merely sufferance) required to operate successfully in
a democratic society?

Economic benefits for Australia
Even at this early stage it is self-evident that options vary considerably in their
potential economic benefits for Australia, whether they be measured in foreign
exchange earnings, direct and non-direct employment creation, regional
development, shareholder wealth and/or other high-technology spin-offs.
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6.6 CONCLUSIONS
6.6.1

Overall position
The nuclear fuel cycle is capital intensive and dominated by long lead times,
continually changing technology and uncertainties as global, economic, social,
political and environmental perceptions change. Despite these uncertainties,
France, and to a lesser extent the UK and Japan, have made heavy investments
in these technologies to ensure that they will have a leading role in the global
energy market in the long term. Both France and the UK are heavily involved
in reprocessing and nuclear waste conditioning, which are major export earners
for both. To enter the market for waste management services without strategic
alliances with them would be difficult at this stage.
Utilities and governments are also uncertain over the outcome and timing in the
resolution of economic uncertainties between the reprocessing and direct disposal
options for high-level waste management. At today's low uranium prices, the
direct disposal option is more attractive in countries where nuclear energy is not
seen as an important contributor to future energy needs. Most countries with
nuclear power nevertheless are adopting a more cautious 'wait-and-see' policy by
pursuing extended storage of spent fuel.
These cautious attitudes arc influenced strongly by:
•

widespread public opposition to plans for high-level waste disposal; no
operational disposal sites for high-level waste exist anywhere in the
world;

•

a lack of technical reasons requiting immediate resolution of the issues.

A number of analysts and international organisations have proposed international
solutions. The more recent arguments for international solutions have been
articulated by W. Ha'fclc1 who states that:
'International storage facilities offer several advantages. They
encourage the development of global institutions that would be
immune to national politics. Such facilities would allow the
nuclear power industry ihe time it needs to develop scientific,
technological and institutional final waste disposal methods.
Access to these facilities would give countries that steered clear of
nuclear power because of the waste issue a chance to develop
nuclear energy.
The sites could also play a key role in
disassembling nuclear weapons and ensuring nonproliferation of
nuclear material. If their installation and operation were
successful, such sites could also lay the foundation for final waste
disposal. And if sites were chosen through global consensus,
fuel-reprocessing and possibfy other nuclear facilities could be
constructed and operated there as well."
The failure of any nation to offer to host such an international spent fuel
management complex, including final disposal, is the only reason why these ideas
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have not been implemented despite studies3 showing that unit COSTS of waste
disposal are a strong function of scale, favouring centralised facilities.

6.6.2

Specific to Australia
The global impasse just described provides Australia with an opportunity to form
the necessary linkages with key technology holders to enter the nuclear waste
msnagement market, despite its low level of investment in the required
technologies compared with many other countries.
Apart from the simple Synroc licensing option, all other options involve
participation by Australian industry in international ventures. Some of the
options initially fall short of the regional or international spent fuel management
facilities envisaged by Ha'fcle, but cou'd be important alternatives or precursors.
To further assess the broad arguments for and against the various options for
Synroc commercialisation, including financial, technological, employment and
non-proliferation benefits to Australia, more detailed discussions are required
with utilities and national organisations to determine the size of potential
markets for the various options. Further discussions are also required with key
technology holders, international organisations and government agencies to refine
strategics open to Australian industry in order to maximise the potential benefits
from Australian R&D on Synroc.
Consideration of the strategic issues would now appear to call for:
•

Recognition of the potential commercial opportunities for Australia
through participation in the management of globally accumulating spent
nuclear fuel.

•

Further research on markets to establish the particular interests and
concerns of potential customers that could be addressed by Australian
industry.

•

Further efforts to develop public appreciation of the positive
contributions to enhancement of the environment, faced with possible
global warming, that could flow from Australian initiatives and
participation in international spent fuel management.

CEC, "Evaluation of Storage and Disposal Costs for Conditioned Radioactive Waste in Several
European Countries", Report EUR12871 EN, 1990.
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ANNEXURE A STATUS OF REPROCESSING TODAY
Up to the middle of the 1980s reprocessing was seen in many countries as the best
method for nuclear waste management because the long-lived plutonium and uranium
were re-used. These countries also saw the need to develop this technology to ensure that
fast breeder reactors could be introduced as reserves of uranium were depleted. In the
latter half of the 1980s, a period characterised by a relatively stagnant global nuclear
power industry, reprocessing had fewer champions.
Today it can be stated thai only France has demonstrated the commercial reprocessing
of oxide fuels from light water reactors. With the completion of the THORP plant at
Sellafield in 1992, the UK can also be expected to be a major commercial reprocessor of
oxide fuel to complement its long experience of reprocessing of metallic fuel from
Magnox reactors. Both COGEMA in France and BNFL in the UK are public limited
liability companies with all shares held by the respective governments. Both companies
evolved from government laboratories after extensive prior experience with military
reprocessing.
In reaching their present positions, both companies had to overcome major technical
difficulties in moving from the reprocessing of low burn-up metallic fuels to high burn-up
oxide fuels used in commercial power generation, in a period marked by increasingly
stringent occupational and environmental regulation. They owe their dominance in the
market to perseverance, and to sustained support over 40 years by their governments in
the development of a sophisticated technology. Both have also been assisted by utilities
in Europe and Japan which agreed in the late 1970s to fund the capital costs of new
reprocessing plants and associated infrastructure at La Hague and Sellaficld. Both
operations are major export earners.
The history of reprocessing in other countries has not been as good. A US program was
aborted in the 1970s; Germany abandoned reprocessing plans in 1989, and in 1989 the
USSR indefinitely postponed the completion of a 1,500 tonnes p.a. reprocessing plant in
Siberia. Delays have also occurred in the planned construction of an 800 tonnes p.a.
reprocessing plant at Rokkasho Mura in Japan to supplement the smaller 200 tonnes p.a.
plant at Tokai Mura.
Illustrative of the long lead times and capital cost of the reprocessing industry, the French
UP3 plant at La Hague took about 15 years from the start of design work in 1976 to
commencement of commercial operation in August 1990. In this time it required capital
outlays of FFr 27.6 billion (some AS6.9 billion). Some illustrative data arc:
160,000 m 3
475,000 m3
1,825
700 km
980 km
1,750 km
400
(25% graduates, 75% technicians
and skilled workers)

volume of concrete used:
ventilated volume:
number of rooms:
length of piping:
electrical cabling:
process control wiring:
operating staff:
(excluding maintenance and
laboratory staff)

The La Hague site of 250 hectares also hosts the UP2 reprocessing plant, which is being
upgraded to a similar capacity of 800 tonnes p.a. to handle domestic needs. The overall
investment at La Hague for the UP3 and UP2-800 plants has been in excess of FFr 50
billion. At the height of the project more than 7,500 construction personnel from 400
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construction companies worked on the site. The permanent COGEMA work force at La
Hague in 1989 totalled 3,100. The project involved:
•
•
•

30 million manhours of engineering design
50 million manhours of fabrication
1 million manhours of training of the permanent work foicc.

The construction of the UP3 plant was entirely underwritten by foreign utility customers
under contracts signed with COGEMA in 1977 and 1978 for reprocessing of 7,000 tonnes
of fuel. Spent fuel from utilities in Germany, Japan, Belgium, the Netherlands and
Switzerland has been arriving at UP3 since 1981, and some 3,200 tonnes were in store in
1989. The current contracts to the year 2000 cover 29 foreign utilities.
The reprocessing facilities at La Hague and Scllafield were largely funded by foreign
utilities under terms that provide COGEMA (and BNFL) a 30% profit margin above
costs. COGEMA reported an income from reprocessing of FFr 6,730 million in 1989
at a lime when its new UP3 plant had not yet entered commercial service. Reprocessing
in 1989 represented 28.5% of the income of COGEMA's consolidated business. At tlie
same time the COGEMA engineering subsidiary earned FFr 1,043 million from
consulting services on reprocessing and waste treatment from Japanese clients. BNFL
also offers complete nuclear fuel cycle services including reprocessing and waste
management. In 1988/89, BNFL achieved operating profits of 275 million pounds sterling
on a turnover of 916 million pounds. Reprocessing was responsible for more than half
of the turnover even though THORP, the new reprocessing plant, will not come into
service until 1992.
Reprocessing is also linked to the recycling of uranium and plutonium. In the absence
of fast breeder reactors, the plutonium is currently recycled in light water reactors as
mixed oxide (MOX) fuel. This is essential on technical grounds as 'old' plutonium is
difficult to handle because of its higher radioactivity. There arc also political factors
which have led to increasing use of mixed oxide fuel; the rationale for this is that
governments and utilities do not wish to let plutonium stocks build up, preferring the
material to be used in reactors such as the current light water type until the anticipated
introduction of fast breeder reactors in the 21st century.
The possible number of cycles of mixed oxide fuel in light water reactors has not yet been
determined because each cycle of reprocessing, fuel fabrication and reactor irradiation
takes about lOycars. A number of options for the management of spent mixed oxide fuel
may be possible, including:
•

storage after two or three cycles until fast breeder reactors become available;

•

direct disposal after appropriate storage for decay of radioactivity;

•

reprocessing and immobilisation of the plutonium in an advanced waste form
such as Synroc or transmutation via technologies currently being assessed.

At the same time the nuclear industry has continued to develop fuels which can be taken
to higher burn-up. Such high burn-up fuel is less valuable in terms of recycling in light
water reactors, although its quality for use in fast breeder reactors is not significantly
affected.
From an economic viewpoint, the reprocessing option appears less attractive when
uranium prices arc low. Nevertheless, Japan and France are continuing to invest heavily
in R&D on advanced reprocessing in support of their policy to secure long term energy
independence.
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ANNEXURE B
INTRINSIC MERITS OF AN INTEGRATED
INTERNATIONAL/REGIONAL FACILITY
SERVICING THE BACK END OF THE NUCLEAR FUEL CYCLE
An integrated spent fuel management industry in which both Synroc and Australian
companies could have useful roles would conceptually involve:
•

transport of spent fuel from utilities to the selected site for interim storage;

•

reprocessing of spent fuel;

•

fabrication of mixed oxide fuel to recycle plutonium and uranium;

•

transport of mixed oxide fuel to utilities overseas;

•

high-level waste immobilisation in Synroc;

•

low- and medium-level waste conditioning;

•

encapsulation of spent fuel for disposal (Swedish concept);

•

disposal of Synroc (containing high-level waste) and other conditioned waste
inventories (including spent fuel) in the same sovereign state or territory.

Intrinsic advantages of such a fully integrated industry may be categorised as strategic,
socio-political and economic.

Strategic
The over-riding strategic benefit for commercial interests preparing to undertake spent
fuel management services is that they would be well equipped to meet market
requirements, and changes in market requirements, as these emerged over the life of the
project.
For example, the integrated industry would be able to offer its clients comprehensive
choices as between extended storage, reprocessing and/or direct disposal, choices which
are quite likely to vary considerably in appeal (hence in value to the supplier of these
services) over time.
This factor is all the more relevant in view of the long lead times and thereafter the
extremely long operational life times which have to be contemplated in this industry.

Socio-political considerations
When the Australian Science and Technology Council (ASTEC) reviewed Australia's role
in the nuclear fuel cycle in 1984, it made recommendations:
"That Australia actively encourage the concept that sensitive facilities,
particularly enrichment and reprocessing plants, should be located in as few
countries as possible. At the same time Australia should encourage the

6-17

concept of joint ownership and supervision of such facilities, both in a
global and regional context, and the application to them of the most
stringent safeguards' (R8; 5.7.12)
"That Australian participation in stages of the nuclearfuel cycle in addition
to uranium mining and milling should be permitted, where such
participation promotes and strengthens the non-proliferation regime." (R9:
5.7.15)

The Government, in responding to ASTEC, accepted the recommendation R8 in
principle.
Any suggestion that uranium be enriched, reprocessed or brought back to Australia in any
form was rejected by Government.
Nevertheless, the Government noted4 that it
"recognises the general argument that participation in appropriate ways in
some stages of the nuclear fuel cycle could have non-proliferation
advantages, but would need to have convincing evidence in any specific case
before any consideration could be given to reviewing its position."

There can be no doubt that collection of spent fuel for treatment and disposal at a
regional or global repository under joint supervision would be consistent with Australian
non-proliferation objectives.
Probably any regional facility, with multinational participation taking the place of purely
national administration of spent fuel management, would materially assist the
safeguarding of fissile materials.
Intrinsically, moreover, safeguards and the non-proliferation regime could be rendered
still more effective were the integrated facility to be sited within the same sovereign state
or territory as other component parts of the nuclear fuel cycle, e.g. mining.
This is not to aver that a uranium producer, such as Australia, is innately more
trustworthy than other countries, merely that its possession of known reserves of low cost
uranium would provide easier routes to non-civilian uses of fissile materials than via
reprocessing of spent fuel. Hence hosting of sensitive facilities in a significant uranium
producing country would not confer on it any strategic military advantage at some time
in the future.
At the same time, management of spcnl fuel gives the host country control over the safety
of waste management and safeguards.
Economic factors
Tangible benefits to be shared between those participating as owners or co-venturers, and
more especially the host nation for an integrated international/regional facility, could, as
shown in Appendix III, include
•

annual cash flows of about AS2 billion or more;
Government Response to the ASTEC Report on Australia's Role in the Nuclear Fuel Cycle:
Statement by Prime Minister, Hansard (House of Representatives), 23 May 1985
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•

new and stable employment prospects for thousands of skilled personnel secured
under long-term contracts with overseas electricity utilities that provide a cushion
against traditional boom/bust trade cycles;

•

major spin-offs in high technology and value-added industries;

•

significant foreign exchange earnings over extended periods.

There is, moreover, every prospect that in return for offering to host a geological
repository, the country concerned would have an opportunity to change its economic
horizons because the integrated back-end of the fuel cycle industry could provide the basis
for a high technology manufacturing sector.
An integrated spent fuel management industry, by catering for deferment of a decision
on reprocessing versus direct disposal, yet guaranteeing eventual disposal, provides a
major prospect for commercialisation of Synroc.
An integrated facility requires large capital outlays but there is a good prospect of
offsetting these with up-front payments, as demonstrated by France and the UK in
commercial reprocessing. This is a long term business, but there are indications that
adequate cash flows could be generated in the early years. Linkages with existing
technology holders and prior negotiation of appropriate long term contracts involving
private sector and Governments are essential.
While no work has yet been done on site selection, it is self-evident that Australia's
geology, low population density, climate, political stability, R&D on Synroc, sound
environmental management of uranium mining, general environmental consciousness,
efficient mining industry and concerns over the need to limit the risks of proliferation,
provide a sound basis from which to consider hosting an international repository. At the
same time, public acceptance and broad political consensus are essential prc-rcquisitcs.
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APPENDIX I

NUCLEAR WASTE MANAGEMENT
AND
THE ROLE OF SYNROC
A.E. RINGWOOD

1. INTRODUCTION
Spent fuel from nuclear power reactors contains a wide range of highly radioactive
elements which must be isolated from the biosphere for extremely long periods, up to one
million years, whilst they decay to safe levels. The nuclear industry is currently evaluating
two principal strategics for the management of spent nuclear fuel. According to the
'once-through' fuel cycle, spent fuel will be stored for about 50 years, and then
encapsulated in thick corrosion-resistant canisters which will ultimately be disposed of in
a mined repository constructed in a suitable geological environment. The second fuel
cycle involves reprocessing, according to which spent fuel will be dissolved in acid, and
uranium and plutonium recovered for further use, whilst the remaining highly radioactive
fission products and transuranic elements comprising liquid 'high-level wastes' (HLVV) will
be converted to a solid wasteform material such as borosilicate glass. These glass
wasteforms will then be disposed of in a manner analogous to spent fuel. At present,
however, no nation has yet undertaken the final, irretrievable burial of either glass or
spent fuel.
After geological disposal of the wasteform, the most likely mechanism by which
radionuclides could be returned to the biosphere is via leaching of the wastcform by
circulating groundwatcr. In order to prevent this, it is proposed to construct an elaborate
scries of barriers - the 'multi-barrier concept'. The first barrier consists of the wasteform
itself. Ideally, it should possess a low intrinsic solubility in groundwatcr. The wastcform
will then be surrounded by an 'engineered barrier' consisting of a corrosion-resistant
canister surrounded by absorbent materials capable of greatly delaying the migration of
any radionuclidcs in the waste that may somehow dissolve inadvertently in groundwater.
Finally, the wasteform and its engineered overpack will be buried in a repository located
in a geological environment that has been carefully selected for its capacity to minimise
access of groundwater to the waste and for its low permeability which would thus inhibit
the circulation of groundwater. This kind of environment constitutes the 'geological
barrier'.
Elaborate studies have been carried out during the last 20 years in several countries
relating to the performance of the multibarrier system of nuclear waste management and
its capacity to protect the biosphere [1-6]. There is a consensus among experts in the
relevant fields that the technologies which have been developed for implementing the
multibarrier system of HLW management are capable of providing an extremely high
degree of confidence that the safety of the biosphere can be assured. Perhaps the most
thorough investigations of this type have been carried out in Sweden and it is useful to
regard the Swedish radioactive waste management safety appraisal as providing a standard
of reference.

AM

2. THE KARN-BRANSLE-SAKERHET (KBS) PROJECT
FOR MANAGEMENT OF SPENT NUCLEAR FUEL
AND HIGH LEVEL WASTES
(a) Background

In 1977 the Swedish Parliament passed an act requiring nuclear power utilities to
demonstrate... 'how and where absolutely safe and final storage ofHLWand spent fuel can
be effected'. The utilities accordingly initiated the KBS project to assess safety aspects of
various options for closure of the back-end of both the reprocessing and once-through
fuel cycles. KBS published a series of reports in 1978 and 1983 which met this objective.
The terms of reference underlying all KBS reports are as follows:
•

a high degree of safety is required both in the short term and on longer
timescalcs

•

burdens on future generations shall be avoided

•

the preferred technology can be implemented with the highest possible
degree of national independence. (This requirement effectively restricts
final disposal sites to Swedish territory);

•

long-term safety shall rely on the multi-barrier concept and should not
require supervision;

•

the repository should not affect background radiation levels in cither the
short or long term, i.e. radionuclidc release must be negligible.

The KBS initiative has been by far the most comprehensive of its kind. It cannot be
coincidental that its conclusions have been widely acknowledged both within Sweden and
internationally.
(b) Spent fuel disposal

It is intended that spent fuel from Swedish nuclear power plants be held in retrievable
storage for 40 years. This storage period serves a dual safety function. Not only does it
permit the thermal output of spent fuel to fall to levels more suitable for underground
burial, but it also allows for reappraisal and revision of the final disposal strategy. Spent
fuel would then be encapsulated in copper canisters ready for final irretrievable burial in
a national mined repository, sited at depths of about 500 m in geologically-stable granite
bedrock. The canisters would be surrounded by bcntonite-clay ovcrpacking designed to
trap or delay any escaping radionuclidcs.
The KBS safety analysis showed that handling, storage, encapsulation and interment of
spent fuel could be conducted in a manner that kept radiological exposure to technical
staff at acceptable levels. Accidents or failures that might somehow result in the release
of large amounts of radioactivity during these operations were assessed as having
extremely low probabilities, whilst all other postulated accident scenarios resulted in
comparatively insignificant environmental contamination.
The integrity of the repository itself arises from a multiplicity of barriers designed to
contain or delay the migration of radionuclidcs dissolved in groundwatcr. It was also seen
to be desirable for any radionuclidcs that might somehow escape from the repository to
be diluted and dispersed so that their hazard potential would be correspondingly reduced.
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An extensive geological appraisal was therefore conducted by KBS so that key seismic,
tectonic, hydrological and geochemical-transport factors could be quantified. These
results in turn permitted sophisticated predictions to be made about the performance
characteristics of a Swedish spent fuel repository, and the capacity of this system to
accommodate "worst case' radionuclide releases. Even the most unfavourable chain of
natural events was found to yield only insignificant enhancement of background radiation
levels near the repository, and minimal additional radiological hazard for anyone living
in its vicinity. KBS acknowledged the possibility of deliberate re-entry of the repository
at some future date, but believed that this would necessarily be conducted in a safe and
responsible manner that minimised any environmental pollution. (Since the repository
would be in Swedish territory, the implicit assumption was that it would therefore be
reopened only by responsible Swedish citizens!)
(c) Management of high level wastes

KBS also conducted a safety analysis of HLW management, with borosilicatc glass (9%
wastcloading) as the designated wasteform. Reprocessing and solidification (= wasteform
manufacture) were excluded from consideration, because these operations are not
conducted in Sweden, but rather by French subcontractors.
Safe management of vitrified HLW, like spent fuel management, relics on the multibarrier approach. KBS recommended that HLW glass be poured into canisters suitable
for final underground disposal. These canisters consist of an inner lining of stainless steel
surrounded by 10 cm of lead, and jacketed by a titanium casing. Glass-filled canisters
would be held in retrievable surface storage for 30 years or more, before being interred
in a mined repository excavated at a depth of about 500 m in granite bedrock. The
canisters would be surrounded by a mixture of sand and absorbent bcntonite clay intended
to impede groundwater ingress and subsequent radionuclidc transport. Once full, the
repository would be backfilled with the same sand/bcntonite mixture. KBS demonstrated
that Sweden contained many localities whose geological environments qualified them as
potential repository sites, however no specific site was nominated.
KBS considered that shipping, transport and intermediate storage of vitrified HLW could
be conducted with an acceptably high degree of safety, and demonstrated that 'worst case'
scenarios (c.g. collision and sinking of a burning transport ship) were of such extremely
low probability (1 in 10 billion) that the risk could be tolerated.
The safety aspects of final geological disposal constitute by far the major issue for vitrified
HLW management. The KBS assessment considered two classes of events bearing on
repository performance: (i) nominal long-term hydrological disposal processes following
degradation of man-made barriers, and (ii) extreme and improbable happenings.
KBS acknowledged that neither metal canisters nor glass wasteforms would survive
indefinitely when buried underground and exposed to groundwater. The Jifcspan of a
canister was estimated at about 1000 years, and that of the glass to be, at the very best,
30,000 years. KBS also recognised that some canisters might be fractured during
interment, allowing immediate exposure of glass to groundsvatcr. In this case, the
wastcform would survive only a few thousand years at most. Thus after only a few
thousand years, safe containment of HLW radionuclides will be progressively transferred
to the geological barrier. The subsequent dispersal and migration of radionuclides is
retarded and impeded to varying degrees by the geological and hydrological properties of
the disposal site, and these factors have been quantitatively assessed by means of
mathematical analysis.
The reference scenarios on which KBS's conclusions are based are conservative and
heavily biased towards early failure and poor performances of the various man-made and
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natural barriers. Moreover, KBS focuses on 'the most exposed individuals' e.g. people
living all their life near an ancient repository, who drink the local groundwater and whose
radiation dose is further enhanced by concentration of radionuclides in the food chain.
For the first thousand years after the repository is sealed these hypothetical individuate
receive no additional radiation dose at all. Thereafter, the slow migration of HLW
radionuclides into the local ecosystem will begin to contribute to their cumulative lifetime
radiation exposure. This effect will reach its maximum about 100,000 years after the
repository is sealed. However, even this maximum radiation dose to the most exposed
individuals is well below that of natural background radiation from cosmic rays, rocks,
earth and building materials. Indeed, the incremental radiation dose would only be about
1/20 of the level of natural background radiation, and so it would not constitute a
significant health risk. This remarkable conclusion has been of considerable importance
in obtaining public acceptance of HLW management policies in Sweden. Catastrophic
events which might conceivably breach a repository include earthquakes, bedrock
movement following an ice age, meteorite impacts and deliberate or accidental
re-excavation of the repository. KBS concluded that except in the case of human
intervention, most or all of the man-made and natural barriers should continue to
function reasonably effectively. It follows that safe disposal of HLW can be achieved in
almost all circumstances except where man himself intervenes.

3. SIGNIFICANCE OF SYNROC IN THE NUCLEAR FUEL CYCLE
Whereas the Swedish KBS study demonstrates that safe management of spent nuclear fuel
and high level wastes can be achieved via employment of the best available current
technology, it docs not preclude the introduction of additional major improvements.
Moreover, the KBS study is concerned primarily with radiological safety, and issues such
as proliferation risks (in the case of spent fuel disposal) arc not addressed seriously.
The SYNROC strategy for managing high-level wastes has the potential to provide
significant safety advantages over the KBS strategy, and, at the same time, offers
important advantages in proliferation resistance.
SYNROC ('synthetic rock") is a titanate ceramic consisting of three main minerals
'hollandite' BaAl2T16016, zirconolite CaZrTi2O7 and pcrovskite CaTiO3. These minerals
have the capacity to take nearly all of the elements present in HLW into their crystal
structures.
Similar minerals have survived in nature in a wide range of
gcochcmical-gcological environments for up to 2,000 million years. It is this evidence of
geological stability, combined with experimental observations showing that these minerals
arc extremely resistant to the attack of hydrothcrmal fluids, which demonstrates that
SYNROC would provide a superior method of immobilising HLW. In fact, the
SYNROC strategy for immobilisation of such wastes is similar to the way in which nature
successfully immobilises radioactive elements on a scale vastly greater than will ever be
contemplated by the nuclear industry. All natural rocks contain small amounts of
radioactive elements (eg. 238U, 232Th, *°K, 87Rb) that become distributed among coexisting
minerals in the form of dilute solid solutions. Many of these natural minerals (e.g.
zircon, felspar) have demonstrated the ability to lock up radioactive elements for billions
of years. In SYNROC, the radioactive waste elements arc likewise immobilised as dilute
solid solutions in the crystalline lattices of their host minerals.
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4. SYNROC AS AN IMMOBILISATION BARRIER
The multi-barrier approach to HLW management aims to provide a series of barriers,
each of which complements the other. There is a substantial degree of flexibility in the
use of each of these individual barriers, providing that the overall performance of the
system provides the desired level of safety. It is accepted that borosilicate glass as a
wasteform possesses certain limitations. In particular, it corrodes rapidly in water at
temperatures above 100°C Accordingly, it is proposed to limit the HLW content of glass
and to store it for about 50 years in retrievable engineered structures, so that when it is
finally buried ;n a permanent geological repository, its temperature will not exceed 100°C
Even then, it is accepted that its lifetime as a immobilisation barrier in the presence of
groundwatcr cannot be guaranteed beyond a few thousand years. On this timescale, the
heat producing fission products will have decayed to safe levels but transuranic
radioisotopes will still remain. Thus, current HLW management strategics place primary
reliance upon the geological barrier to prevent entry into the biosphere of long-lived
transuranic elements such as neptunium which remain hazardous over much longer
timcscalcs (c.g. 10* - 106 yrs).
The use of SYNROC in place of glass (or spent fuel) greatly strengthens the
immobilisation barrier. SYNROC is over 1,000 times more resistant to leaching than
glass below 100°C and moreover, it retains its leach resistance at elevated temperatures,
exceeding 300°C (7). This major difference in chemical durability originates because of
the extremely low aqueous solubility of the titanate-zirconate matrix of SYNROC, as
compared to the borosilicatc matrix of glass, which is comparatively soluble. Thus,
SYNROC is capable of providing a much more secure immobilisation barrier than
borosilicate glass, thereby enhancing the overall safety of the HLW management system.
The evidence that SYNROC minerals have survived in nature for periods which are
hundreds of times longer than needed for the radioactivity of HLW to decay to safe
levels, despite exposure to far more intense leaching conditions than they would ever
experience in a well-designed geological repository, provides strong grounds for believing
that SYNROC would be capable of immobilising the long-lived transuranic elements.
Unlike borosilicatc glass, SYNROC constitutes a barrier for these elements additional to,
and independent of the geological barrier.
This kind of evidence of the long-lived integrity of SYNROC minerals, provided directly
by nature, is not available for borosilicate glass and is likely to be of importance in
achieving public acceptability that HLW disposal can be safely achieved.

5. SYNROC AND GEOLOGICAL DISPOSAL STRATEGIES
The use of SYNROC as an immobilisation barrier permits a major improvement to be
made in the safety of the geological barrier. The HLW disposal strategy adopted in most
countries involves disposal of radwaste canisters in large, centralised, mined repositories,
excavated at depths typically in the range of 500-700 m. However, it would be greatly
preferable from the viewpoint of safety and sociopolitical considerations to dispose of the
waslc in a widely dispersed array of deep (-4 km) drill holes about 1m in diameter,
carefully sited within impermeable crystalline-rock formations [8].
This disposal concept is shown in Figure 1. Canisters would be cmplaccd in the lower
2.5 km of the hole, and the top 1.5 km would be sealed. One such hole would have the
capacity to accept the waste generated by 80 large (1,000 MW) nuclear power stations in
a single year.
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There are several advantages to this r« rategy. In general, the greater depth at which the
waste is emplaccd, the more secure the geological barrier becomes. Moreover, the
permeability of most rock systems decreases with depth, and mining activities have shown
that some crystalline-rock formations are relatively dry below 1 km. With adequate
exploration, it should be possible to delineate large areas of igneous and metamorphic
rocks that have very low permeability and are relatively dry below 1.5 km. Disposal of
high-level waste in such rocks would thus minimise the access of groundwater to the
waste, thereby curtailing the principal means by which radioactive-waste species could be
transported to the biosphere. Recent experience in several countries demonstrates that
it is difficult to locate acceptable sites for large, centralised, mined repositories. Disposal
of high-level waste in deep drill holes would increase considerably the number of sites
that are acceptable on technical grounds.
Drilling causes minimal damage to rock systems, and drill holes arc readily sealed.
Construction of large mined repositories, however, may be accompanied by formation of
fractures in surrounding rock, which could serve as conduits for circulating groundwatcr.
Mined repositories are also likely to be more difficult to seal than isolated thill holes.
The distribution of high-level waste in a densely-packed horizontal array of the kind
envisaged in a mined repository causes thermal stresses which may lead to fracturing of
the host rock, thereby enhancing groundwatcr circulation. This problem can be reduced
to negligible proportions by disposing of waste in a three-dimensional configuration in
an array of widely spaced, deep drill holes.
The use of glass as an immobilisation medium restricts the depth of disposal because of
the increase of temperature with depth in the earth, generally 20-30°C/km. The combined
effect of the increase in temperature with depth on top of radioactive heat generation,
even after 50 years of surface storage, would cause the temperature of glass wasteforms
in a deep hole to exceed 200°C. Although the strategy of deep drill-hole disposal is
aimed at minimising access of groundwatcr to waste, the possibility of water entering must
always be considered as a factor in risk-assessment analyses. Borosilicatc glass wastcforms
rapidly disintegrate in groundwatcr at 200°C. By contrast, SYNROC displays a high
degree of stability under these conditions. The combination of SYNROC and
dccp-drill-holc disposal thus maximises the integrity of both the geological and
immobilisation barriers.
Another attribute of deep-hole emplacement is that waste disposal can be made
essentially irretrievable. Drill holes can be wedged off and the upper parts can be
collapsed, making re-entry and recovery of the waste packages impractical or
near-impossible. This has important implications for non-proliferation which arc
considered below.

6. SYNROC AND NON-PROLIFERATION
There is widespread concern that large scale development of the nuclear fuel cycle for
power production may become associated with increased risks of nuclear weapons
proliferation via the diversion of fissile materials, especially plutonium. It is shown in
this section that the utilisation of SYNROC for HLW management has the potential to
greatly reduce these risks.
A number of countries intend to reprocess spent nuclear fuel to recover plutonium and
uranium for recycling in fast breeder reactors and in advanced thermal reactors, with the
objective of obtaining a higher efficiency in energy production from the fuel. A sketch
of the reprocessing fuel cycle is given in Fig. 2. However, in many countries, the
arguments for recycling plutonium arc no longer as compelling as they once appeared.
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Firstly, there is widespread concern about the possibility of proliferation which might be
facilitated by a fullscale pluionium economy. In parallel, there are fears about the
possibility of terrorists obtaining access to fissile material. Moreover, it is also recognised
that reserves of natural uranium are much larger than was earlier believed, so that the
incentives for prompt utilisation of plutonium have been sharply reduced. Finally, the
costs of storage, safeguarding and transporting plutonium, and of fabricating plutonium
fuel have turned out to be much higher than was originally anticipated.
These factors suggest the desirability of deferring the recycling of plutonium until a secure
institutional infrastructure has been established, capable of managing a full-scale
plutonium economy. This would probably require a cooperative international initiative.
It is also essential to achieve widespread public confidence in the ability of this
international infrastructure to manage a plutonium economy. This latter objective may
not be achieved for 50 years or more. It is suggested that in the meantime, it would be
appropriate to employ a modified fuel cycle placing emphasis on safety, non-proliferation
and public acceptability. According to this conceptual fuel cycle, uranium, but not
plutonium, would be recovered during reprocessing as shown in Fig. 4. Pluionium would
be treated as waste and retained as part of the high-level wastes. These wastes would
then be incorporated in SYNROC (The option of incorporating them in borosilicate
glass is not available since this medium has only a limited tolerance for plutonium).
Canisters containing plutonium-bcaring SYNROC would then be disposed of relatively
soon (<10 years) after reprocessing, in deep drill-holes, employing technology which
would render the waste packages effectively irretrievable. In this manner, plutonium
would be promptly removed from circulation, thereby enhancing the non-proliferation
regime. This would be combined with a system of HLW disposal possessing an extremely
high degree of radiological security.
,'t might appear that if plutonium is not recycled, but is treated instead as HLW there
would be little point in reprocessing spent nuclear fuel. It could be argued that the 'oncethrough fuel cycle' (Fig. 3) should be employed, in which the spent fuel itself, suitably
encapsulated in corrosion resistant containers, would constitute the wastcform. However,
this policy raises problems with respect to safeguards and proliferation.
Spent fuel as a wasteform is not nearly as resistant as SYNROC to leaching by
groundwater, and it is not considered advisable to dispose of it in the Earth under
conditions where it would be subjected to elevated temperatures. Accordingly, it is
proposed to store the spent fuel retricvably in engineered structures for 50 years or more
before final geologic disposal. This policy may be acceptable for a country with a
comparatively small amount of spent fuel. However, if applied more generally, it would
lead to a situation within a few decades, whereby large inventories of spent fuel would be
held in numerous temporary storage facilities distributed throughout many countries
possessing political systems with diverse stabilities. The practical difficulties of
safeguarding large amounts of spent fuel under these circumstances and ensuring that
none is diverted towards weapons production would indeed be formidable.
Moreover, although a given country may today adopt a policy which entails ultimate
irretrievable disposal of spent fuel in a geological repository 50-100 years hence, it is not
possible to guarantee that a future administration in that country will actually implement
that policy. The fact is that spent fuel constitutes a potentially valuable energy resource,
and there will inevitably be strong pressures on future governments to defer or to reverse
any decisions relating to final irretrievable disposal. Thus, it is difficult to escape the
conclusion that widespread international adoption of a policy of direct disposal of spent
fuel in a 'once-through fuel cycle' would eventually lead to unacceptable proliferation risks.
The advantage of a modified reprocessing fuel cycle (Fig. 4) in which plutonium is treated
as high level waste and immobilised in SYNROC is that extended intermediate storage
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of spent fuel for many decades is not necessary. Plutonium and other HLW would be
disposed of promptly after reprocessing in deep drill holes using technology which would
render the waste packages effectively irretrievable. This policy would avoid the potential
safeguards and proliferation problems associated with the 'once-through' fuel cycle.
It is envisaged that disposal of plutonium in this manner would be a temporary policy to
be employed until institutional problems relating to the security of plutonium recycling
had been solved and public confidence in plutonium-bascd fuel axles had been achieved.
There would be a significant economic penalty, amounting perhaps to 5-10% of the cost
of electricity generated in this manner. This may be a reasonable price to pay for public
acceptance of nuclear power and the minimisation of proliferation risks and
environmental hazards. Additional benefits to society of nuclear power include reductions
in CO2 emissions and chemical contamination of the environment which would otherwise
be produced by generating the same amount of power by combustion of fossil fuels.

7. ROLE OF SYNROC IN ADVANCED REPROCESSING
TECHNOLOGIES
Interest in advanced reprocessing technologies has recently intensified in Japan and a
major national project has been initiated. Currently, the Japanese arc trying to expand
this into a large international program. The objective is to improve the safety and costs
of reprocessing by separating actinidcs in HLW away from fission products, and by
recovering some of the more valuable fission products for commercial use. SYNROC has
considerable potential to play an important role in these new reprocessing strategics.
The major clement composition of HLW produced by reprocessing of spent fuel for light
water reactors is given in Table 1. It is comprised of two groups - (i) fission products
formed by the splitting of uranium atoms, and therefore possessing intermediate atomic
weights and (ii) transuranic elements formed from uranium by neutron-capture, and
possessing higher atomic weights than uranium. The fission products decay mainly by the
emission of gamma and beta radiation. They arc responsible for most of the
heat-production in nuclear fuel and HLW. About 10 years after removal from the reactor,
the heat output is dominated by only two of these fission product radionuclides strontium-90 and ccsium-137 - which are effectively extinct after 500 years. There is no
doubt that existing methods of HLW management (including immobilisation in
borosilicatc glass) arc capable of isolating the fission product group from the environment
for this relatively brief period. The fission products can be further subdivided (as in Table
1) into elements which enter the crystalline lattices of SYNROC minerals (e.g. strontium,
cesium and zirconium and rare earths) and those which arc reduced to the elemental state
during SYNROC processing and are encapsulated in SYNROC as dispersed metallic alloy
particles (e.g. molybdenum, tcchnctium, ruthenium, palladium, rhodium and tellurium).
The transuranic elements (neptunium, plutonium, amcricium and curium) decay
principally by the emission of alpha particles. They remain radioactive for much longer
periods than the fission products and it is considered that they should be isolated from
the environment for very long periods varying between 10,000 and one million years,
according to the particular safety criteria employed. These long-lived alpha-emitters,
especially ncptunium-237, arc believed to constitute the principal hazard to the biosphere
arising from the geological disposal of HLW. On the other hand, ihc transuranic elements
generate only a small amount of heat, which in principle should greatly simplify their safe
management (considered as an isolated group).
Because of these factors, it has been proposed that transuranic elements (mainly
neptunium, amcricium and curium) should be selectively extracted from HLW during
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reprocessing to form a separate waste stream, which would be managed independently of
the fission products. (Uranium and plutonium would have been extracted previously for
recycling). The radiologically dangerous transuranic elements could then be eliminated
by 'burning' in a dedicated fast reactor. This policy was considered in the Castaing report
[9] and is also currently being seriously investigated in Japan.
There are a number of practical difficulties in implementing this concept. The chemical
processing necessary to separate neptunium, curium and americium from fission products
is complex, and seems likely to generate additional wastestreams which cause further
management complications. Moreover, the technology to 'bum' these elements in a
dedicated fast reactor has not yet been developed and may well be expensive.
It is proposed that in the course of reprocessing, after uranium (and plutonium) have
been separated from the wastestrcam, a further step is introduced in which the principal
heatproducing elements, cesium and strontium, are removed. This can readily be achieved
by conventional ion-exchange techniques. Extracted cesium and strontium could then
readily be immobilised in borosilicate glass using the French AVM process. In the
absence of other fission products and transuranic elements, the current technology for
immobilisation of these elements in glass could be simplified considerably, with
consequent cost savings. The glass wasteform would be stored retrievably in an engineered
structure for 500 years or so until the cesium and strontium had decayed, or alternatively,
disposed of in a suitable geological repository. Safe management of this material over the
comparatively brief timescale of 500 years can be readily accomplished. The proposed
flowsheet is shown in Fig. 5.
Once cesium and strontium have been removed, management of the remaining fission
products and transuranic elements in the wastestrcam is also simplified because of the
considerable reduction in radioactivity and heat generation. There is no need to separate
transuranic elements from the remaining fission products. The mixture of fission products
and transuranic elements could then be immobilised in a modified form of SYNROC with
a relatively high waste-loading.
An essential aspect of SYNROC technology is that it is manufactured under reducing
conditions. These cause transuranic elements to be present dominantly as the species U4*,
Np4*, Pu3*, Am3* and Cm3*. Moreover, a small but significant proportion of titanium is
reduced to Ti3*, whilst most of the molybdenum, ruthenium, tcchnetium, palladium,
tellurium and rhodium are present in the metallic state. Whereas the heat generation of
HLW in SYNROC would be greatly reduced by prior extraction of ccsium-137 and
strontium-90, the wasteloading in any SYNROC formulation modified to accept a
partitioned wastcstrcam would nevertheless be limited by the substantial proportion of
metallic alloys that must be microencapsulated by titanate and zirconate phases. A
waste-loading of about 30 wt% in cesium and strontium-free SYNROC would appear
feasible. This would contain about 5 volume percent of dispersed metallic alloys and
would possess a density of about 5 g/cm3. It is believed that a modified form of SYNROC
could be developed along these lines which would provide extremely effective
immobilisation of transuranic elements.
The modified form of SYNROC containing partitioned HLW would possess the following
characteristics:
(1)

HLW loading per unit volume about 5 times higher than current
borosilicate glass wasteform;

(2)

Low heat generation;

(3)

High leach-resistance at elevated temperatures.
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These characteristics would enhance the safety and costs of the deep drill-hole strategy
for SYNROC which was discussed in Section 4.
A further aspect of reprocessing technology which is being investigated in Japan concerns
the recovery of commercially useful products from the high-level wastes. These include
the valuable metals - rhodium, ruthenium, palladium and technetium. Moreover,
cesium-137 may find applications as a radiation source for sterilising sewerage or
irradiating food, whilst strontium-90 could be used as a heat-source in remote areas.
These applications may result ultimately in significant cost-savings in reprocessinc.

TABLE 1
CHEMICAL COMPOSITION OF HIGH LEVEL WASTE
(as wt% oxides)
Cs2O =
Rb2O =
SrO
BaO

7.21
0.9
2.7
3.9

=

extracted by partitioning

Rare earth group

Ce203
Pr203
Nd2O2
Pm2O3
Sm2O3
Eu2O3
Gd2O3

=
=
=
=
=
=
=

YO

=

ZrO2

=

Components reduced to
metallic stale during
reprocessing

3.7
8.3
3.7
11.3
0.3
2.3
0.5
0.3

=
=
=
=
=

13.0

RuO;, =
PdO2 =
Tc203 =
Te203 =

7.5
3.7
3.0
1.8
1.2
0.5

Rh2O3 =
Ag,Cd, =
In,Sb,Sn

1.5
12.4

Transuranic (= actinide)
elements

UO2
PuO2
Np02
Am2O3
Cm2O3

MoO, =

Processing contaminants

2.93
0.03
0.22
0.05
0.01

Fe203
Cr203
NiO
P04

AI-10

=
=
=
=

3.8
0.9
0.3
1.7
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Figure 1

Schematic disposal of HLW in SYNROC in deep drill holes
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APPENDIX H

PUBLIC ACCEPTANCE ACTIVITIES
Public acceptance activities during the pre-feasibility study have consisted of:
Setting objectives by means of strategy papers and other discussion starters,
self-generated and/or commissioned from various sources.
Press Releases (attached) announcing the work in hand (8 December 1989), the
appointment of Swedish consultants (29 May 1990) and the visit of 8KB Director
Mr Hans Forsstrom (14 August 1990).
These Press Releases went mainly to
•

the major newspapers and business weeklies in Australia; and the New
Scientist (UK);

•

relevant Ministers, Shadows, senior public servants, Ministerial advisers;

•

executives, public affairs managers etc. of SSG member companies and
organisations; and

•

anybody requesting the information c.g. Greenpeace, members of the
public generally.

Background notes, describing Synroc, giving the technical background and other
rationale for the prcfeasibility study in greater detail.
Press Conferences and background briefings in December 1989, May 1990 and
August 1990.
Briefings of Ministers, Shadow Ministers, Ministerial Advisers, Party Officers
and Senior Public Servants - May and August 1990.
Offers to assist member companies and organisations with appropriate references
to the Study in drafting speeches, papers, pamphlets etc. For example, the study
was mentioned by BHP in its written submission to the Senate Inquiry into the
Greenhouse Effect. Also the 8KB consultancy was featured in BHP News Review
(May/June and July/August 1990 issues).
Implementation. Implementation of these programs has been assisted by:
• Dr David Cook, Executive Director of ANSTO, who agreed to act as
spokesman for the SSG, presided at the December 1989 News Conference,
conducted the high-level correspondence etc
• Mr Hans Forsstrom in his capacity as a Director of SKB and co-ordinator of
the material commissioned by the SSG, who made himself available to meet key
public and media identities in Australia in August 1990, to talk about the
Swedish experience in (and perceptions of) the industry.
• The Public Acceptance sub-committee, which was set up in 1989 to assist in
program development and to facilitate implementation of approved strategics and
programs.

• Professional advice and assistance commissioned from Wave Hill Associates,
New York, with regard to international experience and perspectives and as
ongoing input into the work of the Public Acceptance sub-committee and the
Study Group as a whole.
• Professional consultants, employed to advise on publicity material, assistance
with the press conference, etc. The firm used was Gavin Anderson and Company
(Australia), Melbourne.
• Professional assistance obtained by part-time employment of a former BHP
Government Relations person, from April to August 1990. This yielded
contributions, inter alia, in
•

the setting up of a data-base to log contacts and responses, as well as to
serve as a mailing list

•

making an inventory of printed and videotaped material available from
industry, corporate and other sources

•

setting up meetings and arranging venues, catering and other
requirements

•

arranging distribution of library film of appropriate quality to the
television networks i.e. covering 8KB transport and interim storage
arrangements.
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Press Release

8 December 1989

GROUP FORMED TO STUDY COMMERCIAL FEASIBILITY
OF SYNROC TECHNOLOGY

Four of- Australia's leading resource companies, the Australian
Nuclear Science and Technology Organisation (ANSTO), and the
Australian National University have agreed to investigate
jointly the potential for the Australian invention SYNROC to be
utilised internationally for the safe disposal of nuclear
wastes.
The companies are BHP, CRA Limited, Energy Resources of
Australia Limited and Western Mining Corporation Limited.
Over the next 9 to 12 months the members of the group will
conduct a prefeasibility study aimed at:
gaining a detailed understanding of the international
requirement for nuclear waste disposal well into the next
century;
evaluating the various methods now available or under
investigation for disposal of nuclear wastes;
analysing the technological, economic, and other aspects
which must be taken into accpunt in assessing SYNROC's
potential, and the opportunities which would flow to
Australian industry from application of the technology.
The Study Group is chaired by ANSTO, and the four companies are
contributing towards the cost of the prefeasibility study. The
Executive Director of ANSTO, Dr David J Cook, will act as
spokesman for the study.
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SYNROC/ "synthetic rock", was invented by Professor Ted
Ringwood of the Australian National University in 1978. It is
a ceramic consisting of three main minerals which have the
capacity to immobilise into their crystal structures nearly all
of the elements present in high level nuclear waste. A SYNROC
pilot plant using non-radioactive material has been designed,
constructed, and operated at the ANSTO facilities at Lucas
Heights with funds provided by successive Commonwealth
Governments.
The members of the group stress that the prospects of SYNROC
becoming a commercially competitive and technologically sound
means of nuclear waste disposal are not yet established fully,
although many years of scientific research and results obtained
from the Lucas Heights pilot plant have shown that it offers
the promise of being superior to alternatives now in use or
being considered.

023c/a
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FOR RELEASE ON 29 MAY 1990

SYNROC STUDY GROUP COMMISSIONS
INTERNATIONAL STUDY
Swedish experience in nuclear waste management will be tapped by the
Synroc Study Group, set up by four Australian companies - BHP,
CRA Limited, Energy
Resources of Australia
Limited and
Western Mining Corporation Limited - in association with the
Australian Nuclear Science and Technplogy Organisation (ANSTO) and the
Australian National University.
The Synroc Study Group foreshadowed in an earlier Press Statement that, in
order to investigate the commercial potential for Synroc as an advanced
second generation technology for waste immobilisation, it would be
necessary to get detailed understanding of international requirements for
nuclear waste disposal and to evaluate the various methods now available or
under investigation for management of nuclear wastes worldwide.
The
Synroc
Study
Group
has
commissioned
Svensk Karnbranslehantering AB (SKB) to provide information and advice
drawing on the knowledge SKB has gained in the handling, storage and
disposal of spent fuel arising from Sweden's nuclear power generation
program.
SKB is the Swedish company having overall responsibility for nuclear waste
collection, storage and eventual disposal. It was originally established in
1972 to manage spent fuel accumulating from Sweden's nuclear power
stations and to carry out other tasks relating to nuclear fuel. SKB has built
an interim storage facility for spent fuel at Oskarshamn on Sweden's east
coast and a final repository for low and intermediate level radioactive waste
at Forsmark.
The Swedes are acknowledged experts in handling their own nuclear waste
and have years of experience in waste processing/disposal methods which
are under supervision by Swedish Government agencies following
Parliamentary adoption of the overall program.
The Synroc Study Group expects to complete the pre-feasibility study in the
second half of the year.
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BACKGROUND NOTES:
1.

Synroc, 'Synthetic rock* was invented by Professor Ted Ringwood of the
Australian National University in 1978. It is a ceramic consisting of
three main natural minerals which have the capacity to immobilise into
their crystal structure nearly all of the elements present in high level
nuclear waste. A Synroc pilot plant using non-radioactive material has
been designed, constructed, and operated at the ANSTO facilities at
Lucas Heights with funds provided by successive Commonwealth
Governments,

2.

Details of the pre-feasibility study being undertaken by
Synroc Study Group were announced on 8 December 1989.

For further information please contact:
Carole Palmer:
AH:

(02)
(02)

543 3770
318 0816

Peter Duminy:
AH:

(03)
(03)

609 3841
374 1060
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FOR RELEASE ON 14 AUGUST 1990

8KB DIRECTOR IN AUSTRALIA

The Synroc Study Group announces the visit to Australia of
Mr Hans Forsstrom, a Director of Svensk Karnbranslehantering AB,
(SKB), the Swedish company which is responsible for the safe
disposal of spent fuel from Sweden's nuclear power program.
SKB is currently preparing information and advice on worldwide
practice for management and disposal of residues from nuclear
electricity generation for the Synroc Study Group.
In addition to drawing on its own expertise in the handling, storage
and disposal of spent fuel, SKB has also been commissioned by the
Synroc Study Group to advise it on the industry worldwide,
including particular reference to public accountability, safety and
economic considerations.
Mr Forsstrom will spend this week (13-17 August) conferring with
the Synroc Study Group in Melbourne, Canberra and Sydney. While
in these capital cities, he will also meet company executives, the
Minister
for
Science and Technology, other l e a d i n g
Parliamentarians, Public Servants and members of the Press.
The Synroc Study Group expects to receive the SKB report next
month and to complete its prefeasibility study into global
commercial opportunities for Synroc by the end of the year.
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BACKGROUND NOTES:
1.

Synroc, 'Synthetic rock' was invented by Professor Ted
Ringwood of the Australian National University in 1978. It is
a ceramic consisting of three main natural minerals which
have the capacity to immobilise into their crystal structure
nearly all of the elements present in high-level nuclear waste.
A Synroc pilot plant using non-radioactive material has been
designed, constructed, and operated at the Australian Nuclear
•Science and Technology Organisation (ANSTO) facilities at
Lucas Heights, NSW, with funds provided by successive
Commonwealth Governments.

2.

The Synroc Study Group was set up by four Australian
companies - BHP, CRA Limited, Energy Resources of Australia
Limited and Western Mining Corporation Limited - in
association with ANSTO and the Australian National
University.
Details of the pre-feasibility study were
announced on 8 December 1989.

3.

The commissioning of input by SKB was announced on
29 May 1990.

For further information please contact:
Carole Palmer:
AH:

(02)
(02)

543 3770
318 0816

Peter Duminy:
AH:

(03)
(03)

609 3841
374 1060
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AHI.1 INTRODUCTION
Earlier Chapters of this Report have provided considerable background on the
technical aspects of spent fuel management, reprocessing and other features of
the nuclear power industry. Chapter 5 dealt with the potential size and location
of the market which might be available.
To assess the significance, in business terms, of the options outlined in Chapter 6
and involving the storage of spent nuclear fuel and its possible reprocessing and
waste disposal, it is necessary to estimate costs (both capital and operating),
revenues, and possible returns and/or profits.
At the present stage of the SSG study, these estimates are best obtained from the
experience of organisations already engaged in spent fuel management. If
activities up to the stage of interim storage of spent fuel are considered, then
COGEMA, BNFL and the Swedish Nuclear Fuel and Waste Management
Company (8KB) all have such experience. Both COGEMA and BNFL have also
built reprocessing facilities, the financial structures of which include the costs of
interim storage; however, details of these costs are not available in a way which
would assist the SSG.
For this reason, the SSG retained SKB as a consultant to provide data on the
costs with which it is fully familiar, namely those of the entire Swedish spent fuel
management system. SKB operates an interim storage facility in Sweden for spent
fuel, as well as low and intermediate-level waste disposal facilities and a transport
system. Work is in hand to select a site in Sweden where permanent disposal of
encapsulated spent fuel will take place, to be in operation in about 2020.
Since SKB has accumulated knowledge of other aspects of nuclear waste
management, it was also asked to provide cost estimates for operations beyond
its current responsibilities (but not beyond earlier experience) which were of
interest to the SSG.
This Appendix will only summarise some of the assumptions used and results
obtained by SKB, since the detailed analysis is commercially sensitive.
Certain hypothetical scenarios, which were incorporated in the scope of SKB's
tasks, were developed by the SSG to provide simple models amenable to
economic analysis on the basis of cost data which could be found or estimated
accurately enough for this purpose. The scenarios were also based on knowledge
of the current status of commercial reprocessing (Britain and France now, Japan
later), of direct disposal (Sweden and USA), and of the uncommitted nature of
most other countries.
SKB presented data for three Reference Systems, which encompass a wide range
of alternative business strategies. The three arc:
Reference System I:

Interim storage of spent nuclear fuel followed by direct
final disposal;

Reference System II:

Interim storage of low-level, intermediate-level and
high-level waste arising from reprocessing, followed by
final disposal; and
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Reference System III:

Interim storage of spent nuclear fuel followed by
reprocessing and final disposal of waste from
reprocessing.

The reference systems were not given the status of recommended or optimal
radioactive waste management systems. The intention was only to establish a
frame for the estimating of costs, a process that should be based on specific
design, quantities and time schedules.
For Reference Systems I and II, variation analyses were made with respect to a
number of parameters of particular interest, including various forms of
intermediate storage, age of spent fuel after discharge from a reactor, transport
distances, time schedules, and total quantity of spent fuel handled.
Reference System III, which includes a reprocessing plant, was treated (apart
from that plant) as a combination of Systems I and II, so that further variation
analyses were not performed.
Each variant included pick-up of spent fuel at a harbour, transportation (land
and sea) to an unspecified site, interim storage, followed by encapsulation and
final disposal. The reprocessing case was excessively conservative as it involved
a plant that was to be utilised for only ten years.
8KB presented the SSG with the results of its study in a Report titled "Main
Technical Features and Costs for Different Spent Nuclear Fuel Management
Strategies", dated November 1990.
Note that SKB's data are based on Swedish conditions which may not be
appropriate for other international locations. The SSG considered the data were
adequate for the present purposes and have not attempted to translate them to
local or other overseas conditions.
Given the nuclear power industry's somewhat limited experience in the
construction and operation of nuclear waste storage, reprocessing, and final
disposal facilities, and the extremely long time-frame (65 years) over which the
three scenarios have been considered, all results contained herein must be taken
as indicative only.
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The following diagram depicts the three reference systems developed by SKB:

TABLE AIII.l SKB'S REFERENCE SYSTEMS

REFERENCE SYSTEM I

HEFERENCE SYSTEM H

REFERENCE SYSTEM III

SOLIDIFIED
WASTE FROM
REPFOCESSING

INTERIM
STORAGE
,

ENCAPSULATION

FINAL DISPOSAL

Immobilisation of liquid high-level waste into Synroc or glass is included in the reprocessing
stage.

The revenue assumptions for each of these Reference Systems, although based
on recent information regarding actual commercial transaction terms, are
nevertheless very 'broad brush* and are only intended to provide an indicative
assessment.

AIII.2 PRICING POLICY
Both capital and operating costs for the BNFL and COGEMA reprocessing
plants were funded by their customers in advance of the provision of services.
Utilities in some countries have been legally required to have prior contractual
arrangements in place to manage their spent fuel before they have been able to
obtain licences to operate their power plants; such utilities were constrained in
their ability to negotiate terms and conditions for the waste management services.
The Swedish arrangements, funded by the utilities, were established to provide
an acceptable solution for the permanent disposal of waste from Sweden's
nuclear plants, which were all intended to be shut down by 2010. Both the fund
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collecting arrangements and the disbursement of funds are under government
supervision; SKB updates its costs and publishes them annually.
Nevertheless, the recent contract by German utilities with BNFL and COGEMA
resulted in the customers paying rates which were much lower than those they
paid originally as base-load customers. The Germans argued successfully that the
construction costs had already been fully subscribed by them under the earlier
contracts.
In brief, there has been no real commercial pricing precedent for SSG to adopt,
and only general guidance can be obtained from the prices quoted.
Based on information available from various industry sources, as quoted in
Chapter 5, waste management services for the acceptance, interim storage and
final disposal of spent fuel, range from a low of USS650/kg through to as high
as USSl500/kg.
For Reference System I, the information on pricing for interim storage and final
disposal of spent fuel suggests a broad range of prices should be factored in. The
model adopts prices of USS500/kg, USSl,000/kg and USSl,500/kg. SKB
considered that such pricing assumptions were not inconsistent with their
experience.
For Reference System II, which involves the interim storage and ultimate
disposal of low-level, intermediate-level and high-level waste, early references1
suggested a cost for storage and ultimate disposal of high-level waste only, at
USSl50/kg to USS250/kg. More recent references2 have suggested prices for the
vitrification and ultimate disposal of high-level waste at USS250/kg. For the
purposes of the model a price of USS500/kg is assumed to cover the cost of
servicing not only the small volumes of high-level waste, but also the much larger
volumes of associated intermediate- and low-level waste.
For Reference System III, the nominal price base of USSl,600/kg was assessed.
Recent pricing quotations (French, German and British) indicated a range of
USS1.000 to USSl,300/kg for the reprocessing of spent fuel and the storage of
high-level waste for seven years. The nominal price range assumed in the model
was obtained by adding USS300 to USS500/kg to this price estimate for the
treatment and final disposal of low-level waste, intermediate-level waste and
high-level waste (Reference System II).
The foregoing assumptions used in the financial models need to be gauged
against the industry background and current practice. Nuclear power stations all
generate spent fuel which must be held initially in a storage pool at the reactor.
Currently, only those utilities with reprocessing contracts with Britain and
France, plus the Swedish utilities, are able to move spent fuel away from the
reactor storage pools. According to the IAEA,-additional away-from-reactor
storage facilities have been developed in Bulgaria, Finland, the former East
Germany and the USSR.

I
2

For example, The Economics of the Nuclear Fuel Cycle", OECD/NEA, Paris, 1985.

For example, W. Heni, "A German view on reprocessing and the back end of the nuclear fuel cycle",
Uranium Institute, Helsinki, May 9,1990.
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Over time, many utilities have had to adopt various measures to extend their
storage capacity. This represents a cost to the utility, and hence an extra (albeit
small) addition to electricity rates.

AIIL3 COST ESTIMATES
As part of the 8KB report to the SSG, detailed cost estimates were prepared for
three scenarios. In addition, costs were estimated for a range of alternatives
within each of the three scenarios.
A number of features of these estimates are worth highlighting:
•

Reference System I reflects the Swedish model of which 8KB has had
direct experience.

•

Reference System II represents the cost of treatment of nuclear waste
products received from a reprocessing plant. Current industry practice
at BNFL and La Hague suggest such activities are likely to take place
in close proximity to, rather than away from, a reprocessing plant. The
SKB data assume transport of all the waste by land and sea.

•

Reference System III is the most complex system, combining elements
of both Systems I and II, and, in addition, incorporating a reprocessing
facility.

•

The timing of capital expenditures varies significantly, with major
investment required at the outset to set up the facility and at the end of
the period when final disposal is implemented. There may be a gap of
50 to 60 years between these two major investments.

•

Because of such uneven investment, the contractual arrangements with
utilities must recognise the long-term responsibilities being accepted by
the owners and operators of the waste service facilities.

Under Reference System I, operating costs initially cover the transport, servicing
and storage of the spent fuel, and in later years the encapsulation and final
disposal of spent fuel. Site-licensing outlays arc also included in operating costs,
although it could be argued that this represents an up-front cost of a capital
nature.
An important point which needs to be highlighted is that, for each of the
Reference Systems, the analysis has been based on acceptance for only 10 years
in total of spent fuel or reprocessing waste.
In practice, it is likely that the facilities would be able to accept annual intakes
of spent fuel, or reprocessing waste, for a good deal longer c.g. 20 or 30 years or
more. In such circumstances, the overall economics of each Reference System
would be significantly improved, as the cost of providing the extended service
would involve marginal incremental costs.
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AIH.4 ASSUMPTIONS & ESTIMATES
There are a number of assumptions which apply to each of the three cases
examined and these are detailed hereunder.

AIII.4.1

Reference System I:

One thousand tonnes of spent fuel is delivered to an interim storage facility in
each of years 11 to 20. In all, a total of 10,000 tonnes of spent fuel is received
for interim storage and subsequently encapsulated and finally disposed.

AIII.4.2

Reference System II:

Based on 1,000 tonnes of spent fuel being reprocessed at a separate facility, an
annual quantity of waste from reprocessing is received for interim storage in each
of years 11 to 20, and subsequently encapsulated and finally disposed of. The
waste from reprocessing requiring disposal includes low-, intermediate- and
high-level materials.

AIII.43

Reference System III:

One thousand tonnes of spent fuel is delivered to an interim storage facility in
each of years 11 to 20. The spent fuel is reprocessed and the recovered uranium
and plutonium products sold. Following an appropriate period of interim
storage, the vitrified waste from reprocessing is subsequently encapsulated and
finally disposed.

AIII.4.4

Manpower estimates

For Reference System I, personnel requirements peak at about 1100 employees
in years five through to 10. In addition to the main facilities, provision has been
made for the excavation work on the disposal tunnels, as well as the sealing and
decommissioning work.
During the operating stage, estimated manpower requirements peak at about
500 people per year during the final disposal operations, which occur in
approximately a 10-year period (years 50 to 60).

AIII.4.5

Exchange rates

A fixed rate of US$1.00 = SEK5.9 has been used throughout to convert SKB's
estimates from Swedish currency to US dollars.
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AIIL5 RESULTS
Information generally available from published sources on prices charged for
nuclear •waste management services is not strictly comparable with the range of
the Reference Systems developed by 8KB.
Reference System I has been subjected to a fairly conventional economic
evaluation, based on a range of price levels believed to be representative,
together with the other assumptions outlined here.
A measure of the business opportunity for Reference System I is a Net Present
Value (NPV) of USS3.6 billion at a discount rate of 10 percent

AIII.6 IMPLICATIONS OF RESULTS
The economic analysis, although based on a detailed financial model, can give
only indicative comparative results.
In effect, the project scenarios examined in this study generate cash inflows by
a combination of what could be termed capital and revenue receipts:
•

the 'capital' component which is received as 'deposits in advance' for the
provision of nuclear waste management services; and

•

the "revenue' component, consisting of the interest earnings from
investment of the 'core funds' which increase the pool of funds entrusted
to the manager to meet both current and future commitments.

A substantial portion of both the 'core funds' and the interest income is
appropriated towards the project's initial construction costs and thereafter, the
cost of providing the waste management services and - eventually - the major cost
of constructing the final disposal facilities. However, surplus funds generated
during the project's life will be available to provide a return on sponsors'
investment.
As explained earlier, the 8KB Reference cases were designed to examine a
nominal quantity of waste handling over a limited time frame. However, with the
expenditure of additional capital of some US$2.1 billion, the Reference System I
case can be extended to receive twice the annual quantity of waste for a further
thirty years. That is, the facilities can be expanded to receive 2000 tpa of spent
fuel for forty years, with final disposal of the respective quantities of spent fuel
following thirty five years of interim storage.
Analysis shows, subject to additional capital investment of some 50 percent, that
the Net Present Value of the business, assuming a service fee of US$1000 per
kilogram of spent fuel, would be increased by 360 percent or US$9.3 billion to
a total of US$12.9 billion.
Based on best current estimates of revenues and costs, all systems appear
financially viable, and significantly economically attractive.
System II is not one of the options for study identified by the SSG.; both
Systems I and III, however, would represent very significant and attractive
business opportunities.

AIH.7 SUMMARY & CONCLUSIONS
If the present analysis is valid, and on the basis of the other aspects of the SSG's
work reported here, it implies that there could be a major business opportunity
in the provision of nuclear waste management services. This opportunity would
exist in the medium term and could involve the interim storage of spent nuclear
fuel and/or high level waste, with, longer term, the provision of encapsulation
and final disposal facilities. Reprocessing of spent fuel may also be viable at an
appropriate time.
Based on available economic data, both the 'once through' option (Reference
System I) and Reference System III appear economically viable. At the
mid-range of available pricing levels, the perceived opportunity generates a Net
Present Value at 10% real of US$3.6 billion for Reference System I and US$6.1
billion for Reference System III. The alternative case for Reference System I,
involving the annual processing of 2,000 tonnes of spent fuel for a period of 40
years, would yield an equivalent NPV of US$12.9 billion.
Given that the market share and other parameters assumed for Reference
System I (which represented the acceptance, interim storage and final disposal
of spent fuel totalling 10,000 tonnes in all) are highly conservative, and that even
on this basis there appears to be an economically viable business, it must be
concluded that the industry opportunity is most significant.
Reference System III, which requires an investment in reprocessing, may be a
possibility in the longer term in collaboration with existing overseas reprocessors.
As noted in Chapter 6, a business initially established along the lines of
Reference System I can be transformed to Reference System III as long as spent
fuel has not yet been encapsulated, i.e. up to 46 years later.
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GLOSSARY
Actinides

Elements with an atomic number
inclusive; all are radioactive and are
fuel during its residence in the
uranium, neptunium, plutonium,
curium.

from 89 to 103
formed in nuclear
reactor; includes
amcricium and

Burn-up

Measure of the proportion of nuclear fuel which has
already been fissioned and thereby produced energy;
usually expressed in energy-related units such as
megawatt-days per tonne; current fuel technology
permits LWR. fuel to be used to maximum burn-up of
about 30,000 megawatt-days/tonne.

Fast Breeder Reactor (FBR)

Nuclear reactor generally using liquid metal for heat
transfer, capable of using plutonium fuel and of
breeding new fuel from depleted uranium; commercial
prototypes have not yet been seen as fully competitive
with LWRs, particularly during an era of plentiful
supply of uranium.

Fission Products

Elements formed from the fragments of uranium nuclei
after fission, generally having mass and atomic
numbers around half that of uranium; about 800
different species have been observed, including both
gaseous and solid elements; most are radioactive, but
decay more rapidly than the actinidcs.

Heavy Metal (1IM)

Measure of the total mass of spent fuel, including both
unfissioned uranium (about 96 percent), plutonium,
other actinidcs and fission products; approximately the
same as the mass of uranium present.

High-Level Waste (1ILW)

Residue of spent fuel after separation of uranium and
plutonium during reprocessing; consists of actinides and
fission products, and is highly radioactive with very long
decay times.

Light Water Reactor (LWR)

Preponderant type of nuclear reactor in current use
around the world for the commercial production of
electricity, uses light (ordinary) water as a heat transfer
and moderating medium; Pressurized Water Reactors
(PWR) and Boiling Water Reactors (BWR) are two
variants of the LWR.

Mixed Oxide Fuel (MOX)

Nuclear fuel composed of oxides of both uranium and
plutonium; the physical arrangement of MOX fuel is
identical with that of normal uranium oxide fuel used
in LWRs; MOX fuel is seen as a method of consuming
plutonium which would otherwise have to be kept in
storage pending commercial development of FBRs.

Partitioning

Separation of the various components of high-level
waste, such as the fission products, certain specific
chemical species within the fission products and the
transuranics or actinides (q.v.)

Thermal Reactor

The current generation of nuclear power reactor (e.g.
LWRs), as compared to FBRs (q.v.).

Transmutation

The concept of subjecting long-lived radioactive
elements to additional radiation in a nuclear reactor or
particle accelerator so that isotopes may be formed
which are either short-lived or not themselves
radioactive.

