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Abstract. Over the last twenty years, numerous proposals have been made for the long-term treatment of
radioactive graphite waste. These plans have ranged from sea dumping through incineration to land-based
disposal, sometimes preceded by a variable period of "safe-storage" within the original reactor containment, to
allow for the decay of shorter-lived isotopes ahead of dismantling. A number of novel chemical or physical pre-
treatments of the graphite, with the objective of facilitating its subsequent disposal or improving the
environmental consequences of the chosen disposal route, have also been suggested. There are patents issued on
systems for transmutation of long-lived isotopes to reduce the radiological consequences of disposal of intact
graphite, and for separation of certain isotopes such as carbon-14 from the matrix in an incineration process.
Although these far-reaching proposals are not apparently cost-effective, scope for cost-recovery does exist, i.e.,
in terms of disposal of the separated carbon-14 in cements used for immobilisation of other radioactive solid
waste materials. More recently, political and environmental factors have further complicated the issue. Nuclear
regulators are challenging the proposed length of "safe-storage" schemes on the basis that essential knowledge on
the reactor materials may be lost in the interim. International agreements such as OSPAR have effectively
eliminated the possibility for disposal at sea, whilst public opinion is strongly expressed against any expansion of
existing land-based disposal sites or the creation of new ones. As a particular example, the United Kingdom
authorities recently denied to the official body charged with the development of a deep repository the necessary
planning consents to develop an exploratory rock-structure laboratory on the most favoured site. The current
drive towards minimising or eliminating any radioactivity release to the environment has the unintended
consequence of causing the waste to be retained in interim surface storage. It appears to the authors to be an
appropriate time to review the situation closely and to consider the problem entirely on the basis of established
scientific fact and a comparative risk analysis, unfettered by the perceived political constraints to which the
nuclear operators and decommissioning organisations are necessarily subjected. This paper seeks to raise again
for scientific debate all of these possibilities for graphite disposal, without prejudice necessarily to political
constraints, in order to try to focus on genuinely the most satisfactory outcome to all concerned.

1. INTRODUCTION

Depending upon ones position and perception, it is possible to reach two opposed and
inconsistent conclusions about the readiness of the nuclear industry to deal with the
accumulating quantities of radioactive wastes. On the one hand, one may perceive national
programmes and strategies which, in the majority of nations that are addressing the problem,
appear to lead in the direction of deep land-based permanent repositories. In some cases, this
direction is the consequence of a combination of scientific study and of environmental and
political influences directed against the release of any radioactive material into the immediate
(i.e. measurable) environment. However, on the other hand, closer inspection reveals that
these strategies have serious logical flaws. In the United Kingdom (UK) and in France, for
example, no such deep repository exists and there are no approved plans for the construction
of such a repository. Indeed, taking the UK as an example, successive Governments have first
signed up to a moratorium on sea dumping, established an agency (NIREX UK) to facilitate



the design and construction of a deep waste repository, set up public enquiries for a number of
potential sites, accepted the recommendation to place the site adjacent to the existing
Sellafield nuclear complex in West Cumbria and then, in March 1997, endorsed the refusal of
the local planning authorities to allow construction even of a rock structure laboratory on the
chosen site, let alone a repository. Consequently, the UK has no national disposal facilities for
intermediate or high level wastes, and the problem that the life of existing surface stores and
packaging is unlikely to exceed 100 years. Commenting on the decision to refuse permission
for a rock laboratory, Professor Blowers of the Open University in the UK said:

"British Policy is to ensure that radioactive wastes are not created unnecessarily and
are safely disposed of at appropriate times and in appropriate ways. With no disposal
solution in sight, the only sensible solution is to stop more waste accumulating.
Logically this means stopping reprocessing - which is the biggest waste creator - and
ultimately the entire industry. Looked at this way, the loss of the NIREX repository may
turn out to be the point of no return for Britain's nuclear industry".

At a late stage in this sorry sequence of events, the UK Government also became a
signatory to the OSPAR agreement1 which effectively commits the UK nuclear industry to
work quickly towards a zero-release philosophy, thereby leaving the UK with no long-term
storage facility, no other politically-acceptable options, a need to recommence the selection
process several steps back down the chain of technical investigation and public consultation, a
delay of at least 1 0 - 1 5 years in the provision of a disposal facility, and an accumulating
mountain of radioactive waste in supervised surface storage. Rather similar situations exist in
other European countries.

A further consequence of driving towards one particular disposal goal has been the
commitment of very large investment resources aimed at developing and refining sub-
processes such as waste immobilisation, specific storage container designs and handling
procedures. It has been suggested that some $600 million worth of UK research towards deep-
repository disposal is in grave danger of being lost. In consequence, there is an understandable
reluctance on the part of the nuclear operators and industry to take a wider view of the
options, which is seen as an unacceptable step backwards and economically unsustainable.
This position has been reflected in the planning of funding options under the European Union
Fifth Framework Programme Euratom programme, in which waste-management proposals are
clearly requested to be based upon a deep repository solution. There are, however, some
indications that public opinion may effect a change in philosophy towards supervised surface
storage or shallow burial, which would give some reassurance that the condition of the
material remains monitored and would also make available the possibility of future transfers
to more acceptable permanent disposal solutions.

At a time when many other nations are returning to consideration of the graphite-
moderated reactor technology in various forms of the high-temperature reactor, including a
conceptual design which will utilise the large stockpiles of weapons-grade plutonium and
render them relatively innocuous, these apparently short-sighted decisions could destroy any
possibility of the UK participating in the inevitable expansion of nuclear activity in the 21st
century.

1 The 1992 "Convention for the Protection of the Marine Environment of the North-East Atlantic".



This paper seeks to take a deliberately "politically incorrect" stance in seeking to re-
explore all available options and to challenge the received arguments where this can, in the
opinion of the authors, be justified. However, this review is related solely to the issue of
graphite waste materials, and it is accepted that such a wider view may well be inappropriate
for other materials. However, as will be discussed, the volume of graphite already existing is
large and is set to become very much larger. We seek to take account of scientific and
technical evidence, and to attempt to compare the different means of disposal. We also
examine the options to reduce and minimise graphite waste volumes in the event that
repository disposal does remain the selected option. In order to complete this task without
bias, we consider it appropriate here to ignore specific national and international agreements
such as OSPAR, concentrating entirely on our individual interpretation of the available facts.
If, in the end, the scientific community could agree that alternative national strategies are
desirable, then it may be hoped that Government agencies nationally and internationally may
be persuaded to take a more flexible approach to the disposal issues. It is for this reason that
we consider that the present chaotic situation for disposal of radioactive wastes, and of
graphite wastes in particular, should not be seen so much as a crisis but as an opportunity for
lateral thinking and for international rationalisation to graphite disposal. The views expressed
in this paper are the personal opinions of the authors and should not be regarded as the policy
of specific institutions or national agencies.

2. SOURCES OF IRRADIATED GRAPHITE

The majority of the material identified for eventual disposal represents the moderators
and reflectors of development, production, and commercial power-producing reactors from
national programmes. In the UK, this represents two small experimental piles (GLEEP and
BEPO), small test reactors with graphite reflectors {e.g. DMTR, PLUTO and DIDO), two
production reactors (one of which presents unique problems because of the occurrence of a
core fire and both of which contain large quantities of stored "Wigner" energy), 26 Magnox
reactors whose content of graphite ranges up to over 3000 tonnes in the largest example, a
prototype AGR, 14 commercial AGRs (around 2000 tonnes of graphite each) and a prototype
HTR (the international "Dragon" project). In France, there were three major experimental /
production plant and subsequently Magnox reactors at Chinon, Saint Laurent-des-Eaux,
Bugey and Vandellos (located in Spain). In addition, the countries of the former Soviet Union
present another major potential source of irradiated graphite, with a total of 13 graphite-
moderated production reactors, experimental reactor designs at Bilibino (four reactors) and
Beloyarskaya (two reactors), and 18 RBMK plant (including the ill-fated Chernobyl Unit 4).
More graphite reactors exist also in the USA (production reactors for which no coherent
disposal plan appears to exist other than a long period of further storage and subsequent
removal of the entire reactors from the flood plain of the Colorado river, and HTRs, one of the
latter being fully dismantled), Japan and Italy (Magnox designs), Germany, China and a
number of Eastern European and Asian countries.

High-temperature reactor technology is re-emerging with current international
development of designs for burning weapons-grade plutonium and the South African
development of the Pebble Bed Modular Reactor concept for which the development company
has recently predicted a world-wide market of over 350 units. All HTR designs would use a
graphite reflector and either graphite composite fuel or fuel pebbles, thereby contributing
significantly to the total quantity of irradiated graphite eventually requiring disposal. New
development reactors for each of these fuelling concepts are currently under construction, in
Japan and China respectively [1]. A major difference between these new or planned reactors



and those constructed in earlier times is that nuclear regulators now generally require reactor
builders and operators to prepare a decommissioning plan ahead of being granted an operating
licence.

In addition to the moderator/reflector material there is fuel-sleeve graphite, employed in
many graphite-moderated reactor designs. In some cases, the mass / volume of the sleeve
graphite accumulated over the operating lifetime of a reactor can match or even exceed that of
the moderator and reflector. Numerous reactors also generate minor graphite components such
as fuel braces, slats etc. Finally, the graphite waste output of the nuclear weapons programmes
must not be overlooked. This consists primarily of rather uncertain quantities of contaminated
graphite moulds.

3. PRE-DISPOSAL STRATEGIES AND CONSIDERATIONS

For the commercial reactors (Magnox and AGR), the present UK philosophy is to delay
full dismantling (IAEA designated "Stage 3") until a period of around 135 years has elapsed,
on the basis that many isotopes will have decayed and the task will therefore be much simpler
in respect of the remote techniques needed and much improved in terms of operator doses.
However, in the UK, the prototype AGR is being dismantled immediately in order to gain
specific experience about the task, whilst the damaged production pile is also to be dismantled
shortly, albeit with special precautions because of the presence of Wigner energy and
dispersed fuel residues. France has a similar philosophy to the UK, but the period of delay is
only 50 years and Italy contemplates 40 years for the Latina Magnox reactor. Consequently,
there are various reactor sites which have reached the IAEA designations of "Stage 1"
(defuelling) and "Stage 2" (dismantling of structures peripheral to the reactor core). In
addition, there are also other graphite residues, such as fuel-sleeve material, that are presently
held in silos or storage vaults, and in some cases these materials may have been subjected to
limited moisture ingress or be admixed with other material.

It is becoming increasingly clear that nuclear regulatory authorities are becoming uneasy
about long delays, especially in the UK, on the basis that personnel with experience and
detailed knowledge of the particular reactor designs will not be available when the
dismantling task is finally undertaken. This is in accord with public opinion which regards the
"safe-storage" period as leaving today's problems for future generations to resolve. Indeed,
recent discussions at decommissioning conferences suggest that the regulators may seek to
take advantage of the apparently differing views on the desirable length of safe-storage in
order to challenge the basic philosophy.

In some instances, the retrieval of graphite from the reactor cores is going to be
particularly challenging. For example, in a number of Russian reactors the consequences of
fuel failures and other incidents have led to a high degree of contamination [2]. Therefore, in
these particular cases, it has been decided to immobilise radioactivity in situ by introducing
concrete and/or epoxy and acrylic-based sealants directly into the core, together with the
installation of additional sealing through welded steel plates. Part of the argument for these
actions arises from the construction style of these reactors, in which the vessels lie below
ground and are therefore particularly subject to the possibility of groundwater leaching.



4. OPTIONS FOR GRAPHITE DISPOSAL

We turn now to the range of options for the disposal of irradiated graphite. These
represent:

(i) permanent removal from the "environment" as solid graphite;
(ii) destruction, e.g. incineration; and,
(iii) re-cycling.

Within (ii) and (iii) we also comment upon a number of innovative techniques which
have been proposed in the literature, including isotopic transmutation. In these considerations,
it is assumed that the physical, mechanical and chemical properties of the graphite at the time
of disposal will be little changed from those applicable when the reactors have been shut
down. It is considered that the periods of safe-storage, where they apply, do not materially
affect these properties [3]. Pre-treatments, where they may have beneficial effects, are
considered in the context of the final disposal routes.

4.1. Disposal as solid graphite

4.1.1. Land disposal

Within this category there are a number of recognised distinctions between repository
sites - e.g. whether located within a large land mass or in a coastal environment - which will
give rise to different potential for the release of radioactive material. Such distinctions are
beyond the scope of the present paper, which is confined to a general description of the
principal issues relating to repositories.

Containment

Whatever delay has taken place prior to reactor dismantling and disposal, long-lived
radioisotopes capable of re-entering the environment will remain associated with the graphite.
It is therefore a pre-requisite for land disposal that external containment will be required for
the graphite. The containment will provide a barrier to the release of activity during handling,
transport to a disposal site, storage and usually for some lengthy period after disposal.

An initial stage of the packaging process is to immobilise the radioactivity within the
graphite itself. One feature of this stage, which does not seem to have found general favour so
far, would be to remove tritium by heating the graphite, although this technique is already a
commonplace activity in treating reactor-circuit steels {e.g. at the Berkeley reactor site in the
UK). Once the tritium has been removed from these steel components, it is generally
acceptable for free release and recycling. The isotopes released are collected in concentrated
form and handled separately. In the case of graphite, this would reduce by orders of magnitude
the subsequent risk which tritium would present to the environment during storage in the
shorter term. Radio-frequency heating would be a suitable method for this process [4, 5].

Heating also has the benefit of releasing such accumulated Wigner energy as might be
released during the temperature cycles encountered during cementation (for immobilisation)
and deep-repository storage. Wigner release has become an issue in the treatment of graphite
from the Windscale production pile, which operated with some graphite at a temperature as



low as 50°C. Since release at a measurable rate is generally possible once a temperature 50 -
60 K above the irradiation temperature has been reached, this clearly presents a potential risk
in the grouting process. For the majority of commercial graphite-moderated reactors, however,
there is no problem from Wigner release because the initial irradiation temperatures were
much higher. Although the lower portions of Magnox reactor cores do contain some Wigner
energy, it is not present to an extent where an uncontrolled "runaway" release would be
possible under adiabatic conditions, and does not present a hazard during graphite disposal.
Estimating the heat-production rate from Wigner energy at the very low release rates present
under grouting conditions for the low-temperature-irradiated graphites is possible with
reasonable accuracy by analysing the experimental release curves at higher temperatures on
the basis of the variable activation-energy model. These data may then be fed into a full
thermal hydraulics calculation for the complete storage containment and environment [6].

Coating of individual graphite components with appropriate barriers to radioactive
transport has also been considered, although this operation is not at present a routine feature
of graphite-handling processes. Early experiments within the UK industry to produce
complete silica coatings on graphite blocks (from silane / CO2 mixtures), intended as a means
of eliminating the problem of radiolytic graphite oxidation in CC>2-cooled reactors, were not
very successful on massive and irregularly shaped components. Investigations have also been
made of the deposition of boron coatings [7]; Ref. [8] offers potentially useful data on other
types of coating. In addition, the Spanish nuclear industry has considered the electrolytic
deposition of metallic coatings in the treatment of fuel-sleeve material [9], and the French
industry has devoted a considerable research effort to the investigation of epoxy and bitumen-
type sealants, but employing impregnation rather than simple coating technology [10, 11]. In
the latter case, significant reductions in the leaching rates of isotopes were found, and there
was an additional benefit of some increase in strength within the graphite components.

Whilst all of these possible processes remain available to improve the ability of the
graphite components to withstand leaching of radioactive material, the principal route chosen
at present for immobilisation ahead of land storage remains the cementation route, either
utilising Portland cement admixed with blast-furnace slag or incorporating some organic
epoxy-based component to improve flow, penetration, plasticity and subsequent strength. Ref.
[12] makes a comprehensive assessment of the radiological consequences of Magnox-reactor
graphite disposal through a deep repository and finds that doses arising from activity transport
by groundwater will be dominated by 14C and 36C1, the latter locally and the former globally.
In the case of a shallow repository account must also be taken of the local radiation dose from
60Co, 154Eu and 108mAg, at least in the shorter term. In a coastal environment, fish ingestion
may result in local transportation of the 108mAg to a wider area.

We do not discuss in this paper any other relative merits (largely political and
environmental) of deep-repository storage versus supervised surface or sub-surface storage.
The detailed design of steel storage boxes, both for interim supervised surface storage and for
ultimate deep-repository disposal, is also discussed elsewhere [12, 13].

Minimisation of volume

A major issue associated with permanent radioactive waste storage is cost, and any
methodology whereby the volume of material to be handled and stored could be reduced
would represent considerable savings. Unfortunately, graphite is already a rather dense
material and so the scope for physical volume reduction is limited, although some judicious



cutting and packing of core components will result in a small improvement in storage volume
utilisation. Simple grinding is unlikely to result in any volume reduction and could even result
in a small increase. Hitachi have patented a more complex process involving conversion to
uranium carbide followed by reduction in steam to give a dense powder which it is claimed is
compactible without significant release of radioactive material [14].

A more potentially useful interpretation of "volume reduction" would be a methodology
which achieves separation of the bulk of the radioactive content of the graphite from the
remainder which could then be disposed of by other means, leaving a smaller volume of waste
with a higher classification. Of course, any such additional handling activity must be
associated with a corresponding increase in the risk of release of active material to the
environment, but it may well be that, even when the additional processing costs are taken into
account, there is a net saving overall when the long-term storage cost and the diminished risk
of subsequent radioactive releases from the storage facility (both based upon a greatly reduced
volume of material) are taken into account. Generally, such a process will involve combustion
of the graphite with appropriate additional measures to recover relevant isotopes, and this
topic is therefore covered later on with "incineration".

Relevant arguments for review of land disposal option

• Public opposition to any local repository site.
• Public opinion turning in favour of supervised shallow or surface storage, with

consequent on-going personnel costs.
• Public perception of "handing on the problem to future generations to deal with",

especially with a history of accidents at land-based nuclear sites {e.g. Windscale fire,
Chelyabinsk criticality explosion, Chernobyl accident etc.) leading to widespread
contamination.

• Need to "guarantee" seismic stability - difficult in UK and France although not a high-
risk area for major earthquakes.

• Ground-water analysis from point of view of corrosion and leaching and, especially in
UK, coastal proximity means that the possibility of long-term leaching into seawater
needs to be considered.

• Time to achieve acceptability and to construct site(s) is not compatible with present
requirements for disposal.

• High cost of construction.
• High volumes of graphite waste if not pre-treated or separated.
• Long-term environmental risk remains (thousands of years) because material is not truly

"removed" from the environment.

4.1.2. Sea disposal

As previously noted, we choose to disregard here all political and perceived
environmental arguments upon which the present moratorium on sea dumping is based, on the
basis that an overall evaluation of relative benefits and risk associated with all forms of
graphite waste disposal has yet to be made. It is perhaps very unfortunate that sea dumping of
radioactive material has attracted such a bad press as a result of historical dumping adjacent to
the shores of both the dumping nation and neighbouring countries {e.g. Russian submarine
reactors at the Kola peninsula, inshore discharges from industrial sites such as Sellafield (UK)



and Cap de la Hague (France)); such activities will undoubtedly make any change of policy
extremely difficult to achieve, however convincing the technical arguments might become.

It is useful to recall that sea dumping was considered for many years to be the most
acceptable disposal route for general low-level and intermediate-level radioactive wastes by
the OECD countries, and that a major European study (reporting in 1985 at a time when sea
disposal was the preferred route for the UK) found that it compared very favourably with
land-based disposal options, particularly in regard to individual and collective doses [12]. The
essential requirement for sea dumping is that any leaching of radioactive materials which may
eventually occur from the containers cannot reach any coastal water area at a significant
concentration above background radiation. It follows from this that dumping should take place
in the remotest possible locations, in international waters, and therefore with international
agreement. It appears probable now that only an agreed position on this via the IAEA would
have any chance of facilitating such a route. A further point is that it would be desirable to
achieve the dumping in a deep trench location, giving maximum effect to the many orders of
magnitude dilution that would take place before any approach of released activity to a
shoreline. Finally, a further desirable location would be at a subduction zone between tectonic
plates, perhaps eventually taking down the material into the Earth's crust where it would be an
insignificant addition to the natural radioactive burden of the mantle. Ref. [12] offers
calculations of the collective dose commitment arising from marine release pathways (without
this final subduction zone condition) and finds them to be dominated by 14C (half-life 5760
years) with some contribution later from the exceedingly long-lived 36C1 (half life 308,000
years). In short time scales (up to 100 years), the collective dose commitment is larger than
that for deep geological disposal, for sea dumping relatively close to land, but they become
comparable at longer times. It is also worthy of note that the containment requirements for sea
dumping are somewhat different from land disposal in that the shielding requirements are
greater for the transportation stage of the process compared with the final dumping. This
offers the possibility of reusable containers for transportation, and consequent cost savings.
Similar principles of waste stabilisation - elimination of void volumes, cementation etc. -
would be required within the dumped containers as for repository disposal.

Relevant arguments for review of sea disposal option

• High probability of breach in outer containment in short time due to salt-water
corrosion.

• International agreement required to facilitate dumping in suitably remote regions of the
oceans.

• Consequent leaching much less significant than leaching in land-based repository.
• Possibility of complete removal from inhabited surface if subduction zone chosen:

otherwise long-term environmental risk may remain but remote from human population.
• Widespread public opposition.
• No requirement for permanent land-based facilities, leading to considerable cost

savings.
• Waste volume relatively unimportant.
• Disposal can commence immediately after facility for filling containers is established.



4.2. Destructive permanent disposal

4.2.1. Incineration

Disposal of nuclear graphite by burning in order to avoid the long-term complications of
land burial or sea dumping raises a number of technical difficulties:

(i) it is unpractical to burn bulk graphite in a conventional furnace;
(ii) burning gives rise to release of radioactive gases and particulates, which are dominated

by 14C, 36C1 and residual 3H; and
(iii) residual ashes, in which other isotopes such as 60Co will be concentrated, remains to be

disposed of by other methods, although clearly a large volume reduction ensues.

The first of these issues has been addressed by research in Germany, at Westinghouse
Idaho in connection with HTR fuel compacts, and by extensive research and industrial pilot-
plant experimentation in France which has resulted in two candidate processes: fluidised-bed
incineration and laser incineration. The first of these is the more efficient process and has
been developed to the demonstration phase [15] whereas the second, albeit a rather slow
process, has the merit that non-graphitic material need not first be separated from the graphite
[16].

In a general overview of available technologies it is important to consider alternative
combustion methods, and a number of innovative techniques have been suggested.
Westinghouse Idaho have a process [17] involving radio-frequency heating in an inert
atmosphere followed by the introduction of a thermal lance providing an oxygen supply.
Ukrainian workers have developed a proposal for increasing the reactivity to air of graphite by
exfoliation of the crystal structure through the medium of small quantities of fuming acids
[18]. Enhancement of oxidation rate by factors of between 4 and 27 are reported.

In Europe, the incineration issue is dominated by concern about the quantities of 14C
which are potentially released to the environment. This is in marked contrast to the apparent
lack of concern about this voiced in the USA {e.g. [17]), where the arguments are based on
comparisons with the quantities released into the environment from atomic bomb tests and
through cosmic-ray bombardment of atmospheric nitrogen. One could add also the
combustion of billions of tons of fossil fuels into this argument. It should also be noted, in the
context of the Kyoto agreement2 on climate change, it is likely that concerns would also be
raised in consideration of the quantities of CO2 to be released by a full incineration
programme, although the total would be tiny in comparison to the quantities released by
world-wide fossil-fuel burning. During a previous IAEA Specialists Meeting in 1995, W.
Morgan (Pacific Northwest National Laboratory, USA, personal communication) considered
that the effective half-life of incineration 14C emissions was around 35 years if the dissolution
into oceans followed by the formation of carbonate sediments was considered as a removal
process from the habitable environment. The radiological consequences of 14C release are
covered in detail in another paper to this meeting [19] and we shall therefore note here only
one other relevant analysis. Nair [20] developed a model for the consequences of combustion
of the graphite from all UK Magnox reactors, taking into consideration the fate of the releases
in terms of the removal through dissolution in the oceans and the balance within the
troposphere (including phytomass [forest grassland growth and decay], projections on the

2 The 1997 "United Nations Framework Convention on Climate Change".



burning of fossil fuels, cosmic ray bombardment and weapons testing). The staged burning of
these Magnox cores resulted in a peak incremental dose to the individual of about 10"2 jaSv.y"1

followed by an exponential decay over about 50 years to 10"3 jaSv.y"1. This is to be compared
with an individual dose of 10-14 jaSv.y"1 from the 14C produced directly from cosmic-ray
activity.

There are thus two approaches to dealing with the 14C issue - design incineration
equipment to retain it, or convince the regulatory authorities of the merits of a small
controlled and probably inconsequential release (compared with natural background) which
then completes the disposal operation and leaves no "legacy" of risk for the future. There have
been a number of developments aimed at retention of the majority of the radioactivity during
in graphite incineration. Ref. [21] describes a closed-chamber incineration device coupled
with a molten-carbonate fuel cell, designed to oxidise whole graphite blocks individually at
1273K in a refractory-lined steel cell heated with molybdenum silicide heaters. It is
considered that the exit gases, consisting primarily of O2 and CO2, would be at near-optimum
proportions for transport through the cell whilst anionic isotopes would be suppressed by the
polarity of the cell. A methodology which concerns itself with the principal isotope 14C is
suggested by a Canadian patented process designed to remove the isotope from spent ion-
exchange resins from CANDU reactors [22] by isotope exchange with supercritical CO2. It is
suggested that the off gases from incineration would be passed through a suitable processor in
which the CO2 is reduced to CO, followed by fractionation to recover the 14CO which could
be re-used either as 14CO or as 14CC>2 for commercial purposes, or converted to carbonate
residues for disposal with a small fraction of the original graphite mass. Although this process
has not been fully developed, and would require large energy inputs to operate the chilling /
heating cycles required, a lateral approach like this may be found to be necessary to overcome
the existing disposal problems.

Relevant arguments for review of incineration processes

• Major political / environmental concerns about release of 14C despite favourable
comparisons with the natural production rate.

• Similar concerns about CO2 release and "greenhouse" effect.
• Technology to trap 14C capable of development but probably expensive.
• Effective half-life of 14C in the environment may be much shorter than the actual half-

life.
• Location of incineration plant may be controversial.
• Only small residues (ash) remain for long-term disposal, minimising costs and future

risks.

4.3. Novel approaches

In reviewing objectively the overall options for disposal, it is important to take account
of innovative solutions. Russia, in particular, has seriously proposed the option of re-cycling
the graphite as an industrial material under controlled conditions, following heat treatment to
remove tritium. Incorporation of the material in new generations of reactors has even been
suggested, but this is an impractical option when one considers the extant irradiation damage
and, for graphite derived from air-cooled or CO2-cooled reactors, the reduction in density
arising from radiolytic oxidation. However, this would not be the case if the irradiated
material were used as a component in the production of new graphite explicitly intended for

10



further nuclear use in the fission or fusion programmes - e.g. as first-wall materials in fusion
reactors, or as fuel sleeves or components of fuel pebbles / particles for high-temperature
fission reactors. Although radiation from 60Co in graphite is a problem in waste for only a
relatively short period (in comparison with overall storage periods), Haag [23] has suggested a
treatment based on carbide production but this has not been demonstrated yet. BNFL pic in
the UK are known to have conducted research into electrochemical disintegration of graphite,
leading to the possibility of enhanced oxidation characteristics but also of the possibility of
compaction by the elimination of porosity. Even more innovative is the work of Trenergy Inc.
in Utah, USA, towards transmutation of radioactive isotopes into non-active isotopes by
employing high-energy charge clusters. The processes claimed have associations with the
controversial subject of "cold fusion" and would require significant independent evaluation
before they can be considered as a credible option. Papers have been published on the
transmutation of some heavy isotopes such as thorium (e.g. [24]). In private correspondence
with one of us (AJW) on the specific problems associated with graphite treatments, H. Fox,
president of Trenergy, has claimed:

"... we believe that, with proper parameter selection (yet to be determined) the process
would reduce the 14C to stable elements (sic) ".

5. RISK AND SOCIO-ECONOMIC FACTORS

The thesis of this paper is that it is appropriate to evaluate the matter of irradiated
graphite disposal entirely objectively, on scientific grounds alone, and then to seek to
convince politicians and the public of the wisdom of such a decision. To do this, one needs to
re-examine all of the issues relating to potential disposal routes and also to any innovative
techniques available or soon to be available, without pre-conceptions. Ideally, such an
exercise would be an international activity, perhaps under the auspices of an organisation such
as the IAEA. Such an exercise has not yet been undertaken, at least since the European study
of Ref. [12] in 1985 on graphite waste from Magnox reactors which concluded that a number
of alternative options were all technically feasible and had sensible "objective" risks attached.
However, it is entirely possible that a new and more widely-ranging "objective" study will not
be contemplated, because it has become increasingly necessary to involve the public
perception of science and scientists in any equation relating to the choice of a controversial
process or activity whether this public perception is justified or not.

For any new reactors, such as the various HTR projects now being evaluated around the
world, it is necessary to go further. Ref. [25] discusses the need to evaluate the entire life
cycle of such a system in terms of environmental account - input and output - to reach an
objective conclusion. In France, this methodology has been employed to assess a number of
nuclear activities including a comparative study of the environmental impacts of nuclear and
coal electricity generation, and in assessing alternative fuel cycle and processing options
relating to the use of mixed oxide fuel. It should, be possible to employ similar methodology
to assess the alternative fates for irradiated graphite, although it will be necessary to agree the
extent of risk factors to very long times in the future for burial options.

Turning to the present situation, the current drive towards minimising or eliminating any
radioactivity release to the environment has the unintended consequence of retaining the
material in interim surface storage. In fact, this drive arises in part from the need to satisfy the
public concerns over disposal of nuclear wastes; the public appear not to tolerate any risk
from disposal of nuclear wastes. In line with this trend, a typical approach to risk has been to
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compare different activities according to their estimated risks normalised to a common unit,
e.g. deaths/year of exposure (using a linear model). Over recent years concepts such as
BATNEEC3, BPEO4, ALARA5 and ALARP6 have reinforced the duty on operators to
minimise the radiological exposure to the human population and has in fact placed pressure on
the nuclear industry to find and use the best technical judgements, plant and expertise
available at a high financial cost. The irony is that, at least in radioactive waste disposal, this
may not be what the general public wants.

Wynne [26], in the context of levels of radioactive discharges from the UK fuel
reprocessing site at Sellafield, reports that, in the evaluation of risk estimates and costs of the
available technologies to control the discharges, the implicit value of one human life as
employed in the calculations was ~$38 million (at 1990 levels) which is an irrationally high
level of investment for little social benefit, e.g. it is comparable to the cost of a new hospital.
It is clear that the demands of the public in regard to nuclear-related industries are extremely
high. Therefore, the inference can be drawn that the desire to achieve the ultimate minimum
risk, from using a single measure of performance such as deaths/year of exposure, will not
satisfy the general public. To convince the general public of an acceptable solution to graphite
disposal, some change of social attitudes is required: i.e. it is necessary to establish a tolerable
risk under certain socially acceptable conditions. For example, as Wynne comments:

" ...in order for mining to exist at all as an institution, miners have to be able to trust
that if ever they are trapped alive, a rescue will be attempted. "

Such public trust of the procedures in the nuclear industry is currently absent. Ref. [27]
provides a rationally argued discussion of relative risks in the nuclear industry, drawing useful
comparisons with the risks of other types of industrial and community activity, including the
risk of death "from the UK nuclear industry" which includes the disposal of waste (1 in
40,000,000) to that from all natural causes at age 40 (1 in 850) and from smoking (1 in 200).
The public do not perceive extremely hazardous activities as in any way "risky" if they are
familiar - like driving their cars on crowded roads. The inhabitants of San Francisco accept an
evens chance of a devastating earthquake within the next 30 years with relative equanimity.
The problem with public perception of nuclear matters is, in part, their unfamiliarity, and
politicians have reacted more to the emotional arguments rather than attempting serious
debate on such issues. There is clearly an increasing tendency in Government to apply to the
nuclear industry controls which are far more stringent than those applied to ostensibly non-
nuclear industries which also operate with release of radioactive materials - for example, the
release of mining tailings to watercourses, and fossil-fuel burners releasing without control far
greater quantities of 14C than can acceptably be released from any nuclear installation. It is
difficult to understand how it can be acceptable to erect a new fossil-fired industrial power
plant immediately outside the boundary fence of the controlled area of the Sellafield nuclear
site in the UK because to erect it inside would increase the radioactive emissions of the site
beyond the authorised limits. This issue of the nuclear industry having an "unlevel playing
field" regarding such emissions excited lengthy debate at the 1998 International Conference
on Nuclear Decommissioning in London [28].

3 Best Available Techniques Not Entailing Excessive Cost
4 Best Practical Environmental Option - the options which, in the context of releases from a prescribed process,
provides the most benefit and/or least damage to the environment as a whole, at acceptable cost, in the long term
as well as in the short term.
5 Doses As Low As Reasonably Achievable
6 Doses As Low As Reasonably Practical
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The public perception and mistrust of many options has a strong political importance
which has frustrated the decision-making process. Public education has generally failed to
reduce the level of "subjective" risk felt by the general public because an approach based on
minimum risk is often taken. Essentially, the industry has failed to understand the subjective
risk felt by the general public and change its education policy accordingly. If we consider what
subjective risk that affects public perception is, then we can include the following attributes:

• Reversibility or irreversibility.
• Concentration of equal overall harm in single catastrophic events or dispersion in

many small ones.
• Whether harm was immediate or delayed.
• Whether anonymous or known victims were involved.
• The familiarity of the risk or the processes involved.
• Whether there was uncertainty and disagreement about the risks.
• How equitable or not was the social distribution of the risk.

It is clear that single measures of risk ignore many of these attributes and also the
sociological aspects experienced by the public. The final decision in the disposal of nuclear
wastes, and in particular irradiated graphite, most likely will have to consider "public
concern" and indeed integrate such attributes into the formal risk-cost decision making
process. To illustrate the importance of these factors we can use a recent example from the
UK. The UK Centre for Economic and Environmental Development (UK CEED) convened a
meeting in late May 1999 to discuss the options for disposal of radioactive wastes. The
meeting consisted of a 15 strong panel of members of the public who were able to question
experts. The panel of lay people then assessed the responses, discussed the issues raised, and
reported its conclusions at a press conference. Their central conclusions were as follows:

• Radioactive waste must be removed from the surface and stored underground, but must
be monitored and retrievable.

• Cost cannot be an issue.
• Leave options open for future solutions.
• Recommendation for a national storage site.
• Research and development must be continued on a much larger scale and international

co-operation should be encouraged.

Interestingly, a report by HM Department of the Environment in the UK [29] concluded,
by undertaking a multi-attribute decision analysis, that for every type of LLW/ILW waste,
several storage and disposal options are practical and would comply with safety limits. It
further concluded that, of these, long term storage is least attractive on economic and
radiological grounds. It could only be considered attractive if an ability to retrieve wastes
easily was an overriding concern, and the reversibility of disposal options was considered
inadequate. The conclusions reached at the recent UK CEED meeting suggest that this is what
the general public wants.

6. CONCLUSIONS

The authors consider that, despite the current application of various national legislation
and international agreements, it would be timely to review all options for disposal of
irradiated graphite waste from a purely objective scientific viewpoint, unfettered by these pre-
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conditions, with a view to making a technical case to Government agencies and to the public
for a change of policy should this be deemed necessary. This may include a rationalisation of
controls on radioactive discharges within and without the nuclear industry, to avoid undue
restrictions being placed upon the industry. Ideally this position will be reached with
international participation and consensus. However, socio-economic and political pressures
are recognised as very powerful in this area, despite the irrationally high costs associated with
palliative procedures compared with the true risks involved. Given that all present options
satisfy current safety limits, the need to minimise the objective risk is found to be a minor
need in comparison to the public's want of demonstrable control, responsiveness and ability to
reverse/change the disposal options in the future if circumstances dictate the need to do so.
Essentially, the choice of a final disposal option for graphite waste must optimise the
beneficial attributes of subjective risk experienced by the general public coupled with a
revised public education strategy to reflect the comparative risks of all options.

REFERENCES

[1] ETO, M. and BREY, H. L., "Japanese HTTR and Chinese HTR-10"; in "Graphite
Moderator Lifecycle Behaviour", Proceedings of a Specialists Meeting, Bath, United
Kingdom, 24-27th September 1995, IAEA TECDOC-901, August 1996, 10-11.

[2] MARSDEN, B. J. and WICKHAM, A. J., "Graphite Disposal Options - a Comparison
of the Approaches Proposed by UK and Russian Reactor Operators"; Proc.
International Conference on Nuclear Decommissioning '98, IMechE, 1998, 145-153.

[3] WICKHAM, A. J., MARSDEN, B. J., PILKINGTON, N. J. and SELLERS, R. M.,
"Graphite Core Stability during 'Care and Maintenance' and 'Safestorage'"; presented
at IAEA Technical Committee Meeting on "Gas-Cooled Reactor Decommissioning,
Fuel Storage and Waste Disposal", FZ Julich, Germany, 8 - 10 September 1997;
IAEA TEC-DOC-1043, September 1998, 225-232.

[4] BOTZEM, W. and WORNER, J., "Inerted Annealing of Irradiated Graphite by
Inductive Heating"; paper presented at this meeting.

[5] WORNER, J. and BOTZEM, W., "Heat Treatment of Graphite and Resulting Tritium
Emissions"; paper presented at this meeting.

[6] MINSHALL, P. C. and WICKHAM, A. J., "The Description of Wigner Energy and its
Release from Windscale Graphite for Application to Waste Packaging and Disposal";
paper presented at this meeting.

[7] VANDENBULKE, L. and VUILLARD, G., "Chemical Vapour Deposition of
Amorphous Boron on Massive Substrates"; in Proc. 5 Conf. on Chemical Vapour
Deposition, Buckingham, UK: pub. The Electrochemical Society Inc, 1975, as
"Chemical Vapour Deposition", eds. Blocher J. M., Hintermann H. E. and Hall L. H.,
763-776.

[8] THIELE, W. and LEHNERT, G., "Development of Protective Coatings against
Primary Coolant Corrosion, Friction and Wear"; Nuclear Technology USA, 66, 1984,
503-511.

[9] ESTEBAN-DUQUE, A., URIARTE, A., SUAREZ, A., FABRELLAS, B. and
GONZALEZ, A., "Characterisation and Conditioning of Radioactive Graphite"; Proc.
1993 International Conference on "Nuclear Waste Management and Environmental
Remediation", 5-11 September 1993, Prague, 641-648.

[10] COSTES, J. R., KOCHM C, de TASSIGNY, C, VIDAL, H. and RAYMOND, A.,
"Conditioning of Radioactive Graphite Bricks from Reactor Decommissioning for

14



Final Disposal"; Commission of the European Communities Report (Nuclear Science
and Technology), EUR 12815, 1990.

[11] COSTES, J. R., de TASSIGNEY, C, ALAIN, R. and HUGUES, V., "Conditioning of
Graphite Bricks from Dismantled Gas-Cooled Graphite Reactors for Disposal"; Proc.
1989 Joint Waste-Management Conference, Kyoto Japan, 22 - 28 October 1989, 1,
497-501.

[12] WHITE, I. F., SMITH, G. M., SAUNDERS, L. J., KAYE, C. J., MARTIN, T. J.,
CLARKE, G. H. and WAKERLEY, M. W., "Assessment of Management Modes for
Graphite from Reactor Decommissioning", European Commission Report EUR 9232,
1985.

[13] BARLOW, S. V., WISBEY, S. J. and WOOD, P., "Gas-Cooled Reactor
Decommissioning - Packaging of Waste for Disposal in the UK Deep Repository";
presented at IAEA Technical Committee Meeting on "Gas-Cooled Reactor
Decommissioning, Fuel Storage and Waste Disposal", FZ Jiilich, Germany, 8th - 10th

September 1997; IAEA TEC-DOC-1043, September 1998, 203-211.
[14] YOSHIMURA, E., SEKINE, I., SUZUKI, K., FUJIMORI, H. and IBA, H.,

"Devoluming and Discarding Method for Graphite"; Japanese Patent Document 4-
204100/A/, 1992, Application 2-328995, 1990.

[15] GUIROY, J. J., "Graphite Waste Incineration in a Fluidised Bed"; presented at IAEA
Specialist Meeting on Graphite Reactor Lifecycle Behaviour", Bath UK, September
1995; IAEATECDOC-901, August 1996, 193-203.

[16] COSTES, J. R., BARBANNAUD, N. and CAMINAT, P., "Advanced Powerful CO2

Laser-Controlled Incineration of Waste Graphite Blocks", presented at "Incineration
1992", Albuquerque, May 1992.

[17] CARLOS-LOPEZ, J., LORDS, R. E. and PATRICK-PINTO, A., "Integrated
Conditioning Process for Spent Graphite Fuels"; Proceedings of the Conference
"Waste Management 1994: Working Towards A Cleaner Environment", Tucson USA
27 February - 3 March 1994,1, 1994, 571-574.

[18] JAROSHENKO, A. P., SAVOSKIN, M. V. and KAPKAN, L. M., "Graphite
Gasification via Exfoliation: Novel Approaches to Advanced Technologies" Proc.
European Carbon Conference 'Carbon '96', Newcastle, UK, July 1996, pub. The
British Carbon Group, 218-219.

[19] DUBOURG, M., "Radiological Impact of Carbon-14 in the Decommissioning of Gas-
Cooled Reactors"; paper presented at this Meeting.

[20] NAIR, S., "A Model for Global Dispersion of 14C Released to the Atmosphere as
CO2"; J. Society for Radiological Protection, 3, 1983, 16-22.

[21] SENOR, D. J., HOLLENBERG, G. W., MORGAN, W. C. and MARIANOWSKI, L.
G., "Destruction of Nuclear graphite using Closed-Chamber Incineration from
Extraction and Processing for the Treatment and Minimisation of Wastes"; Proc. 123r

Annual Meeting of the Minerals, Metals and Materials Society, San Francisco 1994,
ed. Hager J., Hansen B., Imrie W., Pusatori J. and Ramachandran V., pub. The
Minerals, Metals and Materials Society, 875-893.

[22] DIAS, S. A. and KRASZNAI, J. P., "Selective Removal of Carbon-14 from Ion
Exchange Resins using Supercritical Carbon Dioxide", Conference Paper {source not
identified) based on US Patent No. 5,286,468, Feb. 15th 1994 by Chang F.H., Vogt
H.K., Krochmalnek L.S., Sood S.K., Bartoszek F.E., Woodall K.B. and Robins J.R.,
Ontario Hydro, Toronto, Canada.

[23] HAAG, G., "Carbon and Graphite in Gas-Cooled Reactor Decommissioning"; Proc.
"Eurocarbon '98", 559-600.

15



[24] FOX, H. and SHANG, X. J., "Low Energy Nuclear Reactions and High Density
Charge Clusters"; paper presented to the American Nuclear Society Annual Meeting,
June 1998, Nashville, Tennessee.

[25] AUMONIER, S., "Life Cycle Assessment, Electricity Generation and Sustainability";
Nuclear Energy, 1998, 37, 295-302.

[26] WYNNE, B., "Methodology and Institutions: Value as Seen from the Risk Field"; in
"Valuing Nature: Economics, Ethics and The Environment" ed. Foster J., Raitledge
London 1997, 135-152.

[27] WILLIAMS, D. R., "What is Safe? The Risks of Living in a Nuclear Age"; The Royal
Society of Chemistry, 1998.

[28] Discussion following paper: Menon, S., "International Co-operation on Nuclear
Decommissioning", Proc. International Conference on Nuclear Decommissioning '98,
IMechE London, 1998, 29-38.

[29] H. M. Department of the Environment, "Assessment of Best Practical Environmental
Options for Management of Low- and Intermediate-Level Solid Radioactive Wastes";
HMSO, 1986.

16


