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Foreword

Plutonium has been separated from the other products in spent tuel from nacleur reactors since the
19505 in the UK, and this practice means that the UK has a substantial stock of separated plutonium
in store. Hf this practice continues and the plutoniuns is not used or converied to other forms, the
stockpile will continue to grow. Even if the practice of separating plutenium docs not continue, the
existing stockpile stll has to be managed. The need for scientitic information to underpin the
development of policy for the management of this stock and to inform the choice of options for
disposal or use is the subjeet of this report.

The Council of the Royal Socicty established a working group in December 1996 10 undertake o
scoping study on the status of the science needed for management of civil plutonium in the UK, The
group, chaired by Sir Ronald Mason, K.C.B., FR.S., comprised aine individual scientific experts,
selected for their ability to provide suthoritative sdvice on the scientific aspects of plutonium
n'li!.l'l{lg(:]'nﬂl}[.

This report summarizes current practice with regard to production and disposat of civil plutorium in
the UK and reviews the lechnicad options, currently available or under development. for managing or
using phutonium separated [rom spent tuel by reprocessing. The group has identified further work
needed 10 develop these technelogics for possible future policy, Tt was beyond the remit or expertise
of the group to comment upon policy dectsions that have previously been made, or to recommend
policy decisions for the future.

The report was reviewed by a panel drawa Trom the Council of the Society, and subsequently
endorsed by Couneil. It is being published in order 1o inform debite among all those with an inerest
in. or responsibility lor, plutoniom management.

I am grateful 1o the members ol the waorking group for their carcful assessment of the scientific
aspects ol a difTicult poliey issue of major rational importance.

Sir Auwron Klug, OM.. PRS.
Japnuary 1998
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Summary

. In the 1960s the Government commiticd the

UK to a progrmmme of reprocessing spent
fuel from nuclear power stations, 1o separate
plutonium for use as a fucl in fulure reactors,
This decision wus made in the light of
prevailing assumptions about global stacks
of vranium orc, the prospects of building a
series of fast breeder resctors und the role of
nuclear power peneratly in the national
¢nerEy programme.

. These assumptions no longer obtain, but the

carlier decision means that the UK now has a
major investment in reprocessing iechnology,
binding contracts with severul countries for
reprogessing work and o stockpile of 34
tonnes of separated civit plutonium oxide
from UK power generation. The UK-owned
stockpile of civil plutoniun s predicted 0
reuach over 100 tonnes by 2010,

. The cexistence of plulonivm stocks,

whatever form, is of concern on two counts:
radiotoxicity and proliferation risk. Whilst
not underestimating radiotoxicity risks, the
chance that the stocks of plutonium might, at
some stage, be accessed for illicit weapons
production is of extreme concern. The
current stockpifing policy should not be
without  caretul

maintained study ol

alternative policics.

. The Council of the Royal Socicty established

a working group in December 1996 to
undertake a scoping study on the stats of the
science needed for management of civil
plutosium in the UK. The Working Group
examined current practice with regard Lo
plutonium production and disposal and
reviewed the technical options. currently
available  or development,  for
managing or using plutonium separated {rom
spent Tuel by reprocessing.

under

. One alternative option is deep disposal of

separated putonium in geological structures.
This certuinky merits consideration, but, in
view of the dilficnlties currently being
experienced by plans for deep disposal of
low and medinm level radioactive wasle, it is

6.

9.

hard to imagine deep disposal of plutonium
being & viable option even in the medium
erm,

Another option is to form the plutonium into
a mixed oxide fuel {MOX) and burn it in
or specially built UK thermai
This looks like a technically
feusible forward. Whether it is
ceonomically feasible muy depend on how
much we are prepared to pay to get rid of the
plutonium stockpile, A large-scale MOX
have  security
implications, aflecting botl economics and
public acceptability. MOX could adso. in
principle, be sent to other countries to be
used as fuel in their reactors.

existing
TeCTOrs.
wiay

operation  may  also

. In the longer term, alternative fuel eyeles and

advanced reactor desiens may make it
passible to burn stockpiled plutonium more
clfectively. or. in some configurations, to
generate nuclesr energy without producing
plutonium at  all, and
capabititics  should  be
muintained by the UK to allow evatuation of

any Research

development

competing systems and support internation:)
colluboration on those likely o be of benelit
to the UK.

. In addition to disposing ol some of the

piutenium already in the stockpile. steps
could be taken to reduce the amount being
added to it each year, primarily by reducing
the amount of reprocessing carried out. The
impact of such a policy on overall cosls and
proliferation
analysis,

risks  would nced  carchul

The present lack of strategic direction for
desling with civil plwtonium is disturbing,
The Saciety urges the Government to
commission 2 comprehensive review by
independent experts of the optiens outlined
above, technical,
environmental and security aspecls. energy
pelicy issues and tuking account of public
acceptability and of the opportinity costs of
each option,

covering CCONOmMic,
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1 Background

1.1 The issue

round a quarter of the UK's electricity is
Agcnemlcd by nuclear power in thermal
reactors. The  inevilable consequence  of
producing power in this way is the conversion of
uranivm o plutonivm. Plutonium can be
separated from the other products in spent Tucl
by reprocessing—a process which was [first
carcied out in the UK in the 19505 for the
purpose of producing plutonrivm for weapons
use. [n 1964 reprocessing 10 separate plulonium
for future usce as a fuel commenced at Scliafield.
About 34 tonnes () of plutonium have been
separated rom the other products in spent fuel
by reprocessing. This UK stockpife is kept in
stores at Scllafield. B no action is taken on these
existing stocks, and reprocessing ol spent tuel
continues as planned, then by 2010 the UK
stock of separoted plutonium is predicted to
increase to over 100 t. There is currently no
national strategy to utilize the plutonivm in this
stockpile.

There are two main concerns about this
stockpile. First, plutonium is highly radiotoxic
and il it were to be dispersed 1t could give rise
1o scrions environmentsl problems. Second, i it
is not adequately safeguarded there is a nsk of
diversion and proliferation of weapons, Whilst
not underestimuting radiotoxicity risks, the
possibility that the stocks of plutonivm might at
some stage be accessed for dllicit weapons
production is of extreme concern.

Separated plutonium containg o mixture of
isotopes and ix therefore not the material of
choice for nuclear weapons, which is the
Issile isotope “"Pu. However, a nuctear device
could be constructed from plutonium that had
been recovered from nuciear power reactor
spent tuel without the need for additional
processing.

Muaintenance and growth ol the stockpile of
separated plutonium could be seen as contra (o
the spirit of national and international policies
for anti-proliferation. The USA and Former
Soviet Union (FSU} intend 10 reduce excess
military plutonivm to the “spent fuel standard’,
meaning that it is made 1o be “as unatractive
amd inaceessible for retricval and weapons use
as the residual plutonium in spent tued trom
commercial reactors” {(UJS Department of the

Environment). Separated civil plutonium does
not conform to this standard.

1.2 The UK nuclear industry

The UK nuclear industry is divided into a number
of component parts. There are two nuclear power
gencraling companies: Scottish Nuclear Limited
and Nuclear Electric Limited. These companies
constitute  British Energy ple. British Encrgy
owns eight Advanced Gus-Ceoled Reactor
{AGR) stations and the UK's only Light Watcr
Reactor (LWR), the Pressurised Water-cooled
Reactor {PWR) Sizewell B, The other cight
nuclear power stations operating in the UK are
Magnox (magnesivm-clad gus-coolked) renctors
operated by the government-owned Magnox
Eleetric. In addition, British Nuclesr Fuels ple
(BNFL) operates two smali Magnox stations at
Culder Hall und Chapel Cross, It is planned that
BNFL and Magnox Electric will merge over the
coming yeir,

The UK Atomic Encrgy Authority (UKAEA) was
formed n 1933 with responsibility for carryving
out a nationad programime to develop all aspeets of
nuclear technology, lor both civil and military
applications. Following a serics ol reorganizations
between 1970 and 1996, il now has the residual
responsibifity for managing the Authority’s sites
and associgted nuclear liabilities.

Spent [uel rom UK nuclear reactors is sent to
Selluticld Tor storage and reprocessing under
contracl 1o BNFL. A Magnox reprocessing
plunt ias been eperating since 1964 the plant is
expected to continue operation through to the
end of the Magnox progranuue. The Thermal
Oxide Reprocessing Plant, THORP. for the
reprocessing of AGR and LWR  fuels, afso
operated by BNFL at Sellatield. commenced
operation in 1994 This is a commercial
operation and approximately two-thirds of its
existing contracts are with overseas customers.
Contracts are already in place for the first ten
years of THORP's operation. For both THORP
and the Magnox reprocessing  operation,
piutonium is recovered and stored in the form of
phutonium oxide. There are currently no plans to
reprocess spent Tuel (rom Sizewell B, which has
its own spent fuel storage pond with capacily to
accommeodste spent ucl Tor about hall of the
life of the stition.

Reprocessing involves dissolving the spent fuel
and separsting the re-usable plutonium amd
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uranium content from the residual waste fission
and actinide products. The separated uranium
muy then be re-cariched prior to re-use and the
separated plutonium can be used as the fissite
companent of MONX {(mixed oxide: uranium
dioxide and plutonium diexide) fuel which can
be loaded buack into nuclear reactors. BNFL's
Scliaficld MOX Plant is under construetion and
duc o start eperating within the near future,
subject to repulatory  approval. A MOX
Demonstration Facility started  operation at
Sellafield in 1993 and alrcady produces MOX
fuei.

Despite operating one of the world's two major
reprocessing plants at Sellalicld, the UK has na
national sirategy at present concerning its
recovered plutonium, None of the present
generation of UK nuclear reactors is licensed to
use MOX fuel and there are no tucilitics for the
finul disposal of plutonium. Historically, the UK
palicy on plutonium utifization was based on an
assumption of cammercial use in (81 reactors.
However, in 1990 the UK government decided
to phase out its support for the Evropean Fast
Reactor Project. and in 1994 it withdrew all
financial suppont for the UK protolype fast
reactor at Dounreay. This has effectively
postponed any deplovment of fast reactors in
the UK indefinitely. Furthermore, the existing
stock of separated plutenium is far larger than
would be needed to initiate any advanced
reactor programme which might be developed
witlin the next few decades.

1.3 The Roval Suciety study

In view af the absence of & UK strategy for
plutonium management. 1 Warking Group of
the Royal Society Scicntific Aspects of
Internstional  Security Group (SAIS) was
established late in 1996 by the Roval Socicty
Council wr undenake a scoping study on the
status ol the scientific basis for management of
civil plutoniumy in the UK, The terms of
reference of the group were to summarize
current practice with regard to plutonium
production snd disposal in the UK and review
the tcehmical options. currently avaitable or
under develfopnient. for munaging plutonium
separated from fuel by reprocessing, in order to
identily research needs for further examination,

Members of the working group, chosen for their
ability to provide authoritutive advice over all
the scientific aspects ol plutenium management,
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are tisted below, The members of the group
Jjoined it as individual scientists. not as
representatives of ereanizations.

Sir Ronald Mason, K.C.I,, ER.S. (Chairman).
Chairman of the Royal Society SAIS group,
Chairman of UCL Hospitals NHS Teust and
formerly Chief Scientific Adviser to 1he
Ministry of Defence.

Dr B. Eyre, C.B.E., F.Eng,
Formerly Deputy Chairman and Board Member
of UKALEA, AEA Technology,

Professor A.J. Goddard,

Professor of Environmental Safety and Deputy
Birector of the Centre for Environmental
Technology at the lmperial College of Seience,
Technology and Medicine with respensibility lor
the safety of Imperial College’s research neactor.
A member of the Nuclear Safety Advisory
Committee {formerly Advisory Commitiee on the
Sufety of Nuclear Instaliations, ACSNI),

Sir Francis Graham Smith, E.R.S,

Emeritus Prolessor in the University  of
Manchester. Former Astronomer Royal and
Physical Secretary of the Royal Sovicty.

Professor C.R. Hill, F,R.C.R. (Hon).
Emeritus Professor of Physics as Applied (o
Muedicine at the Enstitute of Cancer Rescarch
and Royal Marsden Hospital, University of
Londen. Formerly o Visiting Reader in
Radiation Studies at the University ol Surrey
with a substantial research interest in the
behaviewr of radioactive materiads in humans
and the environment. Currently Secretary Lo the
British Pugwash Group.

Dr R.S. Pease, ERS.

Former Birector of the UKAEA Culham
Laboralory and of the UKAEA Fusion Rescarch
Programme, Currently Chairman of the British
Pugwash Group.

Professor L.E.J. Roberts, C.B.E., F.RS.
Emerituy Professor of Risk Assessment at the
University of East Anglis. Formerly Director of
the UKAEA Harwell Luboratory.

Professor J. Rotbiat, C.B.E., F.R.S.

Emeritus  Professor  of  Physics  at St
Bartholemew's Hospital, University ol Londen.
Formerly President oof the Pugwash Conterences
on Scienee and World Aftairs and winner of the




£995 Nobel Peace Prize for his long-standing
activities on nuclear disarmament,

Dr W.L. Wilkinson, C.B.,E,, FEng., F.R.S.
Formerly Deputy Chicf Exccutive of British
Nuctear Fuels ple and currently chairman of the
British Nuclear fndustry Forum,

Secretariat: Miss Clare Tenner and Mre John
Jackson, Science Advice Section. Royal
Society.

In addition to the cxpertise available from
within the Working Group. extensive use was
made of the literature. and sources consulled are
listed in the bibliography. The Working Group
undertook i seoping study and the work was not
therefore 2 consultative exercise. However, we
would fike to thank the following organizations
for primary scienlific and echnical information
on rescarch and operations:

British Nuclear Fuels ple
Department of Trade and [ndustey
Magnox Electrie ple

Nuclear Eleetric Limited

This report has been received and endorsed by
the Council ol the Roval Society.

2 Production and stockpiles

2.1 Production

futonium is produced in nuclear reactors

when U I8 irradiated  with neutrons,
Plutonium 239 is ftormed and subsequent
neutron capture gives ““Pu, 'Pu, *Pu and
*Pu. Plutenium 239 and *"'Pu are referred to
as the fissile isotopes because they are the
only ones that are fissionable by thermal
NEULrons.

The isotopic content of plutonium in spent fuel
can be controtled by the fuet burnup —the extent
to which uranium fuel elements are irradiated
with neutrons in the reactor, Fuel bumup is
measured in megawatt-days per tonne of

urgnium  fuel  (MWd/t), Weapons  grade
pluteniuem. which is produced from very lightly
irradiated fuel. has very high concentrutions of
“Pu, anl is defined as containing less than 7%
*Pu (Table 1}). Civil nuclear power reactors
operale ol higher burn-ups in order to maximize
the energy outpul from a given amount of fissile
materiad. This leads to a lower fraction of Py
and more of the heavier isotopes *™Pu, **Pu and
“Pu.

2.2 UK stocks of separated plutonium

Current stocks of separated civit UK phitoninm
amount 1o 535 t and most ol this originates
from the Magnox reactor programme (Table 2).
The fissile content of the civil plutonium varies
accerding 1o the burn-up in the nuclear power
reactor. Reacters do not always operate at the
typical values given in Table 1 and irradiated
tuel with up 1o 83% fissile content has been
dispatched from UK civil nuclear power
reactors (DTE 1987-1997). The higher [ssile
content makes this phitonium more suitable for
fabrication into nuclear weapons.

Most of the civil plutonium stocks are held at
Sellafield. Spent fuel from overseas is also held
at Sellafield prior to reprocessing in THORP,
but this plutonivm will be returned to the
country of origin and represents a separate issug
from the UK stockpile of separated plutonium.

The UKAEA holds a further 4 1 ol plutonium in
various forms ut their sites. Stocks of plutonium
in irrndiated fuel at reactor sites on 31 March
1997 were:

Fable 1, Isotopic concentrations {(in %z ) of weapons-grade and reactor-grade plutonium (Pu), at given burnups
Sources: Albright, Berkowt & Walker (19973 i OECD (1989).
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Table 2: Stocks of plutonium hetd by BNFL at 31 March 1997 under internationad safeguards (units are

t rounded to the nearest 0.5t)° Source: DTI

Magnox 251
AGR 10t
PWR 051

DTI annually published piutonium figures state
that the civil stockpile of separated plutonium
increased by 2.4 tin the year 1996-97.

Magnox Elcctric estimates that 78 t of
separated plutonium witt have been generated
by the end of the Magnex programme,
assuming a 37-year average lfetime for the
plant. Under this assumption the last Magnox
station (Wyifay will close in 2006 and bl the
irradiated fuel will be transferred 10 Scllafield
by 2009. British Energy owns virtually no
separated plutontum at present but estimtes
that 25 ¢ will be created by reprocessing of
AGR fuel by 2010, Fhus the total UK stockpile
of separated plutonium is predicted to reach
over 1001 by 20107

2.3 Global stocks of plutonium

At presenl, the global total quantity  of
plutenium, in alf forms, is about 1239 1 (Tuble
3). Of this total, approximately two-thirds is
contained in stored spent fuel from civil power
reactors. The OECD Nuclear Energy Agency
(NEA) estimates that 5¢ t of plutonium are
generated world-wide every year in spent fuel
Most ol this will be generated in North
Americe, Western and Eastern Evrope and Asia.
Soemc countries, such as Japun. are producing
spent Tuek with the intention of reprocessing o
separate plutonium. The increasing numbers of
countries  producing plutonium is  placing

growing demands on the safeguards and
inspection regimes.

In 1995 the amount of civil plutonium in the
separated form, kept in stores, was 140 1. Two
industrial  factors  currently  control  the
transformation of separated  plutonium in
reactors: MOX fuel fabrication capacity and the
number of reactors ticensed to nuse MOX fuels.
These parameters will control supply and
demand for MOX in the coming years, Since the
current capagcity of MOX (ucl fabrication plants
for thermal reactors is fimited, the world
inventory of separated civil plutonium continues
o increase. In 1995 the stock of separated
plutonium ingreased by some 14t (22 t waus
separaled by reprocessing of which 8 t was used
as MOX in LWRs anl fast reactor development
progranumes),

The Intermational Atomic Encrgy Agency
(IAEA) cstimates that the separated and stored
plutenium inventory will continue to increuse
up to about 174 t by 1999 and will then decrease
slowly for several years as new MOX plants
come on ling, falling to about 130 t by 2008._and
will thereafter increase slowly, reaching about
150 ¢ by 201(h These predictions assume
continuation of the existing constraints hat
spent fuct must be disposed of in the country of
origin,

I is worth noting that by 2010 the predicted UK
slockpile of separated ¢ivit pltonium kept in
stores wilk account for ubout two-thirds of the
predicted global separated plutonium inventory.

‘Datn are not publicly available that distingoish between plutonium from UK sources held by BNFL and

plutonium held on behulf of overseas customers.

“The 37-year assumed life of the plant is a notional wverige figure used for planning purposes. 1t is possible that
the actual life of the Magnox stutions will be longer in which case plutonium will continue to be produced from
Magnox stations, as well as AGRs and Sizewell B, afier 2010.
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Table 3: Present and predicted stocks of plutonium globally (units are t)

Source: TAEA Key [ssue Paper 5 in EARA (1997)

2.4 Military plutonium

The stock of militury geade plutenium in the
UK has never been revealed but the best
estimate based on assumed operation of the
Calder Hall and Chapel Cross reactors and the
Windscale piles is between 3t and 1§ 1 |is
unlikely that this will increase in the futere
since production has now stopped and is not
likely to re-start.

Worlil-wide, seme 230t of militlary plutonium
are hebd, about a fifth of the 1otal plutonium
inventory, The fargest quantity, nearly 150 ¢, is
in the FSU. Most of the remainder is in the USA
(about 100 £) with France and China prebably
holding less than 10 1t cach. {Albright er af.
1497).

Following agreements between the USA and the
FSU to dismantle surplus nuclear weapons, the
USA has declared 30 t of weapons grade
plutonium  as  excess 1o ils military
requirements. The FSU has also declared thar it
has an excess of plutanium but has nol yet stated
a precise quantity. The UK, France and China
have not declared an excess of plutoniuny over
their military requirements.

Reduction of the quantity of excess weapons
plutonium is gencrally viewed as a higher
priority  than  plutonium  produced by
reprocessing  from  civil  avclear  power
generation becawse of its greater potentiad as a
seeurity risk.

3 Risks surrounding the
stockpile

wo particular sources of concern should be
bomne in mind when considering the UK
stockpile of separated plutonium:

® Plutonium is one of the most radiologically
toxic materiads known.

¢ Plutonium is capabie of causing a fissife
chain explosion and is thus potentially a
target for theft by makers of illicit
auclear weapons,

3.1 The radiotoxicity of plutonium

Through the combination of its propertics in
emitting alpha particles and in concentrating in
¢ particalarly  radiosensitive  tissue —the
periosteum’ —plutonium is potentialiy onc of
the most radiotoxic ol materials. However, only
some ten parts per million ol uny ingested
plutonium oxide will be taken up into the body
vin the blood. Whilst uplake following
inhalation can be considerably greater thaa this,
such uptake only oceurs for a rather Himited
runge ot size of dust particle. Thus, where it has
been possible to anintin appropriste control of
air quadity, as in most industrizl operations,
human exposure to this potentiad radiation
hazaed lus been quite limited.

There are few data on possible links between
pathology and exposure to plutonium in
humans. but those from workers at the US

*Periosteum - Connective tssue surrounding the bone,
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Hanford plant are the most usetul. Even from
these data, there s ne significant evidence for
radiation-induced monality in the 26 subjects
who were studied over periods of up to 42 years,

Administration of suflicicntly high doses of
plutonivm to animals leads 1o gross tissue
damage, with conseguent clinical manifestations
including shortening of life. Therelore, on the
basis of laboratery data. the Internationad
Commissior on Radiological Protection (ICRP)
has drawn up protection guidelines for mulistion
workers, in terms of ‘annval Hmits on intake” and
“derived air concentrations”.

Under nermal  operational  conditions  the
production and bandling ot plutonium does not
lcad to unacceptable heaith hazards 1o workers ar
the general population, under currently defined
stndards, However, strict precautions against the
possibility of accidents that could canse exposure,
particularly via inhalation, must be enforced at all
stages  of  plutonium  handling under UK
regulations.

3.2 Plutonivm in the enviromment

The maost significant enviconmental expostre
plutonium in the UK, as & result of plutonium
separation, is thut for the local population arising
from discharges from the reprocessing plants at
Seliafichd and, to a fesser extent, at Dounreay.
Discharges to the sir consist of caseous and some
volutile fission products and fine dust particles.
Dilute washing liguids from: the chemical
processes are discharged 1o the sea. The
radioactive content of liguid discharges are up to
a thousamd times greater than in discharges to air.
Soluble radienuclides, such as caesium. are
dispersed in the sea and bave been found in Jow
concentrations  throughout the Irish Sea and
beyond, Plutentwm and other actinides are
converted to insoluble forms which precipitate out
or deposit on suspended solid material.

Discharges from Sellafield have been much
reduced since the early 1970s by the introduction
of new practices in eflluent treatment and of new
waste treatment  plants. BNFL report  that
reprocessing of speat tuel resulted inthe dischurge
to the Irish Seas of 0.27 wmbecquerel (TBy) of
“totl alpha’ activity and 140 TBq of “total beta”
activity from Sellatield in 1996. A substantial purt
of this would be duc to reprocessing UK civil
spent fuel. These discharges are below the levels
authorised by Ministry of Agricuiture, Fisheries

Management of separated plutoniom -

and Food (MAFT) und Her Mujesty’s Inspectomte
of Pollution (HMIP, now the Environment
Ageney). His possible that lower limits will be set
in the lulure.

Extensive surveys of radistion doses along and
near the Cumbrian coast have been carried out by
MAFF and BNFL. Radition deoses 1o people
have deereased as the discharges have decreased.
For purposes of radiological protection, criticak
groups are defined whose exposure is fiable o be
above average because of their location, Hiestyle
or diet. In 1994, the critical groups included
people around Seascale who ate locat fish and
shellfish (1.1 milliSicvert, mSv), boat-dwellers in
Whitehaven harbour (108 mSyv) and infunts who
lived locally and obtained all their milk and other
food tfrom local Garms (0.07 mSyv), These doses
are well below the limit sctin 1995 for the overall
exposure to the general public, which was 1 mSv
per annum. Fhe average radiation dose due to
discharges to the population around Scliaficld was
0,025 mSyv in 1989 and is expeeted to decling i
the present emission standards are maintaingd.

More than 90% of the phitonium discharged is
incorporated inte sediments close to the point of
release, This accumulation of insoluble platoninom
compounds is slow to disperse and could be
deposited on salt marshes or sea-washed pastures,
or dispersed through the incursion of murine
scdiment during storms. It is unlikely that anyone
will receive a radiation dose greater than [ mSv/a
from this source. but the monitoring of the coastal
regions will have to be continued.

3.3 Proliferation risk

It has already been noted that weopons-grade
plutonium contains high concentrations of *'Pu,
and less than 76 **Pu. In contragt, reactor grade
plutorium contains high concentrations ol “*Pu
and ““Pu, The eritical mass ol tissile plutonium
(*"Pu and “"Pu} needed 10 sustain 2 chain reaction
in regctor grade plutonium may be an order of
magnitude 2reater than for weapons-grade
plutonivm. The reliability and yvields of weapons
constructed from reactor grade plutonium might
also be reduced. However. an experienced
weapons designer could have confidence in a
weapens bused on  reactor  erade
plutonium with 83% Qissile content, Reactor
erade plotonium, of known isotopic composition,
must therefore be regarded as a plausible wrget
for determinced terrorist eroups or states wishing
to make nucleur weapons,
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The stockpile of separated civil plutonium at
Scllafield poses & grester sccurity threat than
would spent fuel. which consists of vranium with
around 15 plutonivm and 3% highly radioactive
fission products, The weight af the fuel and its
ratiation shiclding provides a major obstucle to
clandestine removal, in addition to the sceurity
arriangements for sterage. [ spent fuel werce to be
stolen or diverted. the plutonium would have to be
recovered by chemical processing carried out by
remote handling techniques. In contrast, the
phitonium oxide recovered by reprocessing s
stored in units smull enough to handle (ca 10kg)
with low rudiation al the surface of the can.

3.4 Safeguards and ani-profiferation measures

The surcst anti-proliferation measure is 10 stop
reprocessing spent luel and to reduce the quantity
of separated plutonium in store. However, given
that reprocessing is taking phice in the UK,
safeguards must operate during both storage and
TCPTOCessing,

The safety of all nuclear sites in the UK is
assessed by the Nuclear Instailations Inspectorale
(NI}, which since 1975 has been part of the
Health and Safety Exccutive (HSE). A nuclear
site may operate only if it has been grunted a
licence by the HSE following approval by NI1.

The safeguards and anti-proliferation systems
governing  plutonium  management  are
administered internationally by the International
Atomic Energy Agency (FAEA) and regionally by
the  European  Atomic  Energy Community
(Euratom). Both IAEA and Euratom inspectors
and facilities are instalied ay Sellaficld and at the
other UK civil auclear instalfations.

As the large throughput. highly automated
reprocessing plants, MOX fabrication plants and
storage fucilitics have been buailt at Sellafield.,
safeguards and transparency  measures have
continued  to  develop.  These  safeguurds
arrangements  have  been  developed in an
‘excellent spirit of co-operation between BNFL
and Eurntom™ (Kaiser er af, 1996),

Salety features of Setlalield MOX plants include
etlective shickling and high levels of automation.
Plants itre designed 10 be sate againgt inadvertemt
criticality. Transpitrency measures aim (o reduce
the uncertainty in the quantities of plutonium
present in the planis. Such uncemaintics could
olherwise allow iflegal diversion of substances to

o undeteeted.  Sophisticted  near-real-time
accountancy, and systems to reduce process hold
up. are complemented by « strong system ol
physical security and surveillance by 1AEA and
Euratom.

Separated phutonium stocks are held in custom-
built stores that arc strictly appraised and
approved for xafety, sceurity, material controt and
accountancy  (und  amticipated  safeguards
arrapgements) at an carly design stage, These
security arrangements age stringent and under
continnous  review.  However, so long as
plutonium separation facilities are operated., and o
plutonium store is maintained. there remains

a risk of plutonium thett.

4 Management options for
separated civil plutonium

everal management options are availuble to

deal with the separated plutonium sckpile.
Each option is tikely to become avaifable over
difterent timescales so that during the first hait of
the next century. different options will become
mere or less appropriate at different times.

4.1 Storage

There appears 10 be no fundamental technical
reason to chunge Irom the current practice of
storing separated plulonivm. Plutonium stores are
designed to be safe for 50 years and it is passible
that this coutd be extended. The method is well
proven and cconomic. und facilities are already in
place. sothis is & pragmatic immediate selution for
plutonium that has already been separated. This
policy does not prevent any other option being
taken up in the future.

However, the FSU and the USA intend to
reduce their cxcess military plutenium to the
spent fuel standard”, It would therefore be
inconsistent with an emerging international
consensus o aliow a stockpile of separated civil
plutontum  to  accumulate indelinitely.
Furthermore. although stores  have been
designed to contain the civil plutonium for long
periods. they are only secure so ong ax the
elaborate security systems and surveillance are
maintained. This requires political will and
stability. Thus the stockpile can be viewed as a
strategic and enviconmental risk, as well as an
open-ended legacy for future gencrations.
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Given the size and expected growth ol the
stockpile. storage will necessarily form part of
any management policy in the near future.
Safeguards and non-proliferation measures
should remain under continuous review.

4.2 Utilization as MOX in current reactors

4.2.1 Current experience

Phutonium oxide cun be mixed with uranium
oxide to form MOX Tucl for use in the present
oeneration ol thermal reactors. Such vse of civil
MOX fuel in thermal reactors would reduce the
amount of scparated plutenium in store and
convert it to # Torm consistent with the spent
fuel stundurd. but would not eliminate it as long
as "YU iy the main component of the reactor
core, This s beeause, as with uranium fuels,
hurning of MOX fuels in thermal resctors
acnerates some plutonivm from conversion of
13, Plutonium is also consumed by fission and
some undergees further transmutation into
higher  actinides. The balance  between
geoncration and consumption depends upon the
isotopic composition of the plutonium, the
traction ol the core loaded with MOX fuel and
the burnup of the fuel. To dite. lowding with
MOX has mostly been himited to 30% of the
core charge, with fuel burnup of around 33 000
MWdit, because the characteristics  of
plutonivm fission reduce the efficiency ol
control rods designed for conventional uranium
fuel. Under these conditions  plutonium
praduction and consumption are balanced. in
contrast 1o a net production of about 200 kg Pu
per annum for the standard ueanivm cyele inan
1000 MW PWR,

This option is well proven technically, with
experience of fouding MOX fuel inlo a thermal
reaclor dating back to 1963 (BR-3 reaclor.
Belgium).  Large-seale use  commenced  in
Germany in 1981 and the govermment-owned
French utility started to reeycle plutonism in
thermal reactors i 19835,

The plutonivm content of spent MOX luel will
be greater than that of U enriched spemt luel.
and there will be a continuing requirement tor
tucilitics o dispose of the high level waste and
speat fuel. Repeated reeyeling could lower the
fissile content but significant technical issues
are encountered in attempting this procedure.
notably the increased proportion ol higher
actinides.

Management of separated plutonium

The economics of MOX reeyeling in thermal
reactors are controversial, Reprocessing of spent
luel solely 1w produce plutonium for recyeling as
MOX is not cconomic. But piven that
reprocessing has been carricd out and the
plutonium is available, then the extra cost of
fabricating MOX fuel {as compured with enriched
vranium fuel} might be justificd in view of the
savings in uranium and enrichment costs. Today
MOX fuel fubrication costs are higher than for
conventional uranium  fuels because ol the
shiclding  required.  but  increased MOX
utifization, und the ussociated economies of scale,
should reduce these additional fabrication costs.

A safety case Tor the use of MOX fuels in UK
reictors would have to consider the risks that
coufd arise during transport and storage of the
fucls, and during operation of the reactors, The NII
would have to consider what variations to site
Heenees would be reguired. The use of MOX in
plice of U will raise the level of sceurity
necessary ot reactor sites where fresh fuel is stored.
Fresh MOX {uel could be a wreet for illegal
diversion since the platonium could be recovered
relatively casily, particulatly as the levels of
penetrating radiation wilk be less than those from
spent fuel. However, these problems have been
successlully overcone in other countrics.

4.2.2 MOX utilizarion in the UK

At present no UK reactors are licensed Tor burning
MOX. Sizewell B, the LWR operuted by British
Enerey. could milize MOX fuct. Since the balance
between plutonium consumption and generation
depends on the isotopic composition of the
plutonium. the fraction of the core loaded with
MOX tuel and the burnup of the fuel, it is difticult
accurately 1o estimate the possible rate of
wransformation of separated platonium Lo the spent
fuel standard. Estimates range between 0.5 1007t
of separated plutonium per annum, This means
that Sizewell B would need to run o standard
MOX fuel cyele for 35-50 years to transform the
25 1 of separated plutoniun: which British Energy
expects 10 generate by 2010, although this
timeseale conld be shortened by non-standard fucl
cyeles giving lower burnup to MOX el

While there do not appear to be uny
insurmountable technical difftculties with loading
MOX into AGRs. doing so would present &
numbker ol practical difliculties such as operator
duse and modilication 1o the stations' [uel routes.
The salely case for a new Tuel would need 1o be




established and station output might be adversely
alfected. However. it is estimated that a single
AGR could teansform 04-1.2 t per annum of
separated plutonivm depending on the fraction of
the core that couid be loaded with MOX and the
plutoniuvm content in the MOX fucl. The
cconomics of burning MOX in AGRs will be less
favourable than tn LWRs because MOX
fabrication costs per unit of clectricat energy
output are greater,

Magnox reactors have metadtic fuel and
incorporation of plutonium jnto them would
present formidable technical and  licensing
difficultics which would not be worthwhile
pursuing for a reactor system of such limited
remaining life.

IFa new UK LWR reactor designed for burning
MOX Tuel was 10 be built, it could conven
I.2-2.1 t plutonium per annum to the spent fucl
stundard.

4.2.3 Utitisarien of UK MOX fuel in overscas
regaetors

Even if these options were brought into use in the
UK. a substantial plutonivm stockpile would
remain. UK plutonium could also be “leased” or
sold to overseas wtilities as MOX fuel. World-
wide, 34 LWR reactors are currently licensed for

30% MOX core loading, but only abowt half of

them are currently being used in this mode. The
MOX would be under international safeguards
and under Article 4 of the Non-Proliferation
Treaty it would be subject to end-use restrictions,
meaning that it could not be used (or the
development or production of nuclear weapons.
The USA is generally opposed to a *plutonium
economy” and so may not be willing 1o take part
in such ransactions. However, France, Germany,
Belgium and Switzerland all have reactors
ticensed for MOX, with spare capacity. Belgium
in particular has reactors licensed for burning
MOX, but has a moratorium on MOX production
in plice and so spare capacity for burning MOX
would appeir to exist.

An slternative option based on thermal reactors is
to recycle plutonivm in CANBU (Canadian
Deuterium-Uranium  Reactor)y type  reactors,
mastly availuble in Canada. CANDU reuctors
have a higher rate of consumption of phuitonium
than  other  thermal  reaclors, se overall
consumplion of plutonium, recovered uranium
and the minor actinides is possible. It is ostimated

that recycling MOX from reprocessed LWR fuel
in a CANDU reactor could consume the minor
actinide content from three to four LWR reactors
in a year. A disadvantage of using CANDUS is
that they require significantly lower levels of
enrichment and therefore correspondingly greater
MOX fabrication capucity.

Thie overseas market for MOX fuel manugaciured
from UK reactor plutonium appears Emited for the
foresecable future because of the desire by atker
states 1o use their own separated stocks and of the
preference to comsume weapons erade plutonium
from the US and FSU. This means that an
ceonomic agreement woutd necd 0 be reached
between the UK and the recipient country. Further
agreements would need (o determing, for example.
which country gets the benefit of the energy gained
and which country deals with the spent fuel created.

4.3 Disposal

It could be possible to dispose of separated
plutonium, after suitable pre-treatment, by mixing
it with highly radioactive waste and cither
converting the mixture into glass by the
vitrification  process  or  immobilizing  the
plutonium in ceramic pellets, This process does
not extract usetul encrgy tfrom the plutonium and
does not destroy it, but renders it relatively
inaceessible. The product coudd be disposed of in
geelogical structures. Such 1cchnologies exist for
immaobilization of high level wastes (HLW) but
different equipment  designs and  materials
formulations wil} be required becavse of chemical
differences between plutonium and high level
waste. which may alleet the stability of the gliss
or ceramic  matrix,  More  research  and
development would be reguired to understang
how the technology could be adupted 1o
plutonium. This procedure is currently  being
considered in the USA alongside the MOX route
for disposal ol military stocks of plutonium.

While preliminury work has started on the needs
for geolegical disposal of HLW and spent Tuel,
no work has yet been done on direct disposat of
separited plutonium. In addition to the techaical
uncertainties, geofogicnl disposal calis for a new
approach to safeguards. A major quantity of
plutoniun: would be underground and require
long-term safeguards maintenance. It is not
clear how the financial and legal srrungements
for such permanent supervision can  be
established. A disadvantage ot disposai is the
wiste of a potentiad fuel resource.
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4.4 Limiting further growth of the separated
plutonium stockpile

It is possible 1 limit funher growth of the
stockpile of scpurated pluteniuny by stopping
reprocessing and instead making arfingements to
dispose of the spent foel from nuclear reactors
directly. This 1s known as the once-through cycle.
The plutonium is protected from illicit actions Tor
muny tens or even hundreds of years by the high
wmaount of radicactivity, due to fission products in
the spernt Tuel.

At present the UK does nol have disposad
[acilities for HLW or spent Tucl. although the
Depanmient of the Environment, Transporl and
Regions has begun to look inte the criteria tor
repositories of these substances. This means that
the spent fuel would need o be stored for some
time pending the development of @ repository.

In the case of AGR reactors, storage of spemnt
fuel for long perieds s technically possible.
However, existing spent Tuel storage facilities
would not be adequate to handle all the AGR
fuel  withoul reprocessing.  Licences and
planning permission would be reguired to build
new storuge fucilitics on AGR sites,

Storuge  of  Magoox  spent  fuel  pending
developiment of a repository poses more problems:
Mugnox fuel rods cannot be wet stored for long
periods becouse the cladding on them comrodes
under water. Therefore fuel for direet disposal
would need to be dred and put inte store while a
disposal site was developed, No dry stores exist
although Magrox  Electric does  have some
experience in the dry storage of Magnox fucl at ils
Wylfu Power statton. The spent fuel can be made
suitable for swrage and ultimate disposal by
axidizing the [vet prior o disposal, This lcchnology
has been developed in France but & number ol
technical probleas remain. A potential altemalive
is to ganvert spent fuel into urinium and a wasle
stream  containing  the plutonium and  fission
proclucts. This process has the advantage of nol
sepaniting the plutonium, and gives rise 1o wiste in
a form suitable for disposal. The technology has
already been developed for the Integral Fast
Reuctor metal tuel in the USA, but it is at an carly
stige of development and has not yet been proven
for magnesim and alumicium clad fuels,

Given the technicat and economic difficultics
described, ind the shont time left before the
Magnox programme is due to end, it seems
untikely that it will be possible to reduce

Management of separated plutonium

significantly the predicted production rates ol
Muagnox separated pluloninm without closing
Muagnox reactors carlier than 18 planned. There are
currently no phins to reprocess spent fuet from
Sizewell B which is stored on site. This spent fuel
could be disposed of in the sume way as AGR
spent Tuel in a deep repository,

The ence-through cyele has been adopted by
several countries including the USA. Sweden.
Finland and Canada. [Internationally controversy
remains over whether it bus lower costs and
proliteration risks than reprocessing and reeyeling
spent fuel. A study performed by the OECD
Nuclear Energy Agency (1994) concluded that
the monctary cost differences between the
reprocessing option and the direct disposal oplion
are uncertain (direct disposal being about 1%
cheaper in power generation costs).

4.5 Alternative fuels and reactor designs

Conversion of separated plutonium to the speat
fuct stunclard by use as MOX fuel, or disposal,
cunnot be regarded a8 optimum  ong-term
salutions as the plutoniun: remains for future
gencrations. A long-lerm strategy should ¢lose the
fuc! cycle. In the fong-term it is likely that
plutoniun: could be used in alternative fucl cycles
or in different reactor configurations to provide
cnergy  more  cfficiently while simplilying
ultimale disposal arrangements. As with the use
of MOX fuel in current reactors, the use of
plutonium fuels will raise the level of sceurity
required at reactor sites.

4.5.1 Alterative fiels

In order to go beyond the spent fuel standard,
and climinate the plutonium, matrices other
than vranium for the burning of plutonivm are
required. This avoids the production of
plutonium whicl takes place by newtron capture
in lertile matrices. Fuel matrices for plutoninm
that do not contain uranium which have been
tested include spinel, silicon carbide and thoria.
The use of new fuels in existing types of reactor,
such ax CANDU or possibly PWR, might be
casier than designing and proving new Lypes of
reactor. However, tests of fuel performance as
well as safety analyses and studies of waste
disposai would be required.

4.5.2 Fast nettron reqoiors

The most developed of the “advanced reactor




designs’ is the fiquid-metal cooled Iast neutron
reactor. This would provide 2 much moere cffective
wity of buming plutonivm. while minimizing the
production of minor actinides. Fast reactors can be
used 1 a tdestructive mode’. meaning plutonium
is burned up almost completely. The design of the
planned European Fast Reactor coutd burmn up to
70 kg Pu per werrawatt hour of clectricity (TWhy,

4,53 CANDU

In addition to once-through MOX fuel eycles.,
CANDU reactors can in principle be adapted to
CANDU-LWR tandem cyefes using partially
reprocessed LWR fuel as a direet source of fissile
matterial for CANDU reactors. This process should
be able to extract funther cnergy Irom the fuel
withont the need for conventional reprocessing, bul
waould require expensive re-canning of fuel und is
principally of interest 10 South Korea, which has
both reactor types. The process is known as DUPIC
{Dircct Use of spent PWR {fucl In CANDE) and
can reduce the total quantity of spent fuel produced
by « fuctor of about three.

L34 High temperature, gas-cooled reactors
(HTGRs)

The heliuny cooled HTGR, when fuelied with
weapons-grade plutontum, can climinate 806
of the initial charge of plutonium 239 with «
high plant efficicney and inherent salety,
However, western countries opted out of HTGR
several decades age and the only current
development work is in the FSU and Chini.
There is some international participation in
Russian studies on this topic.

4.5.5 Accelerator-driven reactors

Virious proposals have been made to eliminae
plutoniuny and other actinides in an armngement
of fuel and cootant thut is driven by neutrons
produced by a powerful proton accelerator. The
tucl/coolnt arrangement is designed to be sub-
eritical (thus not requiring conventionust control
rods). but weuld be so close to criticality that the
substantial neutron multiplication leads w0 the
possibility of clectric power generation (encray
amplification). Studies initiated by CERN employ
a st reactor-like core in which plutonivm and
olher actinides may be transmuted, Other studics
suggest that reactors using slow  (thermal)
neutrons wounld have significant advantages. Such
systenis need a great deal of lurther development
w confirm wehnicak, salety, proliteration and

ceonomic aspects but they might be important in
the future.

5 Recommendations

1. The current stock of civil separated plutonium
in the UK is about 54 1and is foreeast to rise 1o
over OO U by 2010, There is a growing
international consensus that o large stockpile
of separated plutonivm may pose a significant
environmental and security {proliferation) risk.

We recommend that the Government
reviews the strategy and options for
stabilizing and then reducing the stockpile.

2. Safeguarded storage represents the only short
term (ca. 43 yearsy option tor dealing with the
separated civit plutonium. In the medium term
{2010-2015) the opportunities Tor stabitizing
and reducing the stockpife include:

e Once-through cyele

e Reeyehing ax MON Tuel in current
reactors in the UK,

o Usc in a new LWR, designed for MOX
burning, built in the UK.

e Burning UK MOX fuel in overseas
reactors.

The need for a repository for HEW and spent

fuel will remain alongside cach of these

options.

Options for the medium- to long-term (2015 and
bevond) include:

o Disposal of separated plutonium  in
geological structures.

o Use in an advanced reactor whose Tuel
¢yele coutd eliminate plulorivm,

We reconumend that all these options be
subjected to independent review with
comprehensive terms of reference.

315 advanced reactors or fuel eveles are 1o
remain as o long-term element in UK eneray
policy. we recommend the maintenance of
research and development capabilities that
will allow the evaluation of competing
systems  and  support  international
collaboration on those likely to be of
henefit to the UK,
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Glossary

Actinide

A group name for the serfes of elements of atomic
nuistber 39 {actinium} 1o 103 (lawrencium). Uranium
and Thorivm cecur naturally in the Earth™s crust, bt
plutonium andd Lhe other higher sctinides we produced
by irmdiation. The wrm "minor actinide’ denotes
certain actinides other than plutonium.

Beeguerel

SIunit of radioactivity, one Beequerel is the activity of
aquantity of mdioxclive material in which one nueleus
deciys per sceond.

Burnup

The total energy released per unil muss of nuelear fuel,
commonly expressed as MWl or GWdi.

Criticality

State when a chuin reaction in fissile materinds is self-
sustaining and therefone does nol require an external
NERron source.

Critical moss

The minimum mass required 1o sustain o chain
reaction, The exact muss varies with many Lnctors such
as the particolar isotope present, ity concentruion and
chemica! form.

Enrichiment

Ruising the proportion of 71 fissile nuelei in reactor
fuel above that For naluml urinium,

Fission

The physical process whereby ihe nucleus of a heavy
atom is sphrinto two nuclei with masses of equat orler
of magnitede whose tolad mass is less than that of the
original nuclens,

Isotopes

Nuclides having the same stomic number bt ifferent
nass immbers.

Moderator
A component (usually water, heavy water, or graphite)

of some types of nuclear reactor that slows neutrons,
therchy increasing their chances of fissioning fertile
mutteriad.

Non-Profiferation Treaty

Multilnteral agreement to prevent the spread of
nuclear weapons signed by over 140 nations, The
reaty requires non-nuclear states not to develop,
manufaclure or acyuire nuclear weapons and to
accept Tull TAEA safeguards on all of their nuclear
futilities. In wrn, the nuclear weapons stiies agree to
share “the applications of nuclear energy for pracefud
purposes” with non-nuclear weapans signatorics on a
‘nos-diseriminatory basis® and to negotiate in good
faith an end to the arms race and toward nuclear
disarmament.

Reprocessing

The clemical and mechanical processes applied to
fuel elements discharged from a nuclear reactor in
orler to remove fission products and recover
phutonium, uranium and other valeable material.
Sievert (8v)

A measure of the biological effect of radiation. ki
expresses an amounl of radiation that may have been
received over any period of time. The measure tikes
into secount differences in the rudiobiological
cifectiveness ol different types of radintion, to
ascertain the total biologically effective dose.

Spent Fuel

Nuclear Fuel removed from a reactor following
irtadiation. The fuel elements are removed trom the
reaclor when they contain teo little fissile and fertile
material and too high a concentration of unwanted
radlivactive by-products to sustain reactor operation.
Spent Fuel Standard

Piutonium which is roughly as inuceessible lor
weapons use as that in spent el from commercial
CICiors,

Acronyms

AGR Advanced Gas-cooled Reactor LWR Light water reactor
BNFL British Nuelear Fuels ple MaFF Mintstry of Agriculture, Fisheries
CAaNDU Canadian Deuterium-Uranium and Food

reactor: @ type of heavy water reaclor MOX Mixed Oxide (uranium dioxide and
DTl Department of Trude wnd lndustry plotenium diexide) fuel.
DUPIC Direct Use of spent PWR Fucl mSv Millisievert

In CANDU MWdnt Meguwatt-days per tonne of
EURATOM  European Atomic Bnergy urinium fuel

Community NEA OECD Nuclear Energy Ageney
FSu Former Soviet Union NI Nuclear Installations Inspectorate
HLW High Level Waste NRPB National Radiological Protection
HAHP Her Mujesty's Inspectorate of Board

Pollution PWR Pressurised Waler Reactor
HSE Health and Safety Execulive SALS Royut Society Scientific Aspects of
HTGR High Temperature, Gas-cooled [nternational Security Group

Reactor t Tonnes
[AEA [nternational Atomic Energy Avency TBy Terabeequerel
ICRP Intermational Commission on THORP Thermal Oxide Reprocessing Plant

Rudiological Protection UKAEA UK Atomic Energy Authority
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