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The International Panel on Fissile Materials (IPFM) was founded in January 2006. It
is an independent group of arms-control and nonproliferation experts from eighteen
countries, including both nuclear weapon and non-nuclear weapon states.
The mission of the IPFM is to analyze the technical basis for practical and achievable
policy initiatives to secure, consolidate, and reduce stockpiles of highly enriched uranium and plutonium. These fissile materials are the key ingredients in nuclear weapons,
and their control is critical to nuclear disarmament, halting the proliferation of nuclear
weapons, and ensuring that terrorists do not acquire nuclear weapons.
Both military and civilian stocks of fissile materials have to be addressed. The nuclear
weapon states still have enough fissile materials in their weapon and naval fuel stockpiles for tens of thousands of nuclear weapons. On the civilian side, enough plutonium
has been separated to make a similarly large number of weapons. Highly enriched
uranium is used in civilian reactor fuel in more than one hundred locations. The total
amount used for this purpose is sufficient to make hundreds of Hiroshima-type bombs,
a design potentially within the capabilities of terrorist groups.
The panel is co-chaired by Alexander Glaser and Zia Mian of Princeton University and
Tatsujiro Suzuki of Nagasaki University, Japan. Its 29 members include nuclear experts
from Brazil, Canada, China, France, Germany, India, Iran, Japan, South Korea, Mexico,
the Netherlands, Norway, Pakistan, Russia, South Africa, Sweden, the United Kingdom,
and the United States. Short biographies of the panel members can be found on the
IPFM website, www.fissilematerials.org.
IPFM research and reports are shared with international organizations, national governments and nongovernmental groups. The reports are available on the IPFM website
and through the IPFM blog, www.fissilematerials.org/blog.
Princeton University’s Program on Science and Global Security provides administrative
and research support for the IPFM.
IPFM is supported by grants to Princeton University from the John D. and Catherine T.
MacArthur Foundation of Chicago and the Carnegie Corporation of New York.
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Summary
One dangerous legacy of the Cold War is about 220 tons of weapon-grade plutonium,
95 percent of it owned by Russia and United States. The U.S. and Russia have drastically downsized their nuclear arsenals since the end of the Cold War and much of this
plutonium has become excess.
In 1994, the U.S. Department of Energy declared excess about half its stock of weapongrade plutonium, 38 tons – later increased to about 50 tons including non-weapongrade plutonium. That same year, a high-level committee, organized under the auspices
of the U.S. National Academy of Sciences, declared stored separated plutonium “a clear
and present danger” because of the potential for theft and urged that disposal not be
delayed.
In 2000, Russia and the United States agreed to each dispose 34 tons of excess weapongrade plutonium – mostly in uranium-plutonium mixed oxide (MOX) fuel to be used in
light water reactors (LWRs). To encourage Russia to join in this effort, the United States
offered to pay most of Russia’s costs. Disposal was to begin by the end of 2007.
The schedules of the MOX fuel programs slipped, however, and their projected costs
grew. The United States decided that it could not continue to increase its funding commitment to Russia’s program and, in 2010, accepted Russia’s preference to use its excess
weapons plutonium to fuel Russia’s demonstration plutonium-breeder reactors. Unfortunately, Russia plans to separate and recycle this plutonium after it has been irradiated. The danger of plutonium theft in Russia therefore will not be reduced.
The projected cost of the U.S. MOX program has continued to grow rapidly – more than
ten-fold to date. In 2013, the Obama Administration declared that it “may be unaffordable” and decided to search for alternative less costly approaches.
In parallel, a problem of excess separated civilian plutonium has developed in France,
Japan, Russia and the UK. All launched spent fuel “reprocessing” (plutonium separation) programs in the 1960s and 1970s – originally to provide startup plutonium for
a new generation of breeder reactors that would produce more plutonium than they
consumed. Civilian plutonium is not “weapon-grade”, but it is weapon-useable and
therefore constitutes as much a “clear and present danger” as does excess weapons
plutonium.
By the end of 2013, the global stock of separated civilian plutonium had grown to 260
tons – enough to make more than 30,000 Nagasaki-type nuclear bombs. But the commercialization of breeder reactors had faded into the uncertain future.
Starting in 1987, France’s COGEMA (now AREVA) therefore began to fabricate its own
and its foreign reprocessing customers’ separated civilian plutonium into MOX fuel for
use in the LWRs that had produced it. The UK too built a MOX fuel plant for its foreign
customers, but abandoned it in 2011 because of irremediable design defects. Japan is
building a MOX fuel plant fabrication plant whose completion has been long delayed.
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Leaving aside the huge costs of plutonium separation from spent fuel, the cost of fabricating it into MOX fuel is more than the value of the low-enriched uranium fuel that
it displaces – about twenty times more in the case of the United States. The use of plutonium in MOX fuel must therefore be regarded as a waste-disposal program and there
is every reason to ask whether alternative approaches could achieve as good a result at
less cost.
It is also important to understand that fabricating plutonium into MOX fuel and irradiating it does not eliminate it. Some is fissioned but spent LWR MOX fuel contains
75 percent as much plutonium as fresh MOX fuel. Repeated recycle to further reduce
the plutonium is not practical because the changing isotopic composition of the plutonium makes it increasingly difficult to fission in LWRs.
The alternative to disposal of separated plutonium in reactor fuel is processing it into a
stable form and deep burial.
In the United States, the Department of Energy’s Plutonium Disposition Working
Group concluded in 2014 that the lowest-cost option would be disposal in DOE’s New
Mexico Waste Isolation Pilot Plant (WIPP), a repository in a 650-meter-deep salt bed in
New Mexico where plutonium-contaminated waste from the U.S. nuclear-weapons program already is being buried. Whether or not it will be politically possible to expand
WIPP’s mission to accommodate all U.S. excess plutonium remains to be seen.
The U.S. plutonium disposal plan originally had a second track in which plutonium
was to be embedded in the high level radioactive waste being immobilized in glass at
the DOE’s Savannah River Site in South Carolina. DOE’s Plutonium Disposition Working Group believes it is now too late to resurrect this option, but it may not be for at
least a significant portion of the U.S. excess plutonium. Another option that the DOE
has under development for some of its other radioactive waste is boreholes several kilometers deep. Finally, it might be possible to include some immobilized plutonium in
the spent fuel containers in which spent power reactor fuel is to be disposed deep underground. Two or more these strategies might be combined depending upon the time
windows during which they could be implemented.
Alternatives to MOX for plutonium disposal are being debated most openly in the United States, but the future of the MOX programs in France and Japan are very uncertain.
Local safety concerns delayed Japan’s MOX program for a decade before the Fukushima
accident. France’s MOX program is the focus of a struggle between the national utility,
Électricité de France, which wants to reduce costs, and AREVA, which operates France’s
plutonium recycle complex. Also, the reactors France uses to irradiate its MOX fuel are
growing old and AREVA is storing a growing stock of unusable MOX fuel.
Whatever the method of plutonium disposal, it is critical to the future of verified nuclear disarmament that plutonium disposal in the nuclear-weapon states be verified by the
International Atomic Energy Agency (IAEA) as it already must be in the non-weapon
states.
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Introduction
The global stock of separated plutonium has increased continually since the beginning
of the Cold War. With the end of the Cold War, the United States, Russia, UK, France
and China all ended their production of plutonium for weapons and the United States
and Russia have made deep cuts in their nuclear weapon stockpiles and have declared
excess 40 percent of their combined stock of weapon-grade plutonium (Figure 1).
Beginning in the 1960s and 1970s, separation of plutonium from spent power-reactor
fuel for civilian purposes began on a large scale in France, Russia and the UK.1 Figure
1 shows that the global stock of civilian plutonium has continued to grow during the
past two decades despite an agreement in 1997 by countries with civilian reprocessing
programs on the need to balance plutonium separation with use.2
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Figure 1 Growth of the global stockpile of separated plutonium and growth and decline of the global
stockpile of operational nuclear warheads from 1945 to the end of 2013. The stock of military plutonium has
plateaued because the Russian and U.S. disposal programs have been delayed. The civilian stock continues to
grow because the rate of plutonium separation from spent power reactor fuel greatly exceeds the use of
plutonium in fresh fuel. To put the estimated size of the global stock of active nuclear warheads on the same
scale, the warheads were assumed to have contained an average of 3 kilograms of plutonium each. That
appears to be an overestimate for U.S. warheads in the 1960s. Sources. Military plutonium: IPFM, Global
Fissile Material Report 2010, Balancing the Books: Production and Stocks and Global Fissile Material
Report 2013. Civilian plutonium: David Albright, Frans Berkhout and Willliam Walker, Plutonium and Highly
Enriched Uranium 1996 (Oxford University Press, 1997) through 1996 and Global Fissile Material Report
2013, Appendix 1.3 thereafter. Nuclear warheads: Hans Kristensen and Robert Norris, “Global nuclear weapons inventories, 1945 – 2013” Bulletin of the Atomic Scientists Vol. 69, No. 5 (2013) pp. 75 – 81.

The world therefore has a huge stock of excess plutonium. Given that civilian plutonium is weapon-useable,3 this excess – sufficient for about 100,000 nuclear warheads4
– is a major challenge to global security.
Thus far, all the countries with excess weapon plutonium and/or separated civilian
plutonium either are using or plan to use this plutonium in reactor fuel. Those plans
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have suffered long delays and large cost increases. This report reviews the histories of
these programs and considers alternative direct disposal options.
Table 1 shows the global stock of separated plutonium by country, broken down into
four categories: in weapons or in associated reserves, weapons plutonium declared excess, civilian, and “other” for plutonium whose origin or purpose requires additional
explanation.
Stocks of unirradiated plutonium (metric tons)
Countries

In weapons or
reserves

Declared excess
for weapons 5

United States

38.3

43.4

Russia

88 *

34

United Kingdom

Civilian
–
50

Other 6
6.6
~6

3.2

0.3

99.6

4.1

France

6*

0

60.2

–

China

1.8 *

0

India

0.54 *

0

~ 0.5

Israel, Pakistan, North Korea

1.0 *

0

0

Japan

0

0

47.1

Other non-weapon states
Totals

0.014

–
~ 4.7
–

7

0

0

5

138.8

77.7

262.4

–
–
21.4

Table 1 Global stocks of separated plutonium as of the end of 2013. Sources: Global Fissile Material
Report 2013 (indicated by *) and national declarations to the IAEA in annual INFCIRC/549 updates.

The original purpose for launching civilian plutonium separation on a large scale in
the 1970s was to provide startup fuel for sodium-cooled plutonium breeder reactors.
Programs intended to commercialize breeder reactors were abandoned in the 1980s and
1990s in France, Germany, Japan, the UK and the United States, and have been delayed
for decades in India and Russia. Currently Russia plans to use its 34 tons of excess weapons plutonium as well as its 50 tons of separated civilian plutonium to fuel its two prototype breeder reactors, the BN-600, which has been operating since 1980, and the new
BN-800 (~800 MWe).8 India intends to use virtually all of its separated reactor-grade
plutonium (shown as “other” in Table 1) to start up its 500-MWe Prototype Fast Breeder
Reactor.
After the abandonment of their breeder reactor commercialization programs, France
and Japan decided to continue to separate plutonium from the spent fuel of their LWRs
and use it in mixed-oxide (MOX) uranium-plutonium fuel as a supplementary fuel for
those same LWRs. However, France has used only about two thirds of the light water
reactor plutonium it has separated from its own spent fuel starting in 1976. As a result,
it has a large and growing stockpile of separated civilian plutonium. Japan has only
used about 5 percent of the plutonium that it has separated at home and abroad.
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The UK, which has not had a plutonium disposition plan since its breeder reactor program was abandoned 1994, is only just now considering how to dispose of its huge
stock of separated civilian plutonium – the world’s largest. It has offered to dispose of
as well over 20 tons of plutonium that it has separated for Japan and other countries.
The original plan was to fabricate their plutonium into MOX fuel and send it back to
them, but the Sellafield MOX Plant was a technical failure and was shut down in 2011.
In 2010, the United States committed in its Plutonium Management and Disposition
Agreement with Russia to dispose of in MOX fuel all the 34 tons of weapon-grade plutonium covered by that agreement.9 By the end of 2014, the U.S. Department of Energy
(DOE) had spent about $5 billion on the construction of a MOX fuel fabrication plant,
four times the amount originally estimated, but the plant was less than half complete.
Furthermore projected annual operating costs after completion had climbed to about
$0.7 billion per year.10 In 2013, therefore, the Obama Administration decided that the
MOX plutonium disposal route “may be unaffordable” and launched a review of alternative plutonium disposal options.11 Later in this report, these options are examined.
This should be of interest to other countries with struggling MOX programs.
In the remainder of this introduction, we review the fading rationales for the separation of civilian plutonium and lay out some basic principles that should govern
national policies for plutonium disposal, whether of civilian or military origin. Subsequent chapters examine the status of the plutonium disposal programs of France,
Japan, the UK and the US; alternative approaches to the direct disposal of plutonium
underground; and the need for IAEA monitoring of the weapon-state as well as the
non-weapon state plutonium disposal programs.

Fading rationales for the separation of civilian plutonium
The IPFM has written reports on the history of breeder reactor programs; on spent fuel
management programs worldwide; and on the reprocessing programs of France, Japan,
the UK, and the U.S. reprocessing program proposed by the G.W. Bush Administration;
and will publish in 2015 a new review of the global situation with regard to reprocessing. For these reports, the reader is referred to the IPFM website, wwwfissilematerials.
org. What follows is an overview.
There has been a succession of three major rationales for separating plutonium from
spent power reactor fuel:
• To provide startup plutonium for breeder reactors;
• To provide supplementary MOX fuel for LWRs; and
• Spent fuel management.
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Plutonium breeder reactors. The separation of civilian plutonium was originally undertaken in the belief that high-grade deposits of uranium were scarce and that much
more uranium-efficient reactors would soon be required. Liquid-sodium-cooled fastneutron plutonium breeder reactors would be much more uranium efficient because
their ultimate fuel would be U-238 (99.3% of natural uranium) rather than the only
naturally occurring chain-reacting isotope U-235 (0.7%). They would be fueled by reactor-produced chain-reacting plutonium while producing more plutonium than they
consumed by transmutation of U-238 12.
In 1975, it was projected that 200 GWe of breeder reactor capacity would have to be built
by the year 2000 – mostly during the 1990s – at an average rate equivalent to about 20
1,000-Megawatt (MWe) reactors per year.13 About 9 tons of startup plutonium would
be required for each 1,000-MWe reactor. This would provide for the initial cores and
for a first half-core refueling until reprocessing of the breeder core and its surrounding uranium “blanket” could begin to provide additional plutonium.14 Spent fuel from
conventional LWRs contains about one percent plutonium. About 18,000 tons of LWR
fuel – the amount that would be discharged in the spent fuel from nine hundred 1,000MWe reactors, more than twice today’s global nuclear capacity – would have had to be
reprocessed annually to provide the startup plutonium for the new breeder capacity.
Breeder reactors were not commercialized, however, because of their poor economics.
The capital cost of sodium-cooled reactors has always exceeded that of water-cooled
reactors by a substantial margin and capital cost dominates the overall cost of nuclear
power. Because sodium burns on contact with air or water, sodium-cooled reactors
are also accident-prone and difficult to maintain, which reduces their availability and
further increases the cost per kilowatt-hour (kWh) generated. The reprocessing of spent
fuel and fabrication of fuel containing plutonium also are very costly. It would require
very large increases in uranium prices to offset all these extra costs.
During the past fifty years, the price of natural uranium in constant dollars has gone
up and down due to temporary imbalances between supply and demand. The trend has
not been upward, however (Figure 2). Also, at $100/kg, the cost of uranium contributes
only 0.2 cents/kWh – about 2% of the cost of power from a new water-cooled reactor.15
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Figure 2 Average uranium prices paid by U.S. nuclear utilities during 1965 – 2013, in constant dollars. The
value shown for 2014 is the spot-market price. Sources: For 1965 and 1968 – 1971, Statistical Abstract of the
United States 1975, Table 905; for 1975 and 1980, Statistical Abstract of the United States 1991, Table 981;
for 1981 – 1993 from the U.S. Energy Information Agency’s (US EIA’s) Annual Energy Review (2012), Table
9.3; 1994 – 2012 from US EIA Uranium Marketing Annual Report (2012); and, for 2014 spot price, Nuclear
Intelligence Weekly, 4 July 2014. GDP inflators from U.S. Bureau of Economic Analysis.

According to Uranium 2014, published jointly by the IAEA and the OECD Nuclear
Energy Agency
“If estimates of current rates of uranium consumption in power
reactors are used, the identified resource base would be sufficient
for over 150 years of reactor supply. Exploitation of the entire
conventional resource base would increase this to well over 300
years.”  16
This resource base is expected to increase rapidly with increasing price.17
During the 1980s and 1990s, the US, Germany, UK, and France all abandoned their
efforts to commercialize breeder reactors.18 Russia and India continued. Russia brought
a new 800-MWe prototype breeder reactor to criticality in 201419 and India hopes to
bring its 500-MWe prototype to criticality in 2015.20
China has a small 20-MWe experimental fast-neutron reactor (CEFR) that it connected
briefly to the grid in 2011. The CEFR only generated the equivalent of one hour of fullpower output, and was not operated again until three years later when it operated for
three days.21 There is currently great uncertainty about the future of China’s breederdevelopment program.

8 Alternatives to MOX

Use in LWR MOX fuel. Plutonium use in LWRs has been found to be much more costly than
the value of the relatively small fraction – about one eighth – of low-enriched uranium
fuel it saves. As will be detailed in the chapter on the French and Japanese reprocessing
programs, those countries have found it politically difficult to cancel their reprocessing
programs.
Spent fuel management. Reprocessing advocates insist that it dramatically reduces the volume and longevity of the radioactive waste that must be placed into a deep repository.
The simplest version of the argument is that uranium oxide constitutes about 95% of
the mass of LWR spent fuel but, if separated, would not require deep disposal.
This argument is misleading for at least three reasons:

1. The mass of the radioactive waste from reprocessing is increased several-fold when
it is immobilized in glass for disposal. Furthermore, new radioactive waste streams
that also require deep burial are created during reprocessing and MOX fuel fabrication. When these facts are taken into account, reprocessing and plutonium use in
LWR MOX fuel do not significantly reduce the volume of the radioactive waste that
requires deep burial.22

2. Radioactive waste volume does not determine the volume or area of a repository.
In Sweden’s repository design, which has been adopted by Finland and most other
countries that are seriously planning repositories, the canister containing the spent
fuel or solidified reprocessing waste is surrounded by bentonite clay that has to be
kept below boiling temperature to retain its water-blocking properties. This limits
the amount of heat-generating waste that can be put in a canister and requires spacing between canisters so that they will not significantly increase the temperatures of
each other’s bentonite overpacks. Calculations for Finland’s repository find that an
area of about 100 square meters will be required per ton of spent fuel – much larger
than would be dictated by volume considerations.23 The total decay heat generated
by the radioactive waste therefore determines the area of a repository. The combined
heat of the reprocessing waste and spent MOX fuel produced as a result of recycling
plutonium is no less than that of the original low-enriched uranium spent fuel that
would be disposed directly in the absence of reprocessing.24

3. When a spent fuel assembly is cut up, it releases into the atmosphere some of the
radioactive gases in the fuel – notably krypton-85 (11-year half-life) and carbon-14
(5,700-year half-life). The UN Scientific Committee on the Effects of Atomic Radiation estimated that the releases of carbon-14 to the atmosphere from reprocessing
through 1997 will result in an additional global population dose of 58,000 personSievert over the next 10,000 years.25 This is a tiny increment relative to the expected
doses due to natural and medical radiation over that period but, on that scale, the
doses from repository leakage that it is claimed reprocessing could reduce would be
similarly insignificant.
With regard to the drastic reduction of the lifetime and hence the hazard of radioactive
waste that is claimed to be a benefit by reprocessing advocates, this cannot be achieved
by a single passage of plutonium in MOX through an LWR. Repeated use of plutonium
in LWR MOX fuel to reduce the plutonium further becomes increasingly difficult, because some of the long-lived isotopes of plutonium and the heavier transuranic ele-
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ments into which plutonium is converted in MOX cannot be effectively fissioned by
the slow neutrons of water-cooled reactors.
This provides a new argument for costly fast-neutron reactors,26 but simulations of leakage from Sweden’s spent fuel repository find that plutonium and other long-lived transuranic elements do not dominate the long-term hazard from buried spent fuel. This is
because the transuranics are relatively insoluble in deep ground water and they do not
travel with it to the surface. As a result, they do not dominate the dose to the surface
population.27
In 2013, France’s nuclear safety regulator, Autorité de Sûreté Nucléaire (ASN), arrived at
a similar conclusion for France’s repository
“transmutation of minor actinides should not significantly alter
the radiological impact of deep geological disposal as it is mainly
due to fission and activation [products] …  Therefore, ASN considers that the expected gains in safety, radiation protection and
waste management from the transmutation of actinides [plutonium and other transuranics] to be minor.”  28
The lead advisor on radioactive waste management to Japan’s Ministry of Economics,
Trade and Industry (METI) recently announced a similar conclusion
“If our aim isn’t to utilize resources [i.e. extract further energy
out of the uranium and plutonium in spent fuel], then it would
be better to dispose of the waste [spent fuel] directly without reprocessing it.”  29

Principles for Plutonium Disposal
Separated plutonium, military or civilian, can be used to make nuclear weapons. This
is why spent fuel reprocessing has been so controversial– especially since India demonstrated in 1974 that a “peaceful” reprocessing program can be used as the basis for
a nuclear-weapon program.30 In recent years, concerns about the possibility of nuclear
terrorism by sub-national groups have been added to those about national proliferation. It would not be easy for a subnational group to make a nuclear bomb with plutonium, but it also would not be impossible.31 Also, if dispersed into the air in an
urban area, a few kilograms of plutonium oxide, the chemical form in which separated
civilian plutonium is stored, could cause mass panic and hundreds of deaths over the
lifetimes of the exposed population.32
This is why separated plutonium must be securely stored. The 1994 U.S. National Academy of Sciences (NAS) study on plutonium disposition options called for a “stored
weapons standard,” i.e. that the security arrangements for separated plutonium during
storage and processing should be as strong as those for nuclear weapons.33
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The NAS study group also recommended that, after disposal, the plutonium should
be no more accessible than plutonium in spent fuel, i.e. a “spent-fuel standard.”34 In
spent LWR fuel, the plutonium is both dilute (about 1 percent by weight) and mixed
with fission products that generate a gamma field around a fuel assembly that is greater
than 1 Sv/hr at a distance of a meter for about a century. Such a gamma field offers
a significant degree of protection.35 Disposal in MOX fuel would meet the spent-fuel
standard. So would mixing the excess plutonium with reprocessing waste from which
it had been separated. The spent fuel standard might also be met if the plutonium were
immobilized and emplaced in a borehole kilometers deep.
Because of their linkage, there were two additional requirements for the U.S. and Russian plutonium-disposal programs:

1. That the programs are acceptable to the other country. In 2000, Russia would only
accept a U.S. disposal program that involved the irradiation of most of the plutonium
to convert its isotopic mix from weapon-grade to non-weapon-grade – even though
non-weapon-grade plutonium is still weapon-usable.36 Russia’s position on this matter forced the U.S. to adopt MOX as its disposal method for at least 25 of the 34 tons
of plutonium covered by their agreement.

2. The two countries also agreed that each party had the right to verify the other’s
plutonium disposal, as bilateral nuclear arms limitation and reduction agreements
between the two countries have traditionally been verified. But they also agreed that
their plutonium reduction agreement would be taken more seriously by other countries as a step toward nuclear disarmament if the verification were carried out by the
IAEA, which monitors nuclear materials in the non-weapon states. Their plutonium
disposition agreement therefore commits that
“Each Party, in cooperation with the other Party, shall begin consultations with the International Atomic Energy Agency (IAEA) at
an early date and undertake all other necessary steps to conclude
appropriate agreements with the IAEA to allow it to implement
verification measures with respect to each Party’s disposition program.”  37
As of the end of 2014, Russian and the U.S. had not yet agreed with the IAEA on how
their plutonium disposition would be verified, including on how long spent fuel containing irradiated disposed plutonium would be subject to IAEA safeguards.
Russia’s plan to continue to separate plutonium and reuse it indefinitely defeats one of
the purposes in negotiating the Plutonium Management and Disposition Agreement,
which was to reduce the risk of theft of separated plutonium by subnational groups.38
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France and Japan
Despite the indefinite postponement of their breeder reactor programs, the governments of France and Japan have maintained their commitments to spent-fuel reprocessing and have decided to dispose of the resulting separated plutonium in MOX fuel
for light water power reactors (LWRs).
In France, the reprocessing of spent low-enriched uranium fuel and use of the recovered plutonium in MOX fuel has been working relatively well – technically if not economically. Disposal of separated plutonium in MOX also has worked relatively well for
France’s European reprocessing customers, Belgium, Germany and Switzerland. These
customers, which did not renew their reprocessing contracts, had, as of the end of 2013,
almost succeeded in disposing of all the plutonium AREVA had separated for them.39
In Japan, plutonium use has largely failed thus far. Japan’s ¥2.2 trillion40 (~$22 billion)
domestic Rokkasho Reprocessing Plant (RRP) has been delayed for almost two decades
with operation currently projected for March 2016.41 Japan already has about 50 tons
of separated plutonium, however. Some was separated in Japan by its pilot Tokai reprocessing plant, which operated from 1977 till 2006,42 and during the “hot testing” of the
RRP in 2006 – 2008. Most, however, was separated in Europe: in the UK by the reprocessing of 2,683 tons of Japanese spent LWR fuel and 1,510 tons of Japanese gas-cooled
reactor fuel in the Sellafield reprocessing complex; and in France by the reprocessing of
2,945 tons of Japanese LWR fuel in the La Hague UP3 reprocessing complex.43
The plutonium in France and the UK was supposed to be returned to Japan in the form
of MOX fuel from both countries starting in 1999, but the UK’s Demonstration MOX
Plant was shut down after a scandal over fabricated quality-control measurement results and its Sellafield MOX fuel fabrication plant was abandoned in 2011 after having
produced on average only about one percent of its design output for a decade. Between
1999 and 2014, France sent Japan in MOX fuel containing 4.4 tons of Japanese plutonium separated in France, but Japan has managed to irradiate only 1.9 tons – delayed by
public safety concerns at the regional level and, since 2011, by the temporary shutdown
of all of its nuclear power plants following the Fukushima accident.
Below, we discuss the uncertain futures of the French and Japanese national MOX
programs.

France
France is implementing its MOX fuel program relatively smoothly, annually separating about ten tons of plutonium from its spent LWR fuel and using most of it in MOX
fuel in a subset of those reactors. Supply has outpaced use, however. Since 1996, when
France started publicly reporting, its stock of unirradiated civilian plutonium has increased by an average of 1.5 tons per year and, as of the end of 2013, stood at about 60
tons (Figure 3). There are multiple reasons for this growth, including a growing stock
of unusable MOX fuel. More specific information about this situation is given in the
chapter, Direct disposal options.
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Figure 3 Growth of France’s stock of unirradiated civilian plutonium due to the growth of its stock of
unusable fabricated MOX fuel. The amount of French plutonium not fabricated into MOX has stayed at about
30 tons. The growth of France’s stock has been offset by the decline of foreign-customer-owned separated
plutonium in France. Almost all the remainder belongs to Japan. Source: IAEA, Communication Received
from France Concerning its Policies Regarding the Management of Plutonium, INFCIRC / 549 / Add5 / 18,
2014 and previous annual reports.

The cost of France’s MOX fuel program far exceeds the value of the resulting savings
in low-enriched uranium fuel. France’s national utility, Électricité de France (EDF) has
been pressing AREVA to bring the cost down. Recently, a National Assembly Commission of Enquiry recommended that France’s Court of Auditors, its equivalent of the U.S.
Government Accountability Office, carry out a cost-benefit analysis of France’s MOX
fuel program.44
Another source of uncertainty regarding the future of France’s MOX program stems
from the fact that its twenty-four 900-MWe reactors licensed to use MOX fuel could
soon be retired. By 2028, all thirty-four of France’s 900-MWe reactors will have operated for 40 years.45
EDF would like to extend the operational lives of these reactors to 50 or even 60 years.
The head of the ASN, France’s nuclear safety regulatory agency, has warned, that clearance for an additional 10 or 20 years of operation “is not a given”.46 Also, after the
Fukushima accident, France’s Lower House voted (first reading) to reduce France’s dependence on nuclear power from 75 to 50 percent by 2025.47 If the oldest reactors were
shut down first, this would require the shutdown of most of the 900-MWe reactors.
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France’s newer 1300-MWe reactors could be modified to use MOX, but this would involve lengthy relicensing and possibly costly reactor modifications. EDF likely would
prefer on cost grounds to phase out plutonium separation and use instead. In 2013, it
provided ASN with a scenario showing that, if all France’s 900-MWe reactors were shut
down at age 40, reprocessing would need to stop in 2019 to ensure that all France’s
separated plutonium could be used in MOX before the last of the 900-MWe reactors
licensed for MOX use was shut down.48 In the UK, where EDF owns all but one of the
operating nuclear power reactors,49 the utility refused to renew its reprocessing contracts with the UK Nuclear Decommissioning Authority. Given the absence of any new
foreign orders, this will force the end of the UK’s reprocessing program when the current reprocessing contracts have been fulfilled (circa 2020).

Japan
Japan’s development of MOX fuel technology dates back 50 years.50 As of 31 March
2014, it had fabricated MOX fuel containing a total of 7 tons of plutonium at a succession of R&D facilities – mostly for its two shutdown experimental fast breeder reactors
and its decommissioned Fugen experimental heavy water reactor.51 About 1.6 tons of
this plutonium remains in unirradiated MOX fuel.52 For the future, as its breeder commercialization program is indefinitely postponed, Japan plans to follow France’s example and use its separated plutonium in MOX fuel for LWRs.
Thus far, Japan’s only large-scale source of LWR MOX fuel has been France’s Melox
plant, but Japan has under construction a MOX fuel fabrication facility (J-MOX) adjacent to the Rokkasho Reprocessing Plant (RPP). Like the reprocessing plant, J-MOX
has suffered repeated to delays and, as of late 2014, was scheduled for completion in
October 2017.53
The use of French MOX in Japan has encountered safety concerns and resistance at the
prefectural level and within the general public. The opposition was fueled initially by
the revelation that quality-control documentation had been falsified on the UK portion of the first shipment of MOX fuel from Europe to Japan in 1999. This led to the
return to the UK of this MOX fuel in 2002.54 The fuel had been produced at the MOX
Demonstration Facility in Sellafield, which was shut down in 2001. That same year, the
commercial-scale Sellafield MOX Plant was completed with a design production capacity of 120 tons per year. But, because of design defects, that plant was able to produce a
total of only 14 tons of MOX fuel for European reactors over the next ten years before
it too was abandoned in 2011.55 No further MOX fuel can be expected from the UK for
the foreseeable future.
France has shipped to Japan MOX fuel containing 4.4 tons of Japanese plutonium,
but permission from the governors of the host prefectures to load MOX was mostly
withheld. As a result, Japan’s MOX fuel usage plans have been delayed by more than a
decade.
In 1997, Japan’s nuclear utilities committed to be using MOX fuel in 16 to 18 nuclear
power reactors by 2010.56 Specific reactor-by-reactor plans published by Japan’s Federa-
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tion of Electric Power Companies (FEPCo) translated this into a plan to be annually
loading MOX fuel containing about 9 tons of plutonium.57 By the time of the Fukushima accident in March 2011, the utilities had succeeded in irradiating in four reactors
MOX fuel containing only 1.9 tons of the Japanese plutonium separated and fabricated
into MOX fuel in France.58 Japan’s total stockpile of unirradiated plutonium is 50 tons
and will grow further if the RPP is brought into operation (Figure 4).
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Figure 4 Growth of Japan’s stock of unirradiated plutonium. Dashed line: The projected growth, if the
Rokkasho Reprocessing Plant begins operations in the spring of 2016 at one-third capacity for three years
and thereafter at design capacity (8 tons per year) and Japan’s plutonium use in MOX continues to be delayed.
Lower line: Japan’s cumulative use of plutonium in LWR MOX. Sources: Past growth of Japan’s stockpile of
separated plutonium from its annual declarations to the IAEA under the Plutonium Management Guidelines.
Quantities of plutonium loaded in MOX into Japan’s LWRs from Japan Atomic Energy Commission, “The
Current Situation of Plutonium Management in Japan” (in Japanese) 16 September 2014.

As of the end of February 2015, all of Japan’s nuclear power reactors were still shut
down pending decisions on their restart, first by Japan’s new Nuclear Regulation Authority, and then by the host prefectures and local governments. A survey of expert
opinion by Reuters published in April 2014 concluded that, of Japan’s forty-eight remaining nuclear power reactors, “14 will probably restart at some point, a further 17
are uncertain and 17 will probably never be switched back on.” 59 Nevertheless, as of
mid-February 2015, the website of the Federation of Electric Power Companies of Japan
(FEPCo) continued to declare that “Japan’s electric power companies aim to utilize
MOX fuel in 16 to 18 nuclear reactors by fiscal 2015 at the latest.” 60 Japan’s fiscal year
2015 begins on 1 April 2015 and ends on 31 March 2016.
As of the end of 2013, Japan had 3.6 tons of separated plutonium stored at the RRP
awaiting the completion of the Rokkasho J-MOX plant. Nevertheless, the plan of Japan
Nuclear Fuel Limited, which is building and will operate both plants, was to start up
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RRP as soon as it received its safety license. As of the end of 2014, this was projected for
March 2016.61 Japan also still had in France and the UK respectively 16.3 and 20 tons of
plutonium awaiting contracts to be fabricated into MOX fuel and returned to Japan.62
Since the UK’s 2011 decision to scrap the Sellafield MOX plant, the UK has had no ability to implement MOX contracts and has offered to take title of Japan’s plutonium and
dispose of it with its own, conditioned on Japan’s willingness to pay enough to make
such an arrangement commercially attractive. As of the end of 2014, Japan had not accepted this offer. The idea that Japan would pay another country to take its plutonium
conflicts with the position of Japan’s government that its separated plutonium is an
asset.
Since Japan has no near-term use for more separated plutonium, the claimed reason
for launching operations at its reprocessing plant is to create space in the almost-full
3,000-ton RRP intake pool to receive additional shipments of spent fuel from nuclear
power plants around Japan.63 Also, Aomori Prefecture, which hosts the RRP, has stated
that it will not allow storage of spent fuel in the completed 3,000-ton-capacity Mutsu
dry-cask spent-fuel storage facility, which it also hosts, until the RRP begins commercial operations. With the recent rescheduling of the planned opening of the RRP from
October 2014 to March 2016, the planned opening of the Mutsu storage facility was
postponed from March 2015 to October 2016.64
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The United Kingdom
The UK is seeking a long-term management strategy for a stockpile of separated civilian
plutonium that is expected to amount to about 140 tons by the time reprocessing ends
in the UK (Figure 5).65 This includes more than 20 tons of foreign (mostly Japanese)owned plutonium that the UK has offered to take ownership of “subject to conclusion
of acceptable commercial arrangements.” 66
Separated
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Figure 5 Growth of the UK’s stock of separated civilian plutonium since the UK began to report these
numbers for publication by the IAEA. Sources. IAEA, Communication Received from the United Kingdom
of Great Britain and Northern Ireland Concerning its Policies Regarding the Management of Plutonium,
INFCIRC / 549 / Add8 / 17, 15 August 2014 and previous annual reports.

The UK has had no plan for its own separated plutonium since the demise of its breeder
reactor program in 1994. The plan for managing its foreign plutonium was to fabricate
it into MOX fuel and return it to the countries from which it had come, but this plan
became inoperative in 2011 when the Sellafield MOX plant, which was specifically
built to deal with foreign plutonium, was abandoned after producing only one percent
of its design output over a decade.67 This plant could not, in any case, be used to dispose of the UK’s own separated plutonium because the UK has only one LWR owned by
Électricité de France, which has made clear that it is not interested in using MOX fuel.
The current de facto UK policy for its separated plutonium is therefore secure storage at
its Sellafield reprocessing site (Figure 6).

Storage for future use
The history of the development of the UK’s thinking about its plutonium-disposal options since the end of its breeder reactor development program is long and meandering.
British Nuclear Fuel Limited (BNFL), a government-owned company, was responsible
for this problem until 2005. As of 1998, its plan was to store the UK’s separated plutonium “for future use in thermal [slow] or fast[-neutron] reactors.” 68 The first challenge
to this passive view came that same year from a study sponsored by the Royal Society,
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the UK’s national academy of science, perhaps stimulated by the U.S. National Academy of Sciences’ 1994 study on the U.S. excess weapons plutonium problem.69 The
1998 report of the Royal Society study declared it to be “disturbing” that there was no
strategy under development for dealing with the UK’s civil plutonium stock70 and urged
the Government to consider both MOX, and immobilization and burial.

Figure 6 UK Sellafield
Product and Residue Store,
which became operational in
2011. Cans of plutonium are
stored in separate lockers to
protect against criticality
accidents. Source: Sellafield
Ltd.

The following year, BNFL established a Plutonium Working Group within its Stakeholder Dialogues to “develop and recommend principles for BNFL’s management and
reduction of separated plutonium stocks.” 71 The Working Group report, published in
2002, suggested that MOX fuel could be used in the UK’s two newest advanced gascooled reactors (AGRs) plus its single LWR, the French-owned Sizewell B. It also urged
serious work on a range of immobilization options. These included using the
Sellafield MOX Plant, which had been completed in 2001, to produce “low-spec MOX”
after it finished its commercial contracts to fabricate MOX fuel for the UK’s foreign
reprocessing customers.72 The low-spec MOX – perhaps just fuel pellets sealed in cans
– would be produced to looser specifications than required for actual fuel use and
would be disposed of directly in a deep repository. In parallel, two independent analysts produced the first UK estimates of the costs of the main disposal options and
concluded that low-spec MOX with direct disposal would have the lowest-cost.73

A preference for MOX
The UK Nuclear Decommissioning Authority (NDA) replaced BNFL in 2005. It began
addressing its plutonium disposal responsibility by commissioning a study by a group
of consultants – mostly ex-BNFL staff – on the “macro-economics” of future uranium
and plutonium management. Cost estimates were made for three options: indefinite
storage, disposal as waste, and use as fuel in fast breeder reactors. The consultants argued, without providing a reviewable basis, that the last option would yield a profit.74
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In 2007, the Royal Society returned to the subject with a new report that opposed any
further plutonium separation beyond existing contracts. It strongly advocated MOX as
“the optimal option” for disposing of both UK plutonium and foreign-owned plutonium stored in the UK but acknowledged that, unless new reactors were built, not all
of the stockpile could be disposed in MOX. It therefore proposed that the remainder
be stored as MOX pellets. In case of a terrorist attack on the storage facility, this would
reduce the danger of dispersal of plutonium powder in inhalable form and, in the long
term, the pellets could be disposed directly when a deep repository became available.75
In 2008, the NDA declared that indefinite storage of plutonium was unacceptable. It
also rejected the conclusion of its 2007 consultants’ study that disposal in MOX fuel
could yield a profit.76 The following year, it published the conclusions of a “credible
options” report on the alternatives available to manage UK separated plutonium. It did
not include the possibility of using MOX in UK reactors, because Électricité de France
(EDF), which was in the process of acquiring them, was opposed.77
The plutonium management options found to be least costly were indefinite storage
and “selling” – in practice, paying another country, presumably France – to take it.
Other options considered were mixing the plutonium into cement or molten glass,
immobilization in ceramic or glass via Hot Isostatic Pressing (HIP), fabrication into
low-spec MOX pellets using the existing Sellafield MOX Plant or a new facility, and
production of MOX fuel for Canadian heavy-water reactors or European LWRs. All cost
data were redacted in the published report, however. Only a summary graph showing
the relative costs of the options was shown.78
When NDA published a revised version of its Credible Options report in 2010, it added
back the option of using MOX in future UK-based LWRs.79 The NDA also revealed that
it had awarded “low value” contracts to the Atomic Energy of Canada Ltd and AREVA
to advise it on the MOX options.80 It reported that AREVA advised that, after cleanup,
up to 99.8 percent of the UK’s plutonium could be disposed in MOX81 and concluded
that MOX fuel use in UK-based LWRs had “very few disadvantages,” listing none.82

Considering alternatives
The first UK Government policy response came in a Department of Energy and Climate
Change (DECC) consultation paper in 2011 that put forward a “preliminary policy
view” in favor of MOX use, either in the UK or overseas, based primarily on the idea
that MOX represented “proven mature technology” and that all other disposal technologies were less mature.83 Although EDF had publicly stated its opposition to MOX use
in the UK, the UK Government was encouraging other foreign utilities to build LWRs
in the UK. DECC pointed out that just two large new LWRs operating with 40% MOX
fuel could irradiate the UK’s stock of separated plutonium in 60 years.84
With regard to immobilization, it was pointed out that, because of the surrounding
gamma field from the fission products it contains, spent MOX fuel provides a higher
degree of intrinsic security than unirradiated immobilized plutonium. DECC argued
that it therefore would be “unwise” to build an immobilization plant before a geological disposal facility was available, because new secure stores would have to be built for
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the immobilized product. This argument would appear to rule out any serious consideration of immobilization by the UK Government because the Government’s desired
timescale for a plutonium disposal program was 25 years (i.e. by around 2036) while
there is no realistic possibility of a repository being available in the UK before the 2040s
at the earliest.
In late 2011, DECC produced its response to the earlier 2011 consultation, confirming
its policy preference for MOX. A timeline was presented, suggesting that the “justification” required by the regulators, i.e. a proof that the benefits would outweigh the costs,
might be completed by the end of 2014, and that construction of a MOX fuel fabrication plant could then begin by 2019.85 DECC produced a flurry of documents in 2012
and 2013, setting out its conclusions and guidance to developers.86
New developments during 2013 delayed the policy-making process. In January 2014,
NDA produced a report describing these developments: 87

1. A delay in the launch of construction of the first of the hoped-for new generation of
LWRs in the UK, two 1,650-MWe EPRs to be built by AREVA and operated by EDF.
The European Commission (EC) was reviewing the high price guarantee being offered by the UK for the electric power that the reactors would generate. The EC’s
approval in October 201488 initially appeared likely to encourage other vendor-utility
combinations to move toward firm construction plans for additional LWRs but, in
early 2015, the Austrian Government announced that it would appeal the EC approval of “state aid” for the project to the European Court of Justice. If, as appears
likely, the Court hears the appeal, there will be a further delay of at least two years.89
If the project survives, there will be additional years before the NDA can negotiate
with the utility operators of proposed follow-on LWRs over their use of MOX fuel.90

2. Further analysis of the UK’s stock of plutonium had led to the conclusion that it
would only be cost effective to clean 85 – 90 percent for fabrication into MOX.91 Between 14 and 21 tons might therefore have to be immobilized.

3. Finally, Candu Energy and GE-Hitachi had offered other reactor options for irradiating the UK’s plutonium and the NDA had encouraged them to develop these ideas
into proposals.92 Candu Energy proposed building two 700-MWe CANDU-6 heavy
water reactor reactors and GE-Hitachi proposed to build two 311-MWe PRISM sodium-cooled fast-neutron reactors.93 GE-Hitachi claimed that the full inventory of UK
plutonium, including the 10 – 15% not suitable for LWR MOX, could be turned into
PRISM metal uranium-plutonium-zirconium alloy fuel.94
Both Candu Energy and GE-Hitachi proposed to build their reactors adjacent to the
Sellafield reprocessing site. Both argued that fabricating plutonium-uranium fuel for
their reactors would be less costly than fabricating MOX fuel for LWRs. This would make
it possible for them to finance the construction of their reactors in part with some of
the funds that the UK government might otherwise have paid to build an LWR MOX
fuel fabrication plant. Also, the extraordinarily high £8 billion ($7,760/kWe) estimated
capital cost (not including interest during construction) for each of AREVA’s 1.65 GWe
LWRs,95 which resulted in the high UK Government price guarantees for the power they
would generate, also created an unprecedented opportunity for the costly heavy water
and sodium-cooled reactors.
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NDA apparently regarded the CANDU-6 proposal as credible because: eleven units are
operating around the world; 96 the MOX fuel fabrication process would be similar to
that used for LWR MOX; and there were some possible equity investors. PRISM by
contrast is a “paper reactor,” i.e. it has never been built; and liquid-sodium-cooled fastneutron reactor systems have a troubled past and many safety issues that the UK safety
regulatory system has not confronted since the shutdown of the UK Prototype Fast
Reactor in 1994.
Also, irradiated PRISM fuel would raise what the NDA acknowledges as “unique challenges” to disposal.97 The fuel rods contain sodium to conduct heat from the fuel
“meat” to the rod cladding. This could make the spent fuel pyrophoric, i.e. capable of
igniting spontaneously on contact with water, and therefore unacceptable for disposal
underground. The U.S. decided that this was the case for the “sodium-bonded” spent
fuel from its Experimental Breeder Reactor II (EBR II, 20-MWe, 1963 – 94) on which the
PRISM design is based and, in 2006, launched a program to turn 3 tons of EBR II spent
fuel containing about 0.6 tons of plutonium into an acceptable waste form. The estimated cost of this program in 2006 was about $0.2 billion or $330 million per ton of plutonium.98 It would be ironic if the UK’s costly program to dispose of the legacy plutonium
from its reprocessing program required the reprocessing of the disposal form. NDA may
be interested, in encouraging Candu Energy and GE-Hitachi to compete with AREVA for
the UK plutonium disposal contract in order to drive the cost down.99
In the meantime, the UK National Nuclear Laboratory is setting up a plutonium immobilization process at the Sellafield reprocessing site where contaminated plutonium
oxide is to be immobilized in relatively insoluble crystals in a glass matrix. The process
to be used to turn the powder into this solid composite is “hot isostatic pressing” in
which the powder is simultaneously put under high pressure (1,000 atmospheres) and
high temperature (1,200 – 1,300 °C) for eight or nine hours.100
The cylinders of material produced by the process could each contain up to 10 weight
percent or about 2 kg of plutonium.101 Initially, only about 0.1 metric tons of plutonium
is to be immobilized in this way but, if the UK opts for MOX and 14 to 21 tons of its 140
tons of separated plutonium are too impure for MOX fuel, the process might be scaled up.
The neo-liberal climate of UK public decision-making and the absence of a commercial
technology vendor for an immobilization option has made it difficult for it to be considered seriously for disposing of all of the UK’s separated plutonium.
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United States
In 1994, given the drastic down-sizing of its Cold War nuclear arsenal, the U.S. declared 38.2 tons of its 85 tons of weapon-grade plutonium excess for nuclear weapon
purposes.102 It also declared excess the 7.5 tons of non-weapon-grade plutonium that
had been separated at the short-lived (1966  – 72) commercial West Valley Reprocessing
Plant in New York State and acquired from abroad before the U.S. abandoned both its
breeder and civilian reprocessing programs in 1983.103
Some of the excess weapon-grade plutonium was in dilute form in contaminated waste
from nuclear-weapon production. As of the end of 2009, 4.5 tons of this plutonium
had been disposed of in the Department of Energy’s (DOE’s) Waste Isolation Pilot Plant
(WIPP), a deep repository under New Mexico.104 This subtraction was more than offset,
by a declaration of an addition 9 tons of excess weapon-grade plutonium in 2007. The
U.S. therefore has a total of about 50 tons of excess separated plutonium.
DOE decided to consolidate all U.S. excess plutonium other than that in weapons “pits”
in the K-Area Materials Storage facility at its Savannah River site (Figure 7).105 More
than ten thousand excess plutonium-containing nuclear-weapon “pits” are stored in
bunkers at the DOE’s Pantex warhead assembly/disassembly plant in Amarillo, Texas
until facilities are ready to extract their plutonium.

Figure 7 Plutonium storage containers in the U.S. DOE’s Savannah River Site K-Area Material Storage
Facility where approximately 13 tons of U.S. excess plutonium are stored. Each storage container is about
0.9 meters high and 0.5 meters in diameter and contains up to 4.4 kilograms of plutonium. In addition to
protecting the small cans of plutonium within, the outer containers are large enough to prevent a fission
chain reaction involving the contents of neighboring cans.106 Source: H. Allen Gunter, Senior Technical
Advisor and Assistant Manager, Nuclear Material Stabilization Project, Savannah River Operations Office,
briefing to the Citizens Advisory Board Nuclear Materials Committee, 28 April 2009.
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Originally: A dual-track disposal strategy
In 1997, DOE decided to pursue in parallel two plutonium disposal tracks:107

1. MOX fuel for light water reactors (LWRs), and
2. Immobilization in the reprocessing waste being embedded in glass (vitrified) at the
DOE’s Savannah River and Hanford sites.
One reason for pursuing immobilization as well as MOX was because some of the plutonium being declared excess was not from warhead pits and was contaminated with
materials that would be costly to remove to make it usable in MOX fuel. In addition
“Pursuing both immobilization and MOX fuel fabrication… provides important insurance against uncertainties of implementing
either approach by itself.” 108
In 2000, the DOE therefore decided to build both a MOX fuel-fabrication facility and a
plutonium immobilization plant at the Savannah River Site. The plan was to fabricate
up to 33 tons of plutonium into MOX fuel and immobilize at least the 17 tons of impure plutonium included in the 50 tons.109
That same year, Russia and the U.S. signed a Plutonium Management and Disposition
Agreement in which they agreed to each eliminate in parallel 34 tons of excess weapongrade plutonium. The Russian negotiators opposed U.S. immobilization of any of the
34 tons of U.S. weapon-grade plutonium covered by the agreement, arguing that only
irradiation in a reactor would change the plutonium isotopic mix from weapon-grade
to non-weapon-grade. The compromise was that the U.S. would dispose at least 25.6 of
its 34 tons of plutonium via MOX.110 The DOE apparently planned to dispose of plutonium not covered by the agreement via immobilization.
The immobilization approach that DOE selected – “can-in-canister” – would have involved converting the plutonium into oxide that then would be mixed at a concentration of about 10 weight percent into ceramic “pucks” that would have been stacked
inside steel cans, 6 cm in diameter and 25 cm high, each of which would contain about
1 kg of plutonium. Twenty-eight of these cans would be placed on a framework inside a
three-meter-high canister that would be filled around the cans with molten high-level
waste glass.111 The resulting waste form was then to be stored at the Savannah River
Site with the other canisters of vitrified high-level waste being produced there until a
radioactive waste repository became available. Since each canister would contain about
28 kg of plutonium, about 1800 canisters of vitrified high-level waste would be required
to dispose of 50 tons of plutonium.
The purpose of embedding the plutonium in high-level waste glass was to create a
“self-protecting” gamma radiation barrier around the canister to satisfy the National
Academy of Sciences’ “spent fuel standard.” Almost all this radiation field would be associated with decays of the 30-year half-life fission product cesium-137.
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The decision to focus on MOX
In 2002, the Bush Administration decided that it would be less costly to have a singletrack plutonium disposal program and, given Russia’s insistence that the U.S. dispose of
most of the 34 tons covered by the Plutonium Management and Disposition Agreement
(PMDA) in MOX fuel, decided to dispose of all of it in that manner. The Department
of Energy informed the Congress that the net cost of building and operating the MOX
fuel fabrication plant during the disposition period would be $2.15 billion ($2.8 billion
in 2014 dollars). 112
The program to dispose of the 34 tons of excess weapons plutonium covered in the
agreement with Russia is the responsibility of the National Nuclear Security Administration within the Department of Energy. The disposal of the plutonium not covered
by the PMDA is the responsibility of the DOE’s Office of Environmental Management
(EM). The Bush Administration’s decision left the 17 tons of excess plutonium not covered by the PMDA without a well-defined disposal path.
In 2007, the Bush Administration announced that it would be possible to dispose of
four of the remaining 17 tons of excess plutonium in MOX. Two tons could be mixed
into the radioactive waste tanks at Savannah River before the waste was vitrified and
7 tons could be immobilized in glass for can-in-canister disposal with the Savannah
River Site’s high-level waste for an estimated cost of $0.8 billion.113 Four tons in the
metal fuel plates used in the Idaho National Laboratory’s Zero Power Physics Reactor
(ZPPR) were withdrawn for “future programmatic use” – a decision that was reversed
again in 2012.114
A study that was apparently a partial basis for this decision had concluded that 13 tons
could be disposed of via the can-in-canister route in six years starting in 2011. The cans
of vitrified plutonium would be produced in the K-Area facility on the Savannah River
Site where the non-pit plutonium was being stored.115
Despite almost annual changes in the plans between 2000 and 2013,116 no program to
deal with the non-pit plutonium was actually launched.117

MOX becomes “unaffordable”
By 2013, it was clear that both the schedule and the cost of the under-construction
MOX Fuel Fabrication Facility (MFFF) at the Savannah River Site were out of control.
When it released its proposed budget for fiscal year 2014, the Obama Administration
therefore announced “this current plutonium disposition approach may be unaffordable… due to cost growth and fiscal pressure.”118
The cost estimates by the prime contractor, Shaw AREVA (now CB&I-AREVA) MOX
Services had been increasing by leaps and bounds. Part of the increase was due to the
need to more than double the size of the MFFF to include an “aqueous polishing” area.
Aqueous polishing would involve dissolution and chemical processing of the plutonium to remove impurities that could degrade the MOX product and then conversion
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back to oxide. Additional causes for the cost increases included the need to redesign the
MOX fabrication portion of the plant to meet U.S. safety and security requirements,
the inability of suppliers to meet DOE’s nuclear quality standards, underestimates of
the salaries and overestimates of the productivity of nuclear-qualified personnel, and
their rapid turnover as they left to work on nuclear power plant construction projects
in the Southeast.119
By 2013, the prime contractor estimated the construction cost of the MFFF and the
associated Waste Solidification Building (WSB) at $8.3 billion and the operating cost
of the MFFF and WSB at “$0.64 billion per year for 15 years for a total cost of $18 billion to dispose of 34 tons of plutonium.120 This was a six-fold increase from the 2002
estimate in constant dollars. In 2015, a review done for the DOE by the Army Corp of
Engineers increased this total cost estimate by another 40% to $25 billion.121 This cost
estimate did not include the cost of decommissioning the plutonium-contaminated
MFFF and WSB after the completion of their missions. Nor did it include the cost of
extracting plutonium from the weapons “pits” nor did it include the cost of disposing
of the plutonium-contaminated waste or the security costs for the MFFF and Waste
Solidification Building.
A number of DOE nuclear-weapons-related programs also were experiencing huge cost
overruns and Congress was imposing stringent budget caps on all discretionary spending. The Administration therefore proposed that the partially completed MOX plant
(Figure 8) be placed
“into cold standby [while the Administration evaluated] alternative plutonium disposition technologies … that will achieve a safe
and secure solution more quickly and cost effectively.”  122

Figure 8 U.S. MOX Fuel Fabrication Facility (MFFF) under construction, 25 October 2014, at the DOE’s
Savannah River Site in South Carolina. Source: High Flyer, Savannah River Site Watch.
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The Congressional delegations from South Carolina, the state in which the MFFF was being built, and from Georgia across the Savannah River, home of a significant fraction of
the site’s workforce, which included 1,585 working on construction of the MOX plant,123
fought back, and obtained funding for continued construction in fiscal years (FY) 2014
and 2015 of $343 and $345 million respectively. In January 2015, with a new Republican
majority in the Senate, the Obama Administration didn’t wait for Congress to act but
simply included another $346 million for FY 2016 in its budget proposal to Congress.124
At that rate, given the cost projected by the Obama Administration in the same budget
submission, it would take 20 more years to complete the plant.
Some key members of the Congressional Appropriations Committee appear to have recognized the problem and, in the Appropriations Act for FY 2015, the National Nuclear
Security Administration (NNSA), which manages the plutonium-disposition project
within DOE, was directed
“to submit to the Committees on Appropriations of the House of
Representatives and the Senate not later than 120 days after enactment of this Act [on 16 December 2014] an independently-verified lifecycle cost estimate for the option to complete construction and operate the MOX facility and the option to downblend
and dispose of the material in a repository.” 125
The House and Senate Armed Services Committees included a more detailed reporting
requirement in the National Defense Authorization Act for FY 2015.126
In the meantime, the Department of Energy is under pressure to begin to remove plutonium from the Savannah River Site, one way or another. According to an agreement
that South Carolina’s Congressional delegation had embedded in law, if the MOX Fuel
Fabrication Plant did not come into operation by 2014, at least one ton of plutonium
should be removed from the Savannah River Site by 2016 and all of the plutonium that
had been brought there since 15 April 2002 should be removed by 2022. The fines associated with not meeting these requirements require Congressional appropriations, and the
2016 deadline was changed by amendment from an earlier deadline of January 2011.127
In April 2014, the Obama Administration’s Plutonium Disposition Working Group issued
a preliminary assessment of the alternatives to MOX.128 The alternatives considered were:

1. Dilution and disposal in the DOE’s deep-underground transuranic Waste Isolation
Pilot Plant (WIPP);

2. The can-in-canister approach for embedding the plutonium in glassified reprocessing
waste;

3. Disposal in boreholes up to 5 km deep; and
4. Irradiation in one or two new liquid sodium-cooled fast-neutron reactors – one of the
options also being discussed in the UK (see above).
There has also been at least one independent study of alternatives to MOX.129
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Figure 9 The U.S. Department of Energy’s Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico
where plutonium-contaminated waste from weapons R&D and production is being disposed. Source:
Improving Operations and Long-Term Safety of the Waste Isolation Pilot Plant (National Academy Press,
2001), Figure 1.2.

The working group found “down-blending” (dilution) and disposal in WIPP (Figure 9)
to be the least costly option – about $3 billion.130
The DOE has already been implementing this disposal approach on a small scale. In
2011, it authorized the down-blending and disposal in “pipe-overpack containers,”
6-inch (15 cm) pipes centered in 55-gallon (200-liter) drums131 of 0.585 tons of plutonium oxide powder stored at its Savannah River Site.132 The plutonium oxide is mixed
to a concentration of less than 10 percent by weight with a classified “Termination of
Safeguards” material from which it would be difficult to separate chemically.
Because inhaled plutonium particles are extremely carcinogenic,133 the removal of the
plutonium oxide powder from its “DOE-3013” standard storage containers and mixing
with a dilutant in the pipes is done in a glovebox within which the air pressure is lower
than outside so that any leakage is inward. The inside air is exhausted through highefficiency filters (Figure 10).
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Figure 10 Glovebox line at the former Sellafield MOX Fuel Fabrication Plant. Source: UK Nuclear
Decommissioning Authority.

For this initial disposal operation, the amount of plutonium per drum was limited to
less than 175 grams.134 The estimated disposal cost is about $100,000 per kilogram of
plutonium.135 The DOE’s Plutonium Disposition Working Group concluded that, with
additional wooden disks to hold the inner pipe in place inside the 55-gallon drums,
they could be considered “criticality control overpack” containers,136 and the loading
could be increased to 380 fissile grams equivalent, i.e. plutonium-239 grams equivalent
per drum.137 This would reduce the disposal cost to an estimated $68,000  –  88,000 per
kilogram of plutonium,138 i.e. to about one tenth the currently estimated cost for disposal via MOX.
To accomplish the task, the Plutonium Disposition Working Group estimated that two
additional glove-box lines would have to be installed in the Savannah River Site’s plutonium-storage and two hundred additional staff would have to be hired at Savannah
River and WIPP. Each glove-box line would fill one drum per shift. Assuming that each
drum contained on average 340 grams of plutonium and that the blending and packaging process operated around the clock, this would accumulate to 0.4 tons per glovebox line per year or 1.2 tons per year for three glove-box lines. This throughput could
be doubled if a similar processing capacity were installed in the Los Alamos National
Laboratory plutonium processing facility in New Mexico.139
At 340 grams per drum, approximately 150,000 drums would be required to dispose of
all the DOE’s 50 tons of plutonium. Theoretically, about 90,000 drums could be accommodated in one of the seven-room “panels” planned for WIPP (Figure 9). In practice,
the average volume of waste that has actually been loaded into each of the six closed
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panels is equivalent to 75,000 drums.140 Given the volume requirements for plutoniumcontaminated waste from DOE’s other sites, the 2014 report of the DOE’s Plutonium
Disposition Working Group concluded that only 13 tons of down-blended plutonium
could be accommodated into WIPP without an increase in WIPP’s legislated volume
limit.141 Edwin Lyman, a Senior Scientist at the Union of Concerned Scientists’ Global
Security Program, has argued that the space reserved for the other wastes is not fully
subscribed and that the available space could accommodate more than one hundred
thousand 55-gallon drums. Since some of the existing panels of rooms in WIPP were
walled off before they were full, more than the originally planned number of panels
would have to be constructed to accommodate the licensed volume of waste.142
Both the DOE Plutonium Disposition Working Group and Lyman suggested options
for increasing the amount of plutonium per drum. If the amount of plutonium in each
55-gallon barrel were increased to 1 kg or more, U.S. Government regulations would require much more strict security and safeguards arrangements.143 Even at the lower loadings, an independent review might recommend enhanced security. The pipes within
the drums that contain the plutonium have a length of slightly over 0.6 meters (2 feet)
and a diameter of about 15 cm (6 inches). In the absence of strict monitoring of the
personnel, materials and shafts to the surface, it might be possible to break a significant number of the pipes free and remove them from the repository. The theft of fewer
than 20 pipes, containing 340 grams of plutonium each, would be required to obtain
the equivalent of the 6 kg of plutonium in the Nagasaki bomb. If not already installed,
instrumentation should be installed in the repository’s access shafts to detect neutrons
emitted by spontaneous fissions in the plutonium.144
On 14 February 2014, a small chemical explosion occurred in one of the waste drums
stored in WIPP and released plutonium and americium-contaminated smoke that lightly
contaminated the facility and some workers on the surface near its ventilation exhaust.
Chemical reactions had occurred in a drum of waste from the Los Alamos National Laboratory.145 According to DOE’s current recovery plans, rooms in WIPP containing containers with similar contents to the drum that exploded will be walled off and the contents
of containers with similar contents that are still aboveground will be stabilized before
burial. It is hoped that the facility will be put back into operation early in 2016, but shipments from the Savannah River Site are not expected to resume before 2018.146
The future of WIPP will depend in good part on whether DOE can regain the hard-won
trust of New Mexico. From 1978 – 2004 DOE provided funds to New Mexico’s Health
and Environment Department for an Environmental Evaluation Group to provide independent advice on the safety of WIPP.147 DOE would be well advised to fund the
group’s reestablishment.
The report of the DOE’s Plutonium Disposition Working Group raises the possibility
that, if it becomes impossible to get permission to expand the mission of WIPP to include disposal of all U.S. excess plutonium, a new repository could be established for
that purpose. WIPP was built during the 1980s at a cost of $700 million ($1.47 billion
in 2013$), but would cost “substantially more than this due to today’s design, construction, and operation standards.”148 Even so, it would be far less costly than the MOX
option.
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Cans in canisters
With regard to the can-in-canister immobilization option, the DOE’s Plutonium Disposition Working Group found, in line with previous DOE analyses, that immobilization
of 34 tons of excess U.S. plutonium in this manner would no longer be possible at the
Savannah River Site (SRS)
“since nearly half of SRS’s HLW [high level waste] has already
been remediated, there is not enough HLW remaining to dispose
of 34 MT of surplus plutonium. In addition, DWPF [the Defense
Waste Processing (glassification) Facility at Savannah River] is
scheduled to complete operations by 2032, which would likely
be before a new immobilization facility could be designed and
constructed.” 149
The working group therefore argued that, if the can-in-canister route were to be pursued, an immobilization plant would have to be built at the Hanford site, where a huge
Waste Treatment and Immobilization Plant, including a high-level waste glassification
unit, is under construction. This was found to be about as costly as the MOX option,
because Hanford no longer has the plutonium-management and security infrastructure that has been preserved at Savannah River, including the K-Area plutonium storage facility and the associated capability for assessing the condition of and repackaging
plutonium containers.150
An almost identical statement had been made two years earlier, when the projected
completion date for vitrification was six years earlier.151 In fact, virtually none of the
cesium-137 that would provide the protective gamma-ray field around plutoniumcontaining high-level waste canisters has been glassified at the Savannah River Site,
because the process to separate cesium-137 out of the salt in the high-level waste tanks
failed and it has been necessary to construct a new facility, the Salt Waste Processing Facility, whose completion has been delayed for many years and whose costs have
soared. As of the end of 2014, the facility was projected to go into operation sometime
between December 2018 and January 2021.152 In the meantime, sludge that contains
very little cesium-137 from the bottoms of the tanks is being vitrified. As of the end of
fiscal year 2013, the high-level-waste tanks at Savannah River still contained about 73
million Curies of cesium-137 in their liquid and salt cake layers.153
The standard for self-protection that the DOE has been using for the can-in-canister
method is a dose level of at least 1 Sv/hr at one meter from the canister 30 years after
the filling of the canister.154 This would require about 11,000 Curies of cesium-137
(about 125 grams) per canister.155 At an average of 0.6 kg of plutonium per can and
28 cans per canister,156 it would require about 3,000 canisters of glassified waste containing a total of 33 million Curies of cesium-137 to hold 50 tons of plutonium. As of
the end of 2014, the Department of Energy had filled about 4,000 canisters with highlevel waste at the Savannah River Site since 1996 and projected that it had about 4,600
more canisters to fill.157 Its commitment is to fill an average of 200 canisters per year,
which would result in the task being completed in 2037, but in recent years, has been
filling about 125 per year.158
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If it were possible to begin can-in-canister immobilization in 2020 at a rate of 2 tons of
plutonium per year, as envisioned in the 2004 design study,159 thirty-four tons could be
immobilized by 2037. After the end of vitrification at Savannah River, the DOE could
ship cans of immobilized plutonium out to its Hanford site for emplacement in the
canisters of vitrified waste that are to be produced there. A secure building would be required to receive the cans and load them into canisters, but no other plutonium-related
infrastructure would be required.
In the Defense Authorization Act for fiscal year 2015, the Congressional delegation
from Washington State included a prohibition against the DOE even considering bringing plutonium to that State as long as it was not in full compliance with its cleanup
commitments at the Hanford site.160 Washington State is currently suing the DOE because of its failure to meet agreed commitments and timelines.161

Deep Boreholes
The DOE’s Plutonium Disposition Working Group thought that the total cost of deep
borehole disposal would be between that of the WIPP and immobilization options, but
that “the costs for disposition in a deep borehole would be closer to the down-blending
[WIPP] option.”162 It argued that not enough R&D had been done to allow for a detailed
assessment of deep-borehole disposal but noted that, in 2012, the Sandia National Laboratory had proposed a 5-year, $75 million dollar project to drill a demonstration deep
borehole suitable for the disposal of some of DOE’s radioactive waste.
In September 2014, the DOE’s deep borehole assessment project reported on a preliminary assessment of possible sites suitable for deep borehole disposal and found that,
of 110 DOE sites, the Savannah River Site (SRS) had the third highest suitability score,
based on its area, distance from urban areas, the presence of crystalline basement rock
within two kilometers of the surface, flatness, low geothermal heat flux, and low volcanism. The negatives included the complexity of the basement rock and the seismic
hazard. Interestingly, the site that ranked highest in the screening was the Pantex,
warhead assembly/disassembly and plutonium pit storage site outside Amarillo, where
the basement rock is at a shallower depth. The Pantex site was disadvantaged relative to
SRS, however, by a higher density of oil drilling nearby.163
The report of the borehole assessment project also included a preliminary discussion of
DOE radioactive wastes that are already in or could be placed in small enough packages
to be suitable for borehole disposal. The proposed approach would embed the waste
packages in water-retarding clay or other material within stainless steel canisters with
walls thick enough to resist the great hydrostatic pressures at the borehole depth.164
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Liquid-sodium-cooled reactors
Building and operating two 0.311-GWe fast-neutron reactors165 and the associated fuel
fabrication facility was found to be more costly than completing and operating the
MOX Fuel Fabrication Facility. In addition, as discussed above in connection with GEHitachi’s identical proposal made to the UK Government, treating the sodium-bonded
spent fuel could cost additional billions.

Lessons from the U.S. experience
The disastrous U.S. experience has been in substantial part self-inflicted. Although it
is the successor to the remarkable U.S. World War II Manhattan Project, the National
Nuclear Security Administration within the DOE has trouble managing large projects
and has developed a pattern in which the costs of such projects multiply while their
schedules slip.166 The UK Nuclear Decommissioning Authority has similar problems
with project management.167
Disposing of plutonium in MOX is particularly demanding, because it requires high
quality standards and adherence to a disciplined schedule that nuclear utilities can
depend on. Direct disposal would be far simpler to execute.
The U.S. DOE’s Plutonium Disposition Working Group focused in on the simplest possible direct-disposal strategy: down-blending the plutonium and packaging it in drums
to be deposited in an already operating underground waste-plutonium repository. Unfortunately, an accident in that repository has blocked that route for a few years at least.
Can another potential destination for the down-blended plutonium be found? Deep
borehole disposal, building on the drilling technology developed by the U.S. oil, gas
and geothermal industries, appears to be one possibility.
Other options, such as can-in-canister disposal and packaging for disposal in a geological repository with U.S. spent fuel and/or vitrified high-level waste probably would
require a solid rather than a powdered mix. The solid mix could be produced via vitrification, pressing and sintering, or hot isostatic pressing. These processes are more
demanding than simple down-blending but still much less demanding than the manufacture of MOX fuel.
A second lesson from the above history would appear to be “don’t put all your eggs in
one basket.” This is, in fact, one of the reasons why the U.S. plutonium disposal program was originally designed to pursue two tracks in parallel: MOX and direct disposal
with high-level waste. Going forward, at least two options should be kept open unless
and until the cost of doing so becomes significant on the multi-billion-dollar scale of
this problem. Indeed, given the potential limitations of the quantities of plutonium
that can be accommodated in some options and the development requirements of others, it is quite possible that the optimal strategy may end up being two or more disposal
routes implemented as they become available.
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If this is the case, the DOE should compare in an open and reviewable fashion the potential processing capacities and costs for producing different plutonium immobilization forms at existing facilities at Savannah River and Los Alamos while the uncertainties about the possible ultimate disposal destinations are clarified.
Finally, there is no hurry. U.S. excess plutonium currently is relatively securely stored
at the DOE’s Savannah River Site and in the weapon “pit” storage bunkers at the Pantex
warhead assembly/disassembly site.

Negotiating with Russia
Reviving direct disposal options will require either persuading Russia to drop its insistence that the U.S. irradiate most of its weapon-grade plutonium or defying that insistence. Ideally, Russia would accommodate the U.S. as the U.S. accommodated Russia in
2010 when Russia decided to irradiate its plutonium using breeder reactors rather than
LWRs.
In any case, Russia’s plan to separate out the plutonium after it has been irradiated essentially eliminated any security benefit in Russia from implementation the Plutonium
Management and Disposition Agreement (PMDA). Indeed Russia’s program to separate
and reuse the plutonium increases the risk of its theft relative to simply keeping 25 of
the 34 tons of plutonium covered by the agreement in the high-security Mayak Fissile
Material Storage Facility that was built for the purpose with U.S. financial assistance
and the remaining 9 tons in an underground plutonium storage facility in Zheleznogorsk.168
The U.S. therefore would have little to lose, even in the unlikely case that Russia decided to renounce the PMDA rather than agree to the U.S. shifting to a direct disposal
option. The PMDA is an executive agreement and can be renegotiated or terminated by
agreement between the executive branches of the two countries.
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Direct-disposal options
It is important to understand that, if direct disposal is chosen, the amount of plutonium that will end up being buried will not be much larger than the amount that otherwise would have been buried in spent MOX fuel. Irradiation only reduces the quantity
of plutonium and other long-lived transuranic elements in MOX fuel by about 25%.
This is in part because the even-numbered isotopes of plutonium (Pu-238, Pu-240, Pu242) are “non-fissile.” Although they can be fissioned by fast neutrons in fast-neutron
reactors or nuclear explosions, they have a low probability of being fissioned by the
slow neutrons that mediate the chain reaction in LWRs. Even Pu-239, which dominates
the fissions in MOX fuel, has a probability of about one quarter of not being fissioned
after absorbing a slow neutron. Instead, it simply becomes Pu-240.169 Also, for every
ten plutonium atoms fissioned in MOX, about six new ones are produced by neutron
absorption in the U-238 that makes up more than 90 percent of its heavy-metal mass.170
One would think that, if a country is interested in plutonium separation and use, its
spent MOX fuel would be the richest “ore” because the percentage of plutonium in
spent MOX fuel is about six times that in spent LEU fuel. However, the fuel value of
plutonium in spent MOX fuel is diminished for LWRs by the fact that the percentage
of non-fissile isotopes in the plutonium increases with every cycle. If in fresh MOX fuel
the percentage of non-fissile plutonium is, for example, 35 percent, after irradiation it
is 54 percent.171 Not even France has separated the plutonium in its spent MOX fuel
on more than a demonstration scale. Instead, France’s spent MOX fuel has been accumulating for a quarter of a century in the huge spent fuel storage pools at La Hague
awaiting the potential commercialization of fast-neutron reactors. In 2005, ANDRA,
the agency responsible for disposing of France’s radioactive waste (Agence Nationale
pour la Gestion des Déchets Radioactifs), began considering scenarios in which the
spent MOX fuel would be disposed of in an underground repository.172

Interim storage
As discussed in the U.S. and UK chapters, various alternative approaches are being considered for the immobilization and then direct disposal of separated plutonium in mined
tunnels or rooms deep underground or in deep boreholes. Until underground destinations become available, however – in some cases not for decades173 – interim storage will
be required, either before or after processing the plutonium into a disposal form.
It might be thought that the dilution of plutonium that is involved in the production of
disposal forms creates a reason to wait until a repository becomes available, lest the dilution create the need for more high-security storage space. It will be seen from figures
6 and 7, however, that pure plutonium oxide cannot in any case be stored compactly
because of the need to prevent criticalities, i.e. fission chain reactions between neighboring cans of plutonium. Also, if a neutron “poison” (neutron-absorbing material) is
mixed into the immobilization form, concerns about criticalities will be reduced. Finally, plutonium oxide is an extremely potent carcinogen and converting it into a solid
eliminates the risk that it might be dispersed into the atmosphere, either accidentally
or deliberately.
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Below we provide first an overview of possible plutonium disposal forms and then strategies for putting them underground.

Disposal forms
Three alternative approaches to creating plutonium waste forms for disposal have been
discussed above:

1. Mechanical mixing of the plutonium oxide with a dilutant from which it would be
difficult to recover;

2. Immobilization in non-radioactive glass or ceramic; and
3. “Low-spec” or “storage” MOX as a specific form of ceramic immobilization.
Mechanical mixing. Mechanical mixing of plutonium oxide with a dilutant from which
it would be difficult to separate is being pursued on a small scale in the U.S. as a way to
take advantage of an already existing deep underground repository for plutonium-contaminated waste.174 As discussed above, the U.S. DOE Plutonium Disposition Working
Group identified this as the lowest-cost option for the disposal of all U.S. plutonium – if
the legislated limit on the volume of waste that can be emplaced in the Waste Isolation
Pilot Plant (WIPP) can be increased slightly. The explosion of a drum of waste in WIPP
in February 2014 damaged the relationship between the DOE and the State of New
Mexico, and it remains to be seen whether an expansion of WIPP’s mission to accept
more plutonium in much more concentrated forms will be politically acceptable.175

Immobilization. Two plutonium immobilization forms were developed in the U.S. program: mixing into a ceramic or glass.

Ceramic. Plutonium-containing ceramics are made by processes involving pressure and
high temperature. The approach developed for the U.S. plutonium-disposal program is
similar to that used for making MOX fuel pellets, except that the immobilization form
would have about one hundred times the approximately one cubic centimeter volume
of a MOX fuel pellet.176
Plutonium dioxide is mixed with uranium dioxide and the mixture is milled into a fine
powder (about one micron particle size). Other materials are added, including organic
binders and possible neutron absorbers for criticality control. The mix is granulated
and pressed into the desired shape at a pressure of 140 to 350 atmospheres. The resulting “green” pucks then would be heated and stay at a temperature of about 1,350°C
for several hours to fuse the grains into one solid piece.177 A study done for the DOE
estimated that the labor force for around-the-clock operation immobilizing 5 tons of
plutonium a year would be about 300 persons.178
A second approach to producing a ceramic or a mix of crystals and glass is to apply
pressure and heat simultaneously in what is called “hot isostatic pressing” (HIP). The
Australian Nuclear Science and Technology Organization (ANSTO) has developed synthetic rock forms, “synroc” to sequester various radionuclides, including plutonium, in
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low-leach matrices.179 The UK National Nuclear Laboratory (NNL) has partnered with
ANSTO to set up a process at the Sellafield reprocessing site to immobilize contaminated plutonium oxide in a glass containing relatively insoluble crystals in which the
plutonium is segregated. The powder is simultaneously put under high pressure (one
thousand atmospheres) and high temperature (1,200 – 1,300°C) for eight or nine hours.
The average concentration of plutonium in this mix can be up to 10 weight percent
or about 2 kg of plutonium in the 5-liter volume final waste form being developed by
NNL. In the initial UK application, because the waste to be immobilized contains only
an average of 20% plutonium before being mixed with the matrix-forming materials,
each 5-liter waste form is expected to contain only 0.3 to 0.5 kg.180

Vitrification. The vitrification (glassification) approach mixes plutonium oxide with a
neutron absorber and glass powder (“frit”) in a melter. The molten mix is then poured
into a container to cool and solidify.181 This is less costly than pressing and sintering
and is being used in several countries on a large scale to solidify reprocessing waste.
A special lanthanum borosilicate glass was developed in the U.S. program to dissolve
up to 0.5 grams of plutonium per cubic centimeter, or one kilogram in a 2-liter can.
Achieving complete dissolution of the plutonium at this concentration requires a high
temperature in the range of 1,450 – 1,500°C.182 At lower temperatures, plutonium-rich
crystals tend to crystalize out of the glass as in the HIP process. As with the HIP process, the crystals are relatively insoluble and the resulting inhomogeneous form could
be acceptable.

Storage MOX. An approach to plutonium immobilization that was examined by some
non-governmental analysts in the 1990s was to produce low-quality MOX for direct
disposal – perhaps just cans of MOX pellets.
The cost of building a MOX plant solely to produce storage MOX would be very high. If
an existing MOX fuel fabrication plant, such as the Sellafield MOX Plant in the UK, no
longer had a mission, consideration might be given to using it to produce storage MOX.
The capital investment would be a “sunk” cost and operating costs would be reduced
because dimensional tolerances could be relaxed.
In fact, the fuel fabricators in Western Europe have produced MOX containing tens of
tons of plutonium that is de facto storage MOX because it cannot be used as fuel. AREVA has refused to offer any explanation183, but this appears to be the primary reason
why the amount of unirradiated plutonium in fabricated form in France has increased
from 3.6 tons in 1995 to about 30 tons in 2011 – 13 (Figure 3).
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The unusable MOX fuel stored in France includes:

1. A full core of unirradiated MOX fuel containing about 6 tons of plutonium that was
fabricated for France’s failed Superphénix fast breeder reactor;184

2. Another core of unirradiated MOX fuel containing 1.6 tons of plutonium that was
produced for Germany’s never-operated SNR-300 breeder reactor185 – probably traded
to France in exchange for a payment to AREVA and an equivalent amount of plutonium in MOX fuel for Germany’s LWRs;186 and

3. An unknown amount of plutonium in scrap that was fabricated into sub-spec MOX
as a way to make the plutonium transportable when AREVA’s Cadarache,187 Belgium’s
Dessel188 and Germany’s Hanau189 MOX fuel fabrication plants were decommissioned
– and in scrap fabricated into sub-spec MOX during ongoing operations at AREVA’s
Melox fuel fabrication plant. 190
Except for the Superphénix core, which is still at the reactor site on the Rhone River
near Geneva, this unusable MOX fuel is in interim storage in one of the spent fuel pools
at France’s reprocessing plant at La Hague.
How much of this unirradiated MOX will be dissolved and refabricated into LWR MOX
fuel is unknown. Currently, France’s La Hague reprocessing plant has a license to process MOX powder and pellets but not rods or assemblies. Ultimately, some or all of the
unusable MOX fuel may be disposed of directly to France’s future repository for highlevel radioactive waste.
The excess U.S. plutonium stored at the DOE’s Savannah River Site includes 0.7 tons
of plutonium in unusable MOX fuel originally fabricated for the DOE’s terminated
sodium-cooled Fast Flux Test Facility.191 Japan has about 1.6 tons of plutonium in unusable unirradiated MOX fuel.192

Underground destinations
Once plutonium is immobilized and packaged, it could be placed deep underground in
mined rooms, tunnels, or deep boreholes.

Mined repositories. Spent MOX fuel most likely will be disposed in casks mixed with
spent LEU fuel when a repository becomes available. Unirradiated MOX and immobilized plutoniumin suitable forms could be disposed along with the spent fuel. In the
near term, the gamma radiation field associated with the spent fuel would provide
some protection against theft of the MOX pending the closure of the repository. In the
long term, mixing materials containing a high percentage of plutonium with spent
LEU fuel would reduce the danger of criticality millennia hence when water penetrates
the casks and their contents start to leach out.
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Vitrified high-level waste also is expected to go into a mined repository. Any plutonium
immobilized in the glass – either homogenously or embedded in cans – would go with it.
Plutonium not protected by a radiation barrier would require special security arrangements underground prior to repository closure or at least the walling off of rooms within the repository containing such plutonium with backfill and engineered barriers.

Deep boreholes. The option of boreholes, 3 to 5 km deep is of particular interest for immobilized plutonium.193 This would be up to ten times deeper than a mined repository,
which would make retrieval of the plutonium difficult. Also, the possibility that the
plutonium might dissolve and be carried back to the surface in the contaminated water
is reduced by at least three factors:
1. The great pressure from the rock above closes cracks at these depths, resulting in very
slow water movement;

2. Plutonium is relatively insoluble in deep, old ground water whose oxygen has been
depleted by reactions with the surrounding rock; and

3. Water at such depths generally contains dissolved salts, which make it dense, impeding
its ability to rise and mix with the lighter fresh water in aquifers near the surface.194
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Figure 11 Schematic of a deep borehole for disposal of immobilized plutonium. In this example, the borehole has a depth of about 5 km. The bottom half, which is surrounded entirely by basement crustal rock, is
loaded with immobilized plutonium while the borehole is filled and blocked with a series of seals cut into the
rock around the borehole. The top portion of the borehole, which passes through rocks that are more porous,
is filled and blocked by more seals, possibly made of a variety of materials: cement, clay, asphalt, etc. For
comparison, a typical mined geological repository would be at a depth of about 0.5 km – comparable to height
of the tallest skyscrapers of the 20th century. Source: Harold Feiveson, Alexander Glaser, Zia Mian and
Frank von Hippel, Unmaking the Bomb (MIT Press, 2014) Figure 9.3.
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There has been a considerable amount of analytical work in the United States and elsewhere on the possibility of disposing radioactive waste in deep boreholes.195 A demonstration project that would emplace nonradioactive materials is in preparation, coordinated by the U.S. DOE’s Sandia National Laboratory.196 Although the Sandia researchers
have not yet discussed borehole disposal of plutonium, they have discussed the possibility of disposing spent fuel in a 5-kilometer-deep borehole. The cylindrical cavity
occupied by the fuel inside a robust container within the bottom two kilometers of the
borehole would have a diameter of about 16 centimeters (6 inches) and have a volume
of about 40 cubic meters.197
If 50 tons of weapon-grade plutonium oxide were diluted with depleted uranium oxide
to an average of 3 percent concentration so that it could not go critical in the borehole,198 the disposal of 50 tons of plutonium would involve 1,700 tons of “heavy metal”
– uranium plus plutonium in the mix.
If the mix were processed into ceramic with the same heavy metal density as in fuel
pellets (9.6 grams per cubic centimeter), the volume required would only be 177 cubic
meters and could be accommodated in five boreholes. Processing 1,700 tons of heavy
metal oxide into ceramic would be costly, however, even if the pieces were large and the
quality requirements much less stringent than for fuel pellets.
At the other extreme, the heavy-metal oxide could be left as a powder. Indeed, in order
to minimize plutonium handling, the cans of plutonium oxide stored at Savannah
River could be packed into canisters filled with uranium oxide. But the density of the
heavy metal in the powder is only 1.4 grams/cc, about one seventh of that in ceramic.199
An intermediate strategy would involve compressing the uranium oxide powder around
the cans of plutonium oxide to a density of about 4 grams uranium/cc.200 This would
make it possible to emplace about 4 tons of plutonium in each borehole and require 13
boreholes for 50 tons of plutonium. The cost of making, loading and sealing a 5-km
deep borehole has been estimated at $40 million.201
There is a whole literature on low-leach ceramics in which plutonium could be embedded.202 Specially designed low-leachable waste forms may be unnecessary, however. Much larger quantities of plutonium will be emplaced in geological repositories in
spent fuel containing pellets fractured by thermal expansion and contraction and by
fission-product gases.
A key question is whether the siting of boreholes would be politically more feasible
than the siting of a mined geological repository, i.e. does the great depth and narrowness of a deep borehole make its safety more intuitively apparent to the public?
The U.S. DOE Plutonium Disposition Working Group assumed not.203 This assumption
could be tested with focus groups at candidate sites.
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One potential problem with regard to public acceptance could be the fact that, in recent years, the “reversibility” of disposal of radioactive waste in mined repositories has
been emphasized.204 For example,
• France’s 2006 Act on Sustainable Management of Radioactive Materials and Waste
specified that, “As a precaution, the license shall prescribe the minimum period for
which the reversibility of the disposal process must be guaranteed. In any case, that
minimum period shall not be less than 100 years;”205 and
• Canada’s Nuclear Waste Management Organization recommended in 2005 that underground monitoring of the performance of a spent fuel repository continue for 240
years before the access tunnels or shafts are finally closed.206
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International transparency
In the non-weapon states, the burial of plutonium, including that in spent fuel, will
be monitored by the IAEA to verify that none is diverted before the repository is backfilled. The IAEA also will have the responsibility to monitor repositories in perpetuity
to assure that, if they are reentered, none of the plutonium within them is diverted
from safeguarded activities.
The five nuclear weapon states that are parties to the Nonproliferation Treaty (NPT)
have committed in Article 6 of the treaty to “pursue negotiations [on] nuclear disarmament” that, if successful, would end with them becoming non-weapon states. It would
facilitate verification of their non-weapon status in the future – and increase confidence in deep cut agreements in the nearer term – if the IAEA monitored the disposal
of their excess plutonium.
The first program to bury large quantities of plutonium in the weapon states may be
the U.S. program to consolidate and bury plutonium-contaminated waste in its Waste
Isolation Pilot Plant (WIPP). As of the end of 2013, the U.S. had reported to the IAEA
that 4.5 tons of plutonium had been disposed in WIPP.207
While there has been some exploration by experts at the DOE’s Sandia National Laboratory of the possibility of using WIPP as a demonstration site for transparency in an
underground repository,208 there has been no actual IAEA verification of the quantity
of plutonium contained in the waste being buried in WIPP. In part this is because
the IAEA, which has a tight budget, is not eager to undertake verification tasks in the
weapon states.
The Russian-U.S. Plutonium Management and Disposal Agreement of 2000 contains a
commitment by the two countries to negotiate IAEA monitoring arrangements for their
plutonium disposal. As of the end of 2014, these negotiations had not been completed.
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Conclusions
The huge cost overruns in the under-construction MOX plant at the DOE’s Savannah
River Site in South Carolina led the Obama Administration to conclude in 2013 that
plutonium disposal via MOX “may be unaffordable.” This has revived policy interest in
the U.S. in the possibilities of direct disposal of plutonium as a waste.
Efforts to convert foreign separated plutonium into MOX fuel encountered technical
problems in the UK, forcing the abandonment of the Sellafield MOX Plant. The UK has
therefore looked, in at least a pro forma way, at direct-disposal alternatives.
Japan and France are still focused exclusively on MOX – and will be as long as their
government policies are to reprocess spent fuel. But Japan’s program has been much
delayed and France’s may soon be confronted with the retirement of the reactors that
have been irradiating its MOX fuel.
In the late 1990s, the U.S. studied in considerable depth a “can-in-canister” option in
which immobilized plutonium would be embedded in some of the high-level reprocessing waste from which it had been originally separated. This was a way to create a
radiation barrier around the plutonium like that around the plutonium in spent fuel,
which makes plutonium inaccessible except via chemical and mechanical operations
controlled remotely from behind thick radiation shields. The can-in-canister approach
also shares the merit with MOX that it just adds marginally to the quantity of an already existing waste form for which a geological repository has to be found in any case.
This option may still be of particular interest in the United States, which will be disposing of reprocessing waste for several decades into the future.
In France and the UK, where high-level waste vitrification has been ongoing in parallel
with reprocessing, it may be impossible to pursue the “can-in-canister” option unless it
is planned well before reprocessing ends.
There are other options, however. One that appears increasingly attractive is deepborehole disposal. It does not involve a radiation barrier, but retrieval would be much
more difficult than from a closed geological repository.
There is also the possibility of disposing of plutonium in a mined repository without
a radiation barrier, as the U.S. is doing in its Waste Isolation Pilot Plant. In such cases,
special security arrangements will be required as long as any room or tunnel in the
repository that contains disposal plutonium is open. The U.S. Department of Energy
considers that, below one kilogram per drum, the plutonium will be dilute enough so
that this will not be necessary – especially if the plutonium is mixed with chemicals
from which it would be difficult to separate. This should be debated, however. In the
WIPP case, the pipe in the center of the drum that actually contains the plutonium has
a volume of only about 12 liters and could potentially be separated from the drum.209
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In the long term, after repositories are closed and 30-year-half-life cesium-137, which
provides most of the gamma-ray field has died away, it will be the depth of the repository underground and perpetual national and international monitoring arrangements
that will provide the protection against the misuse of the plutonium they contain.
For some countries, a single method for plutonium disposal may be insufficient. France,
as devoted as it is to MOX fuel, might in the end dispose directly more than 20 tons of
plutonium that it has in the form of de facto “storage MOX.” Given that none of its disposal options are problem-free, the United States should return to at least a dual-path
approach. WIPP, can-in-canister and deep-borehole disposal all appear worth pursuing
on different timelines.
MOX once seemed to be affordable and produced a waste form that could be disposed
of with spent fuel. It has turned out to be more costly and technically challenging than
expected. Each of the direct disposal alternatives has its own complications, but it is
time to examine them as well.
Ideally, the countries that share the problem of excess plutonium stocks could develop
joint programs to examine the direct-disposal options. The near-term possibilities for
such collaboration will be limited, however, as long as the governments of France, Japan and Russia remain committed to reprocessing and the UK government continues
to depend on the nuclear industry to propose solutions. If and when MOX programs
are abandoned, the nuclear establishments of all these countries have relevant knowhow and industrial capacity and would have a commercial interest in getting involved.
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