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ABSTRACT
With the end of the Cold War, Russia, the United States,
France, and the United Kingdom declared an end to their pro-
duction of plutonium for weapons and Russia and the United
States declared large quantities excess to their future weapon
requirements. The disposal of these excess stocks has stalled,
however, and during the next two decades, the relatively
small stocks of weapons plutonium in India, North Korea,
Pakistan and possibly also China could increase significantly.
Meanwhile, despite the failed commercialization of plutonium
breeder reactors, the separation of civilian but weapon-usable
plutonium from power-reactor fuel continues in France, India,
Japan, Russia, and has begun in China. The global stock of
separated civilian plutonium now exceeds that of weapons
plutonium and could increase further during the next
two decades.

Introduction

Plutonium, whether weapon-grade made in dedicated production reactors
or extracted from power-reactor spent fuel, can be used by governments –
and potentially by sub-state groups – to make nuclear weapons. Limiting
the separation of plutonium for both military and civilian purposes and
eliminating stocks are therefore critical international-security objectives.
After the end of the Cold War in 1991, the United States, France, Russia,

and the United Kingdom announced the end to their production of highly
enriched uranium (HEU) and plutonium for weapons.1 China too halted
its production but, given its relatively small stocks and its developing ten-
sions with the United Sates, has refused to commit to a permanent halt.2

In 2000, following major reductions in their Cold War stockpiles of
nuclear warheads, Russia and the United States each declared 34 tons of
plutonium excess to their weapons needs in their Plutonium Management
and Disposition Agreement (PMDA).3 Their original disposition choice
focused on use of the plutonium in “mixed-oxide” (MOX) plutonium-
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uranium fuel for light-water reactors (LWRs) except for about eight tons of
impure weapon-grade plutonium that the United States decided to dispose
with nuclear waste. The United States and its allies were to pay for the con-
struction of Russia’s MOX fuel fabrication facility.
Both MOX fuel plants grew in cost, however, and the U.S. Congress

refused to escalate its commitment to the Russian plant. In 2010, therefore,
it was agreed that Russia could use its excess weapons plutonium to fuel its
prototype BN-800 breeder reactor and, in 2016, the Obama Administration
decided unilaterally to pursue disposal of its 34 tons by dilution and bur-
ial.4 Due to the U.S. unilateral change of plans and because of U.S. sanc-
tions on Russia following Russia’s seizure of Crimea from Ukraine, Russia
suspended its adherence to the PMDA.5 Neither country has yet begun dis-
posal, although the United States continues with its plan for dilution
and burial.
As far as is publicly known, the four nuclear-armed states that are not

parties to the Nonproliferation Treaty: India, Israel, North Korea and
Pakistan, are continuing to produce plutonium for weapons. On the scale
of Russian and United States plutonium production during the Cold War,
the increments from these smaller weapons programs are miniscule, how-
ever, and the global stockpile of separated weapons plutonium has
remained roughly constant (Figure 1).
Stocks of separated civilian plutonium have grown greatly since the end

of the Cold War, however. This plutonium, although not optimal for
nuclear weapons, is weapon-usable.6

Programs to separate plutonium from power-reactor spent fuel were
launched in the 1960s and 1970s to provide startup fuel for liquid-sodium-
cooled plutonium “breeder” reactors that were expected to become the
dominant source of electrical power after 2000. France and the United
Kingdom took advantage of the expertise that they had developed in their
weapons programs and became suppliers of spent-fuel “reprocessing” serv-
ices to other countries. The Soviet Union developed its own civilian reproc-
essing program and took back for reprocessing the spent fuel it supplied to
its satellite countries.7

Sodium-cooled breeder reactors were unable to compete economically
with the water-cooled reactors that still dominate the global power-reactor
fleet today, however, and only a few prototypes were built. Also, the growth
of global nuclear capacity slowed and then stopped after the Chernobyl and
Fukushima accidents, relieving the concern that had motivated the develop-
ment of breeder reactors: that uranium demand.
Despite the economic failure of breeder reactors, however, France

decided to continue separating civilian plutonium and to “recycle” it in
MOX fuel in some of its light-water reactors. France also offered MOX fuel
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fabrication services to its foreign reprocessing customers (Belgium, France,
Germany, Italy, Japan, the Netherlands and Switzerland). Given the poor
economics of plutonium recycle, however, of these foreign customers, only
the Netherlands renewed its reprocessing contract. Belgium, Germany and
Switzerland abandoned MOX fuel use. Italy abandoned nuclear power
altogether after the Chernobyl accident. Japan decided to build its own
reprocessing and MOX fuel fabrication plants. The United Kingdom built a
MOX fuel fabrication plant for its foreign customers’ plutonium but was
unable to get it to operate properly and abandoned it.
Russia built the only two currently operating prototype breeder reactors.

Both India and China have prototypes under construction.8

In 1997, nine countries (Belgium, China, France, Germany, Japan,
Russia, Switzerland, the United Kingdom and the United States) agreed on
Plutonium Management Guidelines, and noted “the importance of balanc-
ing supply and demand, including demand for reasonable working stocks
for nuclear operations, as soon as practical.”9 Of these nine countries, the
United States had abandoned civilian reprocessing in 1972; Belgium,
Germany and Switzerland have ended their plutonium programs and elimi-
nated their stocks of separated plutonium; and the United Kingdom is now
in the process of ending its reprocessing operations. France, India, Japan
and Russia continue to separate plutonium from spent power reactor fuel,
however, and China is building a “demonstration” reprocessing plant and
has been negotiating with France to buy a large civilian reprocessing plant.
Two decades after the agreement on the Plutonium Management
Guidelines, the global stock of separated civilian plutonium has doubled.
The growing global stock of unirradiated plutonium is shown at the left

in Figure 1. Growth of the global stock of weapons plutonium slowed dra-
matically after the end of the Cold War because Russia and the United
States ended their production.10 The global stock of separated plutonium

Figure 1. Growing stocks of unirradiated plutonium (left). The global stock of civilian plutonium
is mostly in France, Japan, Russia and the United Kingdom (right). Not shown are the stocks of
China and India, which are relatively small.
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continued to grow, however, mostly because of continued separation of
civilian plutonium from power-reactor fuel. Prior to the U.S. weapons
stockpile peaking in the middle 1960s, virtually all available U.S. plutonium
was quickly fabricated into warheads. On this basis, a comparison of
declassified historical data on U.S. plutonium and weapons stocks shows
that U.S. warheads contained average of about 3 kg of plutonium each dur-
ing that period. The right side of Figure 1 shows that the global stock of
civilian plutonium is mostly in France, Japan, Russia and the United
Kingdom, which, in accordance with the Plutonium Management
Guidelines, began in 1997 to submit annual public reports to the IAEA of
those stocks, starting with the data for 1996.11 Not shown are the stocks of
China and India, which are relatively small.
The purpose of this paper is to explain what happened and to project

possible futures for global plutonium stocks to 2040, two decades hence.
We limit our projections to 2040 since, even then, depending on future
policy choices, the uncertainty ranges are very large. Mid-range projections
are not meaningful because, depending upon policy decisions, the high or
low national projections will be more plausible.
Much larger quantities of plutonium are accumulating in unreprocessed

spent power reactor fuel – on the order of 2000 tons as of the end of
2013.12 In the long term – a century or so in the future – that plutonium
too is of concern but it is diluted by one hundred times as much uranium
and mixed with highly radioactive fission products, making it much less
accessible for weapons purposes in the near term.
The discussion in the remainder of the paper is organized into the fol-

lowing three areas:

� Stocks of plutonium in and remaining available for nuclear warheads;
� Disposition plans for the weapon-grade plutonium that Russia and the

United States declared excess for weapons purposes at the end of the
Cold War;

� Civilian stocks of plutonium.

Weapon stocks

The definition of weapon-grade plutonium used here is plutonium that
contains 90% or more plutonium-239. That is close to the definition used
in the U.S.-Russian Plutonium Management and Disposition Agreement.13

The Soviet Union and the United States produced about 95% of the cur-
rent global stock of weapons plutonium during their Cold War. After the
1994 agreement between Russia and the United States to end their produc-
tion of plutonium for weapons, the rate of growth of the global stock
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slowed dramatically (Figure 1). Production in India, Israel, North Korea
and Pakistan continued, however. Non-governmental estimates for the sizes
of the stocks remaining available for weapons as of the end of 2019 are
shown in Table 1, as are the projected ranges for 2040 discussed below.
The approximately 100 tons of plutonium that Russia and the United

States have together declared excess for weapons purposes are not included
in Table 1. Plans for that plutonium is discussed in the next section.
Of the five nuclear-weapon states that are parties to the Nonproliferation

Treaty (NPT), only China has increased the number of its warheads since
the end of the Cold War. Options for China to produce additional
weapon-grade plutonium if it continues its buildup are discussed below.
Although Russia and the United States could each declare more weapons

plutonium excess, no changes are projected here for their stocks, or for
those of France or the United Kingdom out to 2040.
Nuclear-weapon production in the four nuclear-armed states that are not

parties to the NPT: Israel, India, Pakistan and North Korea, has been
driven by regional security concerns that were not mitigated by the end of
the Cold War. As far as is publicly known, their production of weapon-
grade plutonium has continued. Potential increases in weapons plutonium
stocks therefore are discussed for five countries: China, India, Israel, North
Korea and Pakistan.
China. China is estimated to have produced between 2.3 and 3.5 tons of

weapon-grade plutonium before it halted production in 1988.14 Assuming 3
to 6 kilograms per warhead, that would be enough for about 400 to 1000
warheads. China is estimated to have about 350 warheads – approximately
double its estimated number at the end of the Cold War, with calls from
hardliners for further increases.15

Table 1. Declared or estimated national stocks of weapons plutonium in 2019 and projected
ranges for 2040. The numbers for 2019 are based on national declarations in the case of the
United Kingdom and United States and updates of estimates by the International Panel on
Fissile Materials in the case of the other countries.146 Numbers have been rounded because of
uncertainties.

Country

Stocks of plutonium available for weapons (metric tons)

2019147 Range in 2040

China 2.3–3.5 2.3–8.5
France 5–7 5–7
India 0.45–0.75 0.8–6
Israel 0.8–1.1 0.8–1.5
North Korea 0.04 0.04–1
Pakistan 0.27–0.47 0.8–1.5
Russia 80–96 80–96
United Kingdom 3.2 3.2
United States 38.4 38.4
Total �130–150 �130–170
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If China wished to produce more weapon-grade plutonium, it could use
some of its existing power reactors or build a new production reactor.
Technically, it would be easiest to use its two Canadian-supplied 2000-
MWt (thermal) pressurized heavy-water reactors (HWRs) at the Qinshan
nuclear power plant, southwest of Shanghai. The natural-uranium fuel in
these reactors is in water channels similar to those in graphite-moderated
reactors designed to produce weapon-grade plutonium. Fuel can be inserted
into and discharged from such channels without shutting down the reactor.
If discharged after a fission-energy release of 1 MWt-day per kg of natural
uranium fuel (corresponding to the fission of approximately one of the 7
grams of uranium-235 in a kilogram of natural uranium) the plutonium in
the fuel would be weapon-grade.16 Under China’s agreement for peaceful
nuclear cooperation with Canada, however, the Qinshan nuclear power
plant is one of three nuclear facilities in China subject to IAEA safeguards
and China must have Canada’s agreement before it can reprocess the
HWR fuel.17

It would be more difficult technically for China to produce weapon-
grade plutonium in light-water power reactors (LWRs) because the fuel
would have to be discharged after about nine months instead of the
4.5 years typical today. That would require shutting down the LWRs for at
least a week to open up their pressure vessels and retrieve the lightly irradi-
ated fuel. Also, since the fuel would contain about one sixth as much pluto-
nium per ton as fully irradiated spent fuel, six times as much fuel would
have to be reprocessed to recover a given amount of plutonium.18

It is unlikely that China would separate plutonium for weapons purposes
using the large reprocessing plant that France’s Orano hopes to sell to the
China National Nuclear Corporation (CNNC). France has reportedly
requested that the plant be placed under IAEA safeguards.19 To be effect-
ive, the safeguards would have to follow the separated plutonium through
fabrication to the reactors that use it.
The most unobtrusive way for China to increase its stock of weapon-

grade plutonium would be by reprocessing the irradiated uranium
“blankets” around the cores of the two 600 Megawatt electric (MWe) fast-
neutron breeder reactors (CFR-600s) that CNNC has under construction,
using the “demonstration” reprocessing plant it also currently has under
construction. The plutonium produced in the blankets would be weapon-
grade. Scaling from calculations for India’s 500-MWe Prototype Fast
Breeder Reactor, a CFR-600 operating at a 75% capacity factor could pro-
duce about 0.17 tons of weapon-grade plutonium per year.20 China’s first
CFR-600 is currently scheduled to be operational in 2023 and the second
in 2026. By 2040, the two reactors could increase China’s stock of weapon-
grade plutonium by up to 5 tons.
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China’s first CFR-600 is expected to be fueled with Russian HEU during
its first seven years.21 Russia probably is providing China with design
assistance for its breeder program as well. Russia could require as part of
this arrangement that the CFR-600s and the plutonium they produce be
placed under IAEA safeguards.
The most effective way to persuade China not to make more plutonium

for weapons, however, would be to deal with the concerns about the
adequacy of its deterrent that have provoked its nuclear-weapon buildup.22

China’s breeder reactor and reprocessing programs are discussed at greater
detail in the section on civilian plutonium below.
India. As of the end of 2019, India had produced an estimated 0.4 to 0.7

tons of weapon-grade plutonium.23 Virtually all of this plutonium was pro-
duced by two reactors.24 The first, CIRUS (Canada India Reactor United
States), was named to give credit to Canada for supplying the reactor and
the United States for supplying its initial inventory of heavy water. CIRUS
was a high-powered research reactor with a thermal power of 40 megawatts
(MWt). It began operating in 1963 and produced the plutonium for India’s
1974 nuclear test. CIRUS was shut down at the end of 2010 as part of a
2005 deal between India and the United States that laid the basis for the
lifting in 2008 of the Nuclear Suppliers Group embargo on cooperation
with India’s nuclear-energy program imposed following India’s 1974
nuclear test.
India’s second plutonium-production reactor, Dhruva (100-MWt), went

into operation in 1985 and, at a capacity factor of 65%, would produce
about 0.018 tons of weapon-grade plutonium per year.25 If Dhruva oper-
ated through 2040 at this rate, it would add 0.4 tons of weapon-grade plu-
tonium to India’s stock.
India has been building a 500-MWe Prototype Fast Breeder Reactor

(PFBR) since 2004. Completion of the reactor has been delayed repeatedly
and its estimated cost has doubled.26 In September 2020, it was announced
that operations had slipped by another year to October 2022.27 India’s
Department of Atomic Energy envisions building two follow-on 500-MWe
Commercial Fast Breeder Reactors (CFBRs) on the same site.28

In its 2005 agreement on peaceful nuclear cooperation with the United
States, India refused to place under IAEA safeguards either its breeder pro-
gram or the reprocessing program that is separating plutonium for initial
breeder reactor cores from the spent fuel of unsafeguarded heavy-water
reactors.29 This has raised concerns that India might be planning to use its
breeders to produce plutonium for its nuclear-weapons program.30 Glaser
and Ramana estimated that, operating at a 75% capacity factor, the PFBR
could produce about 0.14 tons of weapon-grade plutonium per year in its
blanket.31 If the reactor has technical problems such as those many
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sodium-cooled reactors have had, and operates on average at only half the
assumed 75% capacity factor, half as much plutonium would be produced.
Assuming that the PFBR goes into operation in 2022 and that the two
planned but not-yet-under-construction CFBRs go into operation in 2030,
the three reactors could increase India’s stock of weapons plutonium by 2.5
to 5 tons by 2040. Thus India could produce up to an additional 5.4 tons
of weapon-grade plutonium by 2040.32

Israel. Israel’s plutonium production reactor at Dimona in the Negev
Desert was provided by France as a research reactor based on the design of
France’s EL-3 research reactor with an initial power of 26 MWt. The
Dimona reactor went into operation in 1963.33 Israel upgraded its power,
however, and estimates of the reactor’s final power range from 40 to 140
MWt, resulting in great uncertainty of estimates of Israel’s stock of
weapon-grade plutonium. In 2010, a mid-range estimate was a production
rate of 18 kg weapon-grade plutonium per year.34 In 2019, the cumulative
production was estimated as 0.8–1.05 tons.35

The Dimona reactor will be 75 years old in 2040. A recent review con-
cluded, however, that, with refurbishment, the operation of this pool-type
reactor could be extended to 80 years or more.36 Israel may have enough
plutonium for its weapons needs but is believed to use the Dimona reactor
to produce tritium to “boost” the power of its fission weapons. Since trit-
ium has a radioactive halflife of 12 years, unless Israel develops an alterna-
tive source of tritium, it will have to operate the reactor indefinitely. At
0.018 tons of plutonium per year, Israel’s stock of weapon-grade plutonium
would increase by 0.4 tons by 2040.
North Korea. Thus far, the Democratic People’s Republic of Korea

(DPRK) has produced all its plutonium using the approximately 20-MWt
graphite-moderated, CO2-cooled Yongbyon reactor, whose design is based
on the published designs of the United Kingdom’s Magnox first-generation
plutonium and power-production reactors. Operating at continuous full
power, this reactor could produce about 6.7 kg of weapon-grade plutonium
per year.37 The reactor has been shut down for a significant fraction of the
time since it began operating in 1985, however, and North Korea used
some of the plutonium it produced in its six nuclear tests. Albright esti-
mated that, as of the end of 2016, the DPRK had a stock of 23–37 kg of
plutonium,38 which would have been reduced by a few kg by the 2017 test.
As of the end of August 2020, there had been no indication of additional
reprocessing at the Yongbyon site since July 2016.39 Assuming a 50% cap-
acity factor, the reactor could produce an additional 0.080 tons of pluto-
nium by 2040. Because of the low power density in its core compared with
the U.K. Magnox reactors on which its design is based, radiation swelling
and cracking of the graphite would not be an age-limiting factor.
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The DPRK also has built an Experimental Light Water Reactor (ELWR)
with a thermal rating of approximately 100 MWt. The amount of low-
enriched uranium (LEU) in the ELWR core is reportedly about 4 tons.40

After 200 full-power days, the ELWR core would contain about 16 kilo-
grams of weapon-grade plutonium.41 Assuming 300 full-power days per
year, it could produce up to an additional 0.5 tons of weapon-grade pluto-
nium by 2040. In total, therefore, the two DPRK reactors could produce up
to an additional 0.6 tons of weapon-grade plutonium by 2040.
Pakistan. After India’s 1974 nuclear explosion, the United States suc-

ceeded in persuading France to cancel the sale of a reprocessing plant to
Pakistan. At the time, Pakistan had in any case only one power reactor, a
100-MWe heavy-water reactor provided by Canada, Kanupp-1, which was
under IAEA safeguards. Pakistan’s first nuclear weapons were made using
HEU produced with gas centrifuges.
In 1986–87, however, Pakistan began to build heavy-water-moderated

plutonium production reactors similar to India’s CIRUS reactor. Four of
these reactors were brought into operation in 1998, 2010, 2013 and 2015
about 35 km south of the city of Khushab. The thermal power of each of
the first three reactors is estimated at about 40 MWt, the same as CIRUS,
with Khushab-4 estimated to have approximately twice that power, for a
total of about 200 MWt.42 Assuming the reactors produce 0.8 grams of
weapon-grade plutonium per MWt-day43 and operate 40–80% of the time,
their combined output of weapon-grade plutonium would be 0.023–0.047
tons per year. As of the end of 2019, their cumulative output has been esti-
mated as 0.3–0.5 tons of plutonium.44 They could produce an additional
0.5–1 tons of weapon-grade plutonium by 2040.
There has been some question as to whether Pakistan’s nuclear program

has been limited by its ability to mine and import natural uranium.45 The
reported ore grade in its uranium mines is lower than that of most com-
mercial uranium mines, but paying, for example, twice the commercial-
market cost for uranium, would be a tolerable burden on a nuclear-
weapon program.46

Additonal countries? It is possible that, during the next two decades, one
or more additional countries might decide to separate plutonium
for weapons.
The most recent proliferation crisis has focused on Iran, which, in add-

ition to building a uranium-enrichment capacity, almost completed a
research reactor near Arak in Markazi Province quite similar to India’s
CIRUS reactor. In the 2015 Joint Comprehensive Plan of Action (JCPOA)
agreement limiting Iran’s nuclear program, however, Iran agreed to work
with international partners to redesign the core of the Arak reactor to
reduce its power by half and use low-enriched rather than natural uranium
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fuel. This would reduce its production of plutonium by an order of magni-
tude.47 Iran also stated that it did not “intend… to engage in any spent
fuel reprocessing” and agreed that the spent fuel of the Arak reactor would
be “shipped out of Iran for the lifetime of the reactor.”48

As is discussed in the section on civilian plutonium programs below, the
Korea Atomic Energy Research Institute has been campaigning for South
Korea to have the same “right” to reprocess as Japan. One motivation for
this campaign may be a long-standing interest in South Korea in having a
nuclear-weapon option like Japan’s.
Table 1 summarizes the above estimates. It will be seen, that, because the

Russian and U.S. stocks dominate and are not expected to change much,
fractionally, the global total quantity of weapon-grade plutonium is not
expected to change greatly by 2040. China, India, North Korea and
Pakistan could all potentially increase their national stocks of weapons plu-
tonium by significant factors, however. North Korea and Pakistan would be
building up their stocks with dedicated production reactors while China
and India could use nominally civilian plutonium breeder reactors.

Weapons plutonium declared excess

After the end of the Cold War, Russia, the United Kingdom and the
United States all declared quantities of military plutonium excess to their
weapons requirements. The United Kingdom declared excess 0.3 tons of
weapon-grade plutonium. It was mixed into the United Kingdom’s stock of
civilian plutonium at Sellafield49 and will not be discussed further here.
Russia. Russia has declared 40 tons of weapon-grade plutonium excess

from its weapon requirements. The disposal of 34 tons of this material is
covered by the Russia-United States PMDA of 2000. Of this 34 tons, 25 are
actually from excess weapons. The remainder is from an additional 15 tons
of plutonium Russia committed not to use for weapons because it was pro-
duced after Russia and the United States agreed in 1994 to end their pro-
duction of plutonium for weapons and shut down their plutonium
production reactors.50 (All the U.S. plutonium production reactors had
already been shut down by the end of 1988.51)
In the 2010 amendments to the PMDA, Russia opted to use the 34 tons

of its excess weapons plutonium covered by the agreement to fuel its BN-
800 breeder reactor. In 2016, following the Obama Administration’s unilat-
eral decision to change the method of disposal of the U.S. excess 34 tons
from MOX fuel to dilution and deep burial – and partially also in response
to international sanctions on Russia because of its seizure of Crimea –
President Putin suspended Russia’s participation in the PMDA. He indi-
cated, however, that Russia would maintain its commitment not to use the
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plutonium covered by the agreement in weapons.52 Reportedly, Russia is
using reactor-grade instead of weapon-grade plutonium to fuel the BN-
800.53 Thus, it appears that Russia’s excess weapon-grade plutonium will
remain in storage for the foreseeable future.
United States. In addition to the U.S. commitment in the PMDA that it

would dispose of 34 tons of its excess weapon-grade plutonium, it
announced that it will dispose of more than 17 additional tons of separated
plutonium of various grades (Table 2).54

In the 2010 amendments to the PMDA, the United States decided to dis-
pose of all of its 34 tons of excess weapon-grade plutonium, including
impure plutonium covered by the PMDA in mixed-oxide (MOX) fuel to be
irradiated in U.S. power reactors. After huge cost overruns in the construc-
tion of a MOX Fuel Fabrication Plant and prolonged internal debate, how-
ever, that project was abandoned.55 The United States is now pursuing a
“dilute and dispose” strategy in which plutonium-oxide powder is to be
diluted with a classified mixture of chemicals from which it would be diffi-
cult to separate. For protection and to assure against criticality, the mix is
to be placed in cans stacked in tubes in the centers of large barrels.
There remain many issues that must be dealt with in the U.S. dilute-and-

dispose plan, including:

� Where to site the equipment that will be used to extract plutonium
from excess weapon “pits” and turn it into oxide56

� The regulatory analyses required to establish that placing so much plu-
tonium in WIPP will be safe

� Whether this expansion of the mission of the WIPP repository will be
accepted by New Mexico’s state government57

The U.S. Department of Energy (DOE) has already announced, however,
that it has decided to dilute and dispose of 13.1 tons of plutonium in
WIPP, including 6 tons of plutonium not covered by the PMDA that is
mostly already in oxide form.58 According to DOE’s budget request to
Congress for Fiscal Year 2021, three gloveboxes will be installed at its

Table 2. U.S. unirradiated plutonium declared excess for weapons use.148 WIPP is the
Department of Energy’s Waste Isolation Pilot Plant, a repository in a deep bed of salt in south-
east New Mexico.
Form Quantity (tons) Disposal plan (2019)

Pits, metal and oxide (PMDA material) 34.0 Dilution and disposal in WIPP
Pits 7.1 –
Non-pit metal and oxide 6.0 –
Plutonium-contaminated waste 3.2 Already in WIPP
Various 1.1 WIPP and in high-level waste149

Core fuel of the Zero-Power Plutonium Reactor 4.0 Undecided
Total 55.4

SCIENCE & GLOBAL SECURITY 181



Savannah River Site that will in combination be able to blend down at least
1.5 tons of plutonium oxide per year starting in 2028.59 Absent delays, it
will take until 2049 to complete disposition of the 34 tons covered by the
PMDA plus the 6 tons not covered by the agreement. According to the
DOE, up to 24 tons of plutonium could be diluted by 2040.60

Throughout the negotiation of the original PMDA in the 1990s, Russia
objected to direct disposal of plutonium. It insisted that, to forestall reex-
traction of the plutonium and its remanufacture into warheads, the pluto-
nium isotopics must be changed to non-weapon-grade by irradiation in a
reactor. As noted in the introduction, the furthest it would go in the ori-
ginal (2000) PMDA was to agree that the 8.43 tons of impure weapon-
grade plutonium not from warheads included in the 34 tons of U.S.
weapon-grade plutonium could be directly disposed without irradiation.61

In contrast, knowing that Russia still had in its weapon stocks about 90
tons of weapon-grade plutonium,62 enough for 20,000 warheads, the
United States did not consider it credible that Russia would use the weap-
ons plutonium it had declared excess in warheads again and was more con-
cerned about putting plutonium out of reach of sub-national groups.
The United States therefore was unenthusiastic about Russia using its

excess plutonium for breeder reactor fuel. Such plutonium is supposed to
be recycled indefinitely, thereby regularly reexposing it to diversion. In the
2010 amendments to the PMDA, Russia agreed only that it would neither
reseparate the irradiated plutonium from the BN-800 fuel nor separate the
new weapon-grade plutonium produced in the BN-800 radial blanket63

until all 34 tons of the weapon-grade plutonium had been irradiated.64

Now that it is not fueling the BN-800 with PMDA plutonium, Russia is
free to reprocess the blanket material anytime as part of its civilian nuclear
energy program.

Civilian stocks

Currently, there are seven countries with stocks of civilian plutonium:
China, France, India, Japan, Russia, the United Kingdom and the United
States. The United States has decided that it will dispose of all of its civilian
plutonium except for 4 tons in fuel from the shutdown Zero-Power
Plutonium Reactor at the U.S. DOE’s Idaho National Laboratory (Table 2)
whose fate is yet to be decided.
In the past, Belgium, Germany, Italy, the Netherlands, Spain, Sweden

and Switzerland all had plutonium programs. Belgium and Germany also
had pilot reprocessing plants. All either had MOX-fuel programs using plu-
tonium separated and fabricated into MOX fuel by France or the United
Kingdom and/or contributed plutonium for the startup cores of France’s
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Superph�enix breeder reactor.65 Except in the Netherlands, those programs
have been ended and, in the case of Belgium, Germany, Sweden, and
Switzerland, the plutonium either has been irradiated in mixed-oxide
(MOX) fuel or the title to the plutonium has been transferred to another
country. The Netherlands has a contract with France’s Orano to reprocess
the spent LEU fuel from the Netherlands’ single remaining operating power
reactor.66

It is possible that Italy and/or Spain still have some separated plutonium
in the United Kingdom. That could account for some of the difference
between the 23.1 tons of unirradiated foreign plutonium declared by the
United Kingdom as of the end of 2018 and the 21.2 tons Japan declared it
had in the United Kingdom.67 The United Kingdom has taken title to
some of the foreign plutonium stranded in the United Kingdom and has
indicated its willingness to do the same for the rest, “subject to… accept-
able commercial arrangements”, i.e., an agreed price.68

Since 1997, as a result of the agreed Plutonium Management Guidelines,
there have been annual public reports to the IAEA of stocks of unirradiated
civilian plutonium from all the countries that still reprocess except the
Netherlands and India. The numbers for the end of 2019 are shown in
Table 3, along with projected ranges for 2040 that are explained below.
China. After China ended separating plutonium for weapons in 1987, the

China National Nuclear Corporation (CNNC) built a pilot civilian reproc-
essing plant next to its shutdown military reprocessing plant near Jiuquan,
Gansu Province on the southern edge of the Gobi Desert. The plant report-
edly has a design throughput of 50 tons of light-water reactor spent fuel
per year.69

The site may have been selected to take advantage of the expertise and
infrastructure at the adjoining military reprocessing site but it is very
remote from China’s nuclear power plants, which are all located on China’s
coast. Reportedly, it requires a 3700-km, 3-month road trip for heavy
trucks to deliver spent fuel transport casks from the Daya Bay Nuclear

Table 3. National stocks of unirradiated civilian plutonium as of the end of 2019 and pro-
jected to 2040.

Country

Stocks of civilian plutonium (tons)

End of 2019150 Range in 2040

China 0.04 (end of 2016) 0–40
France 67.7 (excluding foreign owned) 85
India 3–11(“strategic” except for 0.4 tons) 0–14
Japan 45.5 9–45.5
Russia 61.3 (end of 2018) 60–120
South Korea 0 0–3
United Kingdom 115.8 (138.9 including foreign plutonium) (end of 2018) 140
Total 294–302 294–448
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Power Plant, northeast of Hong Kong, the first light water reactor power
plant in China to reach the limit of its spent-fuel-pool storage capacity.70

The pilot plant began operating in late 2010. In China’s first annual dec-
laration to the IAEA that reported a non-zero stock of civilian plutonium,
it stated that, as of the end of 2010, it had separated 13.8 kg of civilian plu-
tonium. At the pilot plant’s design throughput, it would have separated
annually about 500 kg of plutonium thereafter. It apparently encountered
serious technical problems, however. The plant did not operate again until
2014. As of the end of that year, China reported a cumulative 25.4 kg of
civilian plutonium separated. The plant operated again in 2016, at the end
of which China reported a cumulative 40.9 kg separated. Had the pilot
plant operated at its design capacity, the amount separated by then would
have been about 3000 kg.
We have two differing unofficial reports on the plant’s perform-

ance thereafter:

1. It began “normal operation since 2017” with an annual throughput of
“50–60” tons of spent fuel per year71

2. It completed reprocessing a cumulative total of 50 tons of spent fuel
during 2017–19 with plans for its subsequent use uncertain72

In the second scenario, China’s cumulative stock of separated civilian
plutonium would have increased to about 0.5 tons by the end of 2019. If
China’s pilot reprocessing plant operated at its design throughput from
2017, however, by 2040, it would have added about 12 tons to China’s
stock of separated civilian plutonium.
As of the end of October 2020, China was the only country among the

nine parties to the international Guidelines for the Management of
Plutonium that had not submitted a report to the IAEA on its stock of uni-
rradiated civilian plutonium as of the end of 2017 and, since October 2019,
it has been the only country that has not reported its stock as of the end of
2018.73 The IAEA’s position is that it “does not request those Member
States to submit updates and has no role in connection with the implemen-
tation of these voluntary commitments.”74 The governments of other coun-
tries that have agreed to the guidelines could, however, ask China why it
has not yet submitted reports on its stocks of civilian plutonium as of the
end of 2017 and 2018. Arguably, France has a duty to do so because it is
negotiating over construction of an Orano-designed reprocessing plant in
China (discussed below).
In the meantime, 90 km to the east of the Jiuquan pilot reprocessing

plant, CNNC is building a “demonstration” reprocessing plant with a
design throughput of 200 tons of spent fuel per year. The plant is to be
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commissioned in 2025.75 If, after a linear ramp-up over the first five years,
it were to operate at an average of 50 to 100% of its design throughput, by
2040, it could have separated 12.5 to 25 tons of reactor-grade plutonium.
Since 2007, CNNC has been negotiating with France over the construc-

tion of an Orano-designed 800 ton/yr reprocessing plant with an associated
MOX fuel fabrication facility to be sited on China’s coast.76 Originally,
Orano’s price was reported to be e20–25 billion.77 By 2019, it was reported
as e10 billion.78 For that price, Orano would provide only the design and
pieces of equipment that China is unable to produce.79

A coastal location would make it possible to transport spent fuel by ship
to the reprocessing plant from China’s nuclear powerplants, all of which
are located on the coast. The plant has been rejected by one coastal city,
however,80 and consummation of Orano’s contract with CNNC reportedly
has been strongly opposed by the U.S. government.81

In April 2018, Orano projected that, if the deal with China were finalized
in 2018/19, the reprocessing plant could be in operation “in the early
2030s.”82 Given the continuing delay, it is assumed here that the earliest
date for operation has slipped to the mid-2030s. Assuming a linear ramp
up to full capacity over 5 years, if operation began in 2035, the plant could
separate up to 20 tons of reactor-grade plutonium by 2040.
At least some of the plutonium China plans to separate would be used to

fuel the two 600-MWe breeder reactors China is building. Having no infor-
mation about the design of CFR-600, we scale by power from calculations
done by Glaser and Ramana for India’s 500-MWe Prototype Fast Reactor:
2 tons of plutonium for the initial core and an annual reload of 1 ton for a
capacity factor of 75%.83 Assuming five annual reloads before the pluto-
nium in the spent fuel could be recycled, the core and fuel-cycle inventory
requirement for each CFR-600 would be 8.4 tons. For two CFR-600s, there-
fore, China’s stock of unirradiated plutonium would be reduced by 17 tons.
In total, therefore, China’s stock of civilian plutonium in 2040, could

range from about 0 to 45 tons.84

France. As already noted, France’s Orano today has only one remaining
foreign power reactor as a customer for its reprocessing services in the
Netherlands. Orano’s costly reprocessing operation therefore is now essen-
tially entirely supported by �Electricit�e de France’s (EDF’s) fifty-six nuclear
power reactors in France.
Orano’s current contract to reprocess EDF’s spent fuel lasts until 2040,

with the amount of low-enriched uranium spent fuel to be reprocessed set
at 1100 tons annually until 2022.85 Orano fabricates most of the recovered
plutonium into mixed-oxide (MOX) fuel. The operation also packages
defective MOX pellets into rods that we describe as “scrap MOX.” This
scrap MOX is stored in the spent-fuel pools at France’s reprocessing plant
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at La Hague. Also stored in those pools is scrap MOX from decommis-
sioned MOX fuel-fabrication facilities in Belgium, Germany and France
plus an unused core of MOX containing 1.6 tons of plutonium from
Germany’s SNR-300 breeder reactor, which was never operated because of
safety concerns. France also has the unused second core of France’s per-
manently shut-down Superph�enix breeder reactor, containing about 6 tons
of plutonium, in that reactor’s pool. 86

As of the end of 2018, France had a total of 282 tons of scrap MOX and
unusable breeder fuel containing more than 20 tons of plutonium for
which France has no firm disposal plans.87 This is part of the 26.9 tons of
“plutonium contained in unirradiated MOX fuel or other fabricated prod-
ucts at reactor sites or elsewhere,” that France reported to the IAEA for
that year, with the remainder being fresh MOX fuel either still at Orano’s
Melox fuel fabrication plant or at France’s reactor sites not yet loaded into
cores or in reactor cores but not yet irradiated. France’s national stock of
unirradiated plutonium in this category (shown in black in Figure 2)
increased at an average rate of about 1 ton per year between the end of
1995 and the end of 2019. A continuing accumulation at this rate would
increase France’s stock of unirradiated civilian plutonium by roughly
another 20 tons by 2040.

Figure 2. France’s national stock of unirradiated plutonium (black and horizontal lines) has
increased at an average rate of 1.9 tons/yr from 1995 to 2019, offsetting the reductions of its
stock of foreign plutonium as foreign reprocessing contracts were not renewed.144 As of the
end of 2019, all of the foreign unirradiated plutonium in France belonged to Japan. It is being
slowly fabricated into MOX fuel and shipped back to Japan to be used in the few Japanese
reactors licensed to use MOX fuel.145.
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In an alternative scenario, France could follow the examples of its foreign
customers and the preference of its national nuclear utility, �Electricit�e de
France (EDF) (see United Kingdom section below) and end reprocessing.
France could then work down its own stock of about 40 tons of already
separated plutonium at La Hague. This would leave for disposal France’s
approximately 20 tons of unirradiated plutonium in breeder and scrap
MOX fuel. France could try to dissolve this unirradiated MOX fuel and
fabricate it into usable MOX fuel or simply dispose of it directly in a deep
repository with irradiated MOX and unreprocessed low-enriched uran-
ium fuel.
Given that Orano’s current reprocessing contract with EDF does not

expire until 2040, however, this alternative scenario does not appear plaus-
ible before then and we assume that, with the accumulation of more scrap
MOX, France’s stock of unirradiated uranium will increase to 85 tons
by 2040.
India. The only separated plutonium in India that is clearly civilian is 0.4

tons derived from the reprocessing during 1982–86 of spent fuel from
India’s first two heavy-water power reactors, Rajasthan 1 and 2 ( RAPS-1 &
2). The two reactors were built with Canadian assistance prior to India’s
nuclear test in 1974. Canada’s agreement with India requires that this plu-
tonium be kept under IAEA safeguards.
All the plutonium India has separated since 1986 is from unsafeguarded

heavy-water reactors and India has refused to place this plutonium under
safeguards. Although India reportedly tested a nuclear explosive using
reactor-grade plutonium in 1998, the most likely reason it refuses to put
the bulk of its separated plutonium under safeguards is to keep its breeder
program from falling under safeguards.88

India has declared its breeder program to be “strategic,” i.e., that it may
be used for nuclear-weapon-related purposes.89 If India put any safe-
guarded plutonium into breeder reactor cores, the IAEA would demand
that the reactors and any plutonium they produced be placed under safe-
guards as well.
For the purposes of this discussion, it will be assumed that India’s unsa-

feguarded reactor-grade plutonium will be used to provide startup fuel for
its breeder reactors. As has been discussed in the projection of India’s stock
of weapons plutonium, it is also assumed that the weapon-grade plutonium
produced in the uranium “blanket” around the cores of India’s unsafe-
guarded breeder reactor will be available for making nuclear weapons.
India currently has three plants that reprocess heavy-water-reactor fuel:

two at Tarapur north of Mumbai and one at Kalpakkam in southern India,
each with a design capacity to reprocess annually spent fuel originally con-
taining 100 tons of natural uranium. The oldest of these, the PREFRE I
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(Power Reactor Fuel Reprocessing I) plant at Tarapur, began operations in
1982 and PREFRE II in 2010. The Kalpakkam reprocessing plant, located
at the Madras Atomic Power plant, near the headquarters of India’s breeder
program, began operations in 1998. A Fast Reactor Fuel Cycle Facility to
reprocess the spent fuel from the Prototype Fast Breeder Reactor is under
construction at Kalpakkam.90

India’s reprocessing plants have had prolonged shutdowns for repairs
and upgrades. Public information about their operation is scarce. The
uncertainty of the estimate of the amount of plutonium they have separated
is therefore quite large: between 3 and 11 tons as of the end of 2019.91

This range translates into an average capacity factor for the reprocessing
plants of between 12 and 44%.92

Even at the high end of the range, quite a bit of unsafeguarded pluto-
nium would remain in unreprocessed spent fuel. As of the end of 2019,
India’s eight unsafeguarded heavy-water reactors (Madras 1&2; Kaiga
1,2,3&4; and Tarapur 3&4) had produced 41 thermal TWt-days (1 TWt-
day ¼ 1000 GWt-days).93 Assuming 3.75 kg of plutonium per ton for a
burnup of 7000 MWt-days/ton, the associated spent fuel would contain
about 22 tons of plutonium. Assuming at least three years of cooling before
reprocessing, operating with their historical weighted average capacity fac-
tor of 71%, the same unsafeguarded heavy-water reactors could discharge
spent fuel containing another 21 tons of plutonium by the end of 2037. All
the reactors India has under construction have been committed to be under
IAEA safeguards.94

In the past, India’s Department of Atomic Energy floated plans for build-
ing additional reprocessing capacity.95 There are no reports of these plans
being implemented. If India did build sufficient reprocessing capacity and
that capacity operated well, however, it could separate cumulatively up to
43 tons of plutonium by 2040. If India stays with its current reprocessing
capacity and that capacity continues to operate within the historical range,
as of the end of 2040, India would have cumulatively separated 6 to 21
tons of power-reactor plutonium.
Ramana and Suchitra estimated that 5 tons plutonium will be required

to fuel the Prototype Fast Breeder Reactor, including its first three annual
reloads – about 2 tons for the initial core and 1 ton annually thereafter.96 If
India builds its two planned commercial breeder reactors with basically the
same design, the startup requirement of plutonium for all three reactors
would be about 15 tons. If, more realistically, five annual reloads would be
required before India could reprocess the fuel and fabricate the recovered
plutonium into fresh MOX fuel, the startup plutonium requirement for the
three breeder reactors would increase to about 21 tons. Thus, if India actu-
ally built three breeder reactors by 2040, depending upon the operation of
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its reprocessing plants, it would have between a shortage of 15 tons and
zero tons of plutonium relative to its expected requirements. In the most
extreme case of shortage, it would use its total inventory of reactor grade
plutonium to fuel one breeder reactor and it would have an inventory of
zero reactor-grade plutonium.97 On the other hand, if India’s government
decided not to authorize the construction of the two proposed commercial
breeder reactors, it could have up to 14 tons of unirradiated separated plu-
tonium as of 2040.98

Japan. Japan has been slowly drawing down its plutonium stock in
France as capacity becomes available to use it in the few operating reactors
Japan has licensed to use MOX fuel. The average rate of reduction of
Japan’s stock of plutonium in France through MOX use in Japan's power
reactors between the end of 1998 and the end of 2019 was about 0.21 tons
per year. Japan’s stock of plutonium in France at the end of 2019 was
15.4 tons.99

Except for about 0.8 tons shipped to Japan between 1970 and 1981, Japan’s
plutonium stock in the United Kingdom remains entirely unused due to the
failure of the United Kingdom’s MOX-fuel-production plant, which was aban-
doned in 2011, after the Fukushima accident.100 Since then, Japan’s plutonium
in the United Kingdom (21.8 tons as of the end of 2018101) has been trapped
there by an apparently de facto policy that plutonium can be shipped from
Europe to Japan only in the form of MOX fuel.102

As already noted, the United Kingdom has offered to take title to the
foreign plutonium that it holds and dispose of it with the United
Kingdom’s own, much larger stock. Japan and the United Kingdom have
opened discussions on the management of Japan’s plutonium in the United
Kingdom.103 The discussions are proceeding slowly, however – perhaps in
part because of the poor optics of Japan’s utilities paying to get rid of their
separated plutonium in the United Kingdom at the same time Japan’s gov-
ernment is pushing them to start separating more in Japan at a projected
cost of about ¥10 trillion yen ($96 billion) over 40 years.104

Table 4 shows the makeup of Japan's stock of unirradiated plutonium in
Japan as of the end of 2019. Japan will be unable to convert any of this

Table 4. Forms and locations of the approximately 9 tons of unirradiated plutonium in Japan
as of the end of 2019 (metric tons) and total quantities in France and the United Kingdom.105

Plutonium oxide
and nitrate

In partially fabricated
MOX fuel

In fabricated
fuel

In R&D facilities 2.77 0.90 0.97
At Rokkasho Reprocessing Plant 3.60 –
At power reactors – – 0.62
Subtotal: In Japan 6.37 0.90 1.59
In France 15.4
In the United Kingdom 21.2
Total 42.97 0.90 1.59
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plutonium into MOX fuel until the MOX plant under construction next to
the Rokkasho Reprocessing Plant has been completed.
Although Japan’s official position is that its fast reactor development pro-

gram continues, its plutonium research and development (R&D) complex
has been shrinking. Its prototype breeder reactor, Monju, and the pilot
reprocessing plant at Tokai are being decommissioned. The experimental
(140 MWt) fast-neutron reactor, Joyo, has been shut down since 2007 by
damage due to a refueling accident.106 The Japan Atomic Energy Agency
(JAEA) plans to apply for a license to restart its pilot MOX fuel fabrication
facility at Tokai after satisfying the more stringent post-Fukushima-accident
safety rules. The facility’s remaining missions are to support Joyo and the
MOX fuel fabrication facility being built next to the Rokkasho
Reprocessing Plant. Restart is projected to be after 2027.107

At the end of 2019, 72% of Japan’s in-country plutonium was in either
oxide or nitrate form, mixed with an equal amount of reprocessed (recov-
ered) uranium as a token response to the U.S. concerns about the prolifer-
ation and terrorism dangers associated with Japan’s separated plutonium.
Reactor-grade plutonium contains 14 to 15% plutonium-241 when it is

discharged from a reactor core.108 Plutonium-241 decays with a 14-year
half-life into americium-241, which has a half-life of 432 years and emits
gamma rays when it decays, creating a radiation hazard for workers in
MOX fuel fabrication plants.
Because of that radiation hazard, France’s MELOX plant, the model for

Japan’s under-construction MOX plant, does not process plutonium in
which americium-241 has been allowed to build up for more than six
years.109 Processing Japan’s older plutonium into MOX fuel therefore
would require either removing the americium-241 first or diluting the plu-
tonium with freshly separated plutonium.
Several processes for removing ingrown americium from plutonium have

been developed in the United States for weapons plutonium.110 Japan
Nuclear Fuel Limited (JNFL), which owns the Rokkasho reprocessing and
MOX plants, reportedly plans, however, to deal with the problem of ameri-
cium-241 buildup in stored plutonium by diluting its old plutonium with
freshly separated plutonium.
Regular operations at the Rokkasho Reprocessing Plant were originally

scheduled to begin in 1997. Currently, the plan is to start them in Fiscal
Year 2023, which begins 1 April 2023.111 Separations are to ramp up over a
period of four years during which about 1500 tons of spent fuel are to be
reprocessed.112 Thereafter, the plant is to reprocess 800 tons of spent fuel
annually from which about 7 tons of plutonium are to be recovered.113 If
reprocessing began in 2023 and were carried out according to this plan,
about 111 tons of plutonium would have been separated by 2040.
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Japan has six reactors that were licensed to use MOX fuel before the
March 2011 Fukushima accident that either have been allowed to resume
operating or are being reviewed for restart after post-Fukushima safety
upgrades.114 There appears to be no interest on the part of the Japan’s
nuclear utilities in applying for licenses to use MOX fuel in reactors not
previously licensed to use it. According to the projections by Japan’s
Federation of Electric Power Companies (FEPC), the six reactors should
use on average MOX fuel containing 2.6 tons of plutonium per year.115

During 2018–2020, however, the rate of consumption (loading into the
core and irradiation) by Japan’s four operating MOX fueled reactors was
less than one third the rate projected by FEPC. In projecting future MOX
use, therefore, we have included a scenario in which the six reactors use
plutonium at half the rate projected by FEPC. At that rate, the six reactors
would irradiate 26 tons of plutonium in MOX by the end of 2040.116 In an
optimistic scenario, the six reactors would irradiate plutonium at the rate
projected by FEPC and, in addition, the under-construction Ohma reactor
is completed and comes into operation in 2028 as currently planned.117

The control system of the Ohma reactor is designed to enable it to be
fueled entirely with MOX. If it were operated in that way with the other
six reactors using fuel at the rate projected by FEPC, Japan could irradiate
71 tons of plutonium by the end of 2040 (Figure 3).

Figure 3. Two scenarios for Japan’s irradiation of plutonium in MOX fuel. For the upper curve,
the six existing LWRs licensed for MOX fuel and operating or likely to operate soon, irradiate
plutonium in MOX fuel at the rate assumed by Japan’s Federation of Electric Power Companies
(FEPC) and the Ohma reactor begins to operate in 2028 and ramps up to a full core of MOX
fuel in 2033. In the second, the Ohma reactor is not completed and the six existing LWRs irradi-
ate MOX at half of the rate assumed by FEPC.
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In 2018, under pressure from the United States, Japan’s Cabinet
approved a declaration in Japan’s Strategic Energy Plan that “The
Japanese government remains committed to the policy of not possessing
[unirradiated] plutonium without specific purposes on the premise of
peaceful use of plutonium and work to reduce… the size of [its] pluto-
nium stockpile.”118 Even with the optimistic scenario for Japan’s pluto-
nium use in MOX shown in Figure 3, however, that goal could not be
achieved consistent with JNFL’s operating plan for the Rokkasho
Reprocessing Plant. The 40 to 85-ton increase from the excess plutonium
separated at the Rokkaho Reprocessing Plant by 2040 could be partially
offset if Japan agreed to accept the United Kingdom’s offer to take title to
the 22 tons of Japanese separated plutonium in the United Kingdom.
Even so, however, to live up to the Government’s commitment, JNFL
would have to keep its rate of plutonium separation 16 to 57% below the
design capacity of the Rokkasho Reprocessing Plant, leading to a still
higher cost per ton reprocessed, which might turn out to be the final
death knell for the project.119 Assuming that Japan lives up to its commit-
ment, the net result will be to reduce the amount of unirradiated pluto-
nium Japan owns in Europe in exchange for an increase of the amount of
separated plutonium in Japan.
In fact, JNFL is not planning a “just-in-time” minimal inventory policy

such as that for which Japan’s Toyota automobile company is justly fam-
ous. It has built into the Rokkasho Reprocessing Plant a storage capacity
for up to 30 tons of plutonium.120 This is in line with France’s practice at
La Hague. As of the end of 2019, Orano was storing there 52 tons of sepa-
rated plutonium– about five years of output – in the form of pluto-
nium oxide.121

Based on France’s practice, JNFL’s MOX fuel fabrication plant, which is
under construction, will have on the order of an additional six tons work-
ing stock of plutonium in process at its MOX Fuel Fabrication Plant plus
perhaps two tons of plutonium in scrap MOX by 2040.122

If JNFL’s MOX plant failed to operate – as occurred with the United
Kingdom’s separated at Rokkasho would have no path for disposition, as is
the case today for approximately 140 tons of unirradiated plutonium at the
Sellafield reprocessing site in the United Kingdom.123

To avoid such an outcome, Japan could refrain from operating the
Rokkasho Reprocessing Plant until JNFL’s MOX fuel fabrication plant is
complete and has demonstrated that it is fully operable. If JNFL continues
in refusing to clean the americium-241 out of its existing stock of separated
plutonium (Table 4) to make it useable as feed for the MOX plant, the
plant could be tested making low-enriched uranium fuel.
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A truly responsible policy would be to decommission the Rokkasho
Reprocessing Plant and place Japan’s spent fuel in dry-cask storage until a
deep underground repository becomes available. That would remove large
unnecessary burdens from both Japan’s electricity rate payers and the glo-
bal nonproliferation regime. If Japan used up in MOX the plutonium it has
stored in France and transfer the title of the plutonium it has stored at
Sellafield to the United Kingdom, it would then have only the 9 tons of
unirradiated plutonium it currently has in Japan left to deal with.
The above two scenarios: 1) Japan not starting the Rokkasho

Reprocessing Plant, transferring its separated plutonium in the United
Kingdom to British ownership and irradiating its plutonium stock in
France in MOX fuel in Japan’s power reactors, and 2) Barely living up to
its commitment not to increase its stock of separated plutonium, would
result in Japan having 9 or about 45 tons of unirradiated plutonium in
2040. An intermediate scenario could result if the Rokkasho Reprocessing
Plant operated poorly due to technical malfunctions such as the failure of
its vitrification process (in which the liquid high-level radioactive waste is
immobilized in glass) during active testing in 2006–8.
Russia. Russia is currently shifting its new BN-800 breeder reactor from

mostly enriched uranium to MOX fuel.124 Operating at 75% capacity, the
BN-800 could irradiate about 1.8 tons of weapon-grade plutonium annu-
ally, which, based on Russia’s annual declarations to the IAEA on the
growth of its stock of civilian plutonium, is about as much plutonium as
the Mayak reprocessing plant has been separating annually.125

Rosatom plans, however, to expand the rate of plutonium separation at
Mayak to its nominal design capacity of 4 tons per year, and to build a
1500-ton/year spent fuel reprocessing plant in Zheleznogorsk.126 If realized,
these plans would increase plutonium separation in Russia to 17 tons per
year by 2028.
These are decades-old plans that have been delayed year after year, how-

ever, and there in no reason to believe that Russia’s nuclear conglomerate,
Rosatom, focused as it is on profits, will commit the necessary funds to
build a huge reprocessing plant at Zheleznogorsk at a time when Russia
already has more separated plutonium than it knows what to do with.
For the purposes of projecting, we assume a range of plutonium separ-

ation rates in Russia from zero increase to an increase of two tons per year
in the 2020s and four tons per year in the 2030s for a resulting increase in
Russia’s stock of reactor-grade plutonium by 0 to 60 tons in 2040.
United Kingdom. With the projected completion of its reprocessing of

legacy Magnox spent fuel in 2021, the United Kingdom’s days of plutonium
separation will be over.127 The question becomes: how can the United
Kingdom dispose of its stock of about 140 tons of separated plutonium,
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including the approximately 23 tons of Japanese and other foreign pluto-
nium stranded in the United Kingdom?
The U.K. Nuclear Decommissioning Authority’s (NDA) preferred option

has been to contract with France’s Orano to build a new MOX fuel fabrica-
tion plant at Sellafield. NDA’s rationale is that MOX fuel fabrication, as
implemented in France, is a “mature” technology.128 With this approach,
the spent MOX fuel could be stored with other spent power reactor fuel
until a radioactive waste repository can be built and there would be no
need to devise secure storage arrangements for a new waste form.
Even though the U.K. government has provided �Electricit�e de France

(EDF) a huge subsidy to build two 1630-MWe reactors on the Bristol
Channel in southwest England that could be adapted to use full cores of
MOX fuel and irradiate two tons of plutonium each per year, and EDF’s
sister company, Orano, could make many additional billions of dollars con-
structing a MOX fuel fabrication plant for the United Kingdom, EDF has
refused to use MOX fuel in those reactors.129

The U.S. DOE had the same problem finding a utility willing to use the
MOX fuel that was to be produced from excess U.S. weapons plutonium –
even when it offered to supply the MOX at a significantly lower cost than
the equivalent amount of low-enriched uranium fuel. The utilities lacked
confidence that DOE’s planned MOX fuel fabrication plant would produce
MOX fuel on schedule or that the fuel would have the same durability as
modern LEU fuel. They also would have had to obtain licenses to use
MOX fuel, which would involve a potentially costly and conten-
tious process.
The safety issues associated with MOX fuel include both the technical

issue of the reduced effectiveness of control rods with MOX fuel and the
political issue of possible public opposition.130 Given that fuel costs account
for less than ten percent of the cost of generating electricity from a new
nuclear power plant, it is understandable that a utility would be hesitant
about using untried MOX fuel that might reduce the operational availabil-
ity of the plant.131

Two other reactor vendors: Atomic Energy of Canada Limited (AECL)
and GE-Hitachi have offered to build dedicated nuclear reactors to irradiate
the United Kingdom’s plutonium.132 Their proposals would, however,
require the government to finance the reactors as well as the associated fuel
fabrication plants.
In the case of the GE-Hitachi proposal, an additional complication is

that the sodium-cooled reactors it proposes to build would require fabricat-
ing the plutonium into fuel containing sodium to conduct heat from the
metal fuel “meat” to the cladding. This is necessary because the metal fuel
meat swells as it is irradiated. Therefore there must be an initial gap
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between the meat and the cladding. The purpose of the liquid sodium is to
conduct the fission heat across that gap.
This fuel design was used in U.S. Experimental Breeder Reactor II (EBR

II, 1965–94). The EBR II spent fuel is considered unsafe for disposal in an
underground repository because the sodium in the fuel could react with
water to generate explosive hydrogen. As a result, the Idaho National
Laboratory persuaded the U.S. DOE to fund it to use its experimental
reprocessing (pyroprocessing) technology to convert the EBR II spent fuel
into more stable waste forms. Unfortunately, the process has not worked
well and there have been prolonged delays and huge cost increases and the
products produced are still not suitable for disposal in a spent fuel reposi-
tory.133 The U.K. Nuclear Decommissioning Authority has understood that
the GE-Hitachi proposal therefore would not necessarily put the United
Kingdom’s plutonium into a stable form for disposal.134 The spent fuel also
would not be sufficiently irradiated to meet the requirement of a self-pro-
tecting radiation barrier around the spent fuel of at least one Sievert/hour
at 1 meter’s distance, 30 years after discharge.135

Meanwhile, the United Kingdom is developing a capability to immobilize
plutonium in an insoluble waste form. This approach is focused on pluto-
nium that would be difficult to clean up for use in MOX fuel but could
become an option for the disposal of the United Kingdom’s entire pluto-
nium stock.136 Given that it is very uncertain how soon a deep under-
ground national radioactive repository can be sited in the United Kingdom,
however, the current de facto U.K. policy for its separated plutonium is
secure interim storage.137

It is possible that a strategy for how to move U.K. plutonium disposal
forward could be decided by 2040 but it seems unlikely that a significant
amount of plutonium could be disposed by then. This is assumed in Table
3. It is also assumed that, by 2040, the United Kingdom will have taken
ownership of the Japanese plutonium that is marooned in the
United Kingdom.
United States. The DOE under the Trump Administration backed the

Idaho National Laboratory in its push to build a larger version of the
Experimental Breeder Reactor II that the Clinton Administration shut
down in 1994 for lack of a mission. The proposed new $2.6–5.8 billion
reactor is called a “Versatile Test Reactor” (VTR) and the need for it is
posited on the expectation that fast-neutron reactors will emerge as eco-
nomically competitive sources of electrical power and that a fast-neutron
test reactor is therefore required to test the durability of reactor and fuel
materials. The VTR would require 0.4 tons of plutonium in its fuel annu-
ally.138 This plutonium could come from the material that the United
States has declared excess for weapons purposes. Given the cost of the
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VTR, the continuing lack of evidence for the economic viability of fast-neu-
tron power reactors, and the history of the DOE’s inability to complete
large projects, there is a good chance that the project will not
be completed.
Other countries. The only country not currently reprocessing that is ser-

iously interested in doing so is South Korea (the Republic of Korea or
ROK). For decades, the Korea Atomic Energy Research Institute (KAERI)
has been arguing that the ROK should have the same right to reprocess as
Japan.139 In the absence of U.S. agreement, however, the ROK government
has refused to give KAERI the go ahead.
The issue did result, however, in protracted and difficult negotiations on

the renewal of two countries’ Agreement on Cooperation on the Peaceful
Use of Atomic Energy. As part of that agreement, in 2015, the two coun-
tries agreed to complete a ten-year joint study on the “feasibility” of pyro-
processing, a type of reprocessing developed by Argonne National
Laboratory and transferred to KAERI during the G.W. Bush
Administration. The feasibility study will conclude at the end of 2020.
If the United States agreed, KAERI’s proposal would be to build a

“demonstration” pyroprocessing facility with a capacity to reprocess annu-
ally 30 tons of light water reactor (LWR) spent fuel at an estimated cost of
1.1 trillion won ($1 billion).140 This capacity is small relative to the
approximately 500 tons of spent fuel that South Korea’s LWRs discharge
annually.141 The quantity of separated plutonium would not be insignifi-
cant from a nonproliferation perspective, however. Thirty tons of spent
LWR fuel contains about 300 kilograms of plutonium – enough by the
IAEA’s metric to make about 40 nuclear warheads. If KAERI were given
permission in 2021 to proceed with the demonstration reprocessing plant,
and the plant began to operate at design capacity in 2030, then, by 2040,
South Korea could have separated up to 3 tons of plutonium.

Conclusions

The end of the Cold War brought the production of plutonium for weap-
ons to an end in Europe, Russia and the United States but such production
continues in regions of international tension: the Middle East (in Israel),
South Asia (in India and Pakistan), and East Asia (in North Korea). It is
also possible that China might resume the production of plutonium
for weapons.
In 2000, in their PMDA, Russia and the United States agreed, to each

dispose of 34 tons of excess weapons plutonium – enough for on the order
of 10,000 warheads each. In the context of deteriorating U.S.-Russian rela-
tions, Russia suspended the agreement. The United States plans to continue
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with the disposal of its excess plutonium but slowly and with a different
process than agreed to in the PMDA. Russia’s planned disposition method,
although accepted by the United States, was problematic because it would
involve the indefinite recycle in breeder reactors of the excess plutonium
and plutonium made with it, thereby continuing indefinitely the exposure
of plutonium to diversion.
Three decades after the end of the Cold War, therefore, although the glo-

bal number of operational nuclear warheads has dropped to about one
sixth of its Cold War peak, very little of the plutonium from the excess
warheads has been disposed.142 This contrasts with the situation with HEU
where the U.S. weapons stock has been reduced by 70% and Russia’s by
about 40%.143

Incompleteness in these tasks is dangerous. Plutonium-239 has a half-life
of 24,000 years – much longer than the halflife of human governments.
(Uranium-235 has a half-life of 0.7 billion years.)
With regard to separated civilian plutonium, the worldwide failure of the

effort to commercialize sodium-cooled breeder reactors brought to an end
the justification for the reprocessing of spent power reactor fuel to recover
plutonium. Shutting down existing reprocessing complexes in France, Japan
and Russia appears to be considered unthinkable, however, due to their
rigid governing systems, while China, with its economy continuing to
strengthen, has decided to add two prototype breeder reactors, a demon-
stration reprocessing plant, and perhaps a large commercial reprocessing
plant to its portfolio of technologies.
France and Japan have implemented an alternative – although grossly

uneconomic – use for the plutonium they continue to separate: fabrication
into mixed-oxide fuel for their fleets of LWRs. Russia has finally begun to
use plutonium to fuel its BN-800 prototype breeder reactor at a rate com-
parable to the rate of plutonium separation in Russia but that equilibrium
will be only temporary if Russia carries through on its plan to greatly
expand the scale of civilian reprocessing activities in the three closed cities
originally established to produce plutonium for Soviet Cold War
nuclear weapons.
Reprocessing in the United Kingdom is finally coming to an end because

of the refusal by the U.K.’s domestic nuclear utility – ironically, a subsid-
iary of France’s EDF – to renew its reprocessing contract. EDF also refuses
to use MOX fuel in its U.K. reactors. This leaves the United Kingdom, the
owner of the world’s largest stock of separated civilian plutonium, with no
strategy for its disposal.
Our projections for global civilian plutonium stocks in 2040 range from

relatively little change to a 50% increase. If Japan were to join the United
Kingdom in ending reprocessing, the reduction in its stock might be
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partially offset by an increase in the United Kingdom’s as a result of a
transfer of title to Japan’s stock in the United Kingdom. If Japan continues
with its plutonium separation program while China, France, India and
Russia all expand their plutonium stocks, the result could be somewhere
around the higher end of the projections.
Given the lack of an economic rationale for using plutonium as a fuel,

plutonium is not a plausible nuclear fuel of the future. Instead, as a
nuclear-weapon material, it poses an existential risk to the future of
humanity. The global effort to end all production and to reduce plutonium
stocks and the number of locations where they can be found must be
reenergized.
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