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About the IPFM
The International Panel on Fissile Materials (IPFM) was founded in January 2006 as an independent group of arms-control and nonproliferation experts from both nuclear weapon
and non-nuclear weapon states.
IPFM’s mission 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 weapons disarmament, to halting the proliferation of nuclear weapons,
and to ensuring that terrorists do not acquire nuclear weapons.
Both military and civilian stocks of fissile materials must be addressed. The nuclear-weapon
states still have enough fissile materials in their weapon stockpiles for tens of thousands of
nuclear weapons. And enough civilian 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
about one thousand Hiroshima-type bombs, a design well within the potential capabilities
of terrorist groups.
The Panel has been co-chaired since 2015 by Professor Alexander Glaser and Dr. Zia Mian
of Princeton University and Professor Tatsujiro Suzuki of Nagasaki University, Japan. It was
co-chaired previously by Professor Jose Goldemberg of the University of Sao Paolo, Brazil
(2006-2007), Dr. R. Rajaraman (2007-2014) Professor Emeritus, of Jawaharlal Nehru University, New Delhi, India, and Professor Frank von Hippel of Princeton University (2006-2014).
IPFM’s members include nuclear experts from seventeen countries: Brazil, Canada, China,
France, Germany, India, Iran, Japan, the Netherlands, Norway, Pakistan, South Korea,
Russia, South Africa, Sweden, the United Kingdom, and the United States; seven are nuclear-weapon states and ten are non-weapon states.
IPFM research and reports are shared with international organizations, national governments
and nongovernmental groups. IPFM meetings and workshops are often in conjunction
with international conferences at which IPFM panels and experts make presentations.
Princeton University's Program on Science and Global Security provides administrative
and research support for the IPFM.
IPFM's support has been provided 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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Overview
Kilogram quantities of the artificial element, plutonium, were first produced in nuclear
reactors and chemically separated from the spent nuclear fuel almost 80 years ago as part
of the United States nuclear weapons program. The first nuclear explosion, in July 1945,
was a test of a design powered by 6 kilograms of plutonium. A bomb of that same design
was used the following month to destroy the city of Nagasaki. Plutonium has played a key
role in almost all nuclear weapons since. It is also being used in a few countries as a power
reactor fuel. Today, there are about 550,000 kilograms (about 550 metric tons*) of separated
plutonium worldwide. Thousands of additional tons remain unseparated in stored spent fuel.
At the end of the Cold War, in 1990, the global stock of separated, i.e., unirradiated plutonium, totaled a little over 300 tons. More than two thirds was weapons plutonium, of which
more than 95% had been produced by the Soviet Union and United States. The United
States, Russia (which inherited the Soviet Union’s stocks of nuclear weapons and fissile
materials), the United Kingdom, France and China had stopped producing plutonium for
nuclear weapons. Israel, India, Pakistan and North Korea continued. The quantities the
last four countries have produced so far, however, total only about one percent of the Cold
War legacy stocks.
In 1993, the UN General Assembly mandated negotiation of a Fissile Material Cutoff Treaty
that would ban production of plutonium and other fissile materials for weapon purposes.
Substantial negotiations have yet to begin, however.
Meanwhile, the global stock of separated civilian but nuclear-weapon-usable plutonium
has grown substantially – increasing from about 100 tons at the end of the Cold War to a
total of more than 300 tons as of the end of 2020. In addition, almost 100 tons of US and
Soviet/Russian weapons plutonium have been declared excess, increasing the total amount
of civilian plus excess weapons plutonium available for non-weapons uses to approximately
400 tons. This growing civilian plutonium stockpile is far larger than the estimated stockpile
of about 150 tons of plutonium remaining in weapons and weapon programs as of 2020.
A US National Academy of Sciences study in 1994 found that all separated plutonium, civilian
as well as military, constitutes a “clear and present danger to national and international
security.”1 By the International Atomic Energy Agency’s safeguarding assumption that 8 kg
of plutonium is sufficient for a simple weapon, the four hundred tons of separated civilian
and excess weapons plutonium is enough for 50,000 Nagasaki bombs.
The separation of plutonium for civilian purposes began in the 1960s and 1970s by chemically “reprocessing” spent nuclear power reactor fuel. The purpose was to obtain startup
fuel for future liquid-sodium-cooled plutonium “breeder” reactors whose large-scale commercialization was expected to begin in the 1990s. Breeder reactors were to be powered by
plutonium while transmuting non-chain-reacting uranium-238 into more chain-reacting
plutonium than the reactors consumed. Therefore uranium-238 would be their ultimate
fuel. U-238 is 140 times more abundant in natural uranium than the chain-reacting U-235
whose fission provides most of the energy in current-generation power reactors.
Theoretically, breeders could be fueled even by the trace amounts of uranium in ordinary
rocks. Average crustal rock contains three grams of U-238 per ton. The fission of those three
grams, after conversion into plutonium, would yield as much energy as the combustion of
ten tons of coal. The nuclear pioneers therefore argued that it would be possible, in effect,
to “burn the rocks.” They believed they had created a source of energy that could support
human civilization at its current level of energy consumption for millions of years.2
* In this report, “tons” refers to metric tons.
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Through the 1970s, nuclear power was expected to become the dominant source of energy
for an increasingly electrified world and breeder reactors were expected to dominate nuclear power after 2010. These expectations proved to be incorrect. Global nuclear capacity
plateaued after 2000 with capacity retirements approximately offsetting new capacity.
Breeder reactors have not been commercialized because of their high capital and fuel-cycle
costs and low reliability.
Today, nuclear power provides about 10 percent of growing global electrical power production – down from a peak of about 18 percent in 1996. Meanwhile, production of lower-cost
electrical power using photovoltaic panels and wind turbines has grown rapidly to approximately equal the level of production by nuclear reactors and is expected to dominate the
production of power in the post-fossil-fuel world.3 Uranium, which accounts for only a
few percent of the total cost of power from current reactors, is projected to continue to be
available at low cost and could sustain nuclear power at its current level for at least another
hundred years.
Globally, only two prototype breeder reactors were operating in 2021– both in Russia. The
older had been operating for four decades, fueled by enriched uranium rather than plutonium. Three more prototypes were under construction: two in China and one in India, but
appeared to be dual-purpose – to produce plutonium for weapons as well as electrical power.
The world became aware of the potential use of nominally civilian plutonium programs
for acquiring nuclear weapons in 1974 when India used some of the plutonium it had separated with the assistance of the US Atoms for Peace Program to launch its nuclear-weapons
program. Brazil, Pakistan, South Korea and Taiwan – all with military governments at the
time – were discovered to be going down the same track.
The realization that the civilian plutonium programs the US Atomic Energy Commission
(AEC) had been promoting worldwide were facilitating nuclear-weapon proliferation became an issue in the 1976 US presidential election. In 1983, after several years of intense
public debate and a five-fold increase in the estimated cost of a planned US “demonstration” breeder reactor, Congress ended the US breeder reactor commercialization program.
Absent a market for plutonium, US nuclear utilities opted not to reprocess their spent fuel
and instead backed legislation for its direct disposal in a deep underground repository to
be built by the Department of Energy, which had taken over all the nuclear responsibilities,
other than regulation, of the AEC, which was dismantled by Congress in 1974.
The Carter Administration (1977-80) was not able to persuade other countries with on-going civilian plutonium programs to halt them. Germany did so eventually, and, as this
report was being completed, the UK announced that its reprocessing operations would
end in July 2022. China, France, India, Japan and Russia continue their civilian spent-fuel
reprocessing programs.
France and Japan have suspended their breeder demonstration programs but continue
with paper studies. France uses its separated plutonium, diluted with depleted uranium, in
“mixed-oxide” (MOX) fuel to replace about 10% of the low-enriched-uranium fuel used by
its conventional power reactors – even though separating the plutonium and fabricating
the MOX fuel costs an order of magnitude more than the low-enriched uranium fuel it
replaces. Japan had several thousand tons of spent fuel reprocessed in France and UK and,
as of 2022, expected soon to put into operation a large domestic reprocessing plant that
had been under construction for three decades. Japan plans to follow France’s example and
recycle the plutonium in MOX fuel in conventional power reactors.
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France’s and Japan’s nuclear-energy research and development (R&D) establishments justify
their uneconomic plutonium recycle programs by arguing that extracting the plutonium
from spent fuel will reduce the longevity of the environmental hazards of radioactive
waste disposed of deep underground. Official studies in the United States and Sweden have
found, however, that, because plutonium oxide is relatively insoluble, is not concentrated
in the food chain, and is only weakly absorbed from the human gut, it will not dominate
the radiological risk from deep underground spent-fuel repositories.
In addition to its high cost, reprocessing spent fuel has accident risks. Although kept secret
for two decades until it was revealed by a Russian émigré, the world’s worst nuclear accident prior to the 1986 Chernobyl accident occurred in 1957 in the Soviet Union. A tank
of concentrated radioactive waste at the first Soviet military reprocessing plant dried out
and exploded. It was necessary to relocate the population from a downwind contaminated
area of 1,000 square kilometers – about the same size area as that from which people were
relocated after Japan's 2011 Fukushima accident.
The United Kingdom is now confronted with the question of how to dispose of the world’s
largest stock of separated civilian plutonium, about 140 tons, including about 22 tons
separated for Japan that is marooned in the UK. Unlike the governments of France and
Japan, the UK has not forced its nuclear utilities to use the separated plutonium in MOX
fuel. An alternative being considered is to process the plutonium into a stable waste form
for deep underground disposal.
The cost of cleaning up the UK’s plutonium production and separation site is estimated
to be the equivalent of more than one hundred billion dollars. The cost and risk of storing
spent fuel in air-cooled casks, pending the future availability of deep repositories, are small
in comparison.
Japan is the only non-nuclear-armed state that reprocesses today but there is concern that
its example might be emulated by other non-weapon states. In recent years, South Korea
has pressed the US to rewrite their agreement on peaceful nuclear cooperation to give it the
same right to reprocess as Japan. In 2011, the US temporarily deflected this demand with
a ten-year joint “feasibility study”, but the discussion may soon resume.
Plutonium-239, the main isotope produced by neutron capture in U-238, has a half-life of
24,000 years. It will outlive the states that produced it. That has already happened once, in
1991, when the Soviet Union disintegrated, resulting in global efforts to help Russia secure
its huge stocks of inherited weapon-usable materials.
This report recommends the following initiatives to accelerate the end of spent-fuel reprocessing and to dispose of already separated plutonium that has no near-term use plan:
1. Broaden the proposed Fissile Material Cutoff Treaty to include a ban on the separation
of plutonium for any purpose, civilian as well as military, and place all unirradiated
civilian plutonium and demilitarized weapons plutonium under IAEA safeguards.
2. Launch an international research program to achieve a consensus on the environmental
hazards of direct deep disposal of spent fuel relative to reprocessing and deep disposal
of reprocessing wastes, and multinational cooperation on disposal of excess plutonium.
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Background
Origin of civilian plutonium separation: The breeder-reactor dream
Separation of plutonium for breeder reactor research and development (R & D) by chemically “reprocessing” spent conventional power reactor fuel began in the 1960s and 1970s.
At the time, it was believed that global nuclear power capacity would continue to grow
exponentially (Figure 1) and that global uranium resources recoverable at prices affordable
for conventional nuclear power reactors would be rapidly depleted.4
In fact, as is shown in Figure 1, after the 1986 Chernobyl accident, global nuclear capacity
plateaued and, as shown in Figure 2, the price of uranium in constant dollars has varied
by about a factor of two above and below its long-term average of about $100/kgU (2018$)
but has not trended upwards. The 2020 edition of the biennial report, Uranium Resources,
Production and Demand, published jointly by the OECD Nuclear Energy Agency and the
International Atomic Energy Agency concluded that:
Sufficient uranium resources exist to support continued use of nuclear power and significant growth in nuclear capacity for low-carbon electricity generation and other uses
(e.g., heat, hydrogen production) in the long term. Identified recoverable resources,
including reasonably assured resources and inferred resources (at a cost <USD 260/kgU…)
are sufficient for over 135 years, considering uranium requirements as of 1 January 2019.5

Figure 1. International Atomic Energy Agency (IAEA) 1975 projection of world nuclear capacity and what actually
happened. Source: IAEA data.6
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Figure 2. Uranium price history in constant dollars. Source: US Department of Commerce and US Energy Information Administration data.7

During the 1960s and 1970s, however – driven by high projections for nuclear power growth
and low projections for resources of uranium at acceptable costs – the leading industrialized
states of the time launched major efforts to develop plutonium “breeder” reactors that would
use uranium much more efficiently. Enrico Fermi’s mistaken 1945 prediction, “The country
which first develops a breeder reactor will have a great competitive advantage in atomic
energy,” continued to influence thinking in the nuclear-power community for decades.8
Conventional “light”-water-cooled power reactors (LWRs) are fueled primarily by chain-reacting uranium-235 in low-enriched uranium. The percentage of uranium-235 in such LEU
is increased from 0.7 percent in natural uranium up to three to five percent. LWRs fission
only a very small amount of the non-chain-reacting U-238 that makes up the remaining
95+ percent of LEU in the fuel. The development of plutonium “breeder” reactors was
therefore launched in the hope of turning the 99.3 percent U-238 in natural uranium
into chain-reacting plutonium. Breeders would be fueled initially by plutonium extracted
mostly from spent LWR fuel. Thereafter, they would be sustained by plutonium produced
in the breeder reactor cores and in uranium “blankets” placed around the cores to capture
neutrons that leak out.
In order to produce more plutonium than it consumes, the chain reaction in a plutonium
breeder reactor must be mediated by “fast” neutrons that have lost little of the energy
with which they were produced in fissions. Fast neutrons increase the average number of
neutrons produced per plutonium fission. The extra neutrons are required to make the
reactors net plutonium producers.
Since collisions with the single proton nuclei of hydrogen in water deprive neutrons of
large fractions of their energy, fast-neutron reactors require a coolant with heavier nuclei.9
A number of alternatives have been explored, but all prototype breeder reactors that have
operated have used liquid sodium, which has a melting point of about 100 ºC.10
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France, Germany, Japan, Russia and the United Kingdom all built prototype sodium-cooled
breeder reactors, and China, India and Russia are currently doing so (Table 1).
Sodium burns in air or water, however. Elaborate and time-consuming arrangements
therefore are required to exclude air when refueling breeder reactors and it is necessary to
clean out the sodium completely before they can be opened for repairs.
There are also advantages from using sodium as a coolant. Sodium has a high boiling temperature (882 ºC), making pressurization unnecessary to achieve the temperature of about
300 ºC required to generate the high-pressure steam used to drive turbogenerators. A thick
pressure vessel around the reactor is therefore not required. Also, because the heat-conducting properties of liquid sodium are superior to those of water, sodium-cooled reactor
cores can be made more compact.
These advantages made liquid-metal-cooled reactors attractive to US and Soviet submarine
designers. In the US, in 1957, Admiral Rickover, the “father” of the US nuclear-submarine
program, installed a sodium-cooled reactor in his second nuclear submarine.
The following year, however, Rickover had the reactor torn out and replaced by a water-cooled
reactor.11 His verdict, that sodium-cooled reactors are “expensive to build, complex to
operate, susceptible to prolonged shutdown as a result of even minor malfunctions, and
difficult and time-consuming to repair,”12 proved prescient. The median cumulative “capacity
factor” of the nine experimental and prototype breeder reactors that have been built and
used to generate electric power for the grid has been about 20 percent. This capacity factor
(the IAEA calls it the “load factor”) is a reactor’s lifetime electrical-energy output divided
by the theoretical output had the reactor operated at full power all the time. LWRs have a
median capacity factor of approximately 80 percent.13
Grid-connected breeder reactors (country)

Power (MWe)

Demonstration Fast Reactor (UK)

11

Online

Fermi I (US)

61

1966-72

0.9

Phénix (France)

130

1973-2010

40

1962-77

Lifetime capacity factor (percent)
35

Prototype Fast Reactor (UK)

234

1976-1994

18

BN-600

560

1980-

76 (through 2020)

Clinch River Breeder Reactor (US)

350

Cancelled 1983

Not completed

Superphénix (France)

1200

1986-1998

3

SNR (Germany)

300

Cancelled 1991

Completed but not operated

Monju (Japan)

246

1995-2017

0

BN-800 (Russia)

789

2015-

71 (through 2020)

China Experimental Fast Reactor

20

2011-

0.002 (through 2016)

Prototype Fast Breeder Reactor (India)

470

Construction start 2004

Not applicable

Demonstration Fast Reactor I (China)

642

Construction start 2017

Not applicable

Demonstration Fast Reactor II (China)

642

Construction start 2020

Not applicable

BREST-300 (Russia)

300

Construction start 2021

Not applicable

Table 1. Over 60 years, nine grid-connected experimental and prototype breeder reactors have operated. Three
are still operating. Two were canceled before completion or operation. Four are under construction (three for
suspect reasons). Source: IAEA, Power Reactor Information System, 2021.

Banning the Separation of Plutonium

7

To date, the capital costs of breeder reactors have been higher than those of LWRs. If the
capital costs per kilowatt of generating capacity were the same, however, the median capital
charge per kilowatt hour for a sodium-cooled reactor operating with a 20-percent capacity factor would be four times higher than that of an LWR operating with an 80-percent
capacity factor. Given that the capital charge is the largest part of the cost of power from
a new nuclear power plant, the economic failure of breeder reactors in most countries is
easily understood.14
Although no country has succeeded in commercializing breeder reactors, Russia, India
and China have persisted with research, development and demonstration (RD&D) efforts.
Russia owned the world’s only two prototype sodium-cooled breeder reactors operating in
2021: the BN-600 and BN-800, connected to the grid in 1980 and 2015 respectively. (The
suffix of a Russian power reactor indicates its approximate generating capacity in megawatts.)
After fifteen sodium fires during the BN-600’s first fourteen years of operation15, both the
BN-600 and BN-800 have been operating relatively well with capacity factors almost as
high as those of Russian LWRs in 2020. Construction of a follow-on BN-1200 reactor has
been delayed until at least the 2030s, however, because its capital cost is expected to make
it noncompetitive with LWRs.16

Few breeder reactors but continued civilian plutonium separation
Figure 3 shows the history of the buildup of the global stock of unirradiated plutonium and
of the reported stocks of civilian plutonium during the past quarter century.

Figure 3. Growing stocks of separated civilian plutonium. Left. Global stocks of separated plutonium. Production of
plutonium for weapons slowed dramatically with the end of the Cold War while Russian and US nuclear-warhead
stockpiles plummeted, creating a plutonium-disposal problem.17 Despite the failure of breeder-reactor commercialization, however, the rate of civilian plutonium separation increased! Right. Civilian stocks of plutonium are
currently dominated by four countries: France, Japan, Russia and the UK.18 “Others” represent other European
states that had reprocessing contracts with France and UK that were not renewed. Not shown are the relatively
small stocks in China and India, for which estimates are shown in Table 2 (IPFM).
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Country

Separated civilian plutonium plus weapons plutonium declared excess (tons)

China

0.04 (end of 2016)

France

79.4

India

4-13 (estimated)

Japan

46.1

Russia

100.3

UK

116.1

US

49.4

Total

~400

Table 2. Declarations or estimates of national stocks of separated civilian and excess weapons plutonium (mostly
as of the end of 2020, except where noted). The declarations are from the national INFCIRC/549 statements to
the IAEA: Communication[s] Received from Certain Member States Concerning Their Policies Regarding the
Management of Plutonium.

Facility name or location
(status)

State

Design Capacity (tons of heavy
metal in spent fuel per year)

Operation

Belgium

Eurochemic

1966-74

60

China

Jiuquan pilot plant

2010-

50

Jinta I

2025-?

200

Jinta II

2030-?

200

France

Marcoule

1958-97

960

UP2, La Hague

1966-

1000

UP3, La Hague

1994-

1000

Germany

WAK, Karlsruhe

1971-1990

35

India

PREFRE I (Tarapur)

1977-

100

PREFRE II (Tarapur)

2011-

100

Kalpakkam

1998-

100

Italy

ITREC-Trisaia

1966-74

5

EUREX

1970-83

35

Japan

Tokai (shutdown)

1977-2006

100

Rokkasho

2006

800

Russia

RT-1 (Ozersk)

1977-

400

EDC (Zheleznogorsk)

2018-

250

UK

US

B-205

1964-2022 (planned)

1500

THORP

1994-2018

1200

West Valley, New York

1966-72

300

Barnwell, South Carolina

Not completed (cancelled, 1983)

1500

Table 3. Civilian Reprocessing Plants. Of the 21 plants listed here, nine are operating, nine are shut down and
in decommissioning or planned for shutdown, two are under construction and one was never completed.
Of the ten countries involved, five (China, France, India, Japan, Russia) are still committed to reprocessing.19
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Five countries: China, France, India, Japan and Russia still have spent fuel reprocessing
programs (Table 3). China, India and Russia also still have active breeder-reactor research,
development and demonstration programs. The relatively small stocks of separated nonweapon-grade plutonium accumulated thus far by China and India can be credibly justified
by the needs of their breeder demonstration programs.
Russia, however, has stockpiled vastly more separated plutonium than it can foreseeably
use. For forty years, after civilian reprocessing began in the Soviet Union/Russia in 1977,20
it separated reactor-grade plutonium for fueling future breeder reactors while using almost
none because its prototype breeder reactors were fueled with enriched uranium instead of
plutonium. As a result, as of the end of 2020, Russia had accumulated a stock of 60 tons of
separated civilian plutonium – about 7,500 “significant quantities” by the IAEA’s metric of
8 kilograms for a Nagasaki-type bomb. In addition, Russia has declared excess for weapons
purposes about 40 tons of separated weapon-grade plutonium.
Despite the shutdowns of their prototype breeders, France (Figure 4) and Japan have continued their programs of separating plutonium from the spent fuel discharged by their
LWRs. In the absence of breeder reactors requiring plutonium fuel, France pioneered the
“recycling” of plutonium in plutonium-uranium MOX fuel in some of its own and its foreign
customers’ LWRs. Japan has been recycling, albeit slowly, plutonium that was separated
from its spent fuel by France and fabricated there into MOX. Japan also plans to recycle
plutonium separated at home when its spent-fuel reprocessing and MOX-fuel-fabrication
plants finally become operational.
France’s and Japan’s plutonium-recycle programs continue even though the programs can
reduce their national fuel uses of low-enriched uranium (LEU) by only about 10 percent at
a cost an order of magnitude larger than the avoided cost of LEU fuel.21
France and Japan have not been using as much plutonium as they have been separating,
however. As a result, as of the end of 2020, France’s stock of unirradiated civilian plutonium
had grown to 79.4 tons and Japan’s was 46.1 tons.
In 2018, under US pressure, Japan’s Atomic Energy Commission declared that “Japan will
reduce the size of its plutonium stockpile”.22 At the time, Japan’s stock was 46.6 tons.23
At the end of 2020, it was 46.1 tons.24 After Japan’s Rokkasho Reprocessing Plant begins
operating, Japan might have to pay the UK to take ownership of Japan’s stock of separated
plutonium in the UK to offset the increase of Japan’s stock of separated plutonium at home.
It would be difficult for Japan’s Government to explain to its public, however, why it is forcing Japan’s nuclear utilities to pay for the disposal of their separated plutonium in the UK
while simultaneously forcing them to pay for the separation of more plutonium in Japan.
Japan’s average rate of usage of plutonium during 2016-21 was less than 0.5 tons per year.25
Nevertheless, Japan plans to complete construction of its decades-delayed $24 billion domestic reprocessing plant in 202226 and put it into operation soon thereafter, ramping up
over six years to its design capacity of 800 tons of spent fuel per year at which point it will
be recovering about 7 tons of plutonium per year.27
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Figure 4. France’s reprocessing complex at La Hague on the English Channel. Since almost all foreign nuclear
utilities declined to renew their reprocessing contracts, the 5,000 workers at La Hague have been supported
almost entirely by France’s nuclear utility, Électricité de France (Source: Wikipedia).28

In May 2022, the United Kingdom announced that it would shut down its last operating
reprocessing plant in July 2022.29 As of the end of 2020, however, the UK had accumulated
140 tons of separated civilian plutonium, including 24 tons of foreign plutonium (22 tons
Japanese) marooned in the UK as a result of the failure of the UK’s MOX fuel fabrication
facility.30
After a half century and combined expenditures totaling more than $100 billion worldwide,31
no plutonium breeder or MOX-fueled light-water reactor (LWR) has yet produced power
at a cost competitive with that from LWRs fueled with low-enriched uranium and with
the plutonium in the spent fuel left unseparated for ultimate disposal in a deep repository.
Civilian plutonium-separation programs are therefore “zombies,”32 dead economically but
nevertheless carrying on as “the living dead.” Why do they continue?
Partial explanations for this institutional inertia will be discussed below. It becomes even
more striking in a context where the future of nuclear power itself has been dimming. Given
more stringent regulation following three major accidents at Three Mile Island in the US
in 1979, Chernobyl in the Soviet Union in 1986 and Fukushima in 2011 and the loss of
expert construction workers due to fewer nuclear power plants being constructed, the cost
of electric power from new nuclear power plants has increased while the costs of generating
electric power using wind turbines, photovoltaic panels and burning natural gas have all
plummeted. Global generation of nuclear electric power has plateaued and, due to the
growth in power production from other sources, the nuclear share of global electric power
production has declined from a peak of 17.5 percent in 1996 to about 10 percent in 2019.33
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In 2020, the IAEA – historically optimistic about the future of nuclear power – projected
that, in 2050, nuclear power will provide 8.5% ±2.7% of global electric power with new
capacity brought on line between 2020 and 2050 averaging 8 to 18 GWe/yr.34 That projection is far below earlier projections (see e.g. Figure 1) but may still be high since additions
of new nuclear capacity have averaged only about 4.5 GWe/yr since 1990.35 Also, the IAEA’s
projection requires the average retirement age of nuclear power plants to increase from 42
years in 2015-1936 to about 60 years in 2050.

Excess Cold War weapons plutonium
With the end of the Cold War, the combined Russian and US stock of operational nuclear
warheads was downsized from a high of about 70,000 in the mid-1980s to about 8,000
in 2020.37 In 2000, each agreed to declare 34 tons weapon-grade plutonium excess to its
military needs.38 In 2010, Russia decided it would use its 34 tons in MOX fuel for its newest
prototype breeder reactor, the BN-800.39 Russia’s 34 tons plus an estimated six additional
tons of weapon-grade plutonium that Russia committed not to use for weapons in the 1994
Russia-US Plutonium-Production Shutdown Agreement,40 plus Russia’s separated civilian
plutonium total about 100 tons available for starting breeder reactors. This would be enough
to start six 1-GWe (1000-MWe) breeder reactors and refuel them for their first five years of
operation,41 after which the recycle of the plutonium recovered from their spent fuel and
uranium blankets would be expected to take over. Currently, however, Russia is operating
only one plutonium-fueled breeder. Nevertheless, it continues to separate plutonium from
LWR fuel and plans to increase its rate of separation.
The US, in addition to committing that it will dispose 34 tons of excess weapon-grade
plutonium in parallel with Russia, has announced that it will dispose an additional 16 tons
for a total of approximately 50 tons of separated plutonium.42

Use of enriched uranium to fuel breeder prototypes
Ironically, the Soviet Union demonstrated decades ago that the easiest way to provide initial cores for “breeder” reactors is to use enriched uranium. The first two Soviet prototype
breeder reactors, the BN-350 (1973-1999) and BN-600 (1980-) have been fueled throughout
their lives with uranium in annular core zones enriched to 17, 21 and 26% U-235 (listed
from the center to the outside of their cores). 43 The third and most recent prototype, the
BN-800 (2015-) was started with a mostly enriched uranium core but is shifting to plutonium fuel as Russia’s MOX fuel fabrication capacity expands.44 Russia also has contracted
to supply enriched uranium fuel for the first seven years of operation of China’s first prototype breeder reactor.45
It would have saved the huge expense associated with reprocessing, and avoided the problem
of excess stocks of separated civilian plutonium, had countries pursuing breeder-reactor
research and development fueled their prototypes with enriched uranium.

How plutonium separation ended in the United States and United Kingdom
Given that plutonium separation continues in China, France, India, Japan and Russia, it
is worth understanding why and how it ended in the United States and United Kingdom.
As will be seen below, both countries decided to accept the verdict of the market, although
the United Kingdom took decades to do so.
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United States
The end of reprocessing in the US was triggered by an early crisis in the global nonproliferation regime. The Treaty on the Nonproliferation of Nuclear Weapons, for which the US
had been a leading advocate, had come into force in 1970. Four years later, however, India
conducted a nuclear weapon test using plutonium that had been separated with US assistance for India’s plutonium breeder development program. This forced the US leadership to
confront the fact that the US Atomic Energy Commission’s (AEC’s) worldwide promotion
of plutonium breeder reactors was undermining the new nonproliferation regime.
The Ford Administration (1973-77) successfully blocked the export of reprocessing technology by France and Germany to Brazil, Pakistan, South Korea and Taiwan. The Carter
Administration, which followed (1977-81), carried out a review of the economics of the
AEC’s proposed programs to commercialize breeder reactors and recycle plutonium in
LWRs. It concluded that breeders and plutonium-fueled LWRs would not be able to compete economically with LWRs fueled with low-enriched uranium “once-through” with
direct disposal of the spent fuel in a deep repository. In 1977, President Carter therefore
froze licensing of the construction of the government-funded 350-MWe Clinch River
Demonstration Breeder Reactor and of the privately funded already-under-construction
Barnwell Spent-Fuel Reprocessing Plant, in South Carolina.
The Reagan Administration (1981-9) reversed President Carter’s actions. But the Reagan
Administration also believed in leaving civilian technology choices to the market. It therefore made clear it would not subsidize reprocessing or oppose a decision of Congress to end
government funding for the US breeder reactor demonstration program.
US nuclear utilities had been led to expect that the cost for reprocessing their spent fuel
would be offset by payments for the recovered plutonium for use in the startup cores of
breeder reactors.46 With the end of the US breeder-commercialization program and the
poor economics of plutonium fuel in LWRs, however, there would be no market for civilian
plutonium. The utilities therefore decided that the least costly disposal path for their spent
fuel would be direct emplacement in a deep repository.
Congress quickly passed the 1982 Nuclear Waste Policy Act, which instructed the US
Department of Energy to site and build a national repository for spent fuel and other radioactive waste. The nuclear utilities would pay 0.1 cents per nuclear kilowatt hour to the
government for disposal of their spent fuel. The government would pay for the additional
space required for spent naval-reactor fuel and the reprocessing waste from past US weapons-plutonium production.
Environmental critiques and local political opposition to the repository site chosen by
Congress 100 kilometers northwest of Las Vegas, Nevada indefinitely delayed completion
of the US repository, however. The US Government is therefore paying for dry casks to
store the utilities’ spent fuel on their reactor sites. This is becoming a problem at sites
where all the reactors have been decommissioned (see e.g., Figure 5). Two companies have
proposed consolidated dry-cask storage sites in the desert on either side of the Texas-New
Mexico border. One has received a federal license and the other is expected to, but there
is opposition in both states.47
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Figure 5. Casks are all that remain on the site of the US 560-MWe Connecticut Yankee nuclear power plant,
which operated on the east bank of the Connecticut River from 1968 to 1996. The forty casks on the left contain
more than 90 percent of the spent fuel discharged by the reactor over its lifetime.48 The casks on the right
(increased from two to five subsequent to this photo) contain the radioactive internals of the reactor. All the
casks await the licensing of a national deep underground repository or central interim surface storage site.
Photo: courtesy Connecticut Yankee.

United Kingdom
The end of civilian reprocessing in the UK has been long and drawn out. The UK ended its
breeder development program with the shutdown of the Dounreay Prototype Fast Reactor
in 1994. But it continued to separate and accumulate civilian plutonium with no planned
use for another three decades. Between 1994 and 2018, two reprocessing plants operated
on the Sellafield site in northwest England. The older plant, B-205, was built to reprocess
the uranium-metal fuel discharged by the UK’s first-generation gas-cooled power reactors,
which were originally developed to produce weapons plutonium as well as power. The
reactors could have been shifted to a more storable ceramic fuel after the UK’s needs for
weapon-grade plutonium were satisfied in approximately 1995, but were not. The last of
these first-generation reactors, called Magnox reactors due to the easily-dissolved magnesium alloy used to clad their uranium-metal fuel, was shut down in 2015. The reprocessing
of the backlog of Magnox spent fuel is to be completed in 2022, after which B-205 is to be
decommissioned.49
The newest reprocessing plant on the Sellafield site, the Thermal Oxide Reprocessing Plant
(THORP), was built by the government-owned company, British Nuclear Fuels Limited
(BNFL) to provide reprocessing services to European and Japanese utilities that desired
startup plutonium fuel for planned breeder reactors. Construction on THORP started in
1979 and it began operating in 1994 with cost-plus contracts to reprocess a total of 5,000
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tons of spent fuel from nuclear utilities in Germany, Italy, Japan, Netherlands, Spain,
Sweden and Switzerland. To provide the additional 2,000 tons of “baseload” contracts required to pay for the construction of the plant, the UK government required its two electric
power companies – set up in the process of privatizing the UK power generation industry
– to have their fuel reprocessed as well. This requirement was imposed even though both
companies operated second-generation Advanced Gas-cooled Reactors (AGRs) using uranium-oxide fuel inside stainless-steel cladding that could be stored long term and there was
no anticipated use for the separated plutonium.50 In 2004, the year the baseload contracts
were originally to have been completed, BNFL went bankrupt and the site was taken over
by the UK Nuclear Decommissioning Authority. The baseload contracts were completed
eight years later in 2012.51
Virtually none of THORP’s foreign reprocessing contracts were renewed.52 To sustain THORP,
UK nuclear utilities were forced to sign post-baseload reprocessing contracts for an additional
2500 tons of AGR fuel – still with no foreseeable use for the plutonium.
In 2009, the utilities operating the UK’s fourteen 600-MWe AGRs and its one LWR were
bought by Électricité de France (EDF).53 At home, EDF is required to support France’s government-owned reprocessing and MOX fuel fabrication plants. France’s government felt no
obligation to support reprocessing in the UK, however, and EDF declined to renew its UK
subsidiary’s reprocessing contracts. In 2018, therefore, after fulfilling its existing contracts,
THORP shut down. In the future, UK AGR spent nuclear fuel is to be stored at Sellafield.54
Pending availability of deep repositories, surface spent fuel storage has become standard
practice in all European countries other than France and the Netherlands.55
The examples of the US and UK demonstrate that, in the absence of government mandates,
the “invisible hand” of the market will phase out reprocessing, leaving governments to
deal with the problem of disposing of the separated plutonium, reprocessing waste, and
contaminated reprocessing plants. In 2018, the UK National Auditing Office estimated the
remaining cost of cleaning up the Sellafield plutonium site at £91 billion (~ $120 billion),
not including the cost of disposing of the reprocessing waste and separated plutonium.56

Plutonium separation and nuclear-weapon proliferation
The persistence of plutonium separation is not just a curious case of economic irrationality;
it also threatens international security. The world learned that in 1974 when India used
some of the plutonium it had separated for its breeder reactor program in the “peaceful
nuclear explosion experiment” that launched its nuclear-weapon program.57
Seventeen years later, when the Soviet Union collapsed, there was worldwide concern about
the security of its huge stocks of highly enriched uranium and unirradiated plutonium.
The US bought 500 tons of excess Soviet weapon-grade uranium – enough for 20,000 nuclear weapons –after Russia blended it down to 5-percent enrichment for sale to fuel US
nuclear power reactors. There was no commercial market for plutonium fuel, however.
The US Departments of Energy58 and Defense59 therefore invested between one and two
billion dollars to upgrade the security of Russia’s excess weapon materials. Small quantities
of stolen Soviet/Russian fissile material have been intercepted.60 It is not known outside
Russia whether larger quantities were stolen.
Both “weapon-grade” plutonium (containing more than 90% Pu-239) and “reactor-grade”
plutonium extracted from spent power-reactor fuel, which contains about 50% Pu-239, are
“direct-use” nuclear-weapon materials. Reactor-grade plutonium in a first-generation Nagasaki-type weapon design – arguably within the reach of terrorists61 – would explode with
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a yield between the equivalent of 500 tons and about 20,000 tons of chemical explosives.62
In modern nuclear-weapon designs, reactor-grade plutonium could reliably produce the
same yield as weapon-grade plutonium.63
Civilian plutonium separation and use have greatly increased the number of locations
where separated plutonium can be found. In an age of instability, this creates significant
risks of nuclear-weapon proliferation and terrorism.
There is no offsetting benefit to justify those risks.
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Why reprocessing continues
Direct disposal of spent fuel is less costly than recycling the plutonium. Reprocessing of
spent nuclear fuel therefore continues only where governments require it.
There appear to be three main factors in addition to institutional inertia underlying national decisions to continue reprocessing:64
• Weapon-program connections,
• Pressures from local and regional governments and their elected representatives to
		 keep the jobs and tax benefits associated with huge reprocessing facilities, and
• The myth that deeply buried reprocessing waste is less hazardous than deeply-buried
		 spent fuel.
As discussed below, these factors contribute with different weights in different countries.

Weapon-program connections
With the notable exception of Japan, all countries that still reprocess spent fuel originally
began by separating plutonium for weapons. In the case of China and India, this connection appears to be still operative.

China
China’s pilot civilian reprocessing plant is located at the Jiuquan Atomic Energy Complex,
adjacent to a shutdown military reprocessing plant just south of the Gobi Desert.65 The
workforce will soon move to a larger twin-line, 400-ton per year “demonstration” reprocessing plant being built nearby.66
These facilities are owned by the China National Nuclear Corporation (CNNC). Until 1988,
CNNC was the Ministry of Nuclear Industry, originally established to produce plutonium
and highly enriched uranium for China’s nuclear weapons. In a 2016 self-description, CNNC
described itself as “a leading element of national strategic nuclear forces and nuclear energy
development, [undertaking] missions to ensure national security and facilitate domestic
economic development.”67
Based on this self-description, if tasked by China’s government, CNNC would be expected
to produce additional plutonium to facilitate an expansion of China’s nuclear-weapon
stockpile. It appears that CNNC may now have been so tasked.
The best independent estimate of China’s stockpile of weapon-grade plutonium is 2.3-3.5
tons68 – enough, allowing for working stocks, for at least 500 warheads. This is consistent
with the US 2020 intelligence estimate that China was expected to have about 200 warheads on intercontinental ballistic missiles by 2025 and had enough fissile material to
double that number.69
In the summer of 2021, however, China was discovered to be building about 300 ICBM silos
in its northern and western desert areas.70 Half of China’s current 20 silo-based ICBMs are
believed to carry one warhead and the other half are believed to carry five. China’s newest
ICBM, the DF-41, is believed to be able to carry up to three warheads.71 If China puts missiles carrying three warheads into each of the new silos, it would, almost certainly require
additional plutonium.
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The plutonium produced in the uranium blankets around the cores of the two 600-MWe
breeder reactors CNNC is building on a peninsula near Xiapu will be weapon-grade. This
plutonium could be used either in reactor fuel or in warheads. Scaling from an estimate
made by Glaser and Ramana for India’s 500-MWe reactor, a Chinese 600-MWe breeder
reactor could produce about 170 kilograms of weapon-grade plutonium annually, enough
for perhaps 400 warheads over a decade.72
It is concerning in this connection that China has stopped submitting to the IAEA the
annual public reports on its civilian stock of unirradiated plutonium it committed to when
it joined in the 1996 Guidelines for the Management of Plutonium. Its last report was of
its stocks as of the end of 2016. As of the end of September 2021, the other eight countries
that are parties to the Guidelines had reported their stocks as of the end of 2020.73 This
raises the question of whether China still considers its stocks of reactor-grade plutonium
strictly civilian. The purpose of China’s LWR spent fuel reprocessing program is to provide
startup plutonium for its breeder reactors but, if those reactors are to produce plutonium
for China’s weapons, the LWR plutonium becomes part of China’s nuclear-weapon-production program. As discussed below, this complication has already existed in India’s
breeder program for two decades.

India
In 1964, India’s Department of Atomic Energy (DAE) started operating a small reprocessing
plant at its Bhabha Atomic Research Center (BARC) near Mumbai to separate weapon-grade
plutonium from the irradiated fuel of its first research reactor for India’s nuclear-weapon
and breeder R&D programs.74 DAE subsequently built three small reprocessing plants to
separate reactor-grade plutonium from the spent fuel of some of India’s heavy-water power
reactors to provide the initial cores for its Prototype Fast Breeder reactor.75
India has refused to put either its breeder program or the associated reprocessing program
under IAEA safeguards. In its 2005 agreement with the United States, which paved the way
for the end of the international embargo on nuclear technology and uranium that was
imposed on India following its 1974 nuclear test, India’s government justified its refusal of
safeguards on its reactor-grade plutonium by characterizing its breeder program as “strategic,” which suggested a weapons connection.76
Thus, there are grounds to suspect that both China’s and India’s reprocessing and breeder
programs are dual purpose – to produce weapon-grade plutonium for their national nuclear-weapon programs as well as electric power.

Japan
Japan is currently the only state without nuclear weapons that maintains a commitment
to reprocessing. In 1977, after the 1973 Arab oil embargo and petroleum price increase
that disrupted the world economy, Japan’s prime minister was understood by the Carter
Administration to have stated that Japan’s breeder program was a matter of “life and death”
for Japan.77 Japan’s Ministry of International Trade and Industry (predecessor of the current
Ministry of Economics, Trade and Industry [METI]), and Japan’s Science and Technology
Agency – then in charge of nuclear power policy – must have understood that dependence
on imported uranium, which is cheap and can be stockpiled at relatively modest cost, is
very different from dependence on imported oil. Nevertheless, a commitment to Japan’s
plutonium program became embedded within both METI and Japan’s dominant Liberal
Democratic Party, backed by the stubbornness of Japan’s nuclear-energy R&D community.
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It is possible that Japan maintains both its plutonium-separation and uranium enrichment
programs in part to have a nuclear-weapon option in case the “nuclear umbrella” the US
has offered to protect Japan from attack comes to seem inadequate as Japan’s ultimate
security guarantee. (“Nuclear umbrella” is a shorthand for the US commitment to use
nuclear weapons, if necessary, to defend its allies.)
In 2018, Nobuo Tanaka, a former senior nuclear-policy official in METI and its predecessor
ministry, argued
“Nuclear power is necessary for security and national defense reasons. Although Japan,
which experienced Hiroshima and Nagasaki, has no intention whatsoever of acquiring
nuclear weapons, discarding nuclear capability in this day and age, when nuclear missiles of North Korea fly over us, would mean that country would take Japan lightly.”78

Some members of Japan’s defense establishment also appear to believe that, if Japan did
not have its own plutonium separation and uranium enrichment programs, the US too
might take Japan’s security concerns lightly.
It is, in fact, a standard argument in the US government’s nuclear-weapon policy debates
that certain US nuclear-weapon systems cannot be eliminated and that the US cannot
adopt a no-nuclear-first-use policy because Japan might react by deciding to acquire its own
nuclear deterrent.79 Yukio Sato, a former Permanent Representative of Japan to the UN,
and an opponent to the US adopting a no-first-use policy, stated in his book, An Extended
Umbrella, published in 2017, “It is not bad there is concern that Japan might go nuclear
since that is the main reason the US offers its nuclear umbrella to Japan.”80
Japan could credibly threaten to acquire nuclear weapons. It has enough unirradiated
reactor-grade plutonium in country to build more than one thousand nuclear warheads.81
It also has modern US-made fighter-bombers and has developed solid-fuel space launchers
comparable to the US Minuteman intercontinental ballistic missile.82 This does not mean,
however, that Japan needs the huge Rokkasho Reprocessing Plant, designed to separate
up to eight tons of plutonium per year, to establish the credibility of its ability to acquire
nuclear weapons. Its Tokai pilot reprocessing plant – now shut down – was more than
adequate for that purpose.

Jobs and subsidies to host regions
Regional and community governments hosting reprocessing plants in remote, low-income
areas are given large subsidies for accepting the facilities. These subsidies, property taxes on
the plants, and jobs at the plants become essential to local economies. Local and regional
political representatives therefore become fierce defenders of the facilities in the central
government policy-making process. These political dynamics are familiar for military bases,
nuclear-weapon laboratories and space-program facilities in the United States. In principle,
governments could repurpose the funds to support more useful work, but those benefiting from the current expenditures know who they are while those with skills matched to
alternative jobs are much more difficult to mobilize.

France
The reprocessing plant at La Hague is on a remote peninsula jutting out into the English
Channel. As its operator, Orano (formerly AREVA) claims, it is “the leading employer in
the Cotentin Peninsula.”83
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The cost of reprocessing has become a major burden on Électricité de France (EDF), however,
and reprocessing is no longer a significant source of foreign exchange for France. With the
exception of one small power reactor in the Netherlands, none of Orano’s former foreign
customers renewed their reprocessing and MOX-fuel-fabrication contracts. EDF therefore
has to provide almost 100% support for the 5,000 workers at the Orano’s reprocessing
plant.84 Another 725 workers are at Orano’s Melox MOX fuel fabrication plant.85 In addition, 29,000 workers are operating EDF’s 56 nuclear power reactors.86

Japan
Japan Nuclear Fuel Limited and its related companies have about 7,500 full-time employees,87 mostly at the Rokkasho Reprocessing Plant on the northern tip of Japan’s main island
in one of Japan’s poorest regions, Aomori Prefecture. Government and utility payments
associated with the reprocessing plant provide a significant fraction of the support for the
prefectural and village governments.88
The political leadership of Aomori Prefecture mobilizes whenever any question is raised
about the future of the complex. Indeed, after the Fukushima accident, when the Democratic Party of Japan (DPJ), which controlled the government at the time, was advocating
a phaseout of nuclear power, opposition from Aomori was so fierce that the DPJ adopted
the nonsensical policy of phasing out nuclear power but not phasing out reprocessing!89
In 2005, Japan’s Atomic Energy Commission claimed that opposition to prolonged on-site
storage of spent fuel from the communities hosting Japan’s nuclear power reactors required
reprocessing to proceed. Otherwise, the JAEC warned, the host communities would force
the shutdown of nuclear power in Japan.90
After 25 years delay in the operation of the Rokkasho Reprocessing Plant, however, most
of the host communities have accepted the idea of extended storage of spent fuel at the
power plants. Community concerns about the delay in removal of the spent fuel appear
to be outweighed by the benefits provided by the nuclear power plants in jobs, subsidies
and local tax revenue.

Figure 6. Central square in Russia’s plutonium city, Zheleznogorsk, in central Siberia, 2010. Photo: Tatiana
Bulyonkova, 3 June 2010, flickr.com.91
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Russia
During the Cold War, the Soviet Union built three isolated towns with populations of
about 100,000 each to produce plutonium for nuclear weapons. Each was originally known
by its postbox number in a nearby large city. Ozersk in the Urals was originally known as
Chelyabinsk-40 and, later as Chelyabinsk-65. Seversk and Zheleznogorsk, both in central
Siberia were originally known as Tomsk-7 and Krasnoyarsk-26 respectively (Figure 6).92
Unlike their counterparts in the United States, these cities are still “closed,” surrounded
by double fences with access controlled by internal troops now under President Putin’s
direct command.93

Figure 7. Russia’s spent-fuel-storage and civilian reprocessing site outside Zheleznogorsk is surrounded by a
triple security fence. Spent-fuel transport casks – white dashes at this scale – can be seen at the top on railroad
cars along the tracks coming in from the north. The spent fuel storage buildings are interconnected into two sets,
each set with its own pool for a total of 8,600 tons of spent fuel in pools and 37,800 tons in dry storage – enough
in total for about 70 years of the annual discharges from Russia’s reactors in 2013. The building at the right is
the new pilot reprocessing plant that has been reported at this site. Source; Google Earth image, 13 July 2021.94

Since the dramatic post-Cold War downsizing of Russia’s nuclear-warhead stocks, the plutonium-production reactors and military reprocessing plants in these three cities have all been
shut down. The Mayak complex outside Ozersk is still responsible for tritium production
for Russian weapons,95 and Seversk hosts one of Russia’s four uranium enrichment plants
which produce low-enriched uranium to fuel Russian and foreign nuclear power reactors.
Additional missions are required to support the cities, however. This may be one reason an
experimental molten-lead-cooled breeder reactor is being built in Seversk.
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At Mayak, civilian plutonium separation continues and there are plans to increase the
rate of reprocessing despite the fact that Russia’s stockpile of separated plutonium already
exceeds any foreseeable need.
Zheleznogorsk has become the destination of most of Russia’s spent power-reactor fuel.
Rosatom maintains that all of this spent fuel will be reprocessed and has built a pilot reprocessing plant in Zheleznogorsk (Figure 7).
Before the collapse of the Soviet Union, Zheleznogorsk was to be the home of RT-2, a large
reprocessing plant with a design throughput of 1500 tons of spent LWR fuel per year.
Construction on RT-2 began in 1976 but was stopped in 1990 due to a lack of funds and
opposition from the nearby large city of Krasnoyarsk, 50 kilometers up the Yenisei River.96
RT-2’s two intake pools, which were completed before construction of the reprocessing
plant was abandoned, have been dense-racked to hold a combined 8,600 tons of LWR spent
fuel. They probably also serve as the intake pools for a complex of buildings holding spent
fuel in air-cooled casks. The design capacity of this dry-cask storage reportedly is 11,275
tons of LWR fuel plus 26,510 tons of spent fuel from graphite-moderated, water-cooled
(Chernobyl-type) reactors.97

United Kingdom
Although reprocessing is ending at the United Kingdom’s Sellafield reprocessing complex
on the northwest coast of England, the site still has a massive workforce of 11,000 people.98
Most of this workforce is employed in decommissioning and cleanup operations with a
century-long timetable.99 In 2020, discussions with neighboring Cumbria County communities increased the likelihood that one of these communities may host the national deep
radioactive-waste repository.100 But resistance there and at other proposed sites is strong.101
If a site is found, Sellafield could be given the task of mixing the 140 tons of plutonium
stored there with other materials to create stable waste forms for disposal in the repository.

The myth that reprocessing waste is less dangerous than spent fuel
Following the failure of their plutonium breeder-reactor commercialization programs, the
fast-neutron-reactor establishments in both France and Japan began to argue that separating plutonium from spent fuel and fissioning it should nevertheless continue in order to
reduce the longevity of the hazard from spent fuel.
This argument provided the rationale for the promulgation of France’s 2006 Planning Act
on Radioactive Materials and Wastes, which requires
“the reduction of the quantity and toxicity of radioactive waste shall be sought notably
by processing spent fuel and by processing and conditioning radioactive waste.”102

The supposed hazards associated with burying plutonium also provided a rationale in Japan
to maintain the requirement that spent fuel be reprocessed. Japan’s Designated Radioactive
Final Disposal Act of 2000 allows only waste from reprocessing and MOX fuel production
to be emplaced in the planned national repository. Spent fuel is excluded.103
In the early days of nuclear power in Japan, there was not much resistance from Japan’s
nuclear utilities to the imposition of the reprocessing requirement. At the time, they expected a relatively quick transition to breeder reactors. After it became clear that breeders
would not be commercialized for the foreseeable future, however, they found themselves
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entrapped. In March 1993, in a meeting in Tokyo, the fuel-cycle managers of Japan’s three
largest nuclear utilities were asked whether, if they had the choice to make the decision
again, would they choose reprocessing. One answered, “No, but we are trapped now,” and
the other two nodded their agreement.104
In 2016, out of fear that some of Japan’s nuclear utilities might go bankrupt after the
Fukushima accident, an additional law established the Nuclear Reprocessing Organization
of Japan to collect funds for reprocessing. The law requires nuclear utilities to pay NuRO
for the “steady implementation of reprocessing” of their spent fuel and fabrication of
the recovered plutonium into MOX fuel. The annual payments are based on the nuclear
kilowatt-hours each utility generated during the previous year.105
The need to eliminate plutonium also provides a new false rationale for fast-neutron reactors because fast neutrons are required to fission effectively the even-numbered isotopes
of plutonium: Pu-238, Pu-240 and Pu-242. Because of its high fraction of even-numbered
isotopes, the plutonium in spent MOX fuel is not a good fuel for LWRs. France has therefore
put off reprocessing its spent MOX fuel until a future when fast-neutron reactors might or
might not be built.106
France’s 2006 law required that a fast-neutron reactor or an accelerator-driven reactor be
in operation by 2020. In 2012, France’s Atomic Energy Commission (CEA, renamed in
2010 the Commission of Atomic Energy and Alternative Energies but without a change
in acronym) proposed construction of a fast-neutron reactor that it named ASTRID for
Advanced Sodium Technological Reactor for Industrial Demonstration. CEA was unable
to obtain full funding for the project, however, and, in 2016, announced that, instead of
putting ASTRID into operation in 2020 as the law required, it would only begin to work
on a detailed design in 2020.107 In 2019, the project was cancelled.108
Japan’s prototype breeder reactor, Monju, was commissioned in August 1995, but was shut
down by a sodium fire four months later. Despite efforts by Japan’s Atomic Energy Agency
(JAEA) to get it back into operating order, the reactor did not operate again. In 2015, after
many safety infractions, Japan’s Nuclear Regulation Authority declared JAEA “unfit” to
operate the reactor safely.109 In December the following year, Japan’s government decided
to decommission Monju. A Council on Fast Reactor Development that had been established
earlier in that year tried to justify continuation of R&D on fast reactors and reprocessing,
despite the demise of Monju by citing cooperation with France’s ASTRID project. After
ASTRID was cancelled, the justification became cooperation with the US Idaho National
Laboratory on its proposed Versatile Test Reactor (VTR), whose fate is now up in the air due
to lack of Congressional support.110 The most recently, the proposed partnership is with
Bill Gates’ TerraPower, which plans to build a prototype sodium-cooled Natrium reactor
in Wyoming with up to $2 billion project support from the US Department of Energy.111
Government-commissioned studies in the US and Sweden have found, however, that the
claimed safety benefits from separating and fissioning the plutonium are not significant.
The radiation doses to humans on the surface above a failed deep underground spent-fuel
repository would not be dominated by plutonium or other transuranic elements.
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In the US, the Department of Energy commissioned the National Academies to study the
technologies, costs and environmental and health benefits of separating and fissioning
(“transmuting”) the plutonium and the other transuranic elements in spent fuel. The
study, published in 1996, concluded
“Taken alone, none of the dose reductions seem large enough to warrant the expense
and additional operational risk of transmutation.”112

In Sweden, the Nuclear Fuel Management Company (SKB), which is responsible for the
design and construction of the national deep-underground spent fuel repository, carried
out an assessment of the doses from plutonium and other radioisotopes to a hypothetical
subsistence farmer on the surface above the repository for a hypothetical case in which the
spent fuel would not be packaged in durable casks surrounded by clay.
It will be seen in Figure 8 that plutonium and the other long-lived transuranic elements do
not dominate the calculated doses. This is in part because the oxides of these elements are
relatively insoluble in oxygen-depleted deep ground water.113 Furthermore, the plutonium
oxide that does reach the surface is not easily absorbed by plants or through the walls of
the human gut.
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Figure 8. Contributors to the radiation doses above a failed deep repository. Calculations by the Swedish Nuclear
Fuel Management Company (SKB) of the contributions, as a function of time after repository closure, of different
radioisotopes in spent fuel to the radiation dose received by hypothetical subsistence farmers and their families
drinking water and eating produce grown above a hypothetical deep repository where spent fuel has been buried
without casks or surrounding layer of bentonite clay. The contributions of the long-lived transuranic elements:
Neptunium-237, Plutonium-239, Pu-240 and Americium-241 are visible. The dominant contributors in different
eras, however, are: from 400 to 20,000 years, carbon-14 produced by neutron absorption in trace nitrogen-14
in the fuel; from 20,000 to 400,000 years, iodine-129, a long-lived fission product; and thereafter out to one
million years, I-129 and radium-226, the latter a decay product of the mined uranium-238 that constitutes more
than 90% of the mass of the fuel. Source: SKB.114
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This finding is consistent with the fact that, even though about 3 tons of plutonium-239
was delivered to the earth’s surface in radioactive “fallout” from atmospheric nuclear testing
from 1945 through 1980, plutonium was estimated to make only a small contribution to
the projected cumulative radiation dose from the fallout and that contribution was dominated by inhalation rather than ingestion.115 The section on recommendations discusses
the possibility that the UN Scientific Committee on the Effects of Atomic Radiation, the
organization that conducted the fallout study, might carry out a study on the environmental
hazards from deep underground spent fuel repositories.
Ironically, the radioisotopes that SKB found would dominate the doses to hypothetical
subsistence farmers living above a failed repository are costly to capture and immobilize
during reprocessing and are dumped into the atmosphere and ocean by France’s reprocessing plant at La Hague.
Specifically, La Hague releases into the atmosphere in the form of carbon-dioxide a large
fraction of the 5,700-year half-life carbon-14 in the spent fuel it reprocesses, and dumps
into the English Channel virtually all of the volatile 16-million-year half-life fission-product, iodine-129.116 Japan’s Rokkasho Reprocessing Plant, which was designed by France’s
AREVA, has the same arrangements.

Accident risks from reprocessing
In addition to reprocessing failing to reduce the risks from spent fuel, it brings with it risks
of accidents much more consequential than repository leakage. Indeed, the world’s worst
nuclear accident before Chernobyl occurred in the Urals in 1957 at the Soviet Union’s first
military reprocessing plant, the Mayak Production Association, outside the nuclear city
now known as Ozersk.
The water in a tank of concentrated liquid radioactive waste evaporated and the dried-out
reprocessing chemicals heated up and exploded. As a result, it was necessary to relocate
the population from a contaminated downwind area of 1,000 square kilometers, about
the same size as the Fukushima accident relocation area.117 Fortunately, the plume did not
blow toward either Chelyabinsk or Ekaterinburg, major nearby cities with populations of
more than one million each (Figure 9).
The accident is little known because the Soviet Union was able to keep it secret for two
decades until Zhores A. Medvedev, an émigré scientist, revealed it.118 The US and UK intelligence services had made no efforts to inform their publics about what they knew – perhaps wishing not to arouse concerns about the safety of their own governments’ military
reprocessing plants.119
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Figure 9. The “Urals Trace,” strontium-90 contamination from the 1957 explosion in a tank of dried-out reprocessing waste at the Mayak Production Association outside Ozersk, Source: Urals Research Center for Radiation
Medicine, University of Utah and Pacific Northwest National Laboratory.120

A number of smaller contamination events have occurred as a result of “red oil” explosions
within reprocessing plants. Red oil is created by radiolytic reactions between the nitric acid
and organic solvents used in the standard PUREX plutonium separation process. In 1993,
red oil exploded in a process tank at Russia’s Seversk military reprocessing plant with an
estimated energy release equivalent to 100 kilograms of chemical explosives. Fortunately,
the tank did not contain much radioactivity.121
Another potential explosion hazard in high-level-waste tanks is from the accumulation of
hydrogen produced by ionizing radiation from fission product decays splitting the H2O water
molecules in the waste. Ramana, Nayyar and Schoeppner considered the potential consequences of a hydrogen explosion in a high-level-waste tank at the Kalpakkam reprocessing
plant on India’s southeast coast. They calculated 47,000 extra cancer deaths if the wind
blew the radioactivity toward Chennai, a city of nine million to the north of the plant.122
By comparison, storing spent fuel in air-cooled dry-casks and burying it later in a deep
repository is both low cost and low risk.
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Recommendations
Based on the above discussions, this report makes two recommendations:
1. Broaden the proposed Fissile Material Cutoff Treaty to include a ban on the separation
of plutonium for any purpose, civilian as well as military. In the meantime, strengthen
implementation of the 1997 Guidelines for the Management of Plutonium and place
all unirradiated civilian and demilitarized weapons plutonium under IAEA safeguards.
2. Launch international scientific studies on the environmental hazards of the direct
disposal in a deep repository of spent fuel vs. reprocessing wastes and engage in
multinational cooperation on direct disposal of separated plutonium.

A ban on the separation of plutonium for any purpose
The dangers from the growing global stock of economically negative-value but weapon-usable separated plutonium suggest the desirability of broadening the scope of the proposed
international Fissile Material Cutoff Treaty (FMCT), which, in its current formulation,
would ban only the separation of plutonium and production of highly enriched uranium
for weapons purposes.
Negotiation of an FMCT was called for by a UN General Assembly resolution in 1993. For
more than a decade, however, the Geneva-based Conference on Disarmament debated
proposals to link negotiations on the FMCT to negotiations of other arms-control treaties.
Since 2009, the required consensus for proceeding with the negotiations has been blocked
by Pakistan – apparently out of concern about the potential weapons use of the large stock
of reactor-grade plutonium India has separated for its breeder program.123 India has fed this
concern by designating its plutonium breeder reactor program as “strategic” and refusing
to place it under IAEA safeguards.
India intends to use the reactor-grade plutonium extracted from the spent fuel of its
heavy-water power reactors to fuel its Prototype Fast Breeder Reactor, but may well intend
to use the PFBR to produce weapon-grade plutonium as well as electric power.
China’s breeder program is likely dual purpose as well.
Given that negotiation of an FMCT is already stalled, it could be argued that broadening
the ban to include plutonium separation for any purpose will make it even more difficult
to start negotiations. On the other hand, India and China have already complicated the
situation by mixing their civilian and military plutonium programs. In this context banning
civilian and military plutonium separation could be a step toward dealing with Pakistan’s
concerns by halting plutonium production in India’s breeder program. France’s and Japan’s
nuclear utilities might welcome the broadening, given the economic burdens their governments have imposed on them by insisting that they continue to pay for reprocessing.
Negotiations such as are proposed here may not seem possible in the foreseeable future but it
also is hard to foresee when negotiations on a traditional FMCT will become possible. Given
that situation, a complete ban is a simpler and more rational objective for any negotiation.
Broadening the FMCT into a ban on the production of all weapon-usable fissile materials
would parallel the evolution of the Comprehensive Nuclear Test Ban Treaty (CTBT).
Article 5 in the 1970 Nonproliferation Treaty allows for “peaceful nuclear explosions.” This
came about because, in the late 1960s, when the NPT was being negotiated, US and Soviet
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nuclear-weapon-design laboratories were promoting peaceful nuclear explosions as a lowcost method to create harbors and canals, break up underground rock to free natural gas,
create cavities for storing oil and gas, and for other applications.124
By the 1990’s, when the Comprehensive Test Ban Treaty (CTBT) was finally negotiated, however, the environmental impacts of peaceful nuclear explosions were seen as outweighing
the benefits. Radioactive fallout from surface explosions would require long-term evacuation
from adjacent areas and natural gas released from fractured rock by underground explosions
would be made unusable by contamination with radioactive tritium. It therefore was agreed
that the basic obligation in the CTBT should be expanded to “not to carry out any nuclear
weapon test explosion or any other nuclear explosion” (emphasis added).
A provision was included in Article 8 of the CTBT that makes it possible to revisit the
issue of peaceful nuclear explosions at any CTBT Review Conference. Any state party can
request an amendment to the CTBT that would allow “underground nuclear explosions
for peaceful purposes.” The bar to such an amendment is set very high, however. It can
only be considered if there is a consensus among the parties.
Another IPFM report has argued that all reactor fuel uses of weapon-usable highly enriched
uranium (HEU) can be converted to low-enriched uranium and that therefore all production
of HEU could be banned.125 Adding a ban on the separation of plutonium for any purpose
would similarly bar the door to economically pointless “civilian” plutonium programs
that could morph into weapons programs.
As with the CTBT, an article could be included in the FMCT that would allow any country
to propose an amendment allowing reprocessing if there were a consensus among the
parties that the benefits would exceed the risks.
Ending civilian reprocessing would greatly reduce the cost of verifying an FMCT. When
they were both operating, two facilities, Japan’s pilot and commercial reprocessing plants,
accounted for 20% of the IAEA’s global safeguards budget.126 Not including the B-205 plant,
which the UK is in the process of shutting down, the nuclear-armed states have a total of
9 operating non-military reprocessing plants plus the two under construction in China
(Table 3). Although not as costly as reprocessing plants, MOX-fuel-fabrication plants also
are costly to safeguard. Extra safeguards are also required during periods when unirradiated
MOX fuel is present at reactors using MOX fuel.

Strengthen implementation of the 1997 Guidelines for the Management of Plutonium
In the meantime, the nine countries subscribing to the 1997 agreed Guidelines for the
Management of Plutonium should meet to discuss implementation of their commitments
relating to the Guidelines’ requirement to “take into account…the importance of balancing
supply and demand, including demand for reasonable working stocks for nuclear operations, as soon as practical.”127
The nine parties to the Guidelines now include only four countries with ongoing civilian
plutonium programs (China, France, Japan, and Russia). In addition, they include the
United Kingdom, which planned to end its reprocessing in July 2022, and the United
States, which, although it ceased civilian reprocessing in 1972, has declared large stocks
of weapons plutonium excess to its weapons needs. The final three country members are
Belgium, Germany, and Switzerland. The first two once had both pilot reprocessing and
MOX plants and all three had reprocessing contracts with France and the UK. They did not
renew those contracts, however, and have disposed of almost all of their separated plutonium
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in MOX fuel. Plutonium scrap from closed MOX plants in Belgium and Germany has been
shipped for storage to France’s reprocessing plant at La Hague.128 Among the countries that
reprocess for civilian purposes today, only India is missing.
The continued participation of countries that no longer have plutonium stocks may be
objected to by some of the other countries. The remaining countries could meet, however,
to discuss their plutonium programs, their definitions of “reasonable working stocks” and
how they plan to reduce to those levels and publicly report those plans to the IAEA.
As discussed above, there is no foreseeable civilian demand for separated plutonium in
Russia that would consume its existing stocks. Also, French and Japanese nuclear utilities
now appear to see the separation of plutonium for recycle in LWR MOX fuel as a costly
extravagance that they would be happy to end if their governments allowed (despite the
fact that Japan’s utilities now pretend to support reprocessing wholeheartedly).

Placement under IAEA safeguards of material declared excess to weapon needs
In its final document, the 2000 Nonproliferation Treaty Review Conference reported
agreement on the need for
“[a]rrangements by all nuclear-weapon States to place, as soon as practicable, fissile
material designated by each of them as no longer required for military purposes under
IAEA or other relevant international verification and arrangements for the disposition of
such material for peaceful purposes, to ensure that such material remains permanently
outside of military programmes.”129

That same year, in their Plutonium Management and Disposition Agreement (PMDA),
Russia and the US agreed to each eliminate at least 34 tons of excess Cold War weapons
plutonium and committed to IAEA verification of its disposition.130 In 2016, US committed
that an additional six tons of US excess separated plutonium would be disposed under
IAEA safeguards.131
Also in 2016, however, President Putin suspended Russia’s participation in the PMDA. In
his explanatory statement, he complained about the Obama Administration’s unilateral
decision to change the disposal method for the US excess 34 tons from use in MOX fuel
in power reactors to dilution and burial. He also cited the US imposition of sanctions on
Russia following Russia’s seizure of Crimea from Ukraine.132 Subsequently, Russia decided
to fuel its BN-800 prototype breeder reactor with civilian plutonium and to leave its excess
weapons plutonium in storage.133 This leaves open the possibility of Russia returning to
the PMDA, including IAEA verification.
Unfortunately, the process of converting excess weapon-grade plutonium into unclassified
form so that the IAEA can monitor its storage has been subject to prolonged delays. In the
United States, most of the excess material is still in the classified form of nuclear-warhead
“pits” and, because of limited space for adding plutonium operations in existing facilities,
the timeline for extracting the plutonium and converting it into oxide form for dilution and
disposal stretches to 2050.134 Even though Russia has extracted most of its excess weapons
plutonium from pits and converted it into 2-kilogram metal spheres for storage, it considers
the isotopic makeup of its excess weapon-grade plutonium classified and will not expose it
to IAEA safeguards until after it has been blended with reactor-grade plutonium.
The nuclear-armed states should be encouraged to declare more plutonium excess for
weapons use. Russia and the US each have much larger stocks of weapon-grade plutonium
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than can be justified by their current warhead stocks – about 88 and 38 tons respectively
to support an estimated 4,000 operational warheads each.135 The US stock of 38 tons of
plutonium reserved for weapons may seem reasonable by the IAEA’s criterion of 8 kg per
warhead but the fact that the US had more than 30,000 warheads deployed during 1965-67,
despite producing only 90 tons (90,000 kg) of weapon-grade plutonium during the entire
Cold War, suggests that the IAEA’s standard is generous for advanced nuclear-weapon
states.136 Russia’s estimated stock of about 88 tons of plutonium reserved for weapons is
even more excessive.

International studies and cooperation on safe plutonium disposal
Spent fuel vs. reprocessing wastes
Civilian programs to separate plutonium create grave risks of nuclear-weapon proliferation,
nuclear terrorism and accidents. In the absence of an economic justification, advocates
of reprocessing claim that separating and fissioning the plutonium would reduce the environmental hazard from future deep-underground radioactive-waste repositories. Major
national studies in the US and Sweden have found, however, that the claimed environmental
benefits are not significant.
An independent international study of the environmental hazards from deep underground
spent fuel repositories would be justified by the same reasoning as that which created the
UN Scientific Commission on the Effects of Atomic Radiation in 1955. UNSCEAR was established in response to concerns about the hazards from global radioactive fallout from
atmospheric nuclear testing and obfuscation of those hazards by the governments doing
the testing.137
UNSCEAR reports were (and still are) written to assess the hazards to humans from both
natural and artificial radiation and radioactivity. These studies are done by international
teams of experts who review published analyses and produce comprehensive reports,
including detailed analyses.138 Such reports helped force Russia, the United Kingdom and
the United States to end their atmospheric nuclear testing with their 1963 Partial Nuclear
Test Ban Treaty.139
UNSCEAR would be the best existing international organization to do a study of the hazards
of spent fuel repositories. It could assess the literature relating to the solubility and migration of radionuclides through cracks and pores of rock and build on its existing expertise
relating to their movement through the food chain and within the human body and the
resulting doses per unit intake. It has already estimated the doses from all other parts of
the nuclear fuel cycle.140 It has not done so for repositories for spent fuel or reprocessing
waste only because no operating or closed repositories exist. It could, however, review the
theoretical studies that have been done for hypothetical scenarios for repository leakage
and assess the factors that would influence the radiation doses to the populations living
above repositories from plutonium and other transuranic elements compared to the fission
products and other radionuclides in spent fuel.
If UNSCEAR were to conclude, as the US and Swedish national studies cited above already
have, that there is no significant environmental benefit from plutonium separation, pressure might increase on the remaining countries that reprocess to reconsider their policies
for the sake of international security.
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Direct disposal of existing separated plutonium
Objectively, all separated non-weapons plutonium is waste because, even ignoring the
cost of reprocessing, it costs more to fabricate into fuel than the equivalent amount of
low-enriched uranium fuel.
The US, having abandoned as too costly its project to dispose of its excess plutonium
in MOX fuel for conventional power reactors, has a program to dispose of it by dilution
and deep burial in the Department of Energy’s deep underground repository for plutonium-contaminated waste in New Mexico, the so-called Waste Isolation Pilot Plant (WIPP).
As of the end of 2020, the US had disposed of 4.5 tons of plutonium in WIPP – mostly in
plutonium-contaminated wastes.141 As of April 2022, the path had been cleared for disposal of 13.1 tons of diluted excess plutonium in WIPP (about a ton of which is included
in the 4.5 tons already emplaced) and an Environmental Impact Statement process was
under way with expected completion in FY2023 to assess the feasibility of disposing an
additional 34 tons there.142
The United Kingdom is testing a technology for immobilization of some or all of its excess
plutonium in low-solubility ceramic for deep burial.143 France has accumulated unusable,
unirradiated MOX fuel containing at least 20 tons of plutonium.144 Japan, in addition to
its approximately 22 tons of plutonium stranded in the United Kingdom, has more than
eight tons of unirradiated plutonium on its own soil with no obvious path forward.145
These four countries could profitably share information and perspectives on their different approaches to plutonium disposal – hopefully to be joined eventually by Russia and
perhaps other nuclear-armed states. An acknowledgement by the world’s nuclear-energy
establishments that separated plutonium is a disposal problem, not a resource, would be
a huge step forward.
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Conclusions
The governments of China, France, India, Japan and Russia have continued to reprocess
spent power reactor fuel for various noneconomic reasons.
China’s and India’s reprocessing and breeder programs appear to be motivated in part by
the need for more weapon-grade plutonium for their still growing nuclear arsenals.
In the cases of France, Japan and Russia, the persistence of civilian reprocessing appears
to reflect the fact that, to use William Walker’s word, reprocessing has become “embedded” in the political systems of those countries.146 Some of the elements of embeddedness
include the local economic importance of large reprocessing plants in rural areas and the
reluctance of bureaucracies to admit major programmatic errors. The “zombie” civilian
plutonium programs have become pointless, however, and the weapons potential of their
growing stocks of unused separated plutonium, if stolen, constitute what the 1994 US
National Academies study on disposition of excess plutonium described as “a clear and
present danger.”147 The time for an international consensus to end further separation of
plutonium is therefore long overdue.
Despite a 70-year history, $100 billion spent on efforts to commercialize sodium-cooled
plutonium breeder reactors worldwide, and the accumulation of 300 tons of separated
civilian plutonium, there are only two prototype breeder reactors operating today, both
in Russia, only one of which is plutonium fueled. Rosatom has put off the construction of
a third because it is not convinced that it would be economically competitive with light
water reactors.
France and Japan are recycling their separated plutonium into MOX light-water reactor
fuel. The governments of both countries acknowledge that, including the cost of reprocessing, MOX fuel costs an order of magnitude more than the low-enriched uranium fuel
that otherwise would be used. Both governments argue, however – despite the conclusions
of the expert studies that have been done – that plutonium separation and fissioning in
fast-neutron reactors reduces the long-term hazard from spent fuel.
If plutonium were not a nuclear-weapon material, the continuing commitments to plutonium separation in these countries could be accepted as a self-inflicted economic inefficiency,
similar to military bases that have outlived their usefulness but have become embedded as
economic supports to nearby communities.
But plutonium, whether military or civilian, can be used to make nuclear weapons and
every few kilograms contain the potential for destroying a city. From this perspective, the
200 tons (200,000 kg) of civilian plutonium that have been separated and added to the
previously existing 100 tons since the end of the Cold War must be recognized as an international security threat. So must the additional 100 tons of plutonium that have been
declared excess to the weapon requirements of Russia and the United States during the same
period. The nonuse of all this material, enough to make 50,000 Nagasaki bombs, despite
its designation for non-weapons use, elevates the economic pointlessness of separating
more civilian plutonium into a threat to international security.
This situation must be confronted and dealt with. Our specific recommendations are for:
1. A ban on the separation of additional plutonium for any purpose through broadening
of the scope of the proposed Fissile Materials Cutoff Treaty to include separation for
civilian purposes, and placement of all unirradiated civilian and excess weapons plutonium
in the nuclear weapon states under IAEA safeguards.
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2. An international study on the environmental hazards of direct disposal of spent in deep
repositories relative to disposal of reprocessing wastes and multinational cooperation
on direct disposal of existing separated plutonium.

Ban on plutonium separation
In 1993, the UN General Assembly put on the international nuclear arms-control agenda a
ban on the separation of plutonium and production of highly enriched uranium for weapons. Negotiations on an FMCT would provide an opportunity for discussing a complete
ban on reprocessing and HEU production. As with the Comprehensive Test Ban Treaty,
an article could be included that would allow any country to propose an amendment allowing an exemption if there were a consensus among the parties that the benefits would
exceed the risks.
The 2000 NPT Review Conference report recommended, there should be in addition, “[a]
rrangements by all nuclear-weapon states to place, as soon as practicable, fissile material
designated by each of them as no longer required for military purposes under IAEA or
other relevant international verification and arrangements.” Putting all non-weapons
plutonium under civilian control and IAEA safeguards would reduce the inequities between
the civilian nuclear energy programs of the weapons and non-weapon states. Russia and
the US also should be encouraged to declare more of their stocks of weapons plutonium
excess for weapons use.

International study on repository hazard and cooperation on safe plutonium disposal
Taking advantage of the public’s fears of the dangers from deeply buried radioactive waste
and ignoring the conclusions of government-commissioned studies in the United States
and Sweden, advocates of sodium-cooled fast-neutron reactors and reprocessing have created a myth that the longevity of the hazard from spent fuel can be reduced from millions
to hundreds of years by separating out plutonium and other transuranic elements and
fissioning them in fast-neutron reactors.
An international review of this claim would be useful. The UN Scientific Committee on the
Effects of Atomic Radiation – originally established to determine the true health impacts of
the global radioactive fallout from atmospheric nuclear testing – would be the best existing
body to take on the task.
Multinational cooperation on studies of the options for direct disposal of civil and excess
weapons plutonium also would be useful. After the failure of its attempt to dispose of its
plutonium in power reactor fuel, the US is implementing dilution and direct disposal. The
UK is researching immobilization and then disposal. They could share information on their
approaches with each other, hopefully to be joined at some point by France and Japan and
eventually by the other countries with stocks of excess plutonium. An acknowledgement
by all the world’s nuclear-energy establishments that separated plutonium is a disposal
problem, not an economic resource, would be a huge step forward.

Banning the Separation of Plutonium

33

Endnotes

34

1

Management and Disposition of Excess Weapons Plutonium, National Academy Press, 1994, p. 1.

2

Alvin Weinberg, “Energy as the ultimate raw material, or problems of burning the sea and burning
the rocks,” Physics Today, November 1959, pp. 18-25.

3

Energy Technology Perspectives 2020, OECD International Energy Agency.

4

In 1975, the IAEA projected that global nuclear capacity would be 2089 GWe in the year 2000 with
capacity being added at an average rate of 120 GWe/year between 1990 and 2000 and warned that
“the total presently known and estimated resources [of 3.5 million tons of uranium] at < 30$/lb
U3O8 ($114 in 2019$) will be exhausted by about 2000,” R.B. Fitts and H. Fujii, “Fuel Cycle Demand,
Supply and Cost Trends,” IAEA Bulletin 18(1), 1975, pp. 20-24. At the end of 2021, global nuclear
generating capacity was 394 GWe, including 24 GWe of capacity in Japan that had not operated
since the Fukushima accident, and the average rate of growth since 2001 had been about 2 GWe/
yr (0.8 GWe/yr excluding the idle Japanese capacity), Power Reactor Information System, IAEA. In
2000, the OECD Nuclear Energy Agency estimated global uranium resources at 10.5 million tons
at a recovery cost less than $130/kgU, Forty Years of Uranium Resources, Production and Demand in
Perspective, OECD Nuclear Energy Agency, 2006, Figs. 6.1-6.3.

5

Uranium Resources, Production and Demand, OECD Nuclear Energy Agency, 2020, p. 14.

6

R.B. Fitts and H. Fujii, “Fuel Cycle Demand, Supply and Cost Trends”, IAEA Bulletin 18(1), 1975;
Energy, Electricity and Nuclear Power Estimates for the Period up to 2050, IAEA, 2021; and Power Reactor
Information System, IAEA, 2021.

7

For 1970-71, 1975, 1977-82, 1983-87, 1988-94, Statistical Abstract of the United States, United States
Census Bureau 1975, Table 905; 1983, Table 1013; 1991, Table 981, 1997, Table 951. For 1996-2020,
Uranium Marketing Annual Report, US Energy Information Administration, Table S1b. Gross Domestic
Product: Implicit Price Deflator, Federal Reserve Economic Data.

8

Walter Mitchell, III and Stanley E. Turner, Breeder Reactors, US Atomic Energy Commission, Division
of Technical Information, 1971, p. 32.

9

Protons have almost the same mass as neutrons. As in billiards, a head-on collision of a neutron
with a proton can therefore bring the neutron to almost a complete stop, with all of its kinetic
energy transferred to the proton. The alternative of a helium coolant has also been discussed but
not pursued, perhaps because the safety benefits of the extra heat absorption capacity of a liquid
coolant, which slows the heatup of the core if the pumps circulating the coolant loose power.

10

In 2021, Russia began construction of a 300-Mwe lead-cooled breeder reactor, the BREST-OD-300,
Advanced Reactors Information System (ARIS), IAEA, https://aris.iaea.org/PDF/BREST-OD-300.pdf.

11

Edward Lundquist, “Liquid sodium reactor powered USS Seawolf was part of first nuclear task
force,” Defense Media Network, 30 March 2014.

12

Richard G. Hewlett and Francis Duncan, Nuclear Navy: 1946–1962, University of Chicago Press,
1974, p. 274.

13

Power Reactor Information System (PRIS), IAEA.

14

For a more detailed discussion of the history of efforts to commercialize breeder reactors, see Fast
Breeder Reactor Programs: History and Status, IPFM, 2010.

Banning the Separation of Plutonium

15

Ilia Pakhomov, “BN-600 and BN-800 Operating Experience,” Gen IV International Forum, 19 December
2018.

16

“Russia defers BN-1200 until after 2035,” Nuclear Engineering International Magazine, 2 January 2020;
Anatoli Diakov and Pavel Podvig, “Construction of Russia's BN-1200 fast-neutron reactor delayed
until 2030s,” 20 August 2019.

17

Weapons stocks from Global Fissile Material Report 2010: Balancing the Books: Production and Stocks,
IPFM, with updates by Moritz Kütt, Zia Mian and Pavel Podvig in SIPRI Yearbook: Armaments,
Disarmament and International Security, Stockholm International Peace Research Institute. Numbers
of warheads from the “Nuclear Notebook,” https://thebulletin.org/nuclear-notebook/.

18

“Communication[s] Received from Certain Member States Concerning Their Policies Regarding
the Management of Plutonium,” IAEA, https://www.iaea.org/publications/documents/infcircs/
communication-received-certain-member-states-concerning-their-policies-regarding-managementplutonium.

19

Sources: Moritz_Kütt, Zia Mian and Pavel Podvig, SIPRI Yearbook 2021, Stockholm International
Peace Research Institute, 2021, Table 10.14; David Albright, Frans Berkhout and William Walker,
Plutonium and Highly Enriched Uranium 1996, Stockholm International Peace Research Institute,
1997, Table 6.2; P.J. Mellinger, K.M. Harmon, L.T. Lakey, A Summary of Nuclear Fuel Reprocessing
Activities Around the World, Pacific Northwest Laboratory, PNL-4981, 1984, https://www.osti.gov/
servlets/purl/6362154; “Facilities under agency safeguards or containing safeguarded material on 31
December 2001,” IAEA, https://www.iaea.org/sites/default/files/table_3.pdf; IAEA, https://www.
iaea.org/sites/default/files/table_3.pdf; Plutonium Separation in Nuclear Power Programs, IPFM, 2015;
Eurochemic, Belgoprocess, 2008, http://www.eurochemic.be/eng/documents/Eurochemic-brochure.
pdf; Hui Zhang, “China starts construction of a second 200 MT/year reprocessing plant,” 5 May
2021; “Nuclear Power in Italy,” World Nuclear Association, January 2021; Nuclear Fuel Cycle, etc.
Data Sheet 1, Estimation of Nuclear Fuel Cycle Cost, Japan Atomic Energy Commission, Technical
Subcommittee on Nuclear Power, 2011, slide 30, http://www.aec.go.jp/jicst/NC/about/kettei/
seimei/111110_1_e.pdf; “Test Run of a New Reprocessing Plant in Zheleznogorsk,” IPFM Blog, 2 June
2018, https://fissilematerials.org/blog/2018/06/test_run_of_a_new_reproce.html; Martin Forwood,
Gordon MacKerron and William Walker, Endless Trouble: Britain’s Thermal Oxide Reprocessing Plant
(THORP), IPFM, 2019, https://fissilematerials.org/library/rr19.pdf; “H Canyon”, US Department of
Energy, Savanna River Site, https://www.srs.gov/general/news/factsheets/srs_h_canyon.pdf.

20

T.B. Cochran, R.S. Norris and O.A. Bukharin, Making the Russian Bomb: from Stalin to Yeltsin, Westview,
1995, pp. 83-90.

21

Plutonium Separation in Nuclear Power Programs, IPFM, 2015, endnote 16.

22

“The Basic Principles on Japan’s Utilization of Plutonium,” Japan Atomic Energy Commission, 31
July 2018, http://www.aec.go.jp/jicst/NC/iinkai/teirei/3-3set.pdf.

23

At the end of 2017, Japan declared a stock of 47.254 tons of separated plutonium. In March 2018,
640 kg in fresh MOX fuel at the Genkai 3 reactor began irradiation. This reduced Japan’s stock of
unirradiated plutonium to 46.614g.

24

“Communication[s] Received from Certain Member States Concerning Their Policies Regarding
the Management of Plutonium,” IAEA.

Banning the Separation of Plutonium

35

36

25

Status Report of Plutonium Management in Japan – 2020, Japan Atomic Energy Commission, http://
www.aec.go.jp/jicst/NC/iinkai/teirei/siryo2021/siryo21/2_haifu.pdf and previous annual reports
in this series.

26

“Reprocessing,” Japan Nuclear Fuel Limited, https://www.jnfl.co.jp/en/business/reprocessing/ .

27

JNFL recovered 3.604 tons of plutonium from the reprocessing of 425 tons of spent fuel at Rokkasho
or 8.5 kg/ton during 2006-2008. For plutonium recovered: “Status Report of Plutonium Management
in Japan – 2018,” Japan Atomic Energy Commission. For spent fuel reprocessed: “Estimation of
Nuclear Fuel Cycle Cost,” Japan Atomic Energy Commission. For higher burnup and more recently
discharged spent fuel, the amount of plutonium recovered would be somewhat larger. For spent
fuel with a burnup of 43 (53) MWt-days/kgU and ten years of plutonium-241 decay since discharge,
for example, the amount recovered would be about 10 (11) kg/ton in the absence of process losses,
Plutonium Fuel: An Assessment, OECD Nuclear Energy Agency, 1989, Table 9, https://www.oecd-nea.
org/ndd/reports/1989/nea6519-plutonium-fuel.pdf.

28

https://upload.wikimedia.org/wikipedia/commons/thumb/3/36/AREVA_usine_de_retraitement_
de_La_Hague.jpg/2560px-AREVA_usine_de_retraitement_de_La_Hague.jpg.

29

“Operations to end at Sellafield’s Magnox Reprocessing Plant,” UK Nuclear Decommissioning Authority,
17 May 2022, https://www.gov.uk/government/news/operations-to-end-at-sellafields-magnoxreprocessing-plant.

30

There was an international uproar over a shipment of separated plutonium from France to Japan,
a non-nuclear-weapon state, in 1992, David Sanger, “Plutonium Cargo Arrives in Japan,” New York
Times, 5 January 1993. Since then, neither France nor the UK has shipped plutonium to Japan other
than in MOX fuel.

31

Fast Breeder Reactor Programs: History and Status, IPFM, pp. 6-7.

32

“Zombi” is a Haitian-French word – probably of African origin – for a reanimated corpse. Zombie,
its adaptation into English, has been traced back as far as an 1819 history of Brazil by the English
poet Robert Southey. The idea that zombies feed on human brains appears to have been introduced
in the 1985 US horror film, Night of the Living Dead, https://en.wikipedia.org/wiki/Zombie.

33

World Nuclear Industry Status Report 2020, Figure 3, https://www.worldnuclearreport.org/-WorldNuclear-Industry-Status-Report-2020-.html.

34

Energy, Electricity and Nuclear Power Estimates for the Period up to 2050, IAEA, 2021, Table 3.

35

“Average rate of new capacity completion during 1990-2019,” Power Reactor Information System,
IAEA https://pris.iaea.org/PRIS/WorldStatistics/OperationalByAge.aspx.

36

World Nuclear Industry Status Report 2020, Figure 15.

37

Hans M. Kristensen and Matt Korda, “Estimated global nuclear weapons inventories, 1945–2022,”
Federation of Atomic Scientists, 2022, https://fas.org/issues/nuclear-weapons/status-world-nuclearforces/.

38

2000 Plutonium Management and Disposition Agreement between Russia and the United States, as
amended by the 2010 Protocol, http://fissilematerials.org/library/PMDA2010.pdf.

39

2000 Plutonium Management and Disposition Agreement as amended by the 2010 Protocol.

Banning the Separation of Plutonium

40

“Agreement Between the Government of The United States of America and the Government of the
Russian Federation Concerning the Shutdown of Plutonium Production Reactors and the Cessation
of Use of Newly Produced Plutonium for Nuclear Weapons,” 23 June 1994, https://media.nti.org/
pdfs/StateandRussiaReactorShutdown1994.pdf.

41

International Fuel Cycle Evaluation: Fast Breeders, IAEA, 1980, Table 1, post-2000 oxide core.

42

“Communication Received from the United States of America Concerning its Policies Regarding
the Management of Plutonium,” IAEA, INFCIRC/549/Add.6/23, 15 October 2021.

43

Fast Reactor Database 2006 Update, IAEA, 2006, p. 30.

44

“Russia uses civilian reactor-grade plutonium to produce MOX fuel for BN-800,” IPFM Blog, 29
August 2019, http://fissilematerials.org/blog/2019/08/russia_uses_civilian_reac.html.

45

“Russia to supply HEU fuel for China's CFR-600 fast reactor,” IPFM Blog, 10 January 2019, https://
fissilematerials.org/blog/2019/01/russia_to_supply_heu_fuel_2.html.

46

In 1982, the US Department of Energy estimated that a price of $15-35 per gram of plutonium would
be required to motivate the reprocessing of light water reactor spent fuel, “Information on the cost
of plutonium needed to operate the Clinch River Breeder Reactor for its 5-year demonstration,”
US General Accounting Office, 17 September 1982, https://www.gao.gov/assets/emd-82-128.pdf.
For spent fuel containing 10 grams plutonium per kilogram of uranium, that would correspond
to $150-350 per kilogram of spent fuel ($340-800 in 2019$), much less than current estimates of
the cost of reprocessing spent fuel, Paul Day, “High costs, proliferation concerns feed doubts over
waste recycling,” Reuters, 24 November 2021.

47

Susan Montoya Brown, “New Mexico sues US over proposed nuclear waste storage plans,” PBS News
Hour, 29 March 2021; and “Spent fuel facility receives NRC license days after Texas moves to ban
it,” Nuclear Newswire, 14 September 2021.

48

The remainder is stored in the intake pool of General Electric’s never-operated Morris Reprocessing
Plant, Steven J. Maheras et al, Preliminary Evaluation of Removing Used Nuclear Fuel from Shutdown
Sites, US Department of Energy, 2015, PNNL-22, Rev. 6, https://www.energy.gov/sites/default/
files/2016/05/f31/Shutdown_Sites_Report_Sept2015_web.pdf.

49

Mission Progress Report Published November 2021, UK. Nuclear Decommissioning Authority, p. 6,
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/
file/1031213/NDA_Mission_Progress_Report_2021.pdf.

50

Somehow, the managers of the UK’s only LWR, Sizewell B, avoided having to contract for reprocessing
and have stored its spent fuel onsite.

51

Martin Forwood, Gordon MacKerron and William Walker, Endless Trouble: Britain’s Thermal Oxide
Reprocessing Plant (THORP), IPFM, 2019.; and William Walker, Nuclear Entrapment: THORP and the
politics of commitment, Institute for Public Policy Research, 1999.

52

German nuclear utilities did sign up for post-baseload contracts covering an additional 787 tons
of fuel but, later, the contracts for 500 tons of this fuel were cancelled, Endless Trouble: Britain’s
Thermal Oxide Reprocessing Plant (THORP), p. 7.

Banning the Separation of Plutonium

37

38

53

Nuclear development in the United Kingdom, World Nuclear Association, https://www.world-nuclear.
org/information-library/country-profiles/countries-t-z/appendices/nuclear-development-in-theunited-kingdom.aspx.

54

Oxide Fuels: Preferred Option, UK Nuclear Decommissioning Authority, June 2012, https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/457789/
Oxide_fuels_-_preferred_options.pdf.

55

The Netherlands’ single remaining power reactor Borssele (0.5 GWe) began operations in 1973
and is currently scheduled for shutdown in 2034, Nuclear Power in the Netherlands, World Nuclear
Association, January 2021, https://world-nuclear.org/information-library/country-profiles/
countries-g-n/netherlands.aspx.

56

The Nuclear Decommissioning Authority: progress with reducing risk at Sellafield, UK National Auditing
Office, June 2018, https://www.nao.org.uk/report/the-nuclear-decommissioning-authority-progresswith-reducing-risk-at-sellafield/.

57

George Perkovich, India’s Nuclear Bomb: The Impact on Global Proliferation, University of California
Press, 1999, p. 178.

58

Past U.S. Involvement Improved Russian Nuclear Material Security, but Little Is Known about Current
Conditions, US Government Accountability Office, 2020, https://www.gao.gov/assets/gao-20-392.
pdf.

59

Effort to Reduce Russian Arsenals May Cost More, Achieve Less Than Planned, US Government
Accountability Office, 1999, https://www.gao.gov/assets/nsiad-99-76.pdf.

60

Incident and Trafficking Database (ITDB) 2020 Fact Sheet, IAEA. This report contains 12 confirmed
incidents involving highly-enriched uranium and 2 involving plutonium between 1993 and 2019.
The IAEA considers the details confidential. Some news reports contain more information, however.
See e.g. Andrew Higgins, “Plutonium 'leaking' onto black market,” Independent, 17 August 1994;
and “Russian Police Intercept Ukraine-bound Plutonium,” summary of an AFP item dated 21 February
1993, Nuclear Threat Initiative, https://www.nti.org/analysis/articles/russian-police-interceptukraine-bound-plutonium/.

61

Matthew Bunn, “Reducing the greatest risks of nuclear theft & terrorism,” Deadalus, Fall 2009, pp.
112-123, https://www.amacad.org/sites/default/files/daedalus/downloads/Fa2009_On-the-GlobalNuclear-Future-1.pdf.

62

J. Carson Mark, “Explosive Properties of Reactor-Grade Plutonium,” Science & Global Security, Vol.
4, 1993, pp. 111-128, http://scienceandglobalsecurity.org/archive/sgs04mark.pdf.

63

Nonproliferation and Arms Control Assessment of Weapons-Usable Fissile Material Storage and Excess
Plutonium Disposition Alternatives, US Department of Energy, DOE/NN-0007, 1997, pp. 37–39, http://
ipfmlibrary.org/doe97.pdf.

64

This subject has been lucidly and thoroughly explored in the case of the United Kingdom by
William Walker in his book, Nuclear Entrapment: THORP and the politics of commitment, and in a
journal article, “Entrapment in large technology systems: institutional commitment and power
relations,” Research Policy, Vol. 29 (7–8), 2000, pp. 833-846.

65

The coordinates of China’s Jiuquan reprocessing site are 40.236º N, 97.370º E.

Banning the Separation of Plutonium

66

Hui Zhang, “China starts construction of a second 200 MT/year reprocessing plant,” IPFM Blog,
21 March 2021, https://fissilematerials.org/blog/2021/03/china_starts_construction.html.

67

“Company profile,” CNNC, http://en.cnnc.com.cn/2016-02/01/c_49164.htm. This sentence has
since been removed without updating the date of the post.

68

Hui Zhang, China’s Fissile Material Production and Stockpile, IPFM, 2017, http://fissilematerials.org/
library/rr17.pdf.

69

Military and Security Developments Involving the People’s Republic of China, 2020, US Department of
Defense, p. viii, https://media.defense.gov/2020/Sep/01/2002488689/-1/-1/1/2020-DOD-CHINAMILITARY-POWER-REPORT-FINAL.PDF.

70

Hans M. Kristensen and Matt Korda, “China’s nuclear missile silo expansion: From minimum
deterrence to medium deterrence,” Bulletin of the Atomic Scientists, 1 Sept. 2021.

71

Hans M. Kristensen and Matt Korda, “Chinese Nuclear Forces, 2021” Bulletin of the Atomic Scientists,
15 November 2021.

72

Alexander Glaser and M.V. Ramana, “Weapon-Grade Plutonium Production Potential in the Indian
Prototype Fast Breeder Reactor,” Science and Global Security Vol. 15, 2007, pp. 85-105.

73

“Communication[s] Received from Certain Member States Concerning Their Policies Regarding
the Management of Plutonium,” IAEA.

74

George Perkovich, India’s Nuclear Bomb, University of California Press, 1999, pp. 27-31.

75

India has built three plants for reprocessing heavy water power reactor fuel, each with a design
capacity of 100 tons uranium per year. Two, only the newer of which may be operating, are near
the Tarapur Atomic Power Station, about 100 km north of Mumbai and one is in a nuclear complex
that includes the Madras Atomic Power Station, the Indira Gandhi Atomic Research Center and
India’s almost complete Prototype Fast Breeder Reactor in Kalpakkam, 50 km south of Chenai on
India’s southeast coast, Plutonium Separation in Nuclear Power Programs, IPFM, 2015, chapter 5.

76

“Implementation of the India-United States Joint Statement of July 18, 2005: India’s Separation Plan,”
Indian Ministry of External Affairs, http://mea.gov.in/Uploads/PublicationDocs/6145_bilateraldocuments-May-11-2006.pdf.

77

Memo to President Carter from National Security Advisor Zbigniew Brzezinski, “Japanese Nuclear
Reprocessing: The Tokai Decision,” 13 August 1977, in Jimmy Carter Library, National Security
Affairs – Brzezinski Materials, Country File (Tab 6), ''Japan 8/77'', Box 40, http://kakujoho.net/
npt/JCarterLib.pdf.

78

Nobuo Tanaka, “TEPCO Should Transfer Nuclear Power Back to the Government. Nuclear Power
Is Also Necessary for the National Defense,” Journal of the Atomic Energy Society of Japan, Vol. 60,
2018, pp. 259–260 (translated from the Japanese).

79

David Sanger and William Broad, “Obama Unlikely to Vow No First Use of Nuclear Weapons,” New
York Times, 5 September 2016.

80

Yukio Sato, Sashikakerareta Kasa [An Extended Umbrella], Jiji Press, 2017, pp. 306-307 (translated
from the Japanese).

Banning the Separation of Plutonium

39

40

81

As of the end of 2020, Japan reported a stock of 8.9 tons of unirradiated plutonium in country,
6.4 tons of which were in oxide or nitrate solution form, “Status Report of Plutonium Management
in Japan – 2020,” Japan Atomic Energy Commission, http://www.aec.go.jp/jicst/NC/iinkai/teirei/
siryo2021/siryo21/2_haifu.pdf.

82

“Epsilon Launch Vehicle,” Japan Aerospace Exploration Agency, https://global.jaxa.jp/projects/
rockets/epsilon/. Solid-fuel missiles are preferred by militaries because they can be launched without
delaying for fueling and are transportable and therefore more easily concealed.

83

“Orano La Hague,” Orano, https://www.orano.group/country/china/en/our-stories/orano-la-hague.

84

“Orano la Hague,” Orano, “Number 1 in nuclear materials recycling,” https://www.orano.group/
country/china/en/our-stories/orano-la-hague.

85

“Melox,” Orano, https://www.orano.group/en/expertise/orano%27s-sites-around-the-world/
recycling-spent-fuel/melox/expertise.

86

“EDF group’s nuclear facilities and shareholdings at 31/12/2019,” EDF France, 30 June 2020.

87

Aiming to Create a Prosperous and Vibrant Region--Regional development associated with the siting
of nuclear fuel cycle facilities, etc. (in Japanese), Aomori Prefecture, February 2022, Invitation of
companies and employment promotion,https://www.pref.aomori.lg.jp/soshiki/energy/g-richi/
files/2022allyutaka-4-5.pdf.

88

In Japan’s fiscal year 2012, its reprocessing company, Japan Nuclear Fuel Services (JNFL) accounted
for: most of Aomori Prefecture’s “nuclear fuel taxes,” which totalled ¥16 billion; 14 percent of the
prefecture’s total tax income, "Outstanding tax revenue," Daily Tohoku, https://web.archive.org/
web/20130120073334/http://cgi.daily-tohoku.co.jp/cgi-bin/tiiki_tokuho/kakunen/kikaku/tenki/
money_02.htm (in Japanese); and "Aomori Prefectural Financial Affairs," Aomori Prefecture,
June 2012, http://www.pref.aomori.lg.jp/soshiki/soumu/zaisei/files/zaiseijijou_201206_all.pdf
(in Japanese). “Subsidies from the central government, property taxes, JNFL, and other nuclearindustry sources accounted for about one half of Rokkasho Village’s income, "Local finance
distorted by nuclear power plant profit inducement," National Citizen Ombudsman Association,
http://www.ombudsman.jp/nuclear/yugami.pdf. See also, Yukari Sekiguchi, “Politics and Japan's
Rokkasho Reprocessing Plant,” Center for Strategic and International Studies, 2014, https://csiswebsite-prod.s3.amazonaws.com/s3fs-public/legacy_files/files/publication/140912_Sekiguchi_
Rokkasho_PolicyPerspectives.pdf. See also the discussion in James Acton, Wagging the Plutonium
Dog, Carnegie Endowment for International Peace, 2015, pp. 11-12.

89

James Acton, Wagging the Plutonium Dog, pp. 12-16.

90

Framework for Nuclear Energy Policy, Japan Atomic Energy Commission, 11 October 2005, p. 33,
http://www.aec.go.jp/jicst/NC/tyoki/taikou/kettei/eng_ver.pdf.

91

Tatiana Bulyonkova, 3 June 2010, https://www.flickr.com/photos/ressaure/4679726352/in/
album-72157624100633981/

92

For population numbers for each city, see Wikipedia, which cites the 2010 census.

93

“The government has defined the tasks of the Russian Guard in the protection of nuclear facilities,”
Atomic Energy, 23 March 2017, https://www.atomic-energy.ru/news/2017/05/23/76025 (in Russian).

94

Location: 56.35º N, 93.647º E.

Banning the Separation of Plutonium

95

See Oleg Bukharin, “Downsizing Russia’s Nuclear Warhead Production Infrastructure,” Nonproliferation
Review, Spring 2001, https://www.nonproliferation.org/wp-content/uploads/npr/81bukh.pdf.

96

T.B. Cochran, R.S. Norris and O.A. Bukharin, Making the Russian Bomb: From Stalin to Yeltsin, Westview
Press, 1995, pp. 153-156.

97

Plutonium Separation in Nuclear Power Programs, IPFM, 2015, pp. 80-81.

98

“Corporate Strategy (2017),” Sellafield Ltd., https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/627537/FINAL_PDF_Corporate_Strategy.pdf.

99

“Strategy (2021),” Nuclear Decommissioning Authority, https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/973438/NDA_Strategy_2021_A.pdf.

100

Adam Vaughan, “The UK's nuclear waste could be buried underground in Cumbria,” New Scientist,
4 November 2020, https://institutions.newscientist.com/article/2258859-the-uks-nuclear-wastecould-be-buried-underground-in-cumbria/.

101

Tommy Greene, “Nuclear storage plans for north of England stir up local opposition,” The Guardian,
23 August 2021, https://www.theguardian.com/environment/2021/aug/23/nuclear-storage-plansfor-north-of-england-stir-up-local-opposition.

102

Radioactive materials and waste Planning Act of 28 June 2006, ANDRA, 28 June 2006, Article 6-I of
Planning Act N°. 2006-739 [Article L. 542-1-2 of the Environmental Code] II.1, https://international.
andra.fr/sites/international/files/2019-03/loi%202016.pdf.

103

The law, in Japanese, is at https://elaws.e-gov.go.jp/search/elawsSearch/elaws_search/lsg0500/
detail?lawId=412AC0000000117.

104

One of the authors (FvH) asked this question in the meeting, which took place in March 1993, in
Tokyo.

105

Tatsujiro Suzuki and Masfumi Takubo, “Japan’s new law on funding plutonium reprocessing,” IPFM
Blog, 26 May 2016, http://fissilematerials.org/blog/2016/05/japans_new_law_on_funding.html.

106

In parallel, however, France’s radioactive waste agency, ANDRA, is considering scenarios in which
spent MOX fuel would be reclassified as radioactive waste for deep burial, Inventaire national des
matières et déchets radioactifs [National inventory of radioactive materials and waste], Andra, 2018, pp.
36, 62, 67, 68.

107

Sylvester Pivet, “Concept and Future Perspective on ASTRID Project in France,” Proceedings of the
Symposium on Present Status and Future Perspective for Reducing Radioactive Wastes, Tokyo, 17
February 2016, https://www.jaea.go.jp/news/symposium/RRW2016/shiryo/e06.pdf.

108

“France cancels ASTRID fast reactor project,” Nuclear Engineering International, 2 September 2019,
https://www.neimagazine.com/news/newsfrance-cancels-astrid-fast-reactor-project-7394432.

109

“NRA Deems JAEA Unfit to Operate FBR Monju,” Atoms in Japan, 5 November 2015, https://www.
jaif.or.jp/en/nra-deems-jaea-unfit-to-operate-fbr-monju/.

Banning the Separation of Plutonium

41

42

110

“Memorandum of Cooperation between the Department of Energy of the United States of America,
on the One Side and the Ministry of Economy, Trade and Industry and the Ministry of Education,
Culture, Sports, Science and Technology of Japan, on the Other Si...”, US Department of Energy,
12 June 2019, https://www.energy.gov/node/4813536.

111

“TerraPower signs memorandum of understanding with Japan Atomic Energy Agency and Japanese
fast reactor industrials to collaborate on sodium fast reactor technology,” TerraPower, 31 January
2022, https://www.terrapower.com/terrapower-mou-jaea-sfr/. Terrapower has a two-faced position
on reprocessing. On one side, it declared, “Natrium plants will not require reprocessing and will
run on a once-through fuel cycle that limits the risk of weapons proliferation”, TerraPower, 18 May
2021, https://www.terrapower.com/natrium-program-summary/. On the other side, it received
$8.55 million from the US Department of Energy to develop "a method for the recovery of uranium
from [used nuclear fuel]," US Department of Energy, 10 March 2022, https://www.energy.gov/
articles/doe-awards-36-million-reduce-waste-advanced-nuclear-reactors.

112

Nuclear Wastes: Technologies for Separations and Transmutation, National Academy Press, 1996, p. 3,
https://www.nap.edu/catalog/4912/nuclear-wastes-technologies-for-separations-and-transmutation.

113

The relative insolubility of the plutonium and other transuranic isotopes is can be seen from the
slow rise of their presence at the surface compared to that of more soluble radioisotopes such as
carbon-14 and iodine-129.

114

Long-Term Safety for the Final Repository for Spent Nuclear Fuel at Forsmark: Main Report of the SR-Site
Project, SKB, March 2011, Volume 3, TR-11-01, Fig. 13–63, https://www.skb.com/publication/2345580/
TR-11-01_vol3.pdf.

115

Ionizing Radiation: Sources and Biological Effects, UN Scientific Committee on the Effects of Atomic
Radiation [UNSCEAR], 1982, Annex D, https://www.unscear.org/unscear/en/publications/1982.
html,. Estimated total yield and fission yield from atmospheric tests is shown on p. 227, Table 1.
Total fallout of plutonium, americium and curium are shown on p. 238, Table 21. Contributions
to total doses from different radioisotopes are shown on p. 241, Table 30). Plutonium transport
underground has been observed by attachment to colloids, A. Wolfsberg et al, “Colloid-Facilitated
Plutonium Transport in Fractured Tuffaceous Rock,” Environmental Science and Technology Vol. 51,
2017, pp. 5582−5590, https://pubs.acs.org/doi/pdf/10.1021/acs.est.7b00968. Also plant and human
uptake can be increased if chelating compounds are present in the environment, B. N. Vyas and K.
B. Mistry, “Influence of chelating agents on the uptake of 239Pu and 241Am by plants,” Plant and
Soil Vol. 73, 1983, pp. 345-353, https://link.springer.com/content/pdf/10.1007/BF02184311.pdf.

116

Frank von Hippel, Masafumi Takubo, and Jungmin Kang, Plutonium: How Nuclear Power’s Dream
Fuel Became a Nightmare, Springer Nature, 2019, chapter 7, endnotes 16 and 17.

117

T.B. Cochran, R.S. Norris and O.A. Bukharin, Making the Russian Bomb: From Stalin to Yeltsin, Westview
Press, 1995, pp. 109-113.

118

Zhores Medvedev, "Two decades off dissidence," New Scientist, 4 November 1976, pp. 264–267,
https://books.google.com/books?id=JqEhtUjqORIC&pg=PA264#v=onepage&q&f=false.

119

For a journalist’s report during the first foreign visit in 1989 to Ozersk, see R. Jeffry Smith, “Soviets
tell about nuclear plant disaster,” Washington Post, 10 July 1989, https://www.washingtonpost.
com/archive/politics/1989/07/10/soviets-tell-about-nuclear-plant-disaster/f5f9e706-0b88-45abbdd9-6c92b5329cc6/.

Banning the Separation of Plutonium

120

L.M. Peremyslova, et al, Reconstruction of doses due to residence on the East Ural Radioactive Trace and
the territory of windblown contamination from Lake Karachay, Urals Research Center for Radiation
Medicine, University of Utah and Pacific Northwest National Laboratory, 2004, https://www.
semanticscholar.org/paper/FOR-THE-RECONSTRUCTION-OF-DOSES-DUE-TO-RESIDENCE-ONPeremyslova-Tolstykh/58aa870b2cb0589089a0ed2b36be4a923fa0066f.

121

The Radiological Accident in the Reprocessing Plant at Tomsk, IAEA, 1998, https://www.iaea.org/
publications/4740/the-radiological-accident-in-the-reprocessing-plant-at-tomsk.

122

M. V. Ramana, A. H. Nayyar, and Michael Schoeppner, “Nuclear High-level Waste Tank Explosions:
Potential Causes and Impacts of a Hypothetical Accident at India’s Kalpakkam Reprocessing Plant,”
Science & Global Security, Vol. 24(3), 2016, pp. 174-203, http://scienceandglobalsecurity.org/archive/
sgs24ramana.pdf.

123

“Fissile Material Cutoff Treaty,” Reaching Critical Will, https://www.reachingcriticalwill.org/
resources/fact-sheets/critical-issues/4737-fissile-material-cut-off-treaty.

124

“Peaceful nuclear explosions,” Comprehensive Test Ban Treaty Organization, https://www.ctbto.
org/nuclear-testing/history-of-nuclear-testing/peaceful-nuclear-explosions/.

125

Frank von Hippel, Banning the Production of Highly Enriched Uranium, IPFM, 2016, https://
fissilematerials.org/library/rr15.pdf.

126

Shirley Johnson, The Safeguards at Reprocessing Plants Under a Fissile Material (Cutoff) Treaty, IPFM,
2009, p. 1, https://fissilematerials.org/library/2009/02/the_safeguards_at_reprocessing.html.

127

“Guidelines for the Management of Plutonium,” IAEA. https://www.iaea.org/sites/default/files/
infcirc549.pdf.

128

The UK has declared that, as of the end of 2020, it held 24.1 tons of foreign unirradiated plutonium.
Japan has declared that, at that time, it had 21.8 tons of separated plutonium in the UK. It is unclear
which European country or countries own the remaining 2.3 tons.

129

2000 Review Conference of the Parties to the Treaty on the Non-Proliferation of Nuclear Weapons, Final
Document, https://www.reachingcriticalwill.org/images/documents/Disarmament-fora/npt/
revcon2000/docs/2000FD.pdf, p. 15.

130

2000 Plutonium Management and Disposition Agreement, https://fissilematerials.org/library/PMDA2000.
pdf.

131

“United States Commits to IAEA Monitoring for the Verifiable Disposition of Six Metric Tons of
Surplus Plutonium,” US Department of Energy, 5 December 2016, https://www.energy.gov/articles/
united-states-commits-iaea-monitoring-verifiable-disposition-six-metric-tons-surplus.

132

“Russia suspends implementation of plutonium disposition agreement,” IPFM Blog, 3 October
2016, http://fissilematerials.org/blog/2016/10/russia_suspends_implement.html.

133

“Russia uses civilian reactor-grade plutonium to produce MOX fuel for BN-800,” IPFM Blog, 29
August 2019.

134

Review of the Department of Energy's Plans for Disposal of Surplus Plutonium in the Waste Isolation Pilot
Plant, National Academy Press, 2020, Figure 3-7 (p. 52).

Banning the Separation of Plutonium

43

44

135

SIPRI Yearbook 2021, Tables 10.1, 10.12.

136

“Transparency in the U.S. Nuclear Weapons Stockpile, Fact Sheet,” US State Department, 5 October
2021, https://www.state.gov/transparency-in-the-u-s-nuclear-weapons-stockpile/, and Plutonium:
The First 50 Years, US Department of Energy, 1996, https://fissilematerials.org/library/1996/02/
plutonium_the_first_50_years.html.

137

See, for example, the report done by the RAND Corporation for the US Atomic Energy Commission
and US Air Force, Worldwide Effects of Atomic Weapons: Project Sunshine, RAND Corporation, 1953,
https://www.rand.org/content/dam/rand/pubs/reports/2008/R251.pdf.

138

UNSCEAR reports are available at, https://www.unscear.org.

139

For the text of the Limited Test Ban Treaty and dates of accession see “Treaty Banning Nuclear Weapon
Tests in the Atmosphere, in Outer Space, and Under Water,” US Department of State. France ended
its atmospheric tests in 1974 and China in 1980. All of India’s, Pakistan’s and North Korea’s tests
have been underground. Israel is believed to have carried out one clandestine atmospheric test,
Lars-Erik De Geer and Christopher M. Wright, “The 22 September 1979 Vela Incident: Radionuclide
and Hydroacoustic Evidence for a Nuclear Explosion,” Science & Global Security Vol. 26(1), 2018,
pp. 20-54.

140

Sources, Effects and Risks of Ionizing Radiation, UNSCEAR, 2016; Sources and Effects of Ionizing
Radiation Vol. 1, Annex C , UNSCEAR, 2000,.

141

“Communication Received from the United States of America Concerning its Policies Regarding
the Management of Plutonium,” IAEA, 15 October 2021, https://www.iaea.org/publications/
documents/infcircs/communication-received-certain-member-states-concerning-their-policiesregarding-management-plutonium.

142

FY 2023 Budget Justification Vol. 1, US Department of Energy, 24 March 2022, “Material Management
and Minimization: Material Disposition,” https://www.energy.gov/sites/default/files/2022-04/
doe-fy2023-budget-volume-1-dnn.pdf.

143

Progress on Plutonium Consolidation, Storage and Disposition, UK Nuclear Decommissioning Authority,
March 2019, https://www.gov.uk/government/publications/progress-on-plutonium-consolidationstorage-and-disposition.

144

Plutonium Separation in Nuclear Power Programs, IPFM, 2015, pp. 37-38.

145

This plutonium includes more than 6 tons in oxide and nitrate solution, and up to 2 tons in
fabricated and partially fabricated fuel for reactors that either will not operate (the Monju breeder
reactor) or may not operate again (the Joyo experimental breeder reactor and Kashiwazaki Kariwa
Unit 3), Status Report of Plutonium Management in Japan – 2020, Japan Atomic Energy Commission.

146

William Walker, “Entrapment in large technology systems: institutional commitment and power
relations.”

147

Management and Disposition of Excess Weapons Plutonium, p. 1.

Banning the Separation of Plutonium

About the authors
Frank N. von Hippel, a Professor of Public and International Affairs emeritus with Princeton
University’s Program on Science and Global Security (SGS), has worked on fissile material
policy issues for forty years. He co-founded the IPFM, SGS and the journal, Science & Global
Security. During 1983 – 89, he partnered with Gorbachev’s arms control advisor, Evgenyi
Velikhov, to propose measures to end the nuclear arms race. During 1993 – 94, as Assistant
Director for National Security in the White House Office of Science and Technology Policy,
he helped launch cooperative programs to enhance nuclear-materials security in Russia
and led the inter-agency group on plutonium disposition.
Masafumi Takubo, is an independent nuclear policy analyst based in Tokyo. He manages
the nuclear information website Kakujoho [Nuclear Information], which he established
in 2004. Previously, for over thirty years, he was affiliated with the Japan Congress Against
A-and H-Bombs (GENSUIKIN), a leading grass-roots organization including as the Senior
Researcher in the International Division and as a consultant. Takubo has written widely
on Japanese nuclear policy, including on spent-nuclear fuel reprocessing. He is a member
of IPFM.
Von Hippel and Takubo are co-authors with Jungmin Kang of the book, Plutonium: How
Nuclear Power’s Dream Fuel Became a Nightmare (Springer, 2019).

Acknowledgements
This report builds on previous IPFM reports, notably: Fast Breeder Reactor Programs: History
and Status (2010) and Plutonium Separation in Nuclear Power Programs (2015). It also builds
on the book Plutonium: How Nuclear Power’s Dream Fuel Became a Nightmare (Springer, 2019).
Finally, it has benefited greatly from reviews by a number of IPFM members, notably Zia
Mian, Pavel Podvig, M.V. Ramana, Mycle Schneider, Tatsujiro Suzuki, William Walker and
Hui Zhang.

Banning the Separation of Plutonium

45

A report published by
The International Panel on Fissile Materials (IPFM)
www.fissilematerials.org
Program on Science and Global Security
Princeton University
221 Nassau Street, 2nd Floor
Princeton, NJ 08542, USA

July 2022

