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About the IPFM
The International Panel on Fissile Materials (IPFM) was founded in January 2006. It 
is an independent group of arms-control and nonproliferation experts from eighteen 
countries, including both nuclear weapon and non-nuclear weapon states. 

The mission of the IPFM is to develop the technical basis for practical and achievable 
policy initiatives to secure, consolidate, and reduce stockpiles of highly enriched urani-
um and plutonium. These fissile materials are the key ingredients in nuclear weapons, 
and their control is critical to nuclear disarmament, halting the proliferation of nuclear 
weapons, and ensuring that terrorists do not acquire nuclear weapons. 

Both military and civilian stocks of fissile materials have to be addressed. The nuclear 
weapon states still have enough fissile materials in their weapon and naval fuel stock- 
piles for tens of thousands of nuclear weapons. On the civilian side, enough plutonium 
has been separated to make a similarly large number of weapons. Highly enriched 
uranium is used in civilian reactor fuel in more than one hundred locations. The total 
amount used for this purpose is sufficient to make hundreds of Hiroshima-type bombs, 
a design potentially within the capabilities of terrorist groups. 

The panel is co-chaired by Alexander Glaser and Zia Mian of Princeton University and 
Tatsujiro Suzuki of Nagasaki University, Japan. Its 29 members include nuclear experts 
from Brazil, Canada, China, France, Germany, India, Iran, Japan, South Korea, Mexico, 
the Netherlands, Norway, Pakistan, Russia, South Africa, Sweden, the United Kingdom, 
and the United States. Short biographies of the panel members can be found on the 
IPFM website, www.fissilematerials.org. 

IPFM research and reports are shared with international organizations, national gov-
ernments and nongovernmental groups. The reports are available on the IPFM website 
and through the IPFM blog, www.fissilematerials.org/blog. 

Princeton University’s Program on Science and Global Security provides administrative 
and research support for the IPFM. 

IPFM is supported by grants to Princeton University from the John D. and Catherine T. 
MacArthur Foundation of Chicago and the Carnegie Corporation of New York.

www.fissilematerials.org
www.fissilematerials.org/blog
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Summary
Plutonium was first separated by the United States during the Second World War. Ura-
nium was loaded into nuclear reactors, irradiated, cooled, and then chemically “repro-
cessed” in another facility to recover the plutonium. The reactors and the reprocessing 
plant were built as part of the secret atomic bomb project. Since then, eight other 
countries also have produced and separated plutonium for weapons.

Starting in the 1960s, some of the nuclear-weapon states and a few non-weapon states 
started to separate plutonium for civilian use from spent fuel produced by power reac-
tors. The United States ended its civilian reprocessing program in 1972 and the nuclear-
weapon states that are parties to the NPT ended their military reprocessing activities 
with the end of the Cold War. Today there are only a handful of countries with ac-
tive civilian reprocessing programs: China, France, India, Japan, Russia and the United 
Kingdom.

This report looks at the history, current status and prospects of these programs. It also 
looks at the rise and fall of reprocessing in Germany and the agitation in South Korea 
for starting a program. There are also three technical chapters at the end assessing: the 
utility of reprocessing for managing spent nuclear fuel; the economics of reprocessing 
and plutonium use; and the radiological risk from reprocessing plants.

The original objective of civilian reprocessing was to provide startup fuel for planned 
“breeder” reactors that would produce more plutonium than they consumed. These 
plutonium breeder reactors would be much more efficient at utilizing uranium and, 
throughout the 1960s, the U.S. Atomic Energy Commission promoted them as the so-
lution to concerns that nuclear power would be limited by the availability of low-cost 
uranium. Large-scale construction of breeder reactors was expected to begin in the 
1990s.

In 1974, India, which had acquired reprocessing technology  —  ostensibly for a breeder 
reactor program — conducted a “peaceful” nuclear explosion that utilized plutonium 
produced in a reactor supplied with U.S. heavy water. The U.S. government realized 
that civilian reprocessing was facilitating nuclear-weapon proliferation and reversed its 
position on breeder reactors, concluding within a few years that they were unnecessary 
and uneconomic.

This judgment was borne out during the 1980s and 1990s by experiences with “demon-
stration” breeder reactors in France, Germany, Japan, Russia and the United Kingdom. 
The reactors were found to be both more costly than conventional reactors and less 
reliable, with most operating only a small fraction of the time. Only India and Russia 
have continued with demonstration breeder reactor programs. Reprocessing continued 
in France, Japan and the United Kingdom, however, and China built a pilot reprocess-
ing plant that operated briefly in 2010.

In the meantime, much more low-cost uranium was discovered and global nuclear capac-
ity plateaued after the 1986 Chernobyl accident. Uranium only contributes about 2 per-
cent to the cost of electricity from a new nuclear power plant and there is no economic 
incentive to move to costly breeder reactors, even if they are more uranium-efficient.
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France proposed the use of plutonium as supplementary fuel for conventional water-
cooled power reactors. Currently fuel made with a mixture of plutonium and uranium 
oxide (Mixed Oxide or MOX fuel) makes up about 10 percent of the nuclear fuel used 
by France’s power-reactor fleet. A review by France’s government in 2000 found that 
the production of MOX fuel, including the reprocessing of spent fuel to obtain pluto-
nium, cost five times as much as the low-enriched uranium fuel that otherwise would 
have been used.

For a time, France offset the higher cost of the plutonium fuel by selling reprocessing 
services to other countries — notably Germany and Japan. The United Kingdom also 
built a reprocessing plant for foreign customers. But virtually no customers renewed 
their contracts. As a result, the United Kingdom expects to end its reprocessing pro-
gram as soon as its existing contracts are fulfilled — around 2020. France is continu-
ing to reprocess for the time being, but its government-owned utility, Électicité de 
France, has been demanding cost reductions and this has made more gloomy the fi-
nancial prospects of AREVA, the government-owned company that operates France’s 
reprocessing plant.

Japan, the only non-weapon state that reprocesses today, has built a large reprocess-
ing plant at Rokkasho whose operation has been delayed two decades by various tech-
nical problems. It has become hugely costly and, if it operates, is expected to increase 
the electricity bills of Japan’s ratepayers by about $100 billion over the next 40 years. 
Japan’s government insists that the program must continue because the pools at some 
of its nuclear power plants cannot hold much more spent fuel. It maintains that the 
prefectures that host Japan’s nuclear power plants will not allow on-site dry-cask stor-
age, which has become the standard form of supplementary storage at nuclear power 
plants in the United States and many other countries. The Rokkasho reprocessing 
plant therefore is seen as the only available destination for its spent fuel. (Aomori 
Prefecture, which hosts Japan’s new reprocessing plant, also hosts a large empty dry-
cask storage facility but says that it will not allow the use of the facility until the 
reprocessing plant has gone into operation.) South Korea, which does not currently 
reprocess, made a similar argument for its need to reprocess in its negotiation of a 
new agreement on nuclear cooperation with the United States but, unlike the 1980s 
U.S.-Japan agreement, the new U.S.-South Korea agreement does not include U.S. 
“prior consent” to reprocessing.

In recent decades, an additional rationale has been offered for reprocessing: that it 
would facilitate spent-fuel management. The argument is that plutonium and the 
other transuranic elements in spent fuel should be fissioned into mostly shorter half-
life radioisotopes to reduce the long-term hazard from spent fuel. The reactors being 
proposed are modified versions of the costly and unreliable sodium-cooled reactors 
that previously were proposed for plutonium breeding because they would efficiently 
fission all these isotopes — not just some, as water-cooled reactors do. This argument 
for continued reprocessing has been challenged, however, by radioactive waste ex-
perts in France and Japan and by a comprehensive study by the U.S. National Acad-
emy of Sciences. A risk assessment for Sweden’s proposed spent fuel repository found 
that the radioactive doses on the surface from hypothetical leakage 100,000 years 
after burial would not be dominated by plutonium because transuranic elements are 
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relatively insoluble in water that is found deep underground where the water’s oxy-
gen content is depleted due to chemical reactions with the surrounding rock.

Reprocessing, in fact, increases rather than reduces the risk from the radioactivity 
contained in spent fuel because of routine releases to the environment during re-
processing and the possibility of potentially catastrophic releases from reprocessing 
plants as a result of accidents or attacks on their huge spent fuel intake pools or the 
tanks in which the liquid high-level waste from reprocessing is stored. Reprocessing 
also leaves two costly and dangerous legacies: reprocessing complexes that are con-
taminated with radioactive materials, and a steady build-up of a global stockpile of 
separated civilian plutonium that is currently estimated as being sufficient for more 
than 30,000 nuclear bombs.

As all these problems with reprocessing have become more widely appreciated, there 
has been a steady decline in the number of countries that reprocess — currently six —
and this trend is likely to continue. The decline has not been as rapid as warranted by 
the magnitude of the problems confronting reprocessing because of resistance from 
entrenched bureaucracies that have sought to sustain national commitments to sepa-
rating plutonium and, often, breeder reactors. Nevertheless, as this global overview of 
reprocessing shows, the world is closer to the end of separating plutonium and the as-
sociated security, economic and environmental dangers.
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1. Introduction
Reprocessing, that is, the separation of plutonium from irradiated uranium, was de-
veloped originally in the United States as a part of its World War II nuclear-weapons 
program. Some of this plutonium was used on 16 July 1945 in a test explosion in the 
United States in New Mexico and some in the bomb exploded over Nagasaki in Japan 
on 9 August 1945. The Soviet Union followed and the two countries built huge pluto-
nium-production complexes to support their Cold War nuclear arms buildups. Britain, 
France, and China each did the same but on a much smaller scale.

All of the five original nuclear weapon states also eventually built civilian plants to 
reprocess spent fuel from nuclear power plants to obtain plutonium for startup fuel 
for an expected new generation of liquid-sodium-cooled “breeder” reactors that would 
produce more plutonium than they consumed. The four states that subsequently ac-
quired nuclear arsenals, Israel, India, Pakistan and North Korea, also built reprocessing 
plants to separate plutonium for weapons, and India constructed reprocessing plants to 
support a breeder reactor development program. Among countries that never acquired 
their own nuclear weapons, Belgium, Germany, Italy and Japan also constructed re-
processing plants to support breeder reactor programs. Subsequently, they and some 
additional countries chose to have their spent fuel reprocessed abroad by shipping it to 
France, Russia and the United Kingdom.

Breeder reactors proved to be uncompetitive with current-generation water-cooled re-
actors — just as supersonic passenger aircraft proved to be uncompetitive with today’s 
wide-bodied subsonic jets. Over the years, therefore, Belgium, Germany, Italy, and the 
United States have shut down their reprocessing plants, and the United Kingdom plans 
to do so. As discussed below, however, France, India, Japan and Russia are, for various 
reasons, still committed to civilian reprocessing and South Korea has been seeking the 
right to do so. China’s posture with regard to reprocessing is currently ambivalent.

Broadly speaking, the idea that provided the original rationale for reprocessing for ci-
vilian nuclear-energy purposes was that the world would soon run short of low-cost 
uranium. This would be a problem because current-generation reactors are fueled pri-
marily by the chain-reacting isotope uranium-235, which constitutes only 0.7 percent 
of natural uranium. The advantage of plutonium breeder reactors would be that they 
would exploit the more abundant uranium-238 isotope (99.3 percent of natural ura-
nium) by converting it into the chain-reacting isotope plutonium-239, thereby increas-
ing the amount of energy that could be extracted from a kilogram of natural uranium 
by a factor of about a hundred. 

A closely related but conceptually separate argument is that the plutonium contained 
in spent fuel discharged by existing nuclear reactors is valuable because it is potentially 
useable as fuel; therefore, the argument goes, spent fuel should be reprocessed and the 
plutonium extracted. Thus, for example, the former head of the Atomic Energy Com-
mission in India maintained that spent fuel should not be considered a waste but “is a 
resource to extract plutonium from.”1 Likewise, a standard guidebook on nuclear reac-
tors from the 1970s declares: “uranium and plutonium in spent fuel represents a valu-
able resource for both light water reactors and fast breeder reactors”.2 This idea is often 
held without consideration of whether the costs of extracting and using the plutonium 
would exceed the benefits.
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This introductory chapter starts with a brief explanation of the technology of reprocess-
ing. Then it discusses why economic considerations do not support breeder reactors. This 
is why the construction of only a few experimental and “demonstration” breeder reactors 
have been built, a far cry from the hundreds and later thousands of breeder reactors that 
had been predicted in the 1970s and earlier. It then turns to the use of separated pluto-
nium in light water reactor spent fuel, which France and Japan resorted to after their 
programs to commercialize breeder reactors failed. This too has been found to be uneco-
nomic. The relatively new argument, that reprocessing is necessary for radioactive waste 
management is found to be mistaken too because the benefits of reprocessing for radioac-
tive waste management are small or even negative. Finally, there is a brief overview of the 
state of the industry and policy in the countries that still practice reprocessing.

Reprocessing technology

Fuel that has been irradiated in nuclear reactors consists mainly of the uranium that 
has not undergone fission, fission products, the plutonium that has been produced by 
the absorption of neutrons in uranium-238, and other transuranic elements such as 
neptunium and americium. Due to its high level of radioactivity, irradiated fuel gen-
erates a large amount of heat. It therefore is first stored in water pools at the nuclear 
power plants for cooling.

In countries that reprocess, spent fuel is then shipped to reprocessing plants. There, 
after additional storage in intake pools, the fuel rods are in most cases chopped up and 
their uranium-oxide “meat”, which contains the plutonium and the fission products, 
is dissolved in hot (about 100 ˚C) nitric acid. Most of the cladding is left unreacted 
and is separately disposed as high active waste. Both chopping and dissolution release 
radioactive gases.

Figure 1.1. The key steps in a basic reprocessing plant. With the current PUREX technology, the spent fuel 
is chopped into small pieces and dissolved in hot nitric acid. The plutonium is extracted in an organic solvent 
that is mixed with the nitric acid using blenders and pulse columns, and then separated with centrifuge 
extractors.
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The current standard method of extracting plutonium and uranium from nitric acid 
solution is called PUREX, an acronym standing for Plutonium and Uranium Recovery 
by Extraction. The PUREX process separates compounds based on their relative solubil-
ity in two different immiscible liquids — aqueous acid solution and an organic solution. 
The organic solution is tributyl phosphate (TBP) diluted in kerosene. When the two so-
lutions are mixed together, the plutonium and uranium dissolved in the aqueous phase 
transfer to the organic phase while the fission products and other elements remain in 
the aqueous phase. If the mixture is then left to settle, the two phases separate out. 
This process of mixing and settling is repeated multiple times in order to ensure that 
most of the uranium and plutonium is extracted from the acidic solution. The solutions 
containing fission-products are radioactive waste (see Figure 3.1).

Plutonium breeder reactors

When the first nuclear power plants were built around 1960, expectations for the future 
growth of nuclear power were high,3 while known resources of low-cost uranium were 
quite limited.4 The solution suggested by the U.S. atomic-energy establishment  —  at 
that time, the world leader  —  was the construction of plutonium breeder reactors. The 
ultimate fuel of these reactors would be the isotope uranium-238, which is 140 times 
more abundant in natural uranium than the chain-reacting isotope uranium-235, 
whose fissions are the primary source of energy in current power reactors. Another 
solution that was also explored in the United States and India was to use breeder reac-
tors to convert thorium, which is three times more abundant in the earth’s crust than 
uranium, into the artificial chain-reacting uranium isotope, uranium-233.

Breeder reactors were advocated by leading scientists and engineers in a number of the 
major industrialized countries. Franz Simon, a British physicist, wrote in 1953:5

“if we had to rely solely on the amount of [uranium-235]…avail-
able in the known high-grade ore deposits, large scale power 
production would not be possible…the real hopes for larger scale 
power production lie…in the possibility of making use of ura-
nium 238 or of thorium by the process of ‘breeding’. While there 
is yet no absolute certainty that this can be done the probability 
is nevertheless high.”

In the Soviet Union, physicist Aleksandr Ilich Leipunskii made similar arguments and 
helped launch a plutonium breeder reactor program there that continues in Russia 
today.6

In 1975, International Atomic Energy Agency (IAEA) analysts warned specifically that 
“the total presently known and estimated resources at < 30$/lb U3O8 [$270/kgU in 
2014$] will be exhausted by about 2000.”7 The original rationale for the reprocessing 
plants constructed in the 1960s and 1970s was that the plutonium in the spent fuel of 
first-generation reactors would be required to fuel the first breeder reactors. 
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In hindsight, it is clear that the belief that the cost of uranium would skyrocket was 
wrong. Indeed, even in the late 1970s, at least one leading resource geologist, Kenneth 
Deffeyes, was arguing that, if one were to mine poorer grades of ore, there would be “ap-
proximately a 300-fold increase in the amount of uranium recoverable for each tenfold 
decrease in ore grade”.8 

Over the decades, the IAEA has become much more sanguine about the uranium sup-
ply at current usage rates. Its 2014 “Red Book” on global uranium resources, published 
jointly with the OECD’s Nuclear Energy Agency, states: “If estimates of current rates of 
uranium consumption in power reactors are used, the identified resource base would be 
sufficient for over 150 years of reactor supply. Exploitation of the entire conventional 
resource base would increase this to well over 300 years.”9 

The estimates cited in the IAEA’s Red Book series are national estimates that are incom-
plete. Most countries do not include estimates for uranium with recovery costs greater 
than $130 per kilogram of uranium.

A recent comprehensive review by environmental engineer Gavin Mudd of global ura-
nium resources comes to an even stronger conclusion that “there is a strong case for the 
abundance of already known U resources, whether currently reported as formal mineral 
resources or even more speculative U sources, to meet the foreseeable future of nuclear 
power”.10 

The range of nuclear-energy futures considered by Mudd includes an International En-
ergy Agency scenario that calls for deploying about 2000 GWe (gigawatt-electric) of 
nuclear power by 2100, a roughly fivefold increase over 2015, as part of a strategy to 
limit the concentration of atmospheric CO2 to below 450 parts per million in order to 
reduce the likelihood of catastrophic climate change. 

One indication that the world is not running out of low-cost uranium is the fact that 
the price of uranium, corrected for general inflation, has risen and fallen due to tempo-
rary imbalances of supply and demand but the long-term trend has not been upward 
(Figure 1.2). At the long-term average cost of about $100/kg, uranium accounts for only 
about 2 percent of the cost of power from a new light water reactor in the United States.11 
Most of the cost of nuclear power is due to the capital cost of the nuclear reactor. Thus 
far, all efforts to reduce the capital costs of liquid-sodium-cooled breeder reactors to 
levels comparable to those of water-cooled reactors have failed.
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Experience with the breeder reactors that have been built also has shown that most 
have had persistent reliability problems, primarily because of their use as a coolant 
of molten sodium, which burns on contact with either air or water.12 These reliability 
problems result in breeder reactors operating for a smaller fraction of time, which in 
turn further increases their capital charges per unit of electricity generated.13 As a re-
sult, forty years after breeder reactors were to have been commercialized, no country 
has done so and only a few demonstration reactors have been built. Only Russia and In-
dia have completed or are constructing new demonstration breeder reactors since 1995.

The failure of programs for large-scale deployment of breeder reactors robbed the cur-
rent large reprocessing plants in France, Japan and the United Kingdom of their origi-
nal rationales.

Fuel for light water reactors

France and Japan, however, embarked on programs to use their separated civilian plu-
tonium, mixed with depleted uranium, in mixed oxide (MOX) fuel for use in water-
cooled reactors. In MOX fuel, chain-reacting plutonium-239 and plutonium-241 substi-
tute for a similar amount of uranium-235 in low enriched uranium (LEU).14 

Figure 1.2. Average uranium prices paid by U.S. nuclear utilities, 1965 – 2013. The point for 2014, is the 
spot-market price, which gives an indication of the direction of the market. Dollar figures from earlier years 
are converted into 2013 dollars by using the inflator for the U.S. gross domestic product here and elsewhere 
in this report. For currencies other than dollars, the conversion is first carried out into dollars and then the 
GDP deflator index is used to convert the amount to present-day dollars. Sources: For 1965 and 1968 – 1971, 

Statistical Abstract of the United States 1975, Table 905; for 1975 and 1980, Statistical Abstract of the United 

States 1991, Table 981; for 1981 – 1993 from the U.S. Energy Information Agency’s (US EIA’s) Annual Energy 

Review (2012), Table 9.3; 1994 – 2012 from US EIA Uranium Marketing Annual Report (2012); and, for 2014 

spot price, Nuclear Intelligence Weekly, 4 July 2014. Source for GDP deflator index: research.stlouisfed.org/
fred2/series/GDPDEF. 
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The nuclear properties of plutonium-239 and plutonium-241 are not identical to those 
of uranium-235, however, and the use of MOX fuel in reactors designed to use low-
enriched uranium fuel therefore raises safety issues. The primary concern stems from 
the fact that the fraction of delayed neutrons released when plutonium-239 fissions is 
smaller than for uranium-235 fissions. The few tenths of a percent of delayed neutrons 
provide time for using the movement of neutron absorbing control rods to keep the 
chain reaction in a reactor’s core under control. Because the use of MOX fuel narrows 
the margin within which such control is possible, most light water reactors are allowed 
to have only a maximum of a third of their core loaded with MOX fuel.15 

France and a few of its former reprocessing customers in Western Europe are using their 
separated plutonium in the form of MOX fuel in light water reactors. Japan’s utilities 
planned to do the same but, because of political opposition to MOX at the prefecture 
level, in ten years of trying before the Fukushima accident, managed to irradiate only 
2.5 tons of plutonium out of almost 40 tons of plutonium separated from Japan’s spent 
fuel in Europe.* The United Kingdom has separated over 100 tons of its own plutonium 
but has yet to use any of it in MOX fuel. 

* Throughout this report, tons refer to metric tons. One metric ton corresponds to 1000 kg  
or about 2205 pounds. 

Figure 1.3. Estimated costs for reprocessing. The figure shows estimated costs in constant (2014) dollars of 
reprocessing in the United States made between 1975 and 1983, and compares these to the cost figure of 
2,700 – 3,200 $/kg-LEU-fuel (2014 dollars) as estimated by the U.S. National Academy of Sciences in 1992 
based on data from the United Kingdom and France with financing assumptions appropriate to private indus-
try. Source: Adapted from Nuclear Wastes: Technologies for Separations and Transmutation, National 

Academy Press, 1996, p. 117; B. Wolfe and B. Judson, “Fuel Recyle in the U.S. – Significance, Status, Con-

straints and Prospects,” in Proceedings of the Fourth Pacific Basic Nuclear Conference, Canadian Nuclear 

Association, Toronto, Canada, 1983, pp. 134 – 38.
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France, Japan and the United Kingdom all decided to build reprocessing plants on the 
basis of cost estimates that were an order of magnitude too low (Figure 1.3). The cost of 
producing MOX fuel, including the cost of reprocessing LEU fuel to obtain the pluto-
nium, is an order of magnitude higher today than the cost of the equivalent amount of 
low-enriched uranium fuel.16 The cost of spent-fuel reprocessing also is about ten times 
the cost of the alternative option for managing spent fuel, dry-cask spent-fuel storage.17 

Continued plutonium separation through reprocessing despite the failure of breeder 
reactor commercialization programs and the poor economics of plutonium use in light 
water reactor MOX has resulted in a buildup of stocks of separated plutonium. Even in 
France, despite its technically (if not economically) successful program that fabricates 
about 10 tons of plutonium a year into MOX fuel, the stock of unirradiated plutonium 
has been increasing steadily and reached 60 tons at the end of 2013  —  up from 30 tons 
at the end of 1995.18 In 2012, eighteen years after the end of its breeder program, the 
United Kingdom finally decided that the appropriate response would be to discontinue 
reprocessing.

In the mid-1990s, nine countries with different interests in civilian reprocessing pro-
grams met to hold discussions on plutonium management.19 The United States pressed 
for an agreement to reduce stocks but succeeded only in getting a vague agreement 
that each of the nine countries “will take into account [along with a long list of other 
considerations] the importance of balancing supply and demand, including demand 
for reasonable working stocks for nuclear operations, as soon as practical.”20

The nine countries also agreed to report their stockpiles of civilian plutonium annu-
ally to the IAEA. The United States has not separated civilian plutonium since 1972. 
The declarations of the other eight  —  all of which either were reprocessing power reac-
tor fuel or were having it reprocessed in France and the United Kingdom during this 
period  —  are plotted in Figure 1.4. It will be seen that the stockpiles owned by the 
four reprocessing countries: France, Japan, Russia and the United Kingdom have all in-
creased while the stockpiles of the four customer countries shown as “other” (Belgium, 
Germany, Italy and Switzerland) plateaued and then declined dramatically after they 
ended their plutonium separation programs and began to work down their backlogs.
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Transmutation

Given the disastrous economics of breeder reactors and plutonium use in light water 
reactors, the final argument for reprocessing has been that it would be beneficial to 
separate and eliminate plutonium and other long-lived transuranic isotopes that oth-
erwise would be buried with the spent fuel. Plutonium-239, for example, has a halflife 
of 24,000 years. Since the slow neutrons in water-cooled reactors are not effective in 
fissioning all plutonium isotopes,22 the argument is that it is important to continue to 
develop and eventually deploy sodium-cooled fast-neutron reactors to “transmute” (fis-
sion) the plutonium in spent MOX fuel.23 

These arguments are misleading. In fact, plutonium is relatively insoluble in water 
that is found deep underground because the water’s oxygen content is depleted due 
to chemical reactions with the surrounding rock. All calculations that we are aware of 
indicate that it is the long-lived fission and activation products in the spent fuel that 
will dominate the doses from any leakage from the repository that reaches the surface. 

At the same time, the gaseous fission products routinely released by reprocessing plants 
as well as possible large releases from explosions in liquid high-level waste tanks or 
evaporators could result in far higher population doses than any future leakage from 
deep repositories. A comprehensive U.S. National Academy review of a proposal to re-

Figure 1.4. Growth of stocks of separated civilian plutonium, 1996 – 2013. These figures are based on 
annual declarations to the IAEA starting from 1996. The stocks of the “other” (customer) countries — Bel-
gium, Germany, Italy and Switzerland — are held in France and the United Kingdom and are included in 

“other.” China had negligible stocks during this period.21
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vive reprocessing and sodium-cooled fast reactor programs in the United States to re-
duce the quantities of plutonium and other transuranic elements requiring deep burial, 
concluded in 1996 that “none of the dose reductions seems large enough to warrant the 
expense and additional operational risk of transmutation.”24

Implications of reprocessing for international security

The most important reason to be concerned about the practice of reprocessing is that 
plutonium can be used to make weapons. Barring plutonium that contains more than 
80 percent of the rare isotope, plutonium-238, just about any other mix of plutonium 
isotopes is considered weapon usable. Some make the distinction between “weapon-
grade” plutonium that contains more than 90 percent of plutonium-239, and “reactor 
-grade” plutonium that has larger fractions of the higher isotopes of plutonium. A 
commonly cited problem with the use of reactor-grade plutonium is the increased like-
lihood of a “fizzle” of a Nagasaki-type weapon design where a premature initiation of 
the fission chain reaction by neutrons emitted by fissioning of plutonium-240 leads to 
pre-detonation of the weapon and an explosive yield only a few percent of the design 
value. U.S. nuclear-weapon designers have stated:25

“At the lowest level of sophistication, a potential proliferating state 
or sub-national group using designs and technologies no more 
sophisticated than those used in first-generation nuclear weap-
ons could build a nuclear weapon from reactor grade plutonium 
that would have an assured, reliable yield of one or a few kilotons 
(and a probable yield significantly higher than that). At the other 
end of the spectrum, advanced nuclear weapon states such as the 
United States and Russia, using modern designs, could produce 
weapons from reactor grade plutonium having reliable explosive 
yields, weight, and other characteristics generally comparable to 
those of weapons made from weapons-grade plutonium.”

The International Atomic Energy Agency assumes that 8 kilograms of plutonium would 
suffice for a first-generation Nagasaki-type nuclear weapon. The 8-kilogram number 
takes into account inevitable losses during the production of a first weapon. Using this 
yardstick, more than 30,000 warheads could be produced from the stocks of separated 
civilian plutonium shown in Figure 1.4. More than twice as many could be made if 
advanced nuclear warhead designs were used.

Historically, the connection between civilian reprocessing and international security 
became a widely-shared concern after India carried out a “peaceful nuclear explosion” 
in 1974. India had primarily justified its separation of plutonium as being necessary for 
its breeder-reactor development program. The United States, which had been promot-
ing reprocessing and breeder reactors through the 1960s and had provided India with 
Atoms for Peace Program assistance, was especially shocked. The Ford Administration 
(1974  – 1977) and then the Carter Administration (1977 – 1981) requested reviews of 
whether or not breeder reactors and reprocessing really were essential to the future 
of nuclear power. After studying these reviews, the Carter Administration decided to 
suspend the licensing of a large commercial reprocessing plant that was under con-
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struction in Barnwell, South Carolina and the construction of a demonstration breeder 
reactor near Oak Ridge, Tennessee. 

When it took office in 1981, the Reagan Administration (1981 – 1989) reversed those 
decisions. It also made clear, however, that it would not subsidize reprocessing. In 1982, 
U.S. nuclear utilities concluded that direct disposal of spent fuel would be much less 
costly than reprocessing and persuaded the federal government to take responsibility 
for the siting and construction of a deep underground spent fuel repository in exchange 
for a fee of 0.1 cents per nuclear kilowatt-hour.26 Since that time, the U.S. government 
has worked to discourage additional countries from launching civilian reprocessing 
programs. For most of this period, its argument has been, in essence, “we don’t repro-
cess, you don’t need to either.”27 That policy has reinforced the economic arguments 
against reprocessing. No new country has begun reprocessing and, as already noted, 
three countries have stopped and a fourth (the United Kingdom) has decided to do so.

Reprocessing today

Ten countries have built civilian reprocessing plants and a further ten have shipped 
their spent fuel to another country and had it separated (Table 1.1). 

Country Facility Design capacity  
(metric tonsU/yr) Years of operation

Belgium Eurochemic 30 1966 – 75

China Jiuquan pilot plant 50 2010 – 

France UP1
UP2
UP3

400
1000
1000

1958 – 97
1966 – 
1989 – 

Germany WAK 35 1971 – 90

India (heavy water reactors [HWRs]) Tarapur I
Tarapur II
Kalpakkam

100
100
100

1982 – 
2011 – 
1996 – 

Italy (research & HWR) EUREX Pilot plant 1970 – 83

Japan Tokai
Rokkasho

200
800

1977 – 2014
2006 – 8, 2016 ?– 

Soviet Union  /  Russia RT1 200 – 400 1976 – 

United Kingdom (B204 and B205 for 
graphite-moderated reactors)

B204
B205
THORP

300
1500
1200

1952 – 73
1964 – 2020?
1994 – 2020?

United States West Valley 300 1966 – 72

Table 1.1. Past and current civilian reprocessing plants.28 All plants reprocessed light water reactor fuel 
except where indicated. Belgium, Germany, Italy, Japan, the Netherlands, Spain, Sweden, and Switzerland are 
former customers of France’s reprocessing services and United Kingdom. Only the Netherlands has renewed. 
Armenia, Bulgaria, Czechoslovakia, East Germany, Finland, Hungary and Ukraine are former customers of the 
reprocessing services provided by Russian/Soviet facilities. Design capacity is also often expressed as tons of 
heavy metal per year (tHM/y). For natural or low-enriched uranium fuel, the heavy metal refers to the ura-
nium in the original fuel. For MOX fuel, it refers to the plutonium and uranium originally in the fuel.



Plutonium separation in nuclear power programs 15

Of these twenty countries, fewer than half continue to do so to any significant extent. 
The six countries with currently operating reprocessing plants fall into three broad 
categories.

The first consists of India and Russia, whose governments continue to support both 
their reprocessing and breeder reactor R&D programs and are currently reserving their 
separated plutonium for future use in breeders. India is the only country that is ac-
tively expanding its reprocessing capacity, primarily rationalized by plans to construct 
a growing fleet of breeder reactors that are to be fueled by MOX initially and eventually 
metallic plutonium. Russia’s plans suggest greater uncertainty since it is developing 
three different fast reactor types (sodium, lead and lead-bismuth cooled) and three 
different plutonium fuels (MOX and nitride fuel for fast-neutron reactors and MOX 
for light water reactors). In both countries, breeder reactor plans have been delayed by 
decades. 

France and Japan are in a second category of countries. They continue to be rhetori-
cally committed to large reprocessing programs but neither is currently constructing a 
breeder reactor or has plans to do so in the foreseeable future. France is using its sepa-
rated plutonium in light water reactor MOX. Japan has tried to do the same since 2001, 
but with little success thus far and at enormous current and projected future cost.29 The 
Japanese reprocessing program has been substantially delayed by technical problems.30

The United Kingdom is in a third category. It has decided to end its reprocessing pro-
gram when its current reprocessing contracts have been fulfilled (currently estimated 
for about 2020) and is now focusing on how to dispose of its more than 100 tons of 
separated civilian plutonium as well as on cleaning up its Sellafield reprocessing site.31 
In 2011, it abandoned a MOX plant constructed at great expense after fabricating MOX 
fuel containing only about 1 ton of plutonium cumulatively during the previous ten 
years.32 Subsequently, the United Kingdom offered for a suitable payment to take own-
ership of the approximately 20 tons of foreign (mostly Japanese) plutonium it is stor-
ing.33

And finally there is China, which, despite verbal expressions of interest, appears to be 
uncertain about reprocessing and breeder reactors. Although China has built a pilot 
reprocessing plant and an experimental breeder reactor, the first operated only briefly 
in late 2010 and the second briefly in 2011 and 2014.34 China’s government also has 
been hesitating since 2007 over a proposal from France’s Areva to sell China a large 
reprocessing plant. 

There has been an even greater reduction in the number of countries that exported 
their spent fuel to other countries for reprocessing.

•	 The Netherlands is the only West European reprocessing customer country to renew 
its contract with France for the reprocessing of the spent fuel from its single 500 MWe 
power reactor. The separated plutonium is to be returned to the Netherlands in MOX 
fuel for use in that reactor.
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•	 The situation with regard to Russia’s reprocessing customers is mixed. During Soviet 
times, foreign countries and non-Russian republics with first-generation (~400 MWe 
generating capacity) Soviet-supplied light water reactors shipped their spent fuel 
to the RT-1 pilot reprocessing plant in the Urals for reprocessing.35 Countries with 
second-generation Soviet/Russian-designed light water reactors with approximately 
1000 MWe generating capacity contracted to ship their spent fuel to the site of an 
incomplete reprocessing plant in Zheleznogorsk, Siberia for storage pending a future 
decision on building a new reprocessing plant at that site.36

After the breakup of the Soviet Union, most of Russia’s client countries decided to store 
their spent fuel at home instead of shipping it to Russia. Ukraine made this decision 
in 2014.37 China and India do not plan to send to Russia the spent fuel discharged by 
Russian-designed reactors in those countries. Iran has agreed to ship back to Russia the 
spent fuel from the Russian-built Bushehr reactor, however, in order to reduce Western 
concern about the plutonium in the fuel. The contracts for nuclear power plants that 
Russia is proposing to finance in some other countries also include provisions for spent 
fuel take-back.38 

The Soviet Union took ownership of all the plutonium it separated from foreign spent 
fuel and Russia continues that practice. Russia’s reprocessing of foreign spent fuel there-
fore has not increased the number of countries with access to separated plutonium.

200 tHM/yr

1,200 tHM/yr

yryr

50 tHM/yr
Jiuquan

yryr

yryr

yryr

yr

yryr

1,200 tHM/yr

Figure 1.5. Civilian nuclear reprocessing plants around the world. Only Europe and Asia currently have 
operating plants. 
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Only one new country has expressed an interest in reprocessing its spent fuel: South 
Korea. It argued, in the context of its negotiations with the United States on the renewal 
of their 1974 Agreement of Cooperation on the Civil Uses of Atomic Energy, that the 
United States should provide South Korea the same prior consent to reprocess spent fuel 
as Japan received in its 1988 agreement of cooperation with the United States.39 South 
Korea’s government makes he spent fuel accumulating at its nuclear power plants;40 an 
additional erroneous argument offered is that ultimately it will be necessary to fission 
the plutonium and other transuranics in the spent fuel in order to reduce the area of a 
geological repository for South Korea’s nuclear waste to an acceptable size.41 The United 
States held firm, however, against including in the agreement prior consent for repro-
cessing in South Korea.

Institutional forces

The problems with reprocessing discussed above are not new. Over the decades, there 
has been increasing appreciation of the dubious nature of the arguments for reprocess-
ing, and a steady decline in the number of countries that reprocess. All indications are 
that this trend is likely to continue. At the same time, the decline has not been as rapid 
as warranted by the poor economics and the nuclear-proliferation-related objections 
to reprocessing. The chapters in this report offer some insight into the institutional 
forces that have sustained national commitments to separating plutonium and, often, 
breeder reactors.

In all of the countries that continue with, or are exploring, reprocessing, the govern-
ment-owned organizations in charge  —  China National Nuclear Corporation in China, 
Areva and the Commissariat à l’Energie Atomique in France, the Department of Atomic 
Energy in India, Japan’s Atomic Energy Agency, the Korea Atomic Energy Research In-
stitute, and Russia’s Rosatom  —  exercise powerful influences on national policies. Get-
ting independent voices into the domestic policy debates and obtaining a balanced 
assessment of the economic, environmental and security problems caused by repro-
cessing has been a challenge. 

While India and Russia have active breeder programs that create a justification for 
reprocessing, the nuclear establishments in France and Japan still include influential 
factions that believe that breeder reactors will become economically competitive af-
ter 2050  —  although with no objective basis apparent for this belief. Japan’s “nuclear 
village” has been particularly obdurate in its insistence that Japan’s commitment to 
reprocessing continue even in in the aftermath of the Fukushima accident, which con-
siderably diminished the future of nuclear power in Japan.42

The persistence of civilian reprocessing in nuclear-weapon states reflects in part the 
strong institutional connections their reprocessing establishments formed within their 
governments when they were providing plutonium for weapons and the desire of those 
establishments to continue to have a mission after national requirements for weapons 
plutonium were fulfilled. The United States is the exception because it decided that 
reprocessing would be done under private ownership, which ended funding from the 
U.S. Treasury.43 The persistence of reprocessing in Japan may also be due in part to in-
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terest within Japan’s security establishment in maintaining a nuclear-weapon option 
at a time of rising concern about security threats from China and North Korea.44 Yet, 
this overlap between military programs and civilian programs offers one of the most 
important arguments for the cessation of reprocessing. 

In his 1999 book, Nuclear Entrapment, political scientist William Walker described the 
British government’s decision to build and operate the costly and inefficient Thermal 
Oxide Reprocessing Plant at Sellafield despite a “radical change in the market for its 
products” and the increased realization that direct disposal of spent fuel was more 
economical.45 A decade and a half later, the U.K. government has managed to decide to 
stop reprocessing and its attention has shifted to the disposal of its dangerous legacy of 
a vast stockpile of separated plutonium and huge cleanup costs. The United Kingdom’s 
shift, although belated, suggests that the combination of economic, environmental, 
and security related arguments can, over time, overcome institutional resistance. Simi-
lar processes are at play in other countries as well. Indeed, as this report shows, the 
world is getting closer to the end of reprocessing of spent fuel and separating pluto-
nium.
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2. China
With ambitious plans for its nuclear energy program before and continuing after the 
Fukushima nuclear power plant accident in March of 2011, China has become the focus 
of the hopes of the international nuclear industry. Although China’s nuclear industry is 
relatively young in comparison with other states with major nuclear power programs, 
nowhere else in the world today are so many nuclear power reactors being built. As of 
April 2015, China had 26 power reactors in operation with a total power generation 
capacity of 23 gigawatts (electric, or GWe) and with 22 units under construction (22 
GWe).46 China officially plans its total nuclear capacity to be 58 GWe by 2020,47 and 
much more is under consideration for the coming decades.48 

Officially, at least, China maintains a commitment to reprocessing and plutonium 
breeder reactors, a policy first announced in the 1980s. According to its proponents, 
the major benefits of this policy will be full utilization of the energy in China’s ura-
nium resources, a drastic reduction in the volume of radioactive waste requiring storage 
in a deep underground repository, and a path forward for the spent fuel accumulating 
in China’s reactor pools.49 It appears, however, that these claims are beginning to be 
challenged within China’s nuclear establishment. 

In practice, China has very limited experience with reprocessing spent fuel from civil-
ian nuclear power plants. In December 2010, the China National Nuclear Corporation 
(CNNC) started operating a pilot scale reprocessing facility with a design capacity to 
process spent fuel containing 50 metric tons of “heavy metal” (uranium and pluto-
nium) per year (50 tHM/year) but operated it for only ten days. Also, although CNNC 
has been negotiating with France’s Areva over the purchase of a commercial reprocess-
ing plant (800 tHM/year), it is not clear that this deal will be supported financially by 
the central government. In parallel, CNNC also has proposed to build a medium-scale 
demonstration commercial reprocessing plant (200 tHM/year). This proposal has not 
been approved by the government either.50 

Although those involved in reprocessing research & development or associated with 
the pilot reprocessing plant or with China’s former military reprocessing plants still 
advocate building commercial reprocessing plants as soon as possible, some Chinese 
nuclear experts have begun to argue that China should rethink its fuel cycle policy.51 
As of the end of 2014, therefore, it was not clear whether or not China would embark 
on a large-scale reprocessing program. As discussed below, spent fuel storage would be 
fairly straightforward and relatively low cost in China.52

Spent fuel storage 

The on-site spent fuel pools at Chinese nuclear power plants built before 2005, were 
designed to accommodate ten years of spent fuel discharges. Newer plants are usually 
designed with twenty years of storage capacity. All these capacities can be increased by 
dense-racking the pools. Only China’s second oldest nuclear power plant, at Daya Bay, 
whose two pressurized water reactors came on line in 1993 and 1994, has shipped spent 
fuel off-site, mostly since 2003, to the interim storage pool at China’s pilot reprocessing 
plant. That pool currently can store up to 500 tons of spent fuel from nuclear power 
plants and 50 tons for fuel from other types of reactors. While this pool became full 
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in about 2014, a second pool has been completed at the pilot reprocessing plant with 
a 760-ton capacity and is awaiting approval for operation. Studies and plans are un-
derway for a still larger interim spent fuel storage facility that would increase the total 
storage capacity on the site to 3,000 tons. China also is considering dry-cask storage 
options.53

Table 2.1 shows the spent fuel stored at China’s reactor sites as of the end of 2010. In 
total, China’s nuclear power plants had generated 3011 (metric) tons of spent fuel of 
which 2477 tons were in on-site storage pools, while an additional 211 tons of spent 
fuel from two heavy water reactors (Qinshan III-1 and III-2) were in on-site dry-cask 
storage. The remaining light water reactor fuel has been transported to the pilot repro-
cessing plant.

Reactor First grid connection
On-site spent fuel 
storage capacity 

(tons heavy metal)

In storage as of  
the end of 2010  

(tons heavy metal)

Storage expected  
to reach capacity

Qinshan I-1 1991 344 (DP) 138 2025

Daya Bay 1 1993 319 233 2003

Daya Bay 2 1994 319 204 2004

Qinshan II-1 2002 317 (DP) 114 2022

Qinshan II-2 2004 317(DP) 98 2024

Lingao1 2002 554 (DP) 169 2022

Lingao2 2002 554 (DP) 180 2022

Qinshan III-1 2002 960 (incl. DS) 615 2042

Qinshan III-2 2003 960 (incl. DS) 596 2043

Tianwan 1 2006 325 65 2026

Tianwan 2 2007 325 65 2027

Qinshan II-3 2010 317 0 2030

Lingao 3 2010 554 0 2030

Lingao 4 2011 554 0 2031

Qinshan II-4 2011 317 0 2032

Total 7,036 2,477

With the exception of Daya Bay, the pre-2005 light water reactor pools have been re-
racked (dense-packed) to increase the amount of spent fuel that they can hold. On-site 
dry storage has only been introduced at the Qinshan Phase III plant (two CANDU 
reactors) due to the fact that they discharge about seven times as much spent fuel per 
GWt-day heat energy output because the amount of energy released by each kilogram 
of natural uranium in these reactors is about one seventh that released by the low-
enriched uranium fuel used by light water reactors. China has no plans to reprocess 
heavy water reactor spent fuel. The plan is to construct, within the nuclear power plant 
site, eighteen Macstor-400 concrete storage modules at a rate of two modules every 
5 years (Figure 2.1).54 

Table 2.1.  Spent fuel stored at China’s nuclear power plants, 2010. Note that DP stands for dense-packed 
and DS stands for dry storage. Source: China’s Second National Report under the Spent Fuel and Radioac-

tive Waste Management Safety Convention (Chinese), 2011



Plutonium separation in nuclear power programs 21

One major motivation for reprocessing is to provide an off-site destination for spent 
fuel accumulating at the reactor sites. As shown in Figure 2.2, with the 760-ton pool at 
the pilot reprocessing plant, China will not need additional spent fuel storage capac-
ity until around 2027, and if an additional 3000 tons of storage capacity is built before 
2027, it would not need additional spent fuel storage till about 2035.55 There is plenty 
of space for additional spent fuel storage around the pilot reprocessing plant, which is 
located in a low-population area on the edge of the Gobi desert.

China also could mandate that new reactors have larger pools and add on-site, dry-cask 
storage when the pools are full. In practice, dry cask storage is the safest and most cost-
effective approach.56

Figure 2.1. Macstor-400 Dry Cask Spent Fuel Storage at Qinshan III NPP. The black squares are vents for 
convective circulation of air. Source: Beijing Starbecs Engineering Management Co.

Figure 2.2. Cumulative additional demand for spent fuel storage in China till 2040. This estimate assumes 
that each reactor has in-plant storage for twenty years of operations, that from 2014 to 2020, PWRs discharge 
around 20 tons/GWe each year, that this discharge rate goes down to 15 tons/GWe thereafter because of the 
use of higher-burnup fuel, and that new PWRs are constructed with 20 years storage capacity.
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Military reprocessing

Like the other nuclear-weapon states, China started reprocessing to acquire plutonium 
for nuclear weapons. Beijing decided in 1962 to build first a pilot-scale military reprocess-
ing plant (also referred as the Small Plant or First Project) and a larger military reprocess-
ing plant later (also referred as the Large Plant or Second Project) both at the Jiuquan 
nuclear complex (plant 404) in Gansu Province. At first, China used a design provided 
by the Soviet Union.57 After the Soviet experts were withdrawn from China in 1964, 
China decided to switch to the PUREX method that had been developed in the United 
States and described in the open literature. Construction of the pilot reprocessing plant 
started in 1965 and it began operations in September 1968. The plant had a design capac-
ity of 100 tons per year. When the larger plant began operating in 1970, the pilot plant 
was shut down. The large plant operated until the mid-1980s. Its capacity has not been 
publicly reported.

In 1969, Beijing decided to build a second military plutonium reprocessing plant (Plant 
821) at Guangyuan in Sichuan province. The plant started operations in 1976 and was 
shut down around 1990.58 China’s military reprocessing program helped lay the foun-
dation for a civilian spent fuel reprocessing program that was sited next to the large 
Jiuquan military reprocessing plant and uses some of its facilities (Figure 2.3).

Civilian pilot plant 

China decided to develop a closed nuclear fuel cycle in the early 1980s. With an antici-
pated shortage of uranium supplies (in retrospect, because of limited uranium explora-
tion activities), the plan was to extract the plutonium from power reactor spent fuel 
and use it to fabricate startup fuel for plutonium breeder reactors.59 

In July 1986, China’s State Council approved the construction in the Jiuquan nuclear 
complex of a pilot civilian reprocessing plant with an annual reprocessing capacity of 
50 tons of light water reactor fuel. Research and development on the technology for the 

Figure 2.3. Jiuquan nuclear complex. Satellite image from 18 July 2011. Coordinates N 40° 13’ 48”, E 97° 21’ 
50”. Box A envelopes the shutdown plutonium production reactors; Box B envelopes the small military repro-
cessing plant; and Box C envelopes the large military reprocessing plant and civilian pilot scale reprocessing 
plant. Source: DigitalGlobe and Google Earth.
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plant was carried out by the China Institute of Atomic Energy (CIAE), the Beijing Insti-
tute of Nuclear Engineering (BINE), and the staff of the Jiuquan military reprocessing 
plant. All these organizations are under CNNC. The pilot reprocessing plant was paid 
for by the government and constructed by CNNC. Its mission is to serve as an experi-
mental base and training center and possibly a template for China’s next indigenously 
designed reprocessing project  —  the medium scale plant with a capacity of 200 tons/
year mentioned above. 

The design of the civilian pilot plant was based primarily on experience derived from 
PUREX hot cell test facilities developed in the 1960s for the military plutonium produc-
tion program.60 After a long period of research and design work, construction of the pi-
lot plant started at the Jiuquan plutonium production complex in July 1997. The plant 
did not incorporate advanced technology for fuel shearing and dissolution of the spent 
fuel, and plutonium processing. It also lacked automatic controls and remote-repair 
techniques for use within the radioactive environment inside the operations area.61 

Construction was completed in December 2005. On 21 December 2010, a hot test was 
conducted that revealed design and safety problems and the plant’s reprocessing opera-
tions were stopped after 10 days. Further research and design changes are in process.62 
As of the end of February 2015, reprocessing operations had not resumed.63

The Jiuquan complex also is the home of a pilot MOX fuel fabrication facility (0.5 tons/
year capacity) completed in 2014. Its purpose is to supply fuel for China’s Experimental 
Fast Reactor (CEFR). The CEFR, which reached criticality in July 2010, has an initial 
core provided by Russia containing about 240 kg of highly enriched uranium (64.4 
percent uranium-235).

Plans for commercial reprocessing and breeder reactors

In 2004, China’s nuclear-energy policy was changed from “moderate” to “aggressive 
development” and, in 2008, in its Medium- and Long Term (2006  –  2020) Science and 
Technology Development Plan, the government listed reprocessing R&D as an impor-
tant focus with funding of over 7 billion RMB (about $1 billion) for that 15-year period.

Initially, China planned to build a commercial-scale reprocessing plant with a capac-
ity of 800 tons per year by 2020. In November 2007, CNNC signed an agreement with 
France’s Areva for cooperation on spent fuel reprocessing and MOX fuel technologies. 
In April 2013, CNNC and Areva signed a letter of intent for the purchase of an 800-ton/
year capacity reprocessing plant.64 In October 2013, Areva’s executives visited CNNC 
and discussed details of project siting, safety standards, etc.65 

Areva’s asking price of € 20 billion struck CNNC as too high, however  —  even with the 
government offering to pay 80 percent of the cost.66 There also have been disagree-
ments over other issues including France’s requirement that China accept IAEA safe-
guards in the plant and China’s interest in acquiring French military technologies as 
part of the package. China’s planning for breeder reactors with a closed fuel cycle also 
is incomplete in that it does not include plans to build a facility to reprocess spent fuel 
discharged from plutonium breeder reactors.67 
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While CNNC was still negotiating with Areva on the commercial plant’s purchase, it 
began to plan a medium-scale plant with a capacity of 200 tons/year for completion 
around 2020, based on a scale-up of the pilot plant. 

Breeder reactors 

China’s development of plutonium breeder reactors too has fallen behind schedule 
(Table 2.2). China’s fast-neutron-reactor experts proposed a three-stage development 
plan, starting with the 20 MWe experimental fast-neutron reactor (CEFR) project at the 
China Institute of Atomic Energy (CIEA) (Table 2.2). However, this proposed timetable 
(except for the CEFR) will be delayed. The CEFR, designed using technologies devel-
oped for Russia’s BN-600 reactor, went critical in July 2010 and started supplying up to 
40 percent of its full power to the electricity grid by July 2011. However, the reactor was 
online for only 26 hours during 2011 and produced the equivalent of one full power-
hour; it was not connected again during 2012 and 2013.68 After three years, the CEFR 
operated at full capacity for 72 hours during 15 – 18 December 2014.69 The total elapsed 
time between approval in 1995 and achieving full capacity in 2014 was about 19 years. 

Stage Reactor type Power range
(MWe)

Commissioning Fuel type

1 Experimental 20 2010 HEU (first load), MOX

2 Demonstration
Commercial

600 – 900
800 – 900

2018 – 2020
2030

MOX
Metal alloy

3 Demonstration
Commercial

1000 – 1500
1000 – 1500

2028
2030 – 2031

Metal alloy

The likely reason for the CEFR not operating is a shortage of funding. Funding the 
pre-operational phase was the responsibility of China’s Ministry of Science and Tech-
nology. After operations began, however, funding was to be provided by CNNC, which 
evidently did not supply adequate funding.71 

According to the pre-2013 plan, during the second stage of China’s breeder develop-
ment program, two demonstration fast reactors (CDFR) were to be built,. In October 
2009, CNNC signed a high-level agreement with Russia’s government-owned nuclear 
conglomerate, Rosatom, to jointly construct two copies of Russia’s BN-800 fast-neutron 
reactor in China. The most recently proposed dates for initiating construction on these 
two reactors were 2013 and 2014.72 China’s government has not officially approved the 
plan, however. Here too, Chinese experts complain that the price Russia is demand-
ing is too high. Also, CNNC wants the intellectual property rights to the technol-
ogy, which Russia is unwilling to part with.73 Currently, it is not clear when  —  or even 
if  —  the project will go forward. 

While the negotiations on the purchase of the BN-800s were ongoing, CNNC decided 
in 2013 to focus on developing an indigenous 600 MWe breeder reactor, the CFR-600. 
It planned to finish the conceptual and primary process designs in February 2014 and 

Table 2.2. China’s proposed breeder reactor development schedule, 2010.70
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December 2015 respectively.74 The CFR-600 is to start construction in 2017 and operate 
in 2023. However, it too has not yet received government approval. 

Before commercializing fast-neutron reactors, China would need to construct the pro-
posed commercial reprocessing plant and a commercial-scale breeder fuel fabrication 
plant. China is exploring potential partnerships with Areva to develop MOX fuel man-
ufacturing capabilities.75 According to CNNC nuclear experts, there is no active discus-
sion of using MOX fuel in light water reactors. 

Assessing the arguments for reprocessing and breeder reactors

China’s reprocessing and fast breeder reactor advocates make many of the same argu-
ments for that as have been made in other countries. Some of these arguments are dealt 
with in other chapters of this report. Those that involve country-specific information 
for China are discussed below. 

The uranium constraint 

One major argument for reprocessing and breeder reactors in China is that China should 
not become dependent on foreign uranium. This concern will only become serious, how-
ever, if China’s energy system becomes much more dependent on nuclear energy. Also, 
China is finding that it has much more domestic uranium than it once thought. After 
2004, when China decided to greatly expand its commitment to nuclear power, it in-
creased domestic uranium exploration activities and used more advanced prospecting 
techniques. As a result, China’s uranium reserves increased more than threefold during 
the following decade. Recent projections by several institutes in China estimate that the 
country has over 2 million tons of potentially economic uranium resources.76

China’s annual uranium requirements have been increasing far faster than its domestic 
production capacity (Table 2.3). Instead of increasing its uranium production more 
rapidly, China took advantage of low international uranium prices. As Table 2.3 shows, 
during 2006 – 2013, China imported a total of 73,000 tons of uranium (73 ktU). This 
was more than three times the uranium required by its nuclear plants during this pe-
riod, about 20 ktU. During the same period, domestic production totaled about 10 ktU. 
The total surplus acquired therefore was about 60 ktU.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Annual 
requirement

1,024 1,355 1,130 1,680 1,860 1,860 1,860 2,766 3,067 3,025 4,375

Production 
840 840 840 1,040 1,040 1,200 1,200 1,350 1,350 1,450 1,450

Imports 
8,000 17,136 16,126 12,908 18,968

Table 2.3. China’s annual uranium requirements, production, and imports (tons).77 
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Assuming that China’s total nuclear capacity grows to 58 GWe by 2020, and that there-
after total capacity increases linearly to 130 GWe (for a low-growth case) and 400 GWe 
(high-growth case) in 2050, we estimate that China would require cumulatively 0.5 
to 1 million tons of uranium from 2014 through 2050.78 Even under the high-growth 
scenario and even if China used only its domestic uranium, however, only roughly 
half of its currently estimated minimum 2 million tons of uranium resource would be 
consumed by 2050.

In fact, China’s uranium strategy appears to be one of combining domestic produc-
tion, overseas mining, and imports. China’s nuclear industry is purchasing overseas 
uranium and participating actively in overseas exploration and mining in all the major 
uranium-producing regions: Africa, Australia, Canada, and Kazakhstan.79 

In addition, when China purchases foreign reactors, it often requires the foreign ven-
dors to supply fuel. For example, Areva will supply fresh fuel for 15 years for the two 
EPRs at the Guangdong Taishan NPP,80 and Westinghouse will supply the first loads for 
the four AP1000s it has sold to China.81 

In short, uranium resources should not constrain China’s development of nuclear en-
ergy for at least the next several decades. 

To the extent that China is concerned about potential disruptions of its uranium sup-
ply, it could easily and inexpensively establish a strategic uranium stockpile  —  which 
is, in fact, under consideration as a national energy project in the 12th five year energy 
plan.82 This would be a much less expensive strategy than one based on reprocessing 
and breeder reactors. 

Environmental benefits 

Like other countries, China plans to bury its high-level radioactive waste (vitrified HLW 
and some spent fuel) underground at a depth between 500 and 1000 meters.83 Repro-
cessing and breeder reactor advocates in China argue that reprocessing can reduce the 
volume of high-level radioactive waste twentyfold because the uranium and plutonium 
that would be recovered and used as fuel constitute 95 percent of the mass of the spent 
fuel.84 They advocate the repeated use of separated plutonium in fast breeders, claiming 
that this would reduce the long-term (10,000 to 100,000 years in the future) radiotoxic-
ity by a factor of about one hundred.85 They also emphasize that plutonium recycling 
in PWRs is not effective in accomplishing this goal because light water reactors do not 
effectively fission the even isotopes of plutonium or the minor transuranics.86 These 
issues are discussed in detail in Chapter 10. Here, we briefly discuss the case for the 
specific site that is being considered by Chinese policy makers. 

The Beishan area in Gansu province, near Jiuquan, which is underlain by granite, has 
been selected as the primary candidate site for the repository.87 More than 11 deep bore-
holes have been drilled.88 The design requirement is that the repository be large enough to 
store all high level wastes produced by China during the next one to two hundred years.
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The Beishan geological repository would be in granite and have basically the same de-
sign as Sweden’s and Finland’s proposed spent fuel repositories. Spent fuel and/or high-
level radioactive waste would be buried in copper canisters surrounded by bentonite 
clay in granite.89 The area of the repository would be determined by the need to keep 
the temperature of the bentonite below 100 °C.90 The thermal performance analysis for 
Okiluoto shows that, for 50-year spent fuel with average burn-up of 50 MWd/kgU, the 
maximum temperature at the canister-bentonite interface would occur about 15 years 
after emplacement.91 

Reprocessing would increase the capacity of the repository by removing some transura-
nic elements. The transuranics account for roughly half of the radioactive heat genera-
tion from spent fuel at 50 years. Assuming all of the transuranics could be separated 
from the nuclear waste stream to be buried in the repository, the loading capacity of the 
repository would go up by approximately a factor of two. In practice, however, repro-
cessing of the kind carried out in most countries would only separate out plutonium, 
which means that the increase in loading capacity would be somewhat smaller. 

The loading capacity also could be increased by waiting until the spent fuel is one 
hundred years old before burying it. By that time, 30-year-half-life strontium-90 and 
cesium-137, which dominate the fission-product heat output at 50 years would have 
largely decayed away.92 China therefore could opt for relatively low-cost dry-cask stor-
age for a hundred years instead of an expensive reprocessing plant. Interim dry-cask 
storage would in any case preserve the option for later reprocessing. 

Cost 

According to Chinese experts, the initial investment for the Jiuquan pilot civilian plant, 
which has a 50 ton/year capacity was 1.33 billion RMB, including 17 sub-projects.93 The 
funding was provided by the government. In addition, the cost for startup testing has 
been estimated at 0.5-0.7 billion RMB.94 Overall, therefore, the reprocessing plant was 
estimated to cost about 2 billion in 2005 RMB, which is about 2.9 billon in 2014 RMB 
($0.68 billion in 2014 dollars using a PPP conversion rate).95 

China has not provided an official estimate of the cost of a Chinese reprocessing plant 
with a capacity of 800 tons/year. However, a CNNC nuclear expert who has been work-
ing on costing reprocessing facilities used an exponential scaling method to estimate 
that an 800 tons/year reprocessing plant could cost a minimum of $7.2 billion in 
2014.96 That is dramatically lower than public reports of the price requested by France, 
reported to be in the range of €20 billion (approximately $20 billion). Some Chinese 
experts argue that one major reason for the lower price in China would be the low labor 
cost in China. In practice, experience with reprocessing in other countries and with 
China’s own pilot reprocessing plant has shown that the final real cost could be much 
higher than the original estimate, due to a number of factors including delay of the 
project and unexpected and complicated engineering issues. The capital cost of China’s 
pilot reprocessing plant, for example, was originally estimated as several hundred mil-
lions RMB. Its final cost in 2005 was about two billion RMB and much more has been 
invested since then to fix the design.97 
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If the proposed commercial plant used more advanced equipment and technology 
(either domestic or imported), the capital cost would be significant higher. Even $10 
billion, 50 percent of Areva’s asking price, would still be much more expensive than 
dry-cask interim storage. Assuming the proposed 800 tHM/year reprocessing plant has 
a capital cost of $10 billion and a lifetime of 30 years and using a discount rate of 4 
percent and an annual operation and maintenance cost of 6 percent of the capital 
cost,98 reprocessing would cost would be about $2000/kg HM excluding interest on 
the capital investment.99 Interim dry cask storage of spent fuel for up to 100 years costs 
about $200/kg HM in the United States, Europe and Japan.100 This means that building 
and operating a reprocessing plant with a capacity of 800 tHM/year would cost at least 
$40 billion more over its 30-year lifetime than simply storing the spent fuel. Given the 
plan to use the plutonium for breeders, the extra cost for the electricity produced would 
be still more because the capital cost of breeder reactors is typically more than that of 
light water reactors. 

Nuclear policy-making 

Making sense of the diverse developments described above requires a better under-
standing of the institutional structures involved in nuclear policy making in China. 
Due to the lack of a lead nuclear-energy development body, China’s National Develop-
ment and Reform Commission (NDRC) typically relies on organizations such as CNNC 
and Tsinghua University, based on their expertise and qualifications, to propose proj-
ects and to demonstrate their feasibility. For example, in the 1980s, the NDRC request-
ed that CNNC propose strategic projects related to pressurized water reactors.101 After 
CNNC submitted its proposal, the NDRC organized a panel of academic and industry 
experts to review it and relied heavily on the panel’s findings for its nuclear energy 
policy proposals to the State Council and other policy makers.

The decision to start the military reprocessing project was based on national security 
policy. After the economic policy transformation during the 1980s, however, military 
industries were converted into state-owned and managed enterprises focused mainly 
on making commercial profits in accordance with the principles of a market-oriented 
economy. 

Although China has a long-term commitment to reprocessing, China’s nuclear industry 
does not have the motivation or financing to implement reprocessing without govern-
menl support. Reprocessing is technically complicated and requires a large amount of 
financial support. Currently, CNNC, as the lead for developing the back end of China’s 
fuel cycle, is the major driver for a reprocessing program. CNNC hopes the government 
will provide most of the funding to build the reprocessing plant and hopes to profit by 
reprocessing other nuclear utilities’ spent fuel as well as its own. 

After China committed to large-scale nuclear energy development in 2004, the govern-
ment realized that it had to plan for spent fuel management. Even though China has 
been negotiating with Areva on cooperation in spent fuel reprocessing and MOX fuel 
technologies, however, there has not been any formal decision-making process.102 Some 
experts believe changes in national and global security trends or bilateral relation-
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ships might force China to move forward and make the decision on CNNC’s reprocess-
ing project. For example, China might want to promote its bilateral relationship with 
France or international developments might make reprocessing relevant to national 
security. These experts also believe, however, that such a push would only temporarily 
stimulate the reprocessing industry. 

Conclusion

China should learn from the experiences of other countries that have prematurely 
launched large reprocessing programs in the expectation that the commercialization 
of breeder reactors would follow. The commercialization of breeders did not follow and 
the result has been hugely costly programs to clean up the reprocessing sites and to 
dispose of the separated plutonium.

There is no urgency to go down this risky road. The current generation of light water 
reactors that China is building can serve it well if the spent fuel is simply stored. The 
cost of uranium accounts for only a few percent of the cost of nuclear power and will 
not rise to levels that would justify the cost of reprocessing and breeder reactors any-
time in the foreseeable future. China has mastered uranium enrichment and the other 
technologies required to fuel these reactors. China should focus on assuring that the 
reactors it is building operate safely and economically. In the meantime, spent fuel 
can be safely stored at low cost in dry casks while a deep geological repository is being 
established. 
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3. France
France is currently the only country in the world that operates a commercial-scale spent 
fuel reprocessing plant and uses plutonium thus recovered to fabricate plutonium-ura-
nium mixed oxide (MOX) fuel that then is used in light water reactors (LWRs).103 After 
close to 40 years of reprocessing of LWR spent fuel and over 25 years of MOX use, this 
enterprise is about to encounter significant strategic challenges. The reactors currently 
licensed to use MOX fuel are amongst the oldest in the country and President Hol-
lande’s commitment to reduce the nuclear share of France’s power production from 
about three quarters to half by 2025, which passed the first reading in the French Na-
tional Assembly in October 2014, puts the future of these reactors into question.104 If all 
the reactors that are currently loaded or licensed to load MOX fuel were operated until 
age 40 and were to absorb the entire French plutonium stockpile prior to shutdown, ad-
ditional plutonium separation should cease by 2018. If the foreign plutonium currently 
in France were to be used as well, reprocessing should stop by 2016. The potential use 
of plutonium fuel on a large scale in other types of reactors is decades away. It is urgent, 
therefore, for France’s government to come up with a new spent fuel and plutonium 
management strategy.

France’s current strategy dates from a previous era, when it was assumed that sodium-
cooled fast breeder reactors would be commercialized, fueled initially with plutonium 
separated from LWR spent fuel. When commercialization of breeder reactors failed, 
the use of plutonium to fuel LWRs was adopted as an interim strategy. It was assumed 
that breeder reactors would eventually be commercialized and could be started up with 
the plutonium accumulated in the spent MOX fuel. The commercialization of breeder 
reactors continues to recede into an uncertain future, however, and plutonium use 
has not kept up with plutonium separation. With the MOX-fuel-using reactors facing 
retirement, France may be heading into a cul de sac.

France’s plutonium industry  —  past and present 

Reprocessing of power reactor spent fuel at La Hague began at the UP2 facility in 1966. 
Because it was dual purpose, the original plant was financed equally from the civilian 
and military budgets of the Atomic Energy Commission (CEA). During the first ten 
years only gas-graphite reactor fuels were reprocessed. LWR fuel reprocessing started 
in 1976. The rationale for the separation of civilian plutonium was the expected rapid 
introduction of plutonium breeder reactors to reduce the uranium requirements of 
France’s growing nuclear energy sector.105 

But world uranium requirements did not rise as anticipated and the real price of ura-
nium actually declined substantially in subsequent years. Further, the costs of repro-
cessing and breeder reactors proved to be much higher than expected. Nevertheless, 
reprocessing remained central to France’s spent fuel management. France’s highly cen-
tralized nuclear decision-making process always guaranteed that democratic debates 
and parliamentary votes did not interfere with a strategy developed, carried out and 
supervised by elite technocrats.106 

There has been discord between the two chief organizations involved in the genera-
tion and management of spent fuel, however, namely France’s national electric utility, 
Électricité de France (EDF), and Areva, the operator of the reprocessing plants in La 
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Hague.107 Both companies are majority government owned, but have conflicting com-
mercial interests. While EDF, the client, attempts to lower costs, Areva, the service 
provider, is depending on EDF as the sole remaining major client for its reprocessing 
services. In December 2008, the two signed a “framework agreement for the recycling 
of used nuclear fuel from 2008 to 2040.” 108 The agreement provided that EDF could in-
crease the annual quantity of spent fuel reprocessed at La Hague from 850 to 1,050 tons 
per year.109 It also allowed EDF to increase its MOX fuel purchases correspondingly from 
100 to 120 tons per year. A framework agreement is not a binding contract, however, 
and in January 2010, in the absence of a contract, Areva stopped shipping spent fuel 
from EDF plants to La Hague. Finally, on 5 February 2010, the two companies released 
a joint press release announcing that they had “reached an agreement covering the 
transportation, treatment and recycling of used nuclear fuel, for which a contract will 
be signed before the end of the first quarter of 2010.”110 In a letter to the author dated 
30 March 2011, EDF stated that an “Agreement on Processing-Recycling” had been 
signed on 12 July 2010. According to EDF, the agreement covered the period 1 January 
2008 to the end of 2012, including reprocessing of 850 t/a and MOX fabrication of 100 
t/a for 2008  –  2009 and reprocessing of 1,050 t/a and 120 t/a for 2010 – 2012. Additional 
contractual conditions allow for the adaptation, “if necessary” of the various quantities 
to the quantities “effectively recycled.”111 The agreement covered a period of only five 
years including two previous years covered retroactively.112 

In January 2014, the conservative daily, Le Figaro, reported that, in 2013, Areva’s La 
Hague reprocessing site was audited at the request of EDF, which wished to increase its 
influence over the management of the site.113 On 7 May 2014, Luc Oursel, then Areva’s 
CEO, confirmed in front of a National Assembly’s Enquiry Committee that a detailed 
cost audit had been done,114

“which allowed (EDF) to regain confidence [but] we have not yet 
succeeded to conclude the negotiations between EDF and Areva 
on the La Hague plant and MOX fabrication… What we will do 
is that the contract will probably cover a longer period than the 
preceding contracts in order to avoid to be confronted with dead-
lines that are too close. It is likely that the reprocessed volumes 
will be slightly higher. It is obvious that in exchange, EDF will ask 
for a price slightly lower.” 

On 1 August 2014, in the press release announcing its half-year results, Areva indi-
cated an increase of its order backlog by €3.5 billion “thanks to the treatment-recycling 
agreement with EDF”.115 Areva stated that the agreement includes “the shipment and 
recycling of used fuel and the fabrication of MOX assemblies”.116 The announcement 
of that commercial agreement, which only extends to 2020, could not cover up the 
disastrous condition of Areva’s overall finances with a €694 million loss for the year. 
The result was a historic one-day drop of over 20 percent of Areva’s share value on the 
stock market. Areva’s share was valued less than 20 percent of what it was at the end of 
2007. On 20 November 2014, the credit-rating agency Standard & Poor’s (S&P) down-
graded Areva’s rating to non-investment grade, i.e., “junk” territory, associated with a 
negative outlook.117 Areva’s 2014 annual results revealed the technical bankruptcy of 
the world’s largest reprocessing company: a loss of €4.8bn ($5.2bn), unprecedented in 
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the nuclear sector, cumulating to almost €8bn ($8.7bn) losses over four years, which is 
close to Areva’s annual turnover of €8.3bn ($9bn). Areva’s debt burden has increased 
to €5.8bn ($6.3bn). The announcement of asset sales and significant job cuts, includ-
ing 500 at the La Hague facility, did not prevent Standard & Poor’s from downgrading 
Areva another two notches, to BB-.118

The downgrade will likely have a significant effect on the costs of Areva’s large debt. 
Lack of financial and economic stability of a company that deals with very large quan-
tities of highly security-sensitive strategic nuclear materials raises serious questions 
about its long-term reliability.

In France, power reactor spent fuel is cooled in pools on the reactor sites for several 
years before being shipped by rail to the Valognes station where the 100-ton shipping 
casks are loaded onto heavy trucks that carry the fuel assemblies 30 km to the La Hague 
reprocessing plant. There are about 220 spent fuel shipments between the reactor sites 
and La Hague every year. 

As of 2014, EDF did not dense-pack the spent fuel in the storage pools of its reactors. In 
2010, however, EDF requested a license to more than double the spent-fuel-storage ca-
pacities of the pools of twenty-eight of its thirty-four 900 MWe units, from 382 to 800 
fuel assemblies each.119 EDF justified the request by citing the need of higher burnup 
and MOX fuels to have longer cooling periods prior to shipment. As of the end of 2014, 
the safety authorities had denied this request.120

After shipment to the reprocessing plant, the spent fuel is stored for an additional 
period of several years in the cooling ponds at La Hague before being reprocessed and 
separated into uranium, plutonium, and high level waste (HLW). The HLW contains 
most of the fission products and the minor transuranics (neptunium, americium and 
curium). In addition, reprocessing generates a whole range of low- and intermediate-
level wastes. The spent fuel pools at La Hague have been dense-packed since a major 
re-racking was authorized by ASN, France’s national nuclear safety authority.121
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Figure 3.2. LWR Reprocessing at La Hague, 1976  – 2013. UP3 was originally built to reprocess foreign 
spent fuel. Today, however, virtually all spent fuel being reprocessed is domestic. Sources: COGEMA, Areva, 

ASN and others, compiled by Mycle Schneider Consulting.

Figure 3.1. Radioactive waste streams generated by France’s nuclear industry. Source: Spent Nuclear Fuel 

Reprocessing in France (IPFM, 2008).
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Management of Reprocessed Uranium 

Most of the uranium recovered during reprocessing, about 1,000 tons per year, is 
shipped to Areva’s Pierrelatte/Tricastin enrichment site in the Rhône valley for conver-
sion from uranium nitrate into stable U3O8 for long-term storage. As of the end of 2012, 
France had almost 26,000 tons of reprocessed uranium stored mostly at Tricastin.122 In 
the past, about 300 tons per year (average for 2007 to 2009) were re-enriched in Rus-
sia or by URENCO in the Netherlands. The re-enriched uranium was fabricated into 
approximately 37 tons of new fuel,123 which was used in two 900 MWe reactors at the 
Cruas site starting in 1994. The shipments to Russia were halted in 2010 after a public 
controversy triggered by a 2009 French television documentary about France shipping 
its radioactive waste to Russia.124 A new strategy was proposed according to which up 
to 650 tons of reprocessed uranium would be re-enriched annually and fabricated into 
approximately 75 tons of fuel to be used in all four Cruas reactors, which had all started 
running on this basis in 2009.125 Areva proposed to EDF a long-term framework agree-
ment to develop a conversion-enrichment-fuel-fabrication scheme starting in 2017.126 
That offer was declined by EDF, however, as it was considered “non-competitive” and, 
since Areva did not wish to make an agreement covering only the period 2013 – 2017, 
France’s production of re-enriched reprocessed uranium fuel ceased in 2012 until a new 
arrangement is put in place. Georges Besse II (GB II) the new centrifuge-based plant 
at Tricastin, can enrich reprocessed uranium but is not expected to do so “for several 
years”.127 For the near term, therefore, all uranium recovered through reprocessing at 
La Hague will be stored.

Management of separated plutonium 

After reprocessing, separated plutonium is converted to plutonium oxide and stored in 
a large dedicated onsite bunker at La Hague. On average, two trucks per week (about 
100 shipments per year) carry about 100 kg or more of separated plutonium oxide each 
on a 1,000 kilometer road trip from La Hague in Normandy to Areva’s MELOX mixed 
oxide (MOX) fuel fabrication facility at Marcoule in the South of France.128 Twenty-four 
900 MWe reactors at six nuclear power plants are licensed to be loaded with up to 30 
percent MOX fuel in their cores.129 In 2013, according to the Court of Accounts, just 
under 120 tons of MOX were loaded into 22 reactors and just over 100 tons of spent 
MOX were unloaded (see Table 3.1). There are about 50 shipments of fresh MOX per 
year between Marcoule and nuclear reactors,130 each shipment containing about 200 kg 
of plutonium. All these road shipments of weapon-usable materials constitute a signifi-
cant security challenge.131
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Year Low enriched uranium Reprocessed re-enriched U MOX

Loaded
(tHM)

Unloaded
(tHM)

Loaded
(tHM)

Unloaded
(tHM)

Loaded
(tHM)

Unloaded
(tHM)

2008 — 1,049 19 16 83 93

2009 1,005 995 52 21 93 80

2010 981 1,030 72 29 113 86

2011 1,022 1,033 70 48 103 90

2012 919 991 74 52 109 98

2013 1,022 954 11 61 120 101

After several years of cooling on-site, spent MOX fuel is shipped to the La Hague repro-
cessing plant and stored there. Spent MOX fuel must be cooled at least 24 months prior 
to shipment compared to 18 months for spent uranium fuel. In practice, it takes about 
ten years from the unloading of the fuel from the reactor till reprocessing. There is no 
incentive to use the plutonium from spent MOX fuel in LWRs because it contains a re-
duced fraction of fissile plutonium-239 and plutonium-241 compared to the plutonium 
in spent low-enriched uranium fuel. Spent MOX fuel is therefore stored in the pools at 
La Hague pending the construction of a hypothetical fleet of fast-neutron plutonium 
breeder reactors in the 2040s or later. 

In preparation for that goal, Areva is studying the possibility of constructing a head-
end unit for the UP2 line at La Hague that would be capable of dissolving 10-30 tons 
of MOX fuel per year.133 According to the National Evaluation Commission of Research 
and Studies Relative to the Management of Radioactive Materials and Wastes, the UP2 
design requires that it operate with a ratio of dissolved plutonium/uranium of less than 
2.45 percent and can process spent MOX fuel only if it has a plutonium/uranium ra-
tio of less than 5 percent. Spent MOX fuel therefore has to be dissolved together with 
uranium fuel. 

Over the entire operational period of La Hague, from 1976 to 2013, Areva has repro-
cessed about 30,000 tons of LWR fuel, including 72.5 tons of MOX fuel (see Figure 3.2). 
During that same period, EDF has accumulated a backlog of more than 14,000 tons of 
spent fuel, of which roughly 70 percent (9,759 tons as of the end of 2013) is stored at 
La Hague. In recent years, the licensed spent fuel storage capacity of the four massive 
spent-fuel storage pools at La Hague has been increased from 13,600 to 17,600 tons. 
While comparison of the current stored amount of spent fuel with the nominal li-
censed capacity seems to indicate that considerable storage capacity remains to be used, 
the available space in the La Hague pools is severely limited by unused racks for Boiling 
Water Reactor (BWR) fuel once used for foreign spent fuel, MOX fabrication wastes in 
various forms, and possibly other unirradiated material, such as an unused core from 
the abandoned German SNR-300 fast breeder reactor project. The “operational” spent-
fuel storage capacity at La Hague therefore could be exhausted within a few years.

Table 3.1. Fuel loaded and unloaded in French nuclear power plants, 2008 – 2013.  
Source: Cour des Comptes, 2014132
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The spent-fuel backlog is expected to increase significantly as long as the current gen-
eration reactors operate (see Table 3.2, where it is assumed that most of them operate at 
least until 2030). France’s 2006 law on radioactive waste and nuclear materials requires 
the reprocessing of spent fuel to reuse the uranium and plutonium that it contains.134 
The current design of France’s geological repository for long-lived high level wastes as-
sumes that no spent fuel from the current reactors will be disposed of there. In 2005, 
however, the National Radioactive Waste Management Agency (ANDRA) concluded 
that direct disposal of spent fuel would be feasible.135

Type of fuel End of 2010
(tHM)

End of 2020
(tHM)

End of 2030
(tHM)

Fuel in reactor cores

Uranium oxide 4,477 4,340 3,650

Reprocessed uranium 156 290 290

MOX 299 490 380

Subtotal 4,932 4,590 4,320

Spent fuel awaiting  
reprocessing

Uranium oxide 12,006 11,450 12,400

Reprocessed uranium 318 1,050 1,750

MOX 1, 287 2,400 3,800

Fast Breeder Reactor 104 104 104

Subtotal 13,715 15,004 18,054

Total 18,647 19,594 22,374

France has accumulated a large stockpile of unirradiated plutonium (60.2 tons as of the 
end of 2013) mainly as separated PuO2 (See Figure 3.3).136 The stockpile has increased 
continuously since France began introducing MOX into its LWRs starting in 1987 and it 
increased by another 1.8 tons in 2013. This increase is partially due to France taking re-
sponsibility over time for the disposition of various quantities of formerly foreign plu-
tonium. But the main reason is a steady difference between the quantities of plutonium 
separated by reprocessing of French spent fuel and the quantities used in MOX fuel 
fabrication. This continuous increase in stockpiles is contrary to repeated declarations 
by the government and industry that they follow a policy of balanced production and 
consumption of plutonium.137 Sylvain Granger, director of EDF’s fuel division, stated in 
2005 that “it is a management rule that we fix for ourselves and the inventory of cur-
rently separated plutonium is maintained in a stock that corresponds to three years of 
MOX fuel fabrication, that’s all!”138 Why three years of consumption would be the ap-
propriate “management rule” has never been explained. In any case, the figures don’t 
add up. MELOX now produces annually about 120 tons of MOX for EDF. At an average 
plutonium content of around 8.5 percent, three years of production would add up to 
about 30 tons of plutonium, half of the more than 60 tons of unirradiated plutonium 
in stock as of the end of 2013. The math only works, approximately, if the plutonium 
contained in unirradiated fuels and wastes is not taken into account.

Table 3.2. Projections of France’s spent fuel inventories, 2020 & 2030. Source: ANDRA, Inventaire National 

des matières et déchets radioactifs – Rapport de synthèse 2012.
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France’s stock of unirradiated plutonium, as of the end of 2013, included about 39.5 
tons at La Hague,139 including an unknown amount but likely more than 10 tons con-
tained in MOX fuel fabrication wastes,140 either in powder form, pellets or as assemblies 
that are stored in the spent fuel pools at La Hague. This material includes:

•	 A core of unirradiated MOX fuel containing 1.6 tons of plutonium that was produced 
for Germany’s never-operated SNR-300 breeder reactor.141 It is now in storage at La 
Hague  —  probably in exchange for a payment to Areva and an equivalent amount of 
plutonium in MOX fuel for Germany’s light water reactors.142 

•	 An unknown amount of plutonium scrap processed into sub-spec MOX as a means of 
packaging it when Areva’s Cadarache MOX fuel fabrication plant was cleaned out.143 

•	 An unknown amount of sub-spec MOX from the decommissioning of Belgium’s Des-
sel MOX Fuel Fabrication Plant.144

•	 An unknown amount of plutonium in 14 tons of sub-spec MOX from the decommis-
sioning of Germany’s Hanau MOX Fuel Fabrication plant.145

•	 Areva’s large Melox MOX fuel fabrication plant also packages scrap MOX into sub-
spec MOX fuel for shipment to La Hague. About 5 percent of the plutonium it pro-
cesses ends up in MOX scrap, whose production has increased as the throughput of 
the plant has increased. 

Figure 3.3. Stocks of unirradiated plutonium in France, 1996 – 2013. The foreign stocks have been declining 
because Belgium, Germany and Switzerland have ended their reprocessing contracts and have used most of 
their separated plutonium in MOX. Most of the remaining foreign stock belongs to Japan. France’s own stock-
pile of unirradiated plutonium has increased steadily despite an apparently successful MOX program. Source: 

IAEA, Communication Received from France Concerning its Policies Regarding the Management of Pluto-

nium, INFCIRC/549/Add5/18, 2014 and previous annual reports. 
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The updated national inventory of radioactive waste and nuclear materials that AN-
DRA, France’s national agency for radioactive waste management, plans to publish in 
2015, will for the first time include a scrap MOX fuel category. According to a preview 
as of mid-April 2015, ANDRA’s estimate of the French scrap MOX fuel inventory as of 
the end of 2013 amounts to 230 tHM.146 If this scrap MOX contains on average seven 
percent plutonium, it would contain about 16 tons of plutonium. France’s remaining 
stock of unirradiated plutonium consisted of:147

•	 13 tons in the form of fresh MOX at the MELOX plant or at the reactor sites or in the 
process of fabrication;

•	 Close to 6 tons in the form of fabricated breeder reactor fuel that was used in the 
unirradiated second Superphénix breeder-reactor core, which is stored on-site in the 
spent fuel pool of the shutdown reactor at Creys-Malville;148 

•	 0.6 tons in process at reprocessing plants and estimated amounts of separated pluto-
nium held at research facilities (CEA or universities).

In addition to the 60.2 tons of French unirradiated plutonium, there are 17.9 tons of 
foreign unirradiated plutonium in France. In its annual INFCIRC/549 declarations 
to the IAEA, France indicates less than 50 kg of French plutonium as stored in other 
countries. The lack of comprehensive official data and the inconsistencies between 
categories found in various governmental and industry sources make a more accurate 
overview of the French plutonium inventory impossible.

An estimated 290 tons of plutonium has been separated from LWR spent fuel at La 
Hague between 1976 and the end of 2013.149 This divides roughly into 190 tons of 
French plutonium and 100 tons of foreign plutonium. Thus, close to one third of 
France’s separated plutonium and almost one fourth of the foreign plutonium sepa-
rated in France have not been reused to date. It should also be noted that, as of the end 
of 2013, close to 270 tons of France’s plutonium remains in spent fuel, roughly 190 tons 
in spent uranium fuel and 80 tons in spent MOX fuel.

Assessment 

France’s spent fuel management program has resulted in increasing stocks of plutoni-
um in unirradiated form and in spent MOX fuel. The government’s decision to reduce 
the share of nuclear power in the electricity mix from about three quarters to one half 
will have significant consequences for this program. The twenty-four 900 MWe reac-
tors currently licensed to use plutonium fuels are amongst the oldest of the French 
fleet.150 As of early 2015, they had operated for 33 years on average.151 No other reactor 
option has been explored for the disposal of separated plutonium and no authorization 
request has been transmitted by EDF to the regulator for using MOX fuel in France’s 
1300 MWe reactors or in the 1600 MWe EPR that is under construction at the Flaman-
ville site. It would take years to adapt and relicense 1300 MWe units for MOX use.152

France’s Commissariat à l’Énergie Atomique (CEA) envisages the construction of a fleet 
of sodium-cooled reactors that could fission all plutonium isotopes more effectively, 
but these plans have been regularly postponed and are increasingly questioned. Com-
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mercial deployment is currently not foreseen, even by its proponents, significantly be-
fore the middle of the century. Under the influence of the CEA, France has decided to 
develop a new sodium cooled fast breeder reactor prototype called ASTRID (Advanced 
Sodium Technological Reactor for Industrial Demonstration). France’s 2006 law on the 
management of nuclear materials and radioactive waste called for the reactor to start 
up by 2020 but the project is not on track to meet this deadline. According to the Na-
tional Evaluation Commission of Research and Studies Relative to the Management of 
Radioactive Materials and Wastes (CNE), the decision to build ASTRID should be taken 
soon so that construction of the reactor can be started in 2019 in order to meet a sched-
ule for loading fuel in 2025.153 However, Areva’s director of waste and nuclear material 
management, Jean-Michel Romary, told a parliamentary committee in January 2014 
that the startup of ASTRID “will be rather 2030, and 2040 for the construction of a first 
of a series of reactors”.154

CEA, the proposed license-holder, has filed a first document to the French nuclear safe-
ty authority (ASN) that gives an initial preview of the reactor’s safety features. ASTRID 
is designated as a Generation IV reactor but ASN Commissioner Philippe Jamet has 
stated that, “ASN considers that this project [ASTRID], whose safety level does not ex-
ceed the one of third generation [light water] reactors, cannot constitute a prototype” 
of a fourth generation plant.155 Talks are underway between the CEA and the regulator 
about possible technical upgrades of the design of ASTRID that would be required for 
to make it acceptable to ASN.

The connection between reprocessing and Gen IV reactors was highlighted in the Na-
tional Assembly’s 2014 Baupin Report, which states that the “consensus is that the 
rationale of reprocessing largely depends on the capacity to develop one day a fourth 
generation of reactors.”156 CEA’s General Administrator, Bernard Bigot, told the Na-
tional Assembly that “the first problem to tackle (…) is the plutonium one: if it is not 
multi-recycled, the problem remains unresolved.”157 

The Baupin Report states in its recommendations:158

[The Enquiry Commission] “Notes that France does not today 
have any global in-depth cost-benefit assessment of the backend 
of the nuclear system (reprocessing, MOX fabrication). Considers 
that a report by the Court of Accounts on the question would 
make it possible to inform public authorities on the pertinence of 
the possible strategies, on the real economic potentials of reusable 
materials (or the consequences of their potential classification as 
waste) as well as the options opened up by the potential develop-
ment of a ‘4th generation’ of reactors.”

The Court of Accounts does not rule out including such a study into its upcoming 
(unpublished) multi-annual program. This could significantly impact the strategy of 
reprocessing and Gen IV development.
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Phasing out reprocessing

The cost of reprocessing of spent fuel and using the recovered plutonium and uranium 
in new fuels vastly exceeds the uranium cost savings. EDF consequently has allocated a 
zero book value to its plutonium and reprocessed uranium stocks since 1996 and 1997 
respectively.159 There also are no net environmental benefits from reprocessing. Repro-
cessing facilities release much more radioactivity to the air and water than light water 
power reactors and there is no overall net waste management benefit.160 And, despite 
plutonium use in MOX fuel, the overall quantity of France’s plutonium accumulating 
in unirradiated form and in spent uranium and MOX fuels, has increased by nine to ten 
tons per year – not much less than if the spent uranium fuel had simply been stored. 

This does not mean that it will be easy to change France’s spent-fuel management pol-
icy. The commitment to reprocessing in the UK has been described by William Walker 
as “nuclear entrapment.”161 The Director of EDF’s Fuel Division has stated similarly: 
“Once an industrial policy has been decided, changing it becomes extremely costly.”162 
Since there would be significant economic savings from abandoning reprocessing, the 
“costs” being referred to are primarily political and organizational.

The 2012 pre-electoral agreement between the Socialist Party and the Green Party 
called for: 163

“Reconversion at constant employment level of [France’s] repro-
cessing and MOX fabrication industry as well as the means of 
storage of different types of waste, in particular the Bure labora-
tory, into centers of excellence for the processing of waste and 
decommissioning.”

After intervention of the nuclear industry,164 however, this commitment was watered 
down with an addendum,165 which states:

“It is foreseen in the agreement that the share of nuclear in elec-
tricity generation in France will decrease from 75% to 50% by 
2025. As a consequence and concomitantly with this reduction, 
the quantity of fuel for the supply of [nuclear] plants operating 
on our territory as well as the reprocessing needs for those fuels 
will continue but will diminish.”

“This is why it is foreseen to accompany this progressive evolu-
tion by a plan of reconversion allowing to maintain the number 
of jobs by the implementation of centers of excellence in the pro-
cessing of wastes and decommissioning.”
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The idea of converting France’s reprocessing and MOX fuel fabrication complex was 
raised as early as 2001.166 There are a number of reasons why the issue is more pressing 
today:

1. The Hollande government has initiated a policy in the new Energy Bill  —  still in the 
parliamentary process  —  of reducing the share of nuclear power in France’s electric-
ity generation to about 50 percent by 2025. At a constant level of electricity con-
sumption, this would lead to the shutdown of a significant part of the reactor fleet 
currently using MOX fuel.

2. There is no guarantee at this point that the nuclear authorities will grant lifetime 
extensions for the reactors that currently use MOX fuel.167

3. There is no longer any operational scheme for the use of reprocessed uranium; and

4. Given that Japan’s MOX use program barely moved forward before the 2011 Fuku-
shima accident and has been frozen since, France may have to dispose of the 18 tons 
of foreign (mostly Japanese) plutonium it is holding in the country. 

However, the industry and authorities still fail to take this changing reality into 
account. The reference scenario used by Areva, which serves as a basis for the project-
ed inventory of nuclear materials elaborated by ANDRA, is still assuming that most of 
the Japanese plutonium will be sent back by 2020 as MOX fuel.168

There are other developments around the world that add to the urgency of finding a 
path forward to deal with the global stock of separated plutonium. The United King-
dom has accumulated over 120 tons of unirradiated plutonium, including 23 tons of 
foreign plutonium, as of the end of 2013, because of the failure of its initial strategy of 
converting foreign plutonium into MOX.169 

Across the Atlantic, the Obama Administration decided in 2013 that it needs alternative 
plutonium disposition options to Areva’s Savannah River MOX Fuel Fabrication Facility 
(MFFF). After having spent over $4 billion on building the facility, the U.S.Department 
of Energy cost estimate for the plant had skyrocketed from $1 billion to over $10 billion 
and for the total MOX program to over $20 billion.170 The U.S. government intends to 
review alternative plutonium disposition options over the coming 12 to 18 months. 
This could create a powerful dynamic in France, Japan and the United Kingdom to 
consider possible immobilization and disposal options for their own plutonium.171

France’s nuclear industry, with the extensive research capacities of the CEA and the 
industrial capacity of Areva, is well positioned to be a key player in the international 
effort to bring plutonium immobilization to industrial scale. The future of Areva’s in-
dustrial capacity is threatened by its dire financial situation and a radical strategic 
reorientation is indispensable. Beyond plutonium immobilization, Areva’s La Hague 
site and the Marcoule site of France’s first reprocessing complex could be turned into 
centers of excellence for decommissioning and waste management. Both sites already 
are deeply involved in these areas of activity.
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Below we consider two scenarios for the disposal of the remaining separated plutonium 
if France’s 900 MWe reactors were not to receive license extensions beyond 40 years 
(Figure 3.4). It should be noted, however, that the scenarios exclusively assess the reac-
tor availability and do not take into account potential delays such as licensing proce-
dures for reprocessing some of the plutonium waste forms (MOX scrap assemblies, unir-
radiated fast breeder reactor fuel, etc.). The first scenario would involve the disposal of 
France’s unirradiated plutonium in MOX. The second would require France to dispose 
of foreign unirradiated plutonium in France (mostly belonging to Japan) as well.

Under scenario 1, reprocessing would have to cease by 2018, in order for all of France’s 
plutonium to be irradiated in the existing licensed reactors. This result is consistent 
with an analysis by EDF cited by ANDRA and ASN: “It is possible to leave neither plu-
tonium nor reprocessed uranium unused, under the condition of the anticipated stop 
of the [re]processing operations (the time horizon 2018 – 2019 guarantees the complete 
use of the separated plutonium)…”172 Under scenario 2, if foreign plutonium were to 
disposed of as well, reprocessing would have to end in 2016. 

Figure 3.4. Scenario for France’s plutonium disposal capacity. The figures represent the plutonium disposal 
capacity of the twenty-four 900 MWe reactors currently licensed to operate with MOX fuel if they don’t re-
ceive license renewals beyond 40 years. Each reactor irradiates about 0.44 tons of plutonium in MOX per year.
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Conclusion

France’s plutonium industry is a legacy of the fast breeder reactor dream that was bur-
ied with the shutdown of Superphénix in 1996. The conjunction of a number of devel-
opments has created an urgent need, and, at the same time, an opportunity to funda-
mentally reassess the rationale for plutonium separation and use in France. The urgent 
need stems from the following factors:

•	 All the reactors that use MOX fuel in France will reach an operational lifetime of 
40 years by 2027 (by 2022 on average).

•	 The government has decided to significantly reduce the nuclear share in the electric-
ity mix from 75 percent to 50 percent by 2025. A draft energy bill has been intro-
duced and is still in the parliamentary process.

•	 France’s national utility, EDF, has serious financial problems; and

•	 The MOX programs in Japan, the United Kingdom and the United States all appear 
to have failed.

France’s Nuclear Safety Authority and its Court of Accounts have both urged the gov-
ernment to rapidly take a decision on whether operating reactors should receive exten-
sions and continue to be in service beyond 40 years of operation. 

At the same time, the current situation provides two kinds of opportunities. First, there 
is the financial opportunity provided by converting France’s nuclear energy sector 
from reprocessing to interim dry storage and direct disposal of spent fuel and immo-
bilization of already separated plutonium. Because such a conversion would provide 
significant savings to EDF, Areva could treat this as a business opportunity since it 
is already one of the largest dry cask providers in the world as well as the top player 
in plutonium technologies but is facing a deep financial and economic crisis as a re-
sult of its current industrial strategy. Second, there is a non-proliferation opportunity 
provided through the phase-out of plutonium separation and the development of a 
no-plutonium-stockpiling policy. This is particular important today when Japan’s plu-
tonium stockpile  —  a large share of which is in France  —  is raising serious concerns in 
a number of its neighboring countries. 
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4. Germany
President Eisenhower’s “Atoms for Peace” speech in 1953 was intended to shift the 
world’s attention from the nuclear arms race to peaceful uses of atomic energy. It was 
followed by the first United Nations International Conference on the Peaceful Uses of 
Atomic Energy in 1955 in Geneva. 

These efforts to promote atomic energy fell on fruitful soil in Europe. Among the early 
adopters was the Federal Republic of Germany (FRG),173 which began its nuclear power 
program formally in 1955 by setting up the Federal Ministry for Atomic Issues.174 A few 
years later, in 1959, the Atomic Energy Act was promulgated.

While the government could set up the framework of a nuclear-energy program, it 
had to rely on private electricity companies to build nuclear reactors for electric-power 
generation. The government had great difficulty in getting Germany’s biggest utility, 
Rheinisch-Westfälisches Elektrizitätswerk (RWE) interested in nuclear energy. 

The government, therefore, started four big federal and state owned research centers: 

•	 A facility for testing candidate reactor and fuel materials using a 4 MWt research reac-
tor (FRM) at Garching (close to Munich);

•	 A reactor development center at Karlsruhe that started with heavy water reactors 
(the 44 MWt FR2 and 58 MWt MZFR) before shifting its focus to sodium-cooled fast-
neutron breeder reactors (the 20 MWe KNK reactor); 

•	 A reactor development center at Jülich that concentrated on developing high tem-
perature reactors for production of electric power and process heat with the 15 MWe 
AVR reactor operating on a high-enriched uranium-thorium fuel cycle;175 

•	 A reactor-development center at Geesthacht that concentrated on developing  
ship-propulsion reactors and operated the only German nuclear-powered ship, the 
Otto Hahn, from 1968 to 1979, after which its nuclear propulsion reactor was replaced 
by diesel engines. 

Leading German nuclear physicists, including Werner Heisenberg, Karl Wirtz, and 
Wolf Häfele, preferred heavy water reactors because they did not want to depend on 
imported enriched uranium fuel that, at that time, could only be obtained from the 
U.S. Atomic Energy Commission.176 But Germany’s utilities were interested in the high-
power-density cores of U.S. light water power reactors. So an industry effort, subsidized 
by the government and in cooperation with the Dutch and the British led to the de-
velopment of gas centrifuges and the multinational uranium-enrichment company, 
URENCO.177

After initial reluctance, RWE decided to learn more about the reliability of this new 
energy source and, in 1958, ordered a small 15 MWe light water reactor for its Kahl site 
from a joint venture of Allgemeine Elektricitäts-Gesellschaft Aktiengesellschaft (AEG) 
and General Electric (GE).178 RWE refused any government subsidies but requested that 
the government take care of the radioactive waste.
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Motivations for and origins of reprocessing

Uranium supply security was an issue from the beginning of Germany’s interest in 
nuclear power. The FRG had only one small uranium mine at Menzenschwand in the 
Black Forest. The associated small uranium processing center at Ellweiler had a capacity 
to recover only 125 metric tons of uranium per year and had produced cumulatively 
only 700 tons of uranium by the time it was shut down in 1989.179 This small capacity 
was perceived to be insufficient for the anticipated demand from the FRG’s growing 
nuclear power program. 

An indirect boost to the perception that uranium would be costly was provided by the 
decision by the Soviet Union in 1947 to open a large mine at Wismut in the adjoining 
German Democratic Republic (GDR). The FRG’s planners reasoned that, if the Soviet 
Union, with its huge landmass, had to come to the GDR to obtain uranium for its 
needs, then uranium must indeed be scarce. It was therefore decided to maximize the 
efficiency of uranium utilization. This led to the decision to pursue reprocessing and 
fast breeders.

Nuclear planners in other countries in Western Europe came to similar conclusions. In 
1957, therefore, twelve European countries decided to jointly finance the construction 
of the Eurochemic reprocessing facility at Mol, Belgium.180 Prior to Eurochemic, repro-
cessing in Europe only took place in the plants at Marcoule in France and Windscale 
(later renamed Sellafield) in the United Kingdom.181 Eurochemic, which operated from 
1966 to 1974, had a design capacity of 30 tons heavy metal throughput per year and 
used the PUREX process, which had been developed in the U.S. military plutonium 
production program. Many members of the multinational technical group involved in 
this project later led reprocessing programs in their own countries. 

In Germany, the WAK pilot reprocessing plant, which also used the PUREX process and 
had a design throughput of 35 tons of spent fuel per year, was built in Karlsruhe and 
operated from 1971 to 1990. In total it reprocessed 208 tons of spent fuel.182 The high 
level radioactive waste produced by this plant was stored in liquid form on site and was 
vitrified only much later (see below).

The WAK plant was safeguarded both by the IAEA and Euratom, a part of the European 
Commission. Legally Euratom is the owner of all civil nuclear material within the 
Member States.183 

In 1975, France, the United Kingdom and Germany created United Reprocessors, a 
cartel authorized by the European Commission to construct large reprocessing plants, 
first in France and England and then Germany. The purpose of these reprocessing fa-
cilities was to deal with the spent fuel from the many reactors that were proposed for 
construction.

As in the United States, West Germany’s commitment to private enterprise, coupled 
with the high capital costs for nuclear facilities, meant that the government could not 
start the nuclear program on its own and essential decisions had to be taken by the 
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utilities. This proved difficult in the area of reprocessing. Initial cost estimates for re-
processing were based on offers of the military reprocessing agencies such as the U.K. 
Atomic Energy Authority and led to overly optimistic views on reprocessing econom-
ics. The prices quoted for reprocessing each unit of spent fuel grew rapidly, from about 
15 dollars per kgHM ($74 in 2014$) in 1969 to nearly 700 $/kgHM in 1980 ($1700 in 
2014$).184 (See Figure 1.3 in Chapter 1.)

First steps towards a radioactive waste disposal facility

In the early years of the nuclear program, the government did little to deal with nuclear 
waste problems, and did not take any steps towards creating a disposal facility.185 This 
was a major mistake that later allowed nuclear power critics to accuse the industry and 
government of having launched an airplane without creating a landing strip. In 1963, 
the government procured a worked-out former salt mine, Asse II, for testing and dem-
onstration of disposal of low-active wastes. From the beginning of the project, however, 
the responsible government officials knew that, due to the very extensive excavations 
associated with the salt mine, water was leaking into some chambers, which could one 
day lead to an unstable situation. In 1976, the State of Lower Saxony, where the facility 
was located, decided to stop all waste disposal at this site by 1979.186

1974 – 1989, The big reprocessing projects, Gorleben and Wackersdorf 

In 1974, the Federal Government started promoting the idea of placing all future fuel 
cycle facilities on top of a “virgin” salt dome suitable for later disposal activities. Al-
though the site had not yet been selected when this idea was advanced, Lower Saxony 
declared its willingness to make such a site available. To cover the needs of Germany’s 
future nuclear capacity, which was projected to be 45 GWe by 1990, the government 
pressed the utilities to get directly involved in reprocessing on the large scale of 1500 
tons of heavy metal per year (tHM/yr). The proposal was that the utilities would start 
by taking over the operation of the small 35 tHM/a WAK Facility in Karlsruhe and 
then prepare a non-site-specific Preliminary Safety Report for a “nuclear park” where 
all their fuel cycle activities would be concentrated. 

In 1976, the government threatened that no nuclear power plants under construc-
tion (some were almost finished) would receive an operating license in the absence 
of concrete plans for a reprocessing plant. This forced the utilities to overcome their 
hesitation about building a domestic reprocessing plant. They established a Projektge-
sellschaft für die Wiederaufarbeitung von Kernbrennstoffen (PWK) [Project Company 
for the reprocessing of nuclear fuel] in Essen. All of Germany’s fuel cycle facilities, 
including enrichment, reprocessing, mixed-oxide (MOX) uranium-plutonium fuel fab-
rication and disposal, were to be co-located. A 3000 tHM (metric tons heavy metal, i.e., 
uranium plus plutonium) spent-fuel pool was to be the intake facility for the repro-
cessing plant with an initial design capacity of 1500 tHM/a.187 In parallel, the utilities 
undertook to construct at Ahaus an away-from-reactor storage facility with a capacity 
of 1500 tHM. 
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On 22 February 1977, after extensive consideration of several alternative sites with 
salt domes, Lower Saxony offered Gorleben, a town close to the border of the GDR, 
as a potential site for the proposed nuclear park. PWK was renamed DWK (Deutsche 
Gesellschaft für Wiederaufarbeitung von Kernbrennstoffen) [German Company for 
Reprocessing Nuclear Fuel] with the necessary financing guarantees from the utilities 
and moved to Hannover, the capital of Lower Saxony. The Preliminary Safety Report 
was made site-specific and submitted to the local authority. Heavy opposition to the 
site quickly developed, however, from the Greens, farmers and many local people.188 

In the meantime, the government tightened the Atomic Law to require proof from 
the utilities that they had concrete plans for managing their spent fuel six years in ad-
vance. At that time, reprocessing was considered the only acceptable form of manage-
ment. In 1978, therefore, DWK entered into interim reprocessing contracts on behalf 
of the utilities with COGEMA, the French fuel services company, and British Nuclear 
Fuels Limited (BNFL). Due to the government’s requirement that they reprocess, they 
had almost no negotiating power over the price.

In 1979, the State of Lower Saxony held an international hearing on the Gorleben 
project. Among the concerns voiced by the international experts was the possibility 
of a release of liquid high level waste into the atmosphere if cooling of the tanks was 
lost. Prime Minister, Ernst Albrecht, a Christian Democrat, declared the reprocessing 
project “technically feasible but politically unenforceable.”189 Exploration of the salt 
dome for a radioactive waste repository was declared acceptable, however. This allowed 
the federal government to continue to argue that it was indeed working to solve the 
disposal issue.

The door also was left open for an interim storage facility for solidified high level repro-
cessing waste and spent fuel at Gorleben, but only under the condition that it would be 
passively cooled. This requirement had just become technically feasible because a dry 
storage cask (CASTOR) had recently been developed by the engineering company GNS 
under a contract with PWK/DWK. The design requirements for the cask were dry stor-
age in helium for spent fuel with a burnup of 35 gigawatt-days per ton of heavy metal 
(GWd/tHM) for a period of up to 20 years after only one to two years of cooling in a 
spent-fuel storage pool. This resulted in small casks that could contain 4 pressurized 
water reactor (PWR) or 16 boiling water reactor (BWR) fuel assemblies that had been 
cooled for a year or 9 PWR fuel assemblies if they had been cooled for 2 years.

As a result of these developments, by 1979, DWK had switched its two central spent-
fuel storage project sites, Gorleben and Ahaus, from wet to dry storage. These dry stor-
age facilities had a design capacity of 1500 tHM each.

In 1983, Franz Josef Strauss became the Prime Minister of Bavaria. He had been Fed-
eral Minister of Atomic Affairs from 1955 to 1956 and Minister of Defense from 1956 
to 1962, during which time he had signed a short-lived agreement for joint nuclear-
weapons development with France and Italy.190 He was a promoter of nuclear energy 
and, soon after taking office, announced that he was willing to accept a reprocessing 
facility in his state. A site near the town of Wackersdorf was selected. 
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DWK’s aspirations with regard to the plant’s capacity had become more moderate. Its 
1983 Safety Analysis Report assumed a nominal throughput of 350 tHM/yr and a maxi-
mum throughput of 500 tHM/yr.191 An important cause for this recalibration was the 
accident at the U.S. Three Mile Island nuclear power plant in 1979. After that accident, 
only three more power reactors were ordered in Germany. 

The decision to build the Wackersdorf facility caused protests at levels that surpassed 
imagination, causing long and costly delays. Design changes added further delays and 
cost overruns, so that the initial cost estimate of 4 billion German Marks (DM, $2.5 
billion in 2014$) for the reprocessing plant had increased to 10.5 billion DM by 1989. It 
also was clear that the trend to higher fuel burnups that started in the early 80s would 
soon again make necessary license revisions, which would result in further delays.

The other relevant development around this time was the delay in the construction 
of Germany’s demonstration breeder reactor, the SNR-300 near the Dutch border. The 
reactor’s construction had started in 1973 and, by the mid-1980s it was approaching 
completion. However, because of the Chernobyl accident and the possibility of a Bethe-
Tait excursion, a safety concern specific to fast-neutron reactors,192 the state govern-
ment refused to license fuel loading and operation. The abandonment of the $6 billion 
(2014$) project resulted in the disappearance of a potentially major user for the plu-
tonium that was to be separated at Wackersdorf.193 The site of the SNR-300 reactor has 
been converted into an amusement park (Figure 4.1).194

Figure 4.1. Amusement park at Germany’s abandoned SNR-300 breeder reactor. Shown here are  
rides inside its cooling tower. Source: Kalle Koponen.
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From domestic to foreign reprocessing

Then something unanticipated happened. In 1988, Hermann Krämer, Chairman of 
the supervisory board of DWK and also CEO of the important utility, Preussen Elektra, 
had begun secret negotiations with France’s reprocessing services company, COGEMA. 
Krämer’s ambition was to be the exclusive agent in Germany for reprocessing con-
tracts with France’s COGEMA UP3 reprocessing plant beyond the existing 7000 tons of 
“base-load” contracts that had paid for the construction of the plant. In March 1989, 
Bennigsen-Foerder, the CEO of VEBA, the owner of Preussen Elektra, met secretly with 
Chancellor Helmut Kohl and his chief of staff to inform them of these negotiations and 
that Preussen Elektra intended to end its support for reprocessing in Germany. Both 
the Chancellor and his chief of staff forgot this presentation because they were deeply 
engaged in issues related to the upcoming reunification of the two Germanys. 

When reports of these meetings leaked out several weeks later, however, it became 
a great scandal. Various German utilities threatened to go to court against Preussen 
Elektra. Some of them called in British Nuclear Fuel Limited (BNFL), which made even 
lower offers for reprocessing services to the other utilities. Eventually, COGEMA had to 
meet BNFL’s price. 

The net result of all these parallel developments: the signing of contracts with CO-
GEMA, the cancellation of the fast breeder reactor, and the cost overruns in the con-
struction at Wackersdorf was that construction of the German reprocessing plant was 
halted in 1989. The associated MOX fuel fabrication project at Hanau near Frankfurt 
was abandoned a few years later. The utilities decided to shut down DWK immediately 
and transferred to GNS its remaining activities: the spent-fuel storage facilities at Gor-
leben and Ahaus, return of vitrified high-level waste from the reprocessing of German 
spent fuel in France and the United Kingdom and the licensing and construction of a 
Pilot Conditioning Facility (PKA) at the Gorleben final disposal site for extracting rods 
from spent fuel assemblies: and the development of the POLLUX final disposal cask to 
hold the rods in the repository. GNS also took over DWK’s 25 percent share in DBE, the 
German Company for Construction and Operation of Final Disposal Facilities.

Figure 4.2. Dry-cask spent fuel storage at Neckarwestheim nuclear plant. On the left is the cross-section of 
one of the two parallel tunnels. On the right is the inside of one of the tunnels with the first dry casks. Each of 
the tunnels has a capacity for 151 Castor V casks, each of which can hold 19 PWR fuel assemblies, about 10 
tons of spent fuel. Source: Wolfgang Heni, former managing director, GKN.
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This was not yet the complete end of reprocessing in Germany, however, as the fed-
eral government continued to require that the nuclear utilities arrange their spent fuel 
management six years in advance, which most utilities interpreted as requiring them 
to continue to enter into contracts for reprocessing abroad. Wolfgang Heni, manager 
of the utility GKN, dealt with this requirement by giving GNS a development contract 
for big CASTOR V storage casks with a capacity of ten tons of spent fuel each for Gor-
leben.195 As a result of this capacity increase the theoretical capacity associated with 
the 420 cask storage positions in the Gorleben facility capacity went up to more than 
4000 tons, although a certain number of positions were reserved for casks containing 
vitrified high-level reprocessing waste.

The other utilities went along with the government’s requirement by signing addi-
tional reprocessing contracts with France and the United Kingdom. This did not last 
long, however. With the SNR 300, the MOX facility at Hanau,WAK, and Wackersdorf 
all abandoned, the closed fuel cycle in Germany had been exposed as an “Emperor 
without Clothes.” In 1994, the Atomic Law was changed to allow direct disposal as an 
alternative to reprocessing of spent fuel. 

Decommissioning WAK

Decommissioning WAK has been a costly affair. When the shut-down decision was 
made in 1990, WAK had no decommissioning plan nor did it have a facility in which 
to solidify its High Level Liquid Waste (HLLW). The initial idea was to ship the HLLW 
to the Pamela vitrification (glassification) facility in Belgium. Public protests blocked 
shipment of the liquid waste and it was decided to build an on-site vitrification facility 
(VEK) for the approximately 80 cubic meters of HLLW.

Designing, building, licensing and testing the vitrification facility took quite some 
time. WAK’s host state, Baden-Württemberg, which had not joined the Federal Govern-
ment and the utilities in funding the project, was criticized for not running its licens-
ing process efficiently.

By 2010, however, the HLLW was vitrified and several months later shipped to the fed-
eral radioactive waste storage facility at Greifswald next to the shutdown East German 
nuclear power plant on the Baltic Sea. By 2006 the cost of decommissioning WAK was 
estimated at €2.5 billion, about 83 times its initial construction cost estimate of €  30 
million (not corrected for inflation).196 

The cleanup project was still not complete, however, because, cleaning all the pipes and 
tanks of the vitrification facility produced an additional 1016 Bq (270,000 Curies) of ra-
dioactive waste that required treatment for disposal. Completion of decommissioning 
operations at WAK and VEK is scheduled for 2020 but 2023 would be more realistic. 
Finally, if there is still no radioactive waste repository in operation by that time, an 
intermediate storage facility will have to be constructed for the associated waste.
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Nuclear phase-out

In 1998, the government changed again, from Christian Democrats/Liberals to Social 
Democrats/Greens, and the new coalition partners started to prepare the ground for a 
phase-out of nuclear power. As part of this process an agreement was reached between 
the utilities and the government to end transport of spent fuel to the French and Brit-
ish reprocessing plants in 2005 and to limit the lifetimes of Germany’s nuclear power 
plants to the Gigawatt-hour equivalent of 32 years of normal operation. This timeframe 
appeared to allow for the use in MOX fuel of all of Germany’s separated plutonium 
within the remaining lifetime of the reactor fleet.

It was further agreed that all reactors would apply for on-site dry-cask spent-fuel storage 
facilities with capacities sufficient for their residual life-time unloadings. As the GKN 
reactors are built in a former quarry with very little extra space, the operator built tun-
nels under the head office to hold the casks (Figure 4.2).

In 2010 the utilities obtained some adjustments of these phase-out conditions allowing 
them to shift their limited electricity production allowances between their different 
nuclear power plants.

The Fukushima accident changed the situation once again, however. Eight reactors 
were shut down immediately in 2011 while the remaining nine are to be shut down 
between 2016 and 2022. This decision was made by Chancellor Merkel and was based 
on the recommendation of an ethics commission. 

Germany’s utilities were able to accelerate fabrication of their separated plutonium into 
MOX fuel in France by using capacity that Japan’s utilities could not use while their 
reactors were shut down. It therefore is expected that, despite the reduced number of 
reactors available, all of Germany’s separated plutonium from reprocessing will have 
been irradiated by the time the nuclear phaseout is completed. 

In 2013, the government again delayed making any decisions on siting a geological 
repository for high-level waste and spent fuel. Also, it established a very high tax on 
nuclear fuel. As a result, unless they are able to obtain government compensation 
through court action for their losses due to the accelerated shutdown schedule, the 
nuclear utilities will not be able to put enough money aside for nuclear power plant 
decommissioning or high-level waste disposal during the remaining lifetimes of their 
nuclear power plants.
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5. India
India has been reprocessing irradiated uranium and separating plutonium since 1964. 
The Department of Atomic Energy (DAE), which is in charge of India’s nuclear pro-
gram, offers the following rationales:

•	 Plutonium is required for the initial cores of the fast breeder reactors that, for 60 years, 
have been at the center of the DAE’s ambitious plans for a vast nuclear power program. 

•	 Plutonium also can be used to construct nuclear weapons and the DAE deliberately 
kept open the weapon option, even in the early decades when India’s nuclear pro-
gram was ostensibly peaceful.197 

•	 Reprocessing is a way to deal with nuclear waste.198

History

India started on the path to reprocessing during the 1950s. In 1954, the DAE put out 
the first of its many ambitious projections for the growth of nuclear power in the coun-
try, based on a three-stage plan that was aimed at utilizing the country’s limited re-
serves of relatively high-grade uranium ore to pave the way for exploiting India’s much 
larger resources of thorium. 

1. Heavy water reactors fueled by natural uranium would produce chain-reacting pluto-
nium, which then would be separated out of the spent fuel. 

2. The resulting plutonium stockpile would be used to provide the startup fuel for fast 
breeder reactors. The cores of these reactors could be surrounded by a blanket of ura-
nium to produce more plutonium while building up the fleet of breeder reactors and 
by blankets of thorium later, to produce chain-reacting uranium-233. 

3. Breeder reactors using uranium-233 in their cores and thorium in their blankets 
would be phased in. 

Reprocessing of spent fuel and blanket assemblies to recover the plutonium and ura-
nium-233 for fabrication into new fuel clearly was central to this scheme. 

The DAE’s quest for technical information about reprocessing was aided by the fact the 
United States made public extensive details as part of its Atoms for Peace program and 
at the 1955 Geneva Conference.199 At the Geneva Conference, the first four nuclear-
weapon states, the United States, Soviet Union, United Kingdom and France, showed 
off their expertise in various nuclear technologies and vied with one another to supply 
these technologies to other countries.200 Later on, DAE leaders, such as the physicist 
Homi Bhabha, discussed the design of India’s first reprocessing plant in Trombay with 
U.S. scientists and engineers, and technical personnel working on the plant were sent 
to the United States for training.201 The American company Vitro International was 
involved in its design and construction.202
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Reprocessing heavy water reactor fuel

India has built reprocessing plants at three locations: Trombay, Tarapur, and Kalpak-
kam (See Figure 5.1). 

The first, in Trombay, has been used to reprocess the irradiated fuel from the CIRUS and 
Dhruva research reactors. Because of the relatively short irradiation time of this fuel, 
the ratio of the higher isotopes, plutonium-240, plutonium-241, and plutonium-242 in 
the plutonium to plutonium-239 is low. Such relatively pure plutonium-239 is preferred 
by weapons designers and described as “weapon-grade”. It is generally assumed that 
India has used this plutonium primarily for manufacturing nuclear weapons. Early on 
in India’s nuclear program, some was used to fuel research reactors as well. 

The PREFRE and Kalpakkam reprocessing plants are currently used to reprocess spent 
fuel from power plants of the Pressurized Heavy Water Reactor (PHWR) type. The plu-
tonium produced at PREFRE and Kalpakkam is almost all reactor-grade, i.e., not weap-
on-grade, although weapon-useable. The plutonium in the spent fuel first discharged 
when any PHWR starts operating, however, would likely be weapon-grade.203

Trombay

The Trombay reprocessing plant, located in the Bhabba Atomic Research Center near 
Mumbai, started operating in 1964 and the first samples of plutonium oxide and plu-
tonium metal produced there became available later that year or early the following 

Figure 5.1
To be redrawn. Coordinates of three locations of reprocessing 
plants: Trombay (19.0000° N, 72.9000° E) Tarapur (19.8500° N, 
72.7000° E) and Kalpakkam (12.5576° N, 80.1754° E). At Tarapur, 
include two plants: PREFRE (100 tHM/YR) and PREFRE-2 (100 
tHM/YR). Kalpakkam should be marked with (100 tHM/YR) and 
Trombay with (50 tHM/YR). ]

Trombay
50 tHM/yr

Tarapur PREFRE 
100 tHM/yr

Tarapur PREFRE-2 
100 tHM/yr

Kalpakkam
100 tHM/yr

Figure 5.1. Locations of India’s reprocessing plants. The Trombay reprocessing plant is used for producing 
plutonium for the military stockpile. 
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year.204 The Trombay plant was designed initially to reprocess spent fuel containing 30 
tons of heavy metal per year (30 t/y) but this was increased to 50 t/y later on. Report-
edly, the plant had major operational problems in the initial years,205 but it produced 
enough plutonium to fuel a small pulsed fast reactor called PURNIMA that was com-
missioned in 1972 and used in neutronics studies of the design of India’s first nuclear 
explosive, which was tested in 1974.206 By that time, however, Trombay’s plant equip-
ment and piping had been seriously corroded, and the plant had to be shut down for 
about a decade for decontamination and partial decommissioning before it could be 
rebuilt.207

All of the plutonium used in India’s 1974 nuclear weapon test,208 and in its 1998, nucle-
ar weapons tests probably was produced at Trombay.209 At least 50 kilograms of weap-
on-grade plutonium from Trombay, however, was used for the initial core of the Fast 
Breeder Test Reactor (FBTR).210

The Trombay reprocessing plant uses the PUREX process.211 The fuel of the CIRUS 
and Dhruva reactors was uranium metal sheathed in aluminum.212 Because metal fuel 
swells and gets distorted under neutron irradiation, the fuel has to be replaced when 
the fractional burnup of its uranium-235 is relatively low.213 This means that the con-
centrations of fission products, i.e., the level of radioactivity in the spent fuel rods, 
would have been low and, as already noted, the plutonium would be weapon-grade.

Tarapur

India’s second reprocessing plant, the Power Reactor Fuel Reprocessing (PREFRE) facil-
ity, was located in Tarapur, north of Mumbai. Construction started in the early 1970s 
and the plant was commissioned in 1977.214 The first batch of spent fuel rods was re-
processed in April 1978.215 PREFRE has a capacity of 100 metric tons of heavy metal per 
year (t/y).

For the first few years, PREFRE reprocessed only spent fuel rods from CIRUS.216 In 1982, 
the plant began to reprocess PHWR spent fuel from the Rajasthan Atomic Power Station 
(RAPS) whose fuel is subject to IAEA safeguards.217 Therefore, while reprocessing Rajas-
than spent fuel, PREFRE also came under IAEA safeguards.218 These campaigns report-
edly “provided valuable experience in material accounting practices”.219 After PREFRE 
“completed the third campaign... [of reprocessing] spent fuel bundles” from RAPS in 
1986, however, it was shut down for “an extended maintenance outage”.220 Since then 
it appears to have reprocessed only spent fuel from unsafeguarded PHWRs.221 The DAE 
evidently did not want IAEA safeguards to follow the separated plutonium into its 
breeder program.

Since 1986, the spent fuel of the safeguarded RAPS and TAPS (Tarapur Atomic Power 
Station) reactors has not been reprocessed.222 Instead, separate “away-from-reactor” fa-
cilities for extra spent-fuel storage were constructed within both the RAPS and TAPS 
sites.223 RAPS fuel is stored in both pool and dry storage. The BWR spent fuel from 
TAPS is sent only to a pool storage facility.224 The storage facilities are under IAEA safe-
guards.225 
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The PREFRE plant appears to have performed quite poorly in its first two decades. In the 
1990s, it was reportedly running “substantially” below its design capacity, with an aver-
age throughput of 25 percent.226 Similar reports of poor performance have continued.227

Operations at a new reprocessing plant (Power Reactor Fuel Reprocessing Plant-2 or 
PREFRE-2) were inaugurated at Tarapur in January 2011 by then Prime Minister Man-
mohan Singh.228 The new plant has a capacity of 100 tons of spent fuel per year and is 
said to be operating succesfully.229 The older PREFRE-1 is reportedly used to “carry out 
aged Pu purification work,”230 which presumably means that it is being used to separate 
out americium-241, which builds up in plutonium due to the decay of 14-year-halflife 
plutonium-241.231

Kalpakkam

A third reprocessing plant, the Kalpakkam Atomic Reprocessing Plant (KARP), was built 
in southern India. Like PREFRE and PREFRE-2, it has a capacity of 100 tons/year.232 
Plans for the plant were first announced in the Indian parliament in 1978,233 and gov-
ernment expenditures for building it started in 1983.234 Operation of the plant was 
originally planned for 1991,235 but, due to quality-control problems in piping and other 
equipment, it was delayed.236 The plant was finally commissioned in 1998 after 16 years 
of construction.237 In 2010, KARP was reported as having been “recommissioned with 
improved features,”238 but its outage period was not revealed.239 The reprocessing capac-
ity at Kalpakkam is in the process of being doubled,240 although there is no informa-
tion on when this project will be completed. Kalpakkam also has a smaller facility for 
reprocessing spent fuel from the fast breeder test reactor (FBTR).

In October 2014, the Director of the Bhabha Atomic Research Centre (BARC) an-
nounced that BARC had “been able to produce all the pins necessary for criticality of 
PFBR (Prototype Fast Breeder Reactor)”.241 The PFBR has been long delayed and it has 
been suggested unofficially that this delay was due to a lack of plutonium. The BARC 
Director’s announcement offers some official corroboration. If this is true and the nec-
essary amount of plutonium needed to produce the first core of plutonium was only 
available around 2013 or 2014, then both the Tarapur and Kalpakkam reprocessing 
plants must have operated quite poorly, with a combined average capacity factor of 
around 15 percent. 
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Future plans

As with other aspects of India’s nuclear-power program, the DAE’s plans for expand-
ing its reprocessing capacity have been significantly delayed. In 1987, P.K.Iyengar, who 
headed the DAE in the early 1990s, wrote, that “a plant with 400 t capacity is planned 
to become operational by mid 1990s to receive spent fuel from Narora and Kakrapar 
reactors. It is envisaged that another 400 t capacity plant would have to be suitably 
located for reactors beyond Kakrapar to bring the total reprocessing capacity to 1000 t 
by 2000”.242 In 2003, the DAE was projecting a total reprocessing capacity of 550 t by 
the year 2010 and 850 t by 2014.243 As of May 2015, not including the Trombay military 
reprocessing facility, India’s reprocessing capacity was 200 tons per year.

Apparently, the DAE finally is constructing a larger reprocessing plant. But there is little 
clarity on the capacity of this plant, with figures varying between 400 tons and 600 
tons per year.244 Current plans are to set up three “Integrated Nuclear Recycle Plants” 
that would carry out both reprocessing of spent fuel and management of the associated 
waste (presumably in the case of high-level waste by vitrification).245 According to a 
2011 answer to a question in India’s parliament, the first such plant will be constructed 
at Tarapur.246 

Since the 2006 US-India nuclear deal and the 2008 special waiver for India of the Nu-
clear Suppliers Group’s (NSG’s) ban on providing nuclear technologies and materials to 
countries that are not members of the Nonproliferation Treaty, the DAE has sought to 
import reprocessing plants as well as nuclear power plants and uranium. It is not clear 
that any country in the NSG is willing to export a reprocessing plant to India, however, 
and, as of May 2015, no agreements had been reported. 

As part of the nuclear deal with the United States, however, the Indian government 
agreed that, if it were to reprocess foreign nuclear material, it would establish one or 
more new national reprocessing facilities that, unlike its other reprocessing plants, 
would be under IAEA safeguards. In 2010, the United States granted India prior con-
sent to reprocess spent fuel from any U.S. origin nuclear reactor.247 Currently, India 
only has two such reactors, the twin 150 MWe boiling water reactors at Tarapur, 
which were completed in 1969 before India’s 1974 test. U.S. nuclear vendors are eager 
to sell India new power reactors but do not want to accept any liability for the con-
sequences of any accidents that might occur at the reactors.248 As a result, as of May 
2015, India had not signed any reactor orders with the United States. Nor were there 
any serious plans to construct reprocessing plants to deal with safeguarded spent fuel 
from either indigenous heavy water reactors using imported uranium or imported 
light water reactors. 

Vitrification and waste management

In addition to plutonium and uranium, reprocessing also produces three types of 
waste, classified on the basis of the concentration of their contained radioactivity as 
high-, intermediate- and low-level wastes (HLW, ILW, LLW).249 The largest waste stream 
by volume (more than 80 percent of the total) is LLW, but it contains only about 0.1 per 
cent of the total activity from the spent fuel. ILW accounts for over 10 per cent of the 
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volume and contains about 1 per cent of the radioactivity, and HLW constitutes about 
2 per cent of the volume but contains nearly 99 per cent of the total radioactivity.250

HLW is concentrated by evaporation and through the removal of nitric acid from the 
solution.251 According to the DAE, as a result of these procedures “the high level waste 
volume could be restricted to 600 liters/ton” of spent fuel reprocessed.252 After concen-
tration, the HLW is stored in stainless steel tanks. These storage tanks require cooling 
and continuous surveillance.253 The hazards associated with such storage are discussed 
in Chapter 12.

High-level liquid waste is converted into a disposal form by “vitrification,” that is by 
mixing into molten glass at high temperatures, which is poured into canisters and 
cooled. The DAE, like France, Japan and the United Kingdom, uses borosilicate glass for 
vitrification. It consists mainly of silica and boron oxide along with small percentages 
of other oxides.254

The DAE is vitrifying HLW at waste immobilization plants at all its reprocessing 
plants: Trombay, Tarapur, and Kalpakkam. At Tarapur, the first vitrification plant has 
been decommissioned and a new one went into operation in August 2012.255 The 
glass blocks containing vitrified HLW are kept in the interim Solid Storage Surveil-
lance Facility (S3F) at Tarapur. They are eventually to be disposed of in a geological 
repository.256 

Reprocessing fast reactor spent fuel

India also is in the process of constructing plants to reprocess spent fuel from fast 
reactors. The first is the CORAL pilot plant commissioned in 2003. It has a capacity 
of only 12 kilograms per year (kg/y).257 The next one, currently under construction, is 
the Demonstration Plant (DFRP), which is designed to initially process 100 kg/y of Fast 
Breeder Test Reactor (FBTR) fuel, and eventually 500 kg/y of Prototype Fast Breeder re-
actor (PFBR) fuel.258 Finally, there is the prototype Fast reactor fuel Reprocessing Plant 
(FRP) that is being designed to process annually about 14 tons of spent fuel from the 
core and radial blanket of the PFBR.259 The FRP will be part of a larger Fast Reactor Fuel 
Cycle Facility (FRFCF) that is to be constructed in Kalpakkam.260

Plutonium stockpile estimate

Between 1987 and 2014, India’s three reprocessing plants separated somewhere be-
tween 2.5 and 4.9 tons of reactor-grade plutonium, of which about 0.4 tons are under 
IAEA safeguards.261 This estimate assumes that 3.75 kg of plutonium is separated for 
every ton of PHWR spent fuel reprocessed. There probably has not been sufficient op-
erating capacity to reprocess all the accumulated spent fuel. Of the spent fuel that has 
not been reprocessed so far, there are about 110 tons from the Tarapur LWRs and 4100 
to 5200 tons of spent fuel from various PHWRs. Of the latter, about 2500 to 3600 tons 
is not safeguarded and is eventually to be reprocessed; this will yield an additional 11 
to 13.5 tons of separated plutonium.
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Plutonium use

There are two chief uses to which India’s separated reactor-grade plutonium has been 
put. The first has been to fuel the Fast Breeder Test Reactor (FBTR) after its first core 
of weapon-grade plutonium. The second has been for the first core of the Prototype 
Fast Breeder Reactor (PFBR), which is expected to be commissioned late in 2015. The 
FBTR was initially designed to produce 40 MWt of heat, but it never achieved this 
power. The cumulative total plutonium use in FBTR fuel is about 130 kg.262 The 500 
MWe PFBR design requires 1.9 tons of plutonium in its initial core.263 As mentioned 
above, this much separated reactor-grade plutonium is likely to have become avail-
able only in 2013 or 2014. Once the reactor begins operating, the first two or three 
fuel reloads also will require plutonium from the reactor-grade stockpile before it be-
comes possible to use plutonium extracted from the PFBR’s own spent fuel arisings. 

A third relatively small requirement for reactor-grade plutonium is for tests of MOX-
containing assemblies in the boiling water reactors at Tarapur and various heavy water 
reactors in the country.264 There is no public information about how many such fuel 
assemblies have been loaded or how much plutonium each assembly contained;265 so a 
quantitative estimate of the associated plutonium use is not possible. Since this is only 
an experimental program, however, the amounts should be relatively small. 

After accounting for all these withdrawals, India’s remaining stockpile of separated reac-
tor-grade plutonium as of the end of 2014 would be between 0.1 and 2.8 tons (Figure 5.2). 
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Figure 5.2.  India’s stockpile of separated reactor-grade plutonium, 1988 – 2014. The lower estimate cor-
responds to the PREFRE, PREFRE-II and KARP reprocessing facilities operating at the minimal capacity 
needed to produce all the plutonium used for FBTR refuelings since 1988 and the initial core for the PFBR by 
2013. The higher estimate corresponds to PREFRE, PREFRE-II and KARP all operating at average capacity 
factors of 40 percent during the years they were not shut down for refurbishing. 
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Scenarios for the future of India’s plutonium stockpile

India has four 700 MWe (gross capacity) heavy water reactors under construction since 
2010 and 2011 that are not under safeguards.266 Their combined capacity is more than 
that of the six currently operating 220 MWe (gross capacity) and two 540 MWe unsafe-
guarded heavy water reactors that are currently operating.267 The government plans 
to construct many more such PHWRs.268 In our scenarios below, we assume that four 
more PHWRs, with a combined capacity of 2800 MWe, will start construction and be 
operating by 2025 for a total unsafeguarded capacity of about 8,000 MWe.

We assume that all of these PHWRs will be unsafeguarded. There is a long history of the 
DAE being opposed to putting indigenously designed or constructed reactors  —  heavy 
water or fast breeder reactors  —  under safeguards.269 It also is likely that the DAE would 
oppose safeguards at any indigenously designed or constructed reprocessing plant, es-
pecially one that reprocesses spent fuel from unsafeguarded PHWRs. There are only 
two circumstances under which India might accept safeguards on a reprocessing plant:

1. India imports a reprocessing plant or is allowed to reprocess spent fuel from an im-
ported light water reactor (LWR).270 

2. A Fissile Material (Cutoff) Treaty is negotiated and enters into force. 
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Figure 5.3. Scenario for India’s plutonium stock with six FBRs, 2015 – 2025. The lower estimate in the 
figure on the left corresponds to a PHWR average capacity factor of 65 percent and a reprocessing plant 
efficiency of 20 percent; the upper estimate corresponds to a PHWR average capacity factor of 85 percent and 
a reprocessing plant efficiency of 60 percent. The decline in the plutonium stock in 2015 – 2018 is due to 
withdrawals for fuelling the PFBR for the first three years of operations before it becomes self-sustaining; the 
further declines in 2019 and 2021 are due to the requirements for first cores of the six follow-on breeder 
reactors. From 2016 onwards, the lower estimate of the plutonium stockpile is negative and from 2022 on-
wards, even the upper estimate is negative. 
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Neither of these possibilities is likely to obtain within the next decade. Accordingly, the 
scenarios considered below do not consider the possibility that India will reprocess the 
spent fuel from any reactor, heavy water or light water, that is under safeguards.

As described above, the DAE proposes to expand India’s reprocessing capacity to 900 
tons/year by 2018. Even this capacity will be insufficient, however, to deal with all 
the spent fuel produced by all of India’s operating and proposed unsafeguarded heavy 
water reactors. Based on announced plans for the construction of heavy water reactors, 
reprocessing plants, and fast breeder reactors, we have drawn up two scenarios. Both 
include lower and upper estimates of the plutonium stockpile, corresponding respec-
tively to PHWR average capacity factors of 65 and 85 percent and average reprocessing 
plant capacity factors of 20 percent (the same as the lower estimate in the calculations 
of the plutonium stockpile above) and 60 percent (higher than the 40 percent assumed 
earlier).

The first scenario is based on DAE projections of six 500 MWe breeder reactors (three 
twin units) by 2023 in addition to the PFBR.271 Under this scenario, even for the upper 
estimate of the plutonium stockpile, by 2022, there would be insufficient separated plu-
tonium available for fabricating the initial cores and reloads of all the breeder reactors 
(See Figure 5.3, lower curve).272 In other words, there will not be enough plutonium to 
fuel six fast breeder reactors. 

The second scenario involves the construction of four more 500 MWe fast breeder 
reactors after the PFBR, two fewer than the six-FBR scenario described above.273 Two 
are assumed to come online in 2023, and the plutonium for their initial cores is as-
sumed to be withdrawn in 2021. The second pair is assumed to come online in 2025, 
and plutonium for their initial cores is withdrawn in 2023. Under this scenario, for the 
upper estimate of the plutonium stock, there would be sufficient separated plutonium 
available for fabricating the initial cores and first reloads of the fast breeder reactors, 
but not in the case of the lower estimate of the stock. In other words, the construction 
of four FBRs is possible if the reprocessing plants and heavy water reactors perform 
reasonably well.

As argued elsewhere, this problem of inadequate plutonium stocks makes impossible 
the DAE’s projection of a large-scale and rapid expansion of India’s fast breeder reactor 
capacity.274 This would be a problem even if one did not allow for the DAE’s history of 
long delays and operational problems (including those having to do with the use of so-
dium coolant) that have plagued India’s breeder program.275 Failure to meet projections 
and technological problems of various kinds have afflicted other countries’ “demon-
stration” fast breeder reactor programs as well.276

Given this reality, one might expect India’s policy makers to re-examine their com-
mitment to reprocess all of India’s unsafeguarded spent fuel. But for various institu-
tional and other reasons, this is unlikely. First, any official decisionmaking bodies 
that set policies impinging on nuclear matters seem always to include current or 
former senior members of the nuclear establishment. For example, DAE officials serve 
on the energy-related committees of the national Planning Commission, the Central 



Plutonium separation in nuclear power programs 61

Electric Authority and the Confederation of Indian Industry. In the case of India’s 
most recent proposed energy plan, the 2006 report by the Expert Committee on Inte-
grated Energy Policy of the Planning Commission, the drafting committee included 
Anil Kakodkar, then the head of the DAE. Not surprisingly, the report concluded, 
inter alia, that:277 

“Nuclear energy theoretically offers India the most potent means 
to long-term energy security… Continuing support to the three-
stage development of India’s nuclear potential is essential.”

Likewise, just about every head of the DAE and the government has extolled the im-
portance of the three-stage program and the eventual use of thorium to breed ura-
nium-233 for India’s nuclear power plants.278 This unchallenged vision is the ossified 
legacy of Homi Bhabha, the founder of India’s nuclear program. Even in the wake of 
the NSG decision allowing exports of light water power reactors and their fuel to India, 
such transfers are discussed within India’s nuclear establishment in terms of how they 
could help or hurt the three-stage program.

As worldwide experience over the past few decades has shown, however, breeder reac-
tors are expensive and unreliable. For the foreseeable future, India’s breeder-reactor 
capacity will remain a small  —  perhaps even miniscule  —  part of India’s overall elec-
tricity generation capacity. 

It also appears, however, that, for the foreseeable future, India’s government will not 
be willing to confront its nuclear establishment with the increasing irrelevance of the 
three-stage program and will continue to provide the DAE with the funding it needs to 
slowly expand its reprocessing capacity.
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6. Japan
In 2005, Japan’s Atomic Energy Commission (JAEC) justified maintaining its commit-
ment to spent fuel reprocessing with the argument that, in the absence of a destination 
to which spent fuel could be shipped, Japan’s reactors would have to shut down when 
their spent fuel pools were full.279 Expanding on-site storage by adding dry casks, as 
has been done in the United States and many other countries, was deemed politically 
impossible. Constructing off-site storage also was deemed politically impossible. The 
JAEC concluded that the Rokkasho Reprocessing Plant was the only politically feasible 
off-site destination. 

The French and UK reprocessing plants had provided off-site destinations for Japan’s 
spent fuel through the 1990s but France and the United Kingdom required that Japan 
take back the reprocessing waste.280 This meant that the problem of finding an off-site 
storage site for the spent fuel  —  now in the form of separated plutonium, uranium, 
and glassified radioactive waste  —  had been solved only temporarily. The Rokkasho Re-
processing Plant site, which hosts as a package a reprocessing plant, a high level waste 
storage facility, a low level waste storage facility, an uranium enrichment plant, and a 
MOX (mixed plutonium uranium oxide) fuel production plant (under construction) 
has offered a temporary solution to that problem by providing interim storage for the 
reprocessing waste being returned from Europe. 

Separated plutonium is a directly nuclear-weapon-useable material, however, and, as 
a result of its reprocessing programs, Japan had accumulated enough in country (10.8 
tons) as of the end of 2013, including that in fresh MOX fuel, to make more than a 
thousand nuclear warheads. In this sense, Japan is a “latent” nuclear weapon state. Cur-
rently, it is the only non-nuclear-weapon state that reprocesses domestically. If South 
Korea, or any other country for that matter, succeeds in leveraging Japan’s example into 
justifying becoming the second non-weapon state that reprocesses, it could destabilize 
the nonproliferation regime. The 36.3 tons of plutonium separated from Japanese spent 
fuel remaining in Europe contribute further to the global stockpile of excess plutonium.

Separated plutonium also is a potential terrorist target that could be used for either a 
nuclear explosive or a radiological weapon. The United States has expressed concerns to 
the Government of Japan about the security of its separated plutonium.281 

Below, we review the current state of Japan’s spent fuel management policies and then 
the feasibility in Japan of on-site interim dry-cask spent fuel storage, the alternative to 
reprocessing that has been adopted in most other countries with nuclear power plants.

Reprocessing policy

In Japan, as in other leading industrialized countries, the original purpose of repro-
cessing of power-reactor fuel was to provide startup plutonium for the liquid-sodi-
um-cooled plutonium breeder reactors that, according to the Japan Atomic Energy 
Commission’s 1967 long term plan, were to be deployed commercially starting in 
the latter half of the 1980s.282 Between 1974 and 2011, Japan spent $17 billion on 
breeder reactor research, development and demonstration (RD&D, 2012$).283
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Despite spending so much money, Japan, like other countries with breeder programs, 
has not managed to develop a commercially viable breeder reactor. Indeed, Japan’s ex-
perience with its 250 MWe Monju Prototype Breeder Reactor is an extreme example of 
the problems that have beset other sodium cooled reactor demonstration projects. So 
much so that, in 2005, Japan’s Atomic Energy Commission pushed back its projected 
date for possible commercialization of breeder reactors beyond 2050.284 Because of a 
sodium fire, a refueling accident and other safety issues, Monju has operated for only a 
few months since it was first connected to the grid on 29 August 1995.285 As of the end 
of 2012, the reactor had cost over ¥1 trillion (~$10 billion) to build and maintain.286 

Japan’s government continues to be committed to Monju, but the emphasis has shifted 
from breeding to burning plutonium and other transuranic elements in order to reduce 
the volume and toxicity of Japan’s nuclear waste. Japan’s Basic (or Strategic) Energy 
Plan, adopted by the cabinet on 11 April 2014, does not even mention the word breeder. 
Instead, it states that the Japanese government “will position Monju as an international 
research center for technological development, such as reducing the amount and toxic 
level of radioactive waste and technologies related to nuclear nonproliferation”.287

Japan’s government has maintained solidarity with France’s Atomic Energy Commis-
sion (CEA) on this issue. In April 2014, France and Japan signed an agreement to use 
Monju to test fuel for a proposed new French sodium-cooled reactor, ASTRID, whose 
construction the CEA is justifying with a waste-minimization objective.288 (See Chap-
ter 10 on transmutation.) 

This does not mean, however, that Japan’s government has given up completely the 
idea of breeding. According to the September 2013 “Monju Research Plan”, drafted by 
the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Monju is 
to be operated for six years to demonstrate the feasibility and reliability of “fast breeder 
reactors”, reduction of volume and toxicity of radioactive waste and “fast breeder reac-
tor/fast reactor” safety.289 If this program can be completed, Monju will continue oper-
ating thereafter to prove its long-term reliability.

By the 1990s, Japan’s stockpile of separated plutonium had grown considerably be-
cause of continued reprocessing of the spent fuel from its light water reactors despite 
the postponement of its breeder reactor program. This raised questions in the United 
States and among Japan’s neighbors. In 1997, therefore, following France’s lead, Japan 
announced, that, as an interim measure, it would use its excess separated plutonium in 
MOX fuel for light water reactors.290 Initially, France and the United Kingdom would 
manufacture MOX fuel from Japanese plutonium that had been separated in those 
countries. MOX fuel fabrication would begin in Japan after it completed construction 
of its own industrial scale reprocessing and MOX fuel fabrication plants at Rokkasho.

Japan’s Federation of Electric Power Companies released a plutonium use plan that 
called for using MOX fuel in four reactors by 2000, ramping up to 16 to 18 reactors 
by 2010.291 These 16 – 18 reactors would irradiate annually about 5 – 8 tons of fissile 
plutonium (7-11 tons of total plutonium).292 Due to public resistance, exacerbated by 
scandals, including MOX fuel quality control data fabrication in the United Kingdom, 
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however, the first loading of MOX fuel in a Japanese light water reactor occurred only 
in 2009. By the end of 2012, of the 3.5 tons of separated plutonium in the form of MOX 
fuel shipped from France to Japan, only 1.9 tons had been irradiated in four light water 
reactors (including Fukushima Daiichi unit #3, which subsequently melted down fol-
lowing the 11 March 2011 earthquake and tsunami). In 2013, France shipped MOX fuel 
containing another 0.9 tons of plutonium to the Takahama Nuclear Power Plant bring-
ing to about 4.4 tons the total amount plutonium shipped in MOX fuel from France to 
Japan (Table 6.1). 

Year Received in Japan 
(Nuclear Power Plant)

Plutonium 
(kg, assemblies)

Used 
(reactor, kg)

Stored 
(kg, end of year)

1999 Fukushima I (FI) 
Takahama 

210 (32 BWR)
255 (8 PWR)

465

2001 Kashiwazaki Kariwa (KK) 205 (28 BWR) 670

2002 Takahama fuel returned to UK -255 415

2009 Hamaoka
Genkai
Ikata 

 213 (28 BWR)

 677 (16 PWR)

 831 (21 PWR)

Genkai #3 677
 1,458

2010 Genkai
Takahama

 801 (20 PWR)

 552 (12 PWR)

F I #3 210

Ikata #3 633

Takahama #3 368

 1,600

2013 Takahama  901 (20 PWR)

Totals Six NPPs  4,390 kg  
(not including 
shipment returned to 
the United Kingdom)

 1,888 kg
in 4 reactors, one  
of which (FI #3) 
melted down in 2011

 2,501 kg
at 6 reactors

Genkai #3293 801

Ikata #3 198

Takahama #3 901

Takahama #4 184

Hamaoka #4 213

KK #3 205

Table 6.1. Plutonium in MOX fuel shipments from Europe to Japan.294 Totals may not add up exactly due  
to rounding.
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Thus, Japan’s MOX-use policy has not significantly reduced its stockpile of separated 
plutonium, which will grow rapidly again if Japan brings the Rokkasho Reprocessing 
Plant into operation as planned (Figure 6.1). 

Japan’s reprocessing policy has been hugely costly. In 2011, the JAEC estimated that the 
cost of building the Rokkassho Reprocessing Plant (Figure 6.2) and operating it for 40 
years would be ¥11.5 trillion (~$120 billion)  —  more than ten times the cost of interim 
storage of the spent fuel.296 

Nevertheless, Japan’s government has been unwilling to change its policy. Its April 
2014 Basic Energy Plan states:297

“GOJ [the Government of Japan] will promote plutonium use in 
LWRs [light water reactors] and proceed with such measures as 
completion of the Rokkasho reprocessing plant [and] construc-
tion of a MOX fuel processing plant.”

Why does Japan continue to pour so much money into reprocessing? As already men-
tioned, in its 2005 report, Framework for Nuclear Energy Policy, the JAEC argued that 
reprocessing is necessary for the survival of nuclear power in Japan because, in the 
absence of central interim spent fuel storage facilities not associated with a reprocess-
ing plant, reprocessing provides the only option for shipping spent fuel off the sites of 
Japan’s nuclear power plants. 
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Figure 6.1. Japan’s stockpile of separated plutonium, 1993  – 2025. The dashed line shows its projected 
growth if the Rokkasho Reprocessing Plant operates, beginning in the spring of 2016, at one-third capacity for 
three years and thereafter at design capacity (8 tons per year) and Japan’s plutonium use in MOX continues to be 

delayed. Bottom line, Japan’s cumulative use of plutonium in mixed oxide fuel for light water power reactors.295
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The JAEC asserted that:298 

“If we make a policy change from reprocessing to direct disposal 
[since it takes time for communities hosting nuclear power plants 
to] understand the new policy of direct disposal and accept the 
interim storage of spent fuel…it is likely that the nuclear power 
plants that are currently in operation will be forced to suspend 
operations, one after another, during this period due to the delay 
of the removal of spent fuel.”

An analysis prepared for the JAEC in the process of developing the Framework for Nucle-
ar Energy Policy had concluded that, if the cost for fossil fired plants necessary to replace 
shutdown nuclear power plants was included, the direct disposal option would be more 
expensive than the reprocessing option.299 

For its part, Aomori Prefecture has accepted the burden of acting as Japan’s interim 
radioactive waste storage site in exchange for the economic benefits of having the en-
richment, reprocessing, and MOX plants. Local reprocessing supporters also maintain 
that plutonium separation and use are contributing positively to the country. Aomori 
Prefecture worries that, if the nation’s nuclear fuel policy is changed even slightly, 
there will be a drastic reduction of economic benefits and the spent fuel and radioac-
tive waste will stay there indefinitely (Aomori Prefecture has one nuclear power unit 
and two under construction, one of which is designed to have a full MOX core). Thus, 
the Prefecture firmly demands that the government stick to its original policy and op-
erate the reprocessing plant.

Together these motives of the nation’s promoters of reprocessing and the leaders of the 
Aomori Prefecture have combined to produce the one success of Japan’s reprocessing 
policy thus far: an off-site destination for the spent fuel produced by the country’s 
nuclear power plants and interim storage for the radioactive waste resulting from the 
reprocessing of this fuel and from the reprocessing of Japan’s spent fuel in France and 
the United Kingdom. As of December 2014:

•	 The 3000-ton-capacity intake pool of the Rokkasho Reprocessing Plant was almost 
filled with 2,957 tons of spent fuel.300 

•	 A dry-cask storage facility with a capacity for an additional 3,000 tons of spent fuel 
had been built by a joint corporation established by Tokyo Electric Power Company 
and Japan Atomic Power Company nearby in Mutsu, Aomori Prefecture, with a 
second building planned that would hold an additional 2,000 tons. 

•	 Aomori Prefecture had agreed to store the radioactive waste from the reprocessing of 
7,138 tons of Japanese spent fuel in France and the United Kingdom on the same site 
as the Rokkasho Reprocessing Plant.301 

•	 Finally, the prefecture is storing the plutonium, uranium and high-level waste 
f rom the reprocessing of 425 tons of spent fuel during a test run of the reprocess-
ing plant in 2006-8.
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As of the end of 2013, therefore, the total amount of spent fuel and radioactive waste 
that Aomori Prefecture had taken and committed to take  —  even before regular opera-
tion of the reprocessing plant had begun  —  was equivalent to 15,563 tons of spent fuel, 
more than the current amount of the spent fuel stored at all of Japan’s nuclear power 
plants: 14,340 tons.302 If and when reprocessing starts at Rokkasho, it will result in the 
accumulation of more waste in the prefecture. Clearly, what Aomori Prefecture needs 
is a sound national waste disposal policy and assurance of economic and employment 
support. Reprocessing produces local economic benefits but at enormous cost with no 
national benefit.

Plutonium management policy

As of the end of 2013, Japan had a stockpile of 47 tons of separated plutonium  —  11 
tons in Japan and 36 tons at the French and UK reprocessing plants.303 Using the IAEA’s 
assumption that 8 kg would be sufficient for a first-generation (Nagasaki-type) nuclear 
weapon, this would be enough for almost 6,000 first-generation nuclear weapons.

Japan’s huge stockpile of separated civilian plutonium reflects the failure of its pluto-
nium use program.304 On 5 December 1997, in its “Plutonium Utilization Plan” submit-
ted to IAEA, Japan committed to “the principle that plutonium beyond the amount 
required to implement the program is not to be held, i.e., the principle of no surplus 
plutonium”.305

Figure 6.2. Japan’s Rokkasho reprocessing plant, 2013. 
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On 24 March 2014, in a joint statement with the United States at the 2014 Nuclear 
Security Summit at The Hague, Japan reaffirmed that “our mutual goal of minimizing 
stocks of HEU and separated plutonium worldwide, which will help prevent unauthor-
ized actors, criminals, or terrorists from acquiring such materials.”306

Their statement went on to say that Japan and the United States “encourage others to 
consider what they can do to further HEU and plutonium minimization.”

In Japan’s National Progress Report, submitted at the same Nuclear Security Sum-
mit, however, the goal of “not possessing excess plutonium” was defined as:307

“not possessing reserves of plutonium for which the purpose of uti-
lization is undetermined” [emphasis added].” 

The progress report explained how the government determines whether this commit-
ment is being met: “electric power companies and other operators publicly release their 
plutonium utilization plans. The appropriateness of the plans has been assessed by the 
Japan Atomic Energy Commission.” 

Thus Japan has reinterpreted its commitment not to have excess stocks of plutonium 
into a commitment to have “plans” to deal with its stocks of plutonium even though 
these plans have been delayed by more than a decade. To implement this policy, power 
companies and other operators have been required to announce how they intend to 
consume the plutonium expected to be separated from their spent fuel at Rokkasho in 
that fiscal year. These announcements are not very specific, however, and only say that 
the plutonium to be separated at Rokkasho will be consumed as MOX fuel after the 
MOX fabrication plant (J-MOX) under construction next to the Rokkasho reprocessing 
plant starts operation.308 The plans do not mention the schedule for the consumption 
of the plutonium stored in Europe. 

As of the end of 2014, the J-MOX plan was expected to start operating in October 
2017.309 Based on the fact that the safety standard compliance review process by the 
Nuclear Regulation Authority (NRA) is still going on and past experience with such 
facilities in other countries, J-MOX may be further delayed and face operational prob-
lems even after commissioning.310 

Soon after the 2014 Nuclear Security Summit, Japan confirmed in its Basic Energy Plan 
that it would begin to operate the Rokkasho Reprocessing Plant as soon as it received 
safety clearance to do so. In October 2014, Japan Nuclear Fuel Limited (JNFL), the 
plant’s operator, announced the 21st delay in the plant’s completion date since the 1989 
application to build it  —  till March 2016.311 The delay was due to the Nuclear Regula-
tion Authority’s review process. The planned startup date is still well before the expect-
ed availability of the J-MOX plant to use the plutonium separated by the reprocessing 
plant. In any case, there are already 6.3 tons of separated plutonium oxide and nitrate 
in Japan that could be used for the startup operations of the J-MOX plant.312 It therefore 
appears that Japan’s “no surplus plutonium” policy has little meaning. 
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Spent fuel storage

The driving rationale for starting up the Rokkasho Reprocessing Plant as soon as pos-
sible is to create space in its spent fuel receiving pool for spent fuel from reactor pools 
that are filling up. Aomori Prefecture also requires that the plant go into operation be-
fore it will give TEPCO and JAPC permission to begin shipping spent fuel to the Mutsu 
interim spent fuel storage facility.

Utility Plant Capacity 
(GWe)

Discharge 
(tons U/yr)

Fuel stored
(tons U)

Total 
capacity
(tons U)

Years till 
full

Hokkaido Tomari 1 – 3 1.97 27 (38) 400 1,020 23 (17)

Tohoku
Onagawa 1 – 3 2.09 33 (45) 420 790 11 (8)

Higashidori 1 1.07 16 (23) 100 440 21 (15)

TEPCO Kashiwazaki-Kariwa 1 – 7 7.97 126 (173) 2,370 2,910 4 (3)

Chubu Hamaoka 3 – 5 3.47 55 (75) 1,140 1,740 11 (8)

Hokuriku Shika 1,2 1.61 27 (38) 150 690 19 (14)

KEPCO

Mihama 1 – 3 1.57 27 (38) 390 670 11 (8)

Takahama 1 – 4 3.22 55 (75) 1,160 1,730 10 (8)

Ohi 1 – 4 PWR 4.49 60 (83) 1,420 2,020 10 (7)

Chugoku Shimane 1,2 1.22 22 (30) 390 600 10 (7)

Shikoku Ikata 1 – 3 1.92 27 (38) 610 940 12 (9)

Kyushu
Genkai 1 – 4 3.31 49 (68) 870 1,070 4 (3)

Sendai 1, 2 1.69 27 (38) 890 1,290 15 (11)

JAPC
Tsuruga 1, 2 1.45 22 (30) 580 860 13 (9)

Tokai Daini 2 1.06 16 (23) 370 440 4 (3)

Totals 38.11 591 (810) 11,260 17,210 10 (7)

In fact, as shown in Table 6.2, only three of Japan’s fifteen remaining nuclear power 
plants have significantly less than ten years of remaining storage in their pools: TEP-
CO’s Kashiwazaki-Kariwa, JAPC’s Tokai Daini, and Kyushu’s Genkai. The first two may 
not restart because of seismic concerns and, in the case of Kashiwazaki-Kariwa, loss 
of confidence in TEPCO by the prefecture’s governor.315 In the case of Genkai, a plan 
has been submitted to the Nuclear Regulation Authority to increase the capacity of 
the plant’s storage pools by 1034 PWR fuel assemblies (about 465 tons or 9.5 years of 
discharges)316 and Kyushu Electric Power Company decided to give up on restarting 
Genkai #1, which will be 40 years old in 2015. Given the fact that even these three 
plants have about four years of storage left, there is no urgent need to start reprocessing 
because of spent fuel pools filling up. 

Table 6.2. Spent fuel stored and total available storage capacity at Japan’s nuclear power plants as re-

ported by Japan’s Ministry of Economy, Trade and Industry (METI) as of the end of September 2014.313  

The average spent fuel “burnup” assumed by METI is 36.5 MWt-days/kg.314 The annual discharge and  
years-till-full columns in Table 2 have been recalculated assuming a more typical burnup of 50 MWt-days/kg. 
The METI numbers for annual discharges and their implications for years till full are shown in parentheses. 
Figures are rounded and therefore may not add up to the total shown.
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If the Rokkasho Reprocessing Plant were abandoned, however, additional interim spent 
fuel storage eventually would have to be provided for any nuclear power plants that 
are restarted. But is interim dry-cask storage of spent fuel in Japan outside Aomori 
Prefecture actually politically impossible? In fact, interim dry cask storage has been 
installed at two nuclear power plants in Japan: the now closed Fukushima Daiichi 
Nuclear Power Plant and Tokai Daini (No.2) Nuclear Power Plant.

Fukushima Daiichi

In 1993, the governor of Fukushima Prefecture agreed to additional interim spent 
fuel storage at the now closed Fukushima Daiichi (No. 1) nuclear power plant in 
exchange for a commitment from the central government that the spent fuel stored 
there would be shipped to a planned second reprocessing plant when it went into 
operation in 2010. Since that time, given that there is no foreseeable need, discussion 
of a second reprocessing plant, to reprocess additional LWR spent fuel, MOX spent 
fuel and FBR spent fuel, has been dropped.317 Given the reduced number of nuclear 
power reactors that are likely to operate in Japan, the Rokkasho Reprocessing Plant, 
if it operates at capacity (800 tons/year), could, if desired, process both their fuel and 
the eventually the stored fuel at the shutdown reactors (see Table 6.2). The problem 
will be how to dispose of spent MOX fuel since the Rokkasho reprocessing plant is 
not designed to handle spent MOX fuel.

In any case, in 1997, a central common-use spent-fuel storage pool was completed at Fu-
kushima Daiichi. This pool contained about 1100 tons of relatively old spent fuel at the 
time the accident occurred in 2011.318 In addition, a facility at the plant that had been 
built for temporary storage of spent-fuel transport casks was repurposed in 1994 to hold 
20 storage casks.319 At the time of the accident, nine casks containing 408 BWR spent 
fuel assemblies, or about 70 tons of spent fuel, were in this facility.320 Although the 
building was damaged by the tsunami, the casks and the fuel within them were not. 

The approximately 500 tons of spent fuel (3,100 fuel assemblies including fresh fuel) 
that were in the pools of the damaged Fukushima Daiichi reactors are now being un-
loaded into the common pool. To accommodate them, about half of the older spent 
fuel in that pool is being unloaded into dry casks that are to be placed in a temporary 
storage area on the site, sheltered in temporary structures, each containing one cask. 
The nine casks that were in the damaged dry-cask storage building also have been 
moved into the temporary storage area.321 

Tokai

A dry cask storage facility licensed to hold 24 casks with a total capacity for 250 
tons of spent fuel was established at the Tokai Nuclear Power Plant in 2001.322 As of 
the end of 2010, seventeen casks had been installed of which two had not yet been 
filled.323 Local communities are now demanding for safety reasons the speedy trans-
fer of spent fuel in the pool to dry cask storage. They would accept a second building 
for additional casks.
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The pre-Fukushima-accident record of local acceptance of interim storage in Japan 
is not all positive, however. In 2004, the mayors of the towns that host Kansai Elec-
tric Power Company’s three nuclear power plants in Fukui Prefecture expressed a 
willingness to consider hosting an off-site interim spent fuel storage facility but the 
governor vetoed the idea.324

Developments since the Fukushima accident

Following the 11 March 2011 accident, dry-cask storage has become part of the nu-
clear safety debate. On 19 September 2012, in his first press conference as chairman 
of the Nuclear Regulation Authority (NRA), Shunichi Tanaka urged that:325 

“Spent fuel not requiring active cooling should be put into dry 
casks… for five years or so cooling by water is necessary… I would 
like to ask utilities to go along those lines as soon as possible.”

Subsequently, there have been the following developments:

•	 In 2013, the Governor of Shizuoka Prefecture stressed the need for on-site dry-
cask interim storage, saying that it would be a safety prerequisite for restarting the 
three nuclear power reactors at the Hamaoka nuclear power plant.326 

•	 In a 29 October 2014 NRA meeting, Chairman Tanaka and Commissioner Toyoshi 
Fuketa urged Michiaki Uryu, president of Kyushu Electric Power Company, to intro-
duce dry-cask storage.327 Tanaka said that he would like President Uryu to voluntarily 
introduce dry-cask storage for safety and security reasons based on the lessons learned 
from the Fukushima accident. Uryu replied that the company was considering do-
ing so while at the same time reminding NRA about Kyushu’s applications to re-rack 
the pool of unit #3 and share pool capacity among the reactors at the Genkai site.328 
In fact, before the Fukushima accident, the company had been negotiating with the 
town of Genkai about constructing an interim storage facility next to the power 
plant with an initial capacity of about 1,000 tons possibly increasing eventually to 
3,000 tons.329 On 12 December 2014, Kyushu Electric announced a plan to purchase 
a 10-hectare area adjacent to the 90-hectare site of the Genkai nuclear power plant to 
solve the problem of “shortage of space at the plant due to the introduction of nuclear 
accidents response equipment.”330

Japan’s April 2014 Basic Energy Plan states that the government will promote construc-
tion and use of dry cask storage both on site and off site.331 Japan’s Ministry of Econo-
my, Trade and Industry is reportedly planning to use special grants to encourage local 
governments to authorize dry cask storage.332 Similar recommendations were made by 
Japan’s Atomic Energy Commission in 1987 and 2005,333 but 21 years after the start of 
the construction the Rokkasho Reprocessing Plant, with its future operation still uncer-
tain, the government may be feeling a sharper sense of urgency. 
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Conclusion

The futures of reprocessing and of its alternative, interim dry-cask storage, are uncer-
tain in Japan. The Abe Administration, like its predecessors, seems unwilling to deal 
with the challenges of decisively ending Japan’s reprocessing policy. The arguments for 
continuation of the present policy, however, are weak.

The choice between reprocessing and shutting down Japan’s reactors offered by Japan’s 
Atomic Energy Commission in 2005 was a false one. If local and prefectural govern-
ments approve the restart of nuclear power plants that they host, it will be because they 
have decided that the economic benefits outweigh the safety risks. Given the safety 
advantages of dry cask storage, it would be irrational for them to later force the reactors 
to shutdown when the pools fill up if there is no off-site destination to which spent fuel 
can be shipped. 

The example of the priority being given to move the spent fuel in the pools of the four 
damaged reactors at Fukushima to dry casks may help the public understand the safety 
advantages of dry cask storage. The calls for swift transfer of spent fuel in pools to 
dry cask storage coming from the communities hosting the Tokai Daini and Hamaoka 
Nuclear Power Plants could be a harbinger of change. Experts and the media still have 
a lot to do, however, to inform the public about the safety benefits of dry casks. METI’s 
decision to encourage dry cask storage may help in this regard. If the central govern-
ment moves forward more convincingly in the process of siting a spent fuel reposi-
tory, that also could help reassure local governments hosting nuclear power plants that 
eventually the spent fuel will leave.

The newest argument for reprocessing, that fissioning plutonium and other transura-
nics in spent fuel is essential to waste management, was challenged in May 2014 by the 
chairman of METI’s technical working group on radioactive waste disposal, “If our aim 
isn’t to utilize resources [with breeder reactors], then it would be better to dispose of 
the waste directly without reprocessing it.”334 

Some proponents maintain that, unless the Rokkasho Reprocessing Plant is started 
soon, the United States might try to withdraw its prior approval for spent fuel repro-
cessing in Japan in the negotiation of the U.S.-Japan Nuclear Cooperation Agreement, 
which is up for renewal in 2018. The message from the United States and other con-
cerned countries should be that operations at the plant should be suspended until 
Japan fulfills its 1997 commitment of “no excess plutonium.”

Foreign criticism of the size of Japan’s plutonium stockpile could play a significant role 
in persuading its government to rethink its policy. There already is speculation that, 
because of foreign pressure, Japan may operate the reprocessing plant at only a fraction 
of its design capacity. One must be careful not to be overoptimistic, however, because 
the plan in any case is to reprocess only 240 tons, i.e., at 30 percent of design capac-
ity during the startup year of the of the plant. Operation at any level will be used by 
Japan’s reprocessing advocates to establish it as a fact that this unnecessary and danger-
ous plant has begun operating and will continue to do so. 



Plutonium separation in nuclear power programs 73

7. South Korea
South Korea does not reprocess spent fuel today but has been demanding in its nego-
tiations with the United States over a new Agreement on Nuclear Cooperation that 
the United States give “prior consent” to future South Korea reprocessing of spent 
fuel. Under their current agreement, South Korea has to obtain U.S. consent before 
reprocessing any fuel that was enriched in the United States or was irradiated in a 
U.S. designed reactor  —  in effect, this means the spent fuel discharged by all but 
two of South Korea’s light water reactors (LWRs).335 The Reagan Administration gave 
Japan such prior consent in 1988. 

The argument for reprocessing being made by the Korea Atomic Energy Research Insti-
tute (KAERI) is the same one that Japan’s Atomic Energy Commission used to justify 
Japan’s reprocessing in 2005:336 unless an off-site destination can be found to which 
spent fuel can be shipped, the reactors will have to be shut down when their spent fuel 
pools fill up a decade hence (Table 7.1). 

Site Reactor type
Reactors 
(+ under 

construction)

Spent fuel 
inventory, end 

2013 (tHM)

Pool capacity
(incl. reracking) 

(tHM)

Projected year 
when full

Kori LWR 6 (+2) 2,291 7,244 2031

Hanul (Ulchin) LWR 6 (+2) 1,938 5,525 2028

Hanbit (Yonggwang) LWR 6 2,285 3,802 2023

Shin-Wolsong LWR 2 28 1,093 2034

LWR subtotals 20 (+4) 6,541 17,664

Wolsong HWR 4 7,258 3,257 (pools) 
+ 9,562 (casks)

2027

It appears that the new Agreement for Cooperation announced in 2015 will not include 
U.S. prior consent for spent-fuel reprocessing in South Korea but the agreement will be 
open for the amendment and the discussion will continue.

South Korea’s spent-fuel problem

In total, as of the end of 2013, South Korea had 6,541 tons of spent LWR fuel and 
7,258 tons of spent heavy water reactor (HWR) fuel stored at four nuclear power 
plants (NPPs). 

For years, Korea Hydro and Nuclear Power (KHNP), South Korea’s nuclear utility has been 
warning that the pools at its three light water reactor (LWR) nuclear power plants were 
within a few years of being full and that a spent-fuel storage crisis was imminent. Some 
of these warnings were premature because they did not take fully into account the pos-
sibilities of dense-racking the pools,338 and transfers of spent fuel between pools on the 
same site.339 Table 7.1 shows, for the LWR pools, when the possibilities of re-racking and 
transfers between pools on the same site are taken into account, they will be full in dif-
ferent years ranging from 2023 to 2034. 

Table 7.1. Spent fuel inventories and storage capacities at South Korea’s nuclear plants, 2013.337
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The pools of the four heavy water reactors (HWRs) at Wolsong are already full. These 
reactors are fueled by natural uranium that is discharged at a much lower “burnup” 
(fission energy release per kilogram of uranium) than the fuel made with enriched 
uranium that is used in the LWRs. For the same power output, they therefore discharge 
spent fuel at about seven times the rate of LWRs. Cumulatively, they have discharged 
more spent fuel than South Korea’s 19 LWRS and their spent fuel storage pools filled 
up in the 1990s. Since then, space has been created in the pools for newly discharged 
spent fuel at Wolsong by unloading older cooled spent fuel into air-cooled dry casks 
(Figure 7.1). Although this situation has attracted much less national attention than 
the anticipated filling up of the spent-fuel storage pools at the LWR sites, it undercuts 
KAERI’s argument that on-site dry cask storage is politically impossible at the LWR sites.

 

Figure 7.1. Dry spent fuel storage at South Korea’s Wolsong Nuclear Plant, 2014. Coordinates 35° 42’28”N, 
129°28’38”E. The area in the lower left shows some of the spent fuel stored in individual casks and some in 
canisters embedded in reinforced concrete monoliths (see Figure 2.1 for a close-up of similar monoliths in 
China). This dry store currently has a capacity for as much tonnage of fuel as is in all of the pools of South 
Korea’s nineteen pressurized water reactors but covers an area no bigger than that covered by one of the 
heavy water reactors and its associated structures at the top of the image. Source: Digital Globe/Google 

Earth, 20 March 2010. 
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Early efforts to site a central interim spent-fuel storage facility

South Korea has been attempting to find a host community for an off-site interim spent 
fuel storage facility since December 1988, when the Korea Atomic Energy Commission 
announced its intention to construct an away-from-reactor storage pool with a capacity 
for 3,000 tons of spent fuel. KAERI proposed three sites as technically suitable but all 
three communities rejected the facility and this initial effort was abandoned. In 1991, 
KAERI proposed a site on Anmyeon Island, but that proposal too was rejected by the 
local government. In 1993, the government offered additional incentives but was again 
rejected at two sites. 

Finally, in 2003, the government offered a large financial incentive, 300 billion Korean 
won (about $300 million) and to move the headquarters of South Korea’s nuclear util-
ity, Korea Hydro and Nuclear Energy Company, to a community willing to host either 
a spent fuel storage site or a repository for low and intermediate waste. The mayor of 
Buan County volunteered to host the interim spent fuel storage facility but this led to 
the “Buan Uprising” of 2003, a referendum, and the withdrawal of the offer.340

In 2004, the Atomic Energy Commission decided to temporarily suspend the search 
for an interim spent fuel storage site and to focus instead on siting a shallow repository 
for short-lived low and intermediate-level wastes. A key change in its approach was the 
establishment of a competition between potential host communities for the repository 
and the associated economic incentives and the requirement of a referendum to mea-
sure the level of public support in candidate localities. The greatest political support 
was found in Geongju, which already hosts the Wolsong Nuclear Power Plant. In 2005, 
therefore, Korea’s waste repository for low and intermediate-level waste was sited adja-
cent to the Wolsong Nuclear Power Plant.341 Construction of the first six underground 
“silos” to hold the radioactive waste was completed in 2014.342 

Pyroprocessing

In the meantime, in the United States, Congress’s 1987 decision to site the national spent 
fuel repository under Yucca Mountain, Nevada was encountering increasing local politi-
cal resistance. In 2001, Dr. Yoon Il Chang, Associate Laboratory Director for Engineering 
Research at Argonne National Laboratory, persuaded Vice President Cheney’s National 
Energy Policy Development Group that pyroprocessing, a form of reprocessing in which 
the spent fuel is turned into a metal and dissolved in molten salt, might be able to solve 
the U.S. spent fuel problem. Unlike PUREX [Plutonium-Uranium Extraction], the stan-
dard reprocessing technology that had originally been developed in the United States to 
separate pure plutonium for weapons, the plutonium separated by pyroprocessing would 
be mixed with some uranium, the minor transuranic elements (neptunium, americium 
and curium) and lanthanide fission products.343 The proposal was to use this mix as fuel 
for the liquid-sodium-cooled reactors that Argonne had been developing.

Dr. Chang also convinced Vice President Cheney’s group that, because it does not sepa-
rate pure plutonium, pyroprocessing is “proliferation resistant” and could be shared 
with other countries.344 The Department of Energy gave Argonne permission to col-
laborate with KAERI on pyroprocessing research. 
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It was only at the end of the Bush-Cheney Administration that a systematic prolifera-
tion assessment of pyroprocessing by six U.S. national laboratories, including Argonne, 
was launched.345 In 2009, a summary report was published that assessed pyroprocess-
ing and two other proposed reprocessing technologies that do not produce pure sepa-
rated plutonium. It found “only a modest improvement in reducing proliferation risk 
over existing PUREX technologies and these modest improvements apply primarily for 
nonstate actors.”346 

Nevertheless, both KAERI and Chang  —  now an advisor to KAERI  —  still insist that py-
roprocessing is proliferation resistant.347 KAERI has become a strident public advocate 
for pyroprocessing and managed to turn the issue of South Korea’s right to reprocess 
into an issue of national pride (“nuclear sovereignty”) and a central obstacle in the 
negotiations with the United States over the renewal of the two countries’ Agreement 
of Nuclear Cooperation. The Obama Administration’s unwillingness to follow the ex-
ample of the Reagan Administration, which agreed in 1988 to give Japan “prior con-
sent” for reprocessing of spent fuel, has been a particularly inflammatory issue in 
South Korea.348 

U.S. State Department officials have argued that South Korea is a special case because 
of its 1992 agreement with North Korea that neither country would introduce either 
reprocessing or enrichment into the Peninsula. This argument has been undermined, 
however, by the fact that North Korea has blatantly violated the agreement. 

In view of the difficulty of the negotiations, the United States and South Korea agreed 
to extend the expiring Agreement on Cooperation for two years to 2016. A ten-year-
long US-ROK joint study on spent fuel management, including on the technical and 
economic “feasibility” of pyroprocessing, was launched in 2011.

In late 2014, it appeared that a compromise on a new Agreement on Cooperation may 
have been achieved in which KAERI would be allowed to carry out research on the 
preparation of light water reactor spent fuel for pyroprocessing, i.e., the conversion of 
the uranium, transuranic and fission-product oxides into molten metal.349 The Agree-
ment could be amended at a later date if, as a result of the joint research effort, both 
sides agreed that pyroprocessing of U.S. controlled spent fuel was necessary and could 
be carried out without undue proliferation risk. The United States also agreed that 
Argonne National Laboratory can collaborate with KAERI on the development of a 
sodium-cooled fast reactor if that reactor is fueled with low-enriched uranium, i.e., 
uranium enriched to less than 20 percent uranium-235.350 

KAERI insists that direct disposal of spent fuel is both physically and politically impos-
sible in South Korea. It argues that, if the plutonium and other long-lived transuranic 
elements were separated, sodium-cooled fast-neutron reactors could be used to fission 
them, thereby reducing the area of a repository to a manageable size.351 Much of the 
reduction would be accomplished, however, by storing the fission products on the sur-
face for two to three hundred years until they had largely decayed into stable non-
heat-producing isotopes. This decay has nothing to do with reprocessing. Storage of 
un-reprocessed spent fuel on the surface would have the same result.
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KAERI’s advocacy of pyroprocessing has been supported by the Ministry of Science, ICT 
[Information and Communication Technology] and Future Planning (previously the Min-
istry of Education, Science and Technology), which funds KAERI’s research on pyropro-
cessing and sodium-cooled reactor research and development.352 The nuclear utility, Korea 
Hydro and Nuclear Power, and the Ministry of Trade, Industry and Energy, which oversees 
it, have not embraced pyroprocessing, however, because of concerns about its cost.

When pressed, KAERI experts acknowledge that it would take South Korea until mid-
century to deploy both pyroprocessing and sodium-cooled reactors on the scale required 
to keep up with the rate of discharge of spent fuel by South Korea’s power reactors. They 
also acknowledge that South Korea might  —  as other countries have  —  find liquid- so-
dium-cooled reactors too costly and unreliable to deploy on a commercial scale. They 
argue, however, that the prospect of the jobs associated with building and operating a 
pyroprocessing facility would help persuade a local government to host an interim spent 
fuel storage facility designated as the future site of a pyroprocessing facility.353

Could an underground spent-fuel repository fit in South Korea?

A key argument KAERI makes for reprocessing is that the area of an underground spent-
fuel repository would be too large for South Korea:354

“By the end of the century (assuming the new planned reactors 
come on line), the cumulative amount of spent fuel produced 
by South Korean reactors is expected to exceed 110,000 tons. To 
dispose of such a large amount of spent fuel at a single site, an 
underground repository (and an exclusion zone surrounding the 
site) would need to cover as much as 80 square kilometers, an 
area considerably larger than Manhattan. Finding that much free 
space in South Korea would be enormously difficult. The country 
is approximately the size of Virginia and is home to about six 
times as many people.”

Figure 7.2. Surface facilities at Finland’s planned Onkalo Repository, 2010. Coordinates N 61° 14’ 10”,  
E 21° 28’ 50 The repository facilities occupy an area of about 0.25 km2 (the small white rectangle on the right), 
one sixteenth that of the reactor site which hosts two operating reactors and one under construction (the 
white rectangle on the left). Source: Satellite image by Digital Globe/Google Earth, 31 May 2010.
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The claim that a repository would require an area of 80 square kilometers builds on 
another KAERI paper that lays out a reference scenario in which nuclear power based 
on unchanged pressurized water reactors (PWRs) would double its share of a growing 
South Korean electricity supply from 27.5 percent in 2013 to 59 percent in 2030 and 
thereafter maintain that share for another 70 years until the end of the century. (South 
Korea’s four HWRs are assumed to have a 50-year lifetime, after which they would be 
replaced with PWRs.) For that scenario, 92,000 tons of PWR and 18,000 tons of heavy 
water reactor spent fuel would accumulate by 2100. On the basis of Sweden’s repository 
design, it was estimated that the area over which a South Korean repository would be 
spread if the rock were fault-free would be 15 – 20 km2. If the site were intersected with 
faults, the area might increase to 22 – 46 km2. 355 

Such a repository could be accommodated within a square 5 to 7 km on a side. For 
comparison, South Korea’s nuclear power reactors occupy about 0.5 km of ocean front 
each. For the 69 GWe of nuclear capacity in KAERI’s reference scenario for 2100 (as-
suming large 1.4 GWe reactors) 25 km of shoreline would be required. This is a relevant 
comparison, because the acceptance of the low-and-intermediate-level waste storage 
site adjacent to South Korea’s Wolsong nuclear power plant and the siting of Sweden’s 
and Finland’s planned spent fuel repositories next to nuclear power plants suggest that 
communities that already host nuclear power plants are the most likely to be willing 
to host underground spent fuel repositories. Also, in most areas of South Korea where 
there is a low enough population density along the coast to accommodate a nuclear 
power plant, the area of low populations density extends inland.356

To get from an area of 22 – 46 square kilometers for a repository to 80 square kilometers 
KAERI adds “an exclusion zone surrounding the site”.357 The unwary reader could in-
terpret the term as referring to an area where residential and business activities would 
be excluded. In fact, only deep drilling and mining need be excluded. One of the basic 
criteria for a spent-fuel repository site is that there be no deep underground resources 
that could attract such activities.358 As Figure 7.2 shows for the case of Finland’s Olki-
luoto Nuclear Power Plant and the planned Onkalo underground repository adjacent 
to it, the surface installations associated with the repository have a much smaller area 
than that of the nuclear power plant.

On-site interim spent fuel storage

As has already been noted, South Korea has installed at the Wolsong Nuclear Power 
Plant more than 6,000 tons of dry cask storage capacity. This was done by the nuclear 
utility, KHNP, without consultation with the local government. KHNP could do the 
same on its other nuclear power plants but local public support obviously would be 
preferable.

In October 2013, South Korea’s Minister of Trade, Industry and Energy (MTIE) estab-
lished a Public Engagement Commission on Spent Fuel Management (PECOS) that is 
charged to consult widely and come up with a proposed policy for spent fuel manage-
ment in South Korea. The thirteen members of PECOS are from academia, the regions 
that host South Korea’s nuclear power plants, and non-governmental organizations. 
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The Commission is to provide recommendations to the South Korean government on 
spent fuel management by June 2015.359 

It is expected that the Commission will describe reprocessing or deep burial of spent 
fuel as long-term options and will focus on options for interim dry-cask storage. The 
political struggle is over whether that storage will be on or off the nuclear power plant 
sites. In October 2014, South Korea’s Nuclear Society issued a report urging storage at 
a central location.360 Opponents of reprocessing believe that the thinking behind this 
recommendation is that the site would naturally develop into a center for pyrorepro-
cessing, transuranic fuel fabrication and fast-neutron reactors to use that transuranic 
fuel. 

With regard to on-site dry cask storage, consultations by a non-governmental group 
with local citizens at three out of four of the existing sites suggest that the local com-
munities could be persuaded to accept dry cask storage, in part because of its safety 
advantages relative to spent-fuel pool storage.361 Some financial compensation for ac-
ceptance of long-term interim spent-fuel storage would be expected, but this financial 
compensation would be negligible in comparison to the cost of pyroprocessing or off-
site storage.

Conclusion

The future of spent fuel management is uncertain in South Korea. KAERI is lobbying 
for support of research and development on pyroprocessing and fast-neutron reactors, 
arguing that they are essential for spent fuel management in South Korea. Research and 
development on the scale proposed would, however, separate enough plutonium for a 
substantial nuclear-weapon program.362

In the meantime, the spent-fuel-storage pools at South Korea’s older nuclear power 
plants are filling up and interim storage must be built whether or not pyroprocessing is 
pursued. KAERI would like off-site storage at a single site. Experience has shown that it 
is difficult to site central storage facility. 

Committing to build pyroprocessing and fuel fabrication facilities and perhaps even 
fast reactors on a central storage site could be attractive to possible host communities 
because of the large number of jobs that would be created. Korea Hydro and Nuclear 
Power and the Ministry of Trade, Industry and Energy are reluctant to make such a 
commitment, however, because the use of pyroprocessing and transuranic fuel would 
make nuclear power in South Korea more expensive. 

It is possible that KAERI’s domination of South Korea’s public debate over reprocessing 
may be broken by the report of the Public Engagement Commission on Spent Fuel Man-
agement (PECOS). The Commission’s primary task is to map a path forward on interim 
storage of South Korea’s spent fuel. If that could be done onsite at the reactors without 
committing to a hugely expensive reprocessing facility as the price of accepting storage, 
then the pressure for committing to pyroprocessing would be dramatically reduced. 
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8. Russia
Russia has the world’s fourth largest nuclear generating capacity, 25 GWe as of the end 
of 2014, and is an important nuclear exporter. In the near term, light water reactors 
(VVERs) will dominate. In the longer term, Russia’s national nuclear company (Ro-
satom) has accepted the view of its nuclear-energy establishment that limited uranium 
supplies and increasing stocks of spent fuel require the development of a closed fuel 
cycle based on fast-neutron plutonium-breeder reactors. Rosatom therefore has initi-
ated several federal target programs aimed at the development of breeder reactors and 
plutonium recycle technologies.363 The most recent, Program 2010, focuses on the de-
velopment and demonstration of a variety of prototype fast-neutron breeder reactors 
fueled with plutonium. 

Rosatom’s strategy for spent nuclear fuel management, as laid out in its “Program of 
creation of infrastructure and spent fuel management for 2011 – 2020 and until 2030” 
has two stages.364 During the first stage, Rosatom will: 

•	 Complete construction of a national long-term dry storage facility for spent nuclear 
fuel at the Mining and Chemical Combine (MCC) at Zheleznogorsk near Kraznoyarsk, 
Siberia; and

•	 Develop innovative spent nuclear fuel reprocessing and plutonium-fuel fabrication 
technologies. 

The second stage, presumably starting in 2021, would include the design and construc-
tion of a long-delayed large-scale spent fuel reprocessing plant and a plant to fabricate 
the recovered plutonium into mixed-oxide (MOX, uranium-plutonium) fuel for fast 
breeder and light water reactors. According to the plan, these plants are to be operating 
by 2030 and a deep geological repository is to be in place for disposal of the associated 
long-lived and highly radioactive wastes. 

Despite this reconfirmation of a long-delayed plan that goes back to the 1960s, howev-
er, the current focus on research and development on different technologies for repro-
cessing and on different types of breeder reactors indicates uncertainty within Rosatom 
about the economics of the current reprocessing plant and breeder reactor designs.

Central long-term dry storage 

The Federal Target Program (FTP) “Nuclear and Radiation Safety for year 2008 until 
2015”, approved by the government on 13 July 2007, proposed, among other things, 
the construction of additional central spent-fuel storage capacity at MCC and infra-
structure for transport of spent fuel from Russia’s nuclear power plants to that site. 
Ninety percent of the 145.3 billion rubles (approximately $5 billion) for funding the 
program comes from the federal budget.365 The program’s priorities include: 366

•	 Refurbishment of the existing storage pools at the MCC in Zheleznogorsk for VVER-
1000 light water reactor spent nuclear fuel;367 and

•	 Construction of a new dry-cask spent-fuel storage facility at MCC.
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MCC currently has two storage pools. The original design capacity of the first was 
about 6,000 tons (13,416 VVER-1000 fuel assemblies). Due to the installation of higher-
density storage racks and the completion of an additional pool in November of 2011, 
the total pool storage capacity has been increased to 8,600 metric tons.368 It is expected, 
however, that the facility will be completely full by the end of 2015. Starting in 2016, 
therefore, spent fuel that has been stored in the pools for more than ten years is to be 
transferred to dry-cask storage.369 

A huge central dry-cask spent fuel storage facility is under construction at MCC with 
a planned capacity of 37,785 metric tons: 11,275 tons of VVER-1000 spent fuel and 
26,510 tons for spent fuel from Russia’s graphite-moderated RBMK-1000 power reac-
tors. A first module, with a capacity for 1000 casks (8,129 metric tons) of RBMK-1000 
fuel, was put into operation at the end of 2011.370 As of the end of 2013, the first 427 
tons (3744 spent fuel assemblies) of RBMK spent fuel had arrived from the Leningrad-
skaya and Kurskaya Nuclear Power Plants (NPPs).371 As of mid-2014, a second module 
was under construction with a design capacity of 11,275 tons of VVER-1000 spent fuel. 
It was to be put into operation by the end of 2015.372

Quantities of spent fuel and pilot reprocessing

Russia currently has over 23,000 tons of spent power-reactor fuel in storage (Table 8.1) 
and a pilot reprocessing plant, the RT-1 facility at Mayak in the Urals. Until recently, 
the only civilian power-reactor spent fuel reprocessed at Mayak has been from first-
generation pressurized water (VVER-440) reactors and the sodium cooled BN-600 dem-
onstration breeder reactor. Starting in 2013, however, RT-1 also began reprocessing an 
estimated 650 tons of damaged RBMK-1000 spent fuel assemblies currently stored in 
storage pools. RT-1 reprocessed more than 22 tons of this fuel during 2013 and the plan 
was to reprocess 50 tons annually starting in 2014.373 RBMK spent fuel has lower bur-
nup and therefore contains a lower percentage of plutonium than light water reactor 
fuel. Except for defective spent fuel assemblies, which constitute about 5 percent of the 
total RBMK-1000 spent fuel, there are no plans to reprocess it.374

The RT-1 reprocessing plant, which came into operation in 1977, was designed for a 
throughput of up to 400 metric tons of spent fuel per year but in recent years has not 
reprocessed more than 130 metric tons per year.375 The plant also reprocesses naval and 
research reactor spent fuel. The recovered uranium is blended to an enrichment of 2.6 
percent for fabrication into fuel assemblies for RBMK reactors. The high-level reprocess-
ing waste is vitrified (embedded in glass) and placed in an on-site storage facility. 

Based on the approximately 50 tons of separated civilian plutonium stored at Mayak 
as of the end of 2013, and assuming that VVER-440 spent fuel contains about 1 per-
cent plutonium, RT-1 has cumulatively reprocessed about 5000 tons of VVER-440 spent 
fuel.376
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Number units & 
reactor type

Net generating 
capacity (MWe)

Start of commercial 
operation

Stored spent fuel 
(metric tons as of  

1 Jan. 2014)

At VVER Sites

Balakovo 4 VVER-1000 3,800 1985  – 1993 420

Kalinin 4 VVER-1000 3,800 1984  – 2011 278

Kola 4 VVER-440 1,644 1973  – 1984 97

Novovoronezh 2 VVER-440
2 VVER-440
1 VVER-1000

1,720
shutdown

1972  – 1973
1981

76
200

Rostov (Volgodonsk) 3 VVER-1000 2,911 2001  – 2014 150

At RBMK Sites

Kursk 4 RBMK-1000 3,700 1976  – 1985 5,374

Smolensk 3 RBMK-1000 2,775 1983  – 1990 2,986

Sosnovy Bor (Leningrad) 4 RBMK-1000 3,700 1973  – 1981 4,962

At Other Sites

Beloyarskt 2 AMB
1 BN-600

248
560

Shutdown
1980

191
30

Bilibino 4 EGP-6 44 1974 – 1976 160

In Central Storage

Mayak (VVER-440) 320

MCC (VVER-1000)
(RBMK-1000)

7,380
427

Total 34 24,654 23,051

Russia’s eleven RBMK-1000 reactors discharge 400 – 450 tons of spent fuel annually.378 
The original combined design capacity of their spent-fuel storage pools was about 
6,000 tons but has been more than doubled by the installation of higher density stor-
age racks. Cumulatively, as of the end of 2013, Russia’s RBMKs had discharged about 
13,750 tons of spent fuel of which about 13,320 tons were still stored in pools adjacent 
to the reactors and in separate central storage pools on the same sites. Given that these 
pools were close to capacity, as already noted, Rosatom has begun shipping spent fuel 
to the new dry-cask spent fuel storage facility at the Mining and Chemical Combine 
(MCC) in Zheleznogorsk. 

Russia’s twelve VVER-1000 reactors produce together 270 – 300 tons of spent fuel annu-
ally. As of the end of 2013, about 1,000 tons were stored at the nuclear power plant sites. 
After three to five years in the cooling pools, the spent fuel is shipped to the centralized 
pool storage facility at MCC in Zheleznogorsk. As of the end of 2013, about 7380 tons 
of VVER-1000 spent fuel was stored at this facility. This quantity includes some spent 
fuel shipped from Ukrainian and Bulgarian nuclear power plants. Currently, the VVER-
1000 spent fuel is not reprocessed, but the plan is to reprocess it at Zheleznogorsk. 

Table 8.1. Estimated stocks of spent power-reactor fuel in Russia, 2013.377 VVER - pressurized-water 
reactor; RBMK, AMB, EGP - graphite-moderated, water-cooled reactors; BN - sodium-cooled reactor. 
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Six older VVER-440 units discharge a total of about 55.5 tons of spent fuel annually.379 
The VVER-440 spent-fuel assemblies are relatively small, containing only 115 kilograms 
of uranium each, as compared to 390 kg in a VVER-1000 fuel assembly. After cooling 
in the reactor storage pools for three to five years, this fuel is shipped for reprocessing 
in the RT-1 plant. 

The BN-600 discharges annually 3.7 tons of spent fuel and 2.5 tons of blanket contain-
ing together about 0.36 tons of plutonium. The spent fuel is cooled at the reactor site 
for three years before being sent to RT-1 for reprocessing. 

About 160 tons of spent fuel have been discharged over the lifetimes of the four 11 
MWe graphite-moderated, water-cooled EGP-6 reactors, which went into operation in 
the mid-1970s at Bilibino on Russia’s Artic coast. All this fuel is stored on site.

Breeder reactor development

Russia’s nuclear-energy community has long agreed that the future development of 
nuclear power in the country should be based on fast-neutron sodium-cooled pluto-
nium breeder reactors operating on a “closed” fuel cycle with plutonium and uranium 
recycle. The schedule for breeder commercialization continues to slip, however, and 
thus far, very little plutonium has been used as fuel (see Table 8.2). Since it began oper-
ating in 1980, Russia’s only operating fast-neutron reactor, the BN-600, has been fueled 
with highly enriched uranium. The current plan, however, is to fuel it with MOX made 
from excess weapons plutonium starting in 2018.380 The BN-800, which became critical 
in 2014, had MOX as well as HEU fuel in its initial core and the plan was to switch to a 
full core of MOX about two years later.381  

 

Experimental reactors

BR-1 critical facility 1955 – 2010

BR-2 1956

BR-5/10 1959 – 2002

BOR-60 1968 – in operation

Demonstration reactors

BN-350  1972  – 1999

BN-600  1980  –  in operation

BN-800 start of commercial operation scheduled for 2015

SVBR-100 start of operation scheduled for 2017

BREST-300 start of operation scheduled for 2020

Commercial reactors

Plan to construct five BN-800 adopted (was not realized) 1980

Program planning the commercialization of fast breeder 
reactors by 2025 – 2030 adopted

2010

Table 8.2. Timeline of Soviet/Russian fast breeder reactor program.382
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Rather than replicating the BN-800, Rosatom’s current strategy is to focus on the devel-
opment and construction of different types of breeder reactors while, in parallel, con-
ducting research and development on improved spent fuel reprocessing technologies. 

In January 2010, the government adopted Federal Program 2010 with a total budget 
170.6 billion rubles (≈$5 billion) of which 64 percent will come from the federal bud-
get.383 Its primary focus is the development of new types of fast neutron reactors. Ac-
cordingly, in November 2011, Rosatom’s Director General approved a program to de-
velop new experimental fast neutron power reactors, technologies for fabrication of 
mixed oxide (MOX) and dense nitride uranium-plutonium fuels, and advanced spent 
fuel reprocessing technologies.384

New experimental fast-neutron power reactors. 

Historically, the focus of Soviet/Russian breeder-reactor development efforts has been 
on sodium-cooled reactors (Figure 8.1). The high radioactivity induced by neutron ab-
sorption in the sodium coolant and the possibility of a sodium fire in an accident are 
obstacles to making a convincing safety case for sodium fast reactors, however. Ro-
satom therefore has decided to fund another cycle of research on fast-neutron reactors 
with alternative coolants.

Fixed upper shield
Large rotating cover

Central rotating cover

Protective hood

Reloading machine

Small rotating cover

Intermediate heat 
exchanger

Reactor pressure vessel

Safety vessel

Reactor’s active core

Pressure chamber

Corrium catcher

Reactor coolant pump

Figure 8.1. Cross-section of the BN-800 fast neutron reactor. Secondary sodium flows through three inter-
mediate heat exchangers immersed in the primary sodium. The secondary sodium then carries the heat to 
steam generators.385 Source: Institute of Physics and Power Engineering.
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Lead is non-flammable and does not become highly radioactive when used as a cool-
ant in a reactor. Also, neutrons lose little energy in collisions with heavy lead nuclei, 
which allows for larger spacing between fuel rods and more natural convective circu-
lation of its coolant. Designers of lead-cooled reactors also propose the use of high-
density, high heat-conductivity nitride fuel and compact electrochemical reprocessing 
technologies that would allow co-extraction and recycle of uranium, plutonium, and 
the minor transuranic elements.

Of the federal funds, 25.3 billion rubles (≈$0.8 billion) have been allocated for the 
design and construction of BREST-300, a pilot fast-neutron lead cooled reactor with a 
power of 300 MWe. It will be located in the Siberian Chemical Combine near Tomsk 
and is to be completed in 2020. The Moscow-based nuclear institute NIKIET is respon-
sible for the design.386 A large liquid metal test facility, SPRUT, has been established at 
the Institute of Physics and Power Engineering (IPPE) in Obninsk outside Moscow for 
experimental testing of the steam-generator design.387

Lead is extremely corrosive at high temperatures, however, and some Russian experts be-
lieve that the data on its reactions with reactor materials is inadequate for the development 
of a lead-cooled reactor.388 Program 2010 therefore is also funding the development of a 
lead-bismuth cooled reactor and continued development of large sodium-cooled reactors. 

Rosatom and Irkutskenergo, a private company, have established a joint venture, AKME-
Engineering, for the construction of an experimental lead-bismuth-cooled fast-neutron 
reactor, SVBR-100, with a generating capacity of 100 MWe at the Research Institute of 
Atomic Reactors (NIIAR) in Dimitrovgrad.389 A construction license was issued on 27 
November 2013,390 and completion is planned for 2017.391 Funding originally commit-
ted was 13.2 billion rubles with 9.5 billion rubles coming from Irkutsenergo. Recently, 
however, the estimated project cost has more than doubled.392

Finally, Program 2010 allocated 5.1 billion rubles for the design of the BN-1200, a fast 
neutron sodium cooled reactor that is seen as the next step toward the commercializa-
tion of sodium-cooled reactors after the BN-800.393 A key goal is to bring the cost of 
down to a level comparable to the cost of building a light water reactor with the same 
generating capacity. OKBM plans to complete the scientific research and design work 
by 2016.394 In July 2014, Rosenergoatom, the division of Rosatom that operates Russia’s 
nuclear power plants, announced plans to build three BN-1200s with construction 
to start by 2030. The first BN-1200 is to be located at the Beloyarskaya nuclear power 
plant, which already hosts the BN-600 and BN-800 reactors.395 The final decision to 
build the BN-1200, however, awaits the assessment of the operation of the BN-800, 
which went critical on 27 June 2014.396 

Mixed uranium-plutonium fuel production

Activities related to the production of fuel for fast-neutron reactors are taking place at 
four different sites in Rosatom’s huge nuclear complex (Table 8.3): 

•	 At the Mining and Chemical Combine (MCC) site in Zheleznogorsk, a plant has been 
built in the underground complex where separation of weapon-grade plutonium from 



Plutonium separation in nuclear power programs 86

uranium irradiated in the Zheleznogorsk production reactors previously took place. 
Pellet-type MOX fuel will be produced from both reactor- and excess weapon-grade 
plutonium for the BN-800 fast reactor.397 The plant has a design capacity of 12.5 tons 
(400 fuel assemblies) per year with an estimated cost of 11.7 billion rubles.398 

•	 The Research Institute of Atomic Reactors in Dimitrovgrad has produced 162 MOX 
fuel assemblies for the BN-800 initial core using vibro-packing technology.399 

•	 At the Russian Federal Nuclear Center (VNIITF) in Snezinsk, a laboratory complex is 
being reconstructed and re-equipped with a chain of hot cells with an inert atmo-
sphere for R&D and pilot production of mixed nitride fuel.400 

•	 At the Siberian Chemical Combine (SCC) in Seversk, a first batch of experimental 
nitride fuel assemblies for the BREST and BN-1200 reactors was produced in March 
2013. Test irradiation of these fuel assemblies in the BOR-60 and BN-600 fast-neutron 
reactors were to be initiated by September of 2013.401 

In total, the federal Program 2010 allocated 18 billion rubles for the development of 
technologies for the production of dense nitride fuel for fast reactors.402

Technology Design throughput 
(tons heavy metal/year) Location

Pellet MOX for BN-800 12.5 MCC, Zheleznogorsk

Vibro-packed MOX for BN-800 1.9 NIIAR, Dimitrovgrad

Nitride Fuel For fuel tests SCC, Seversk

Nitride Fuel Production R&D VNIITF, Snezinsk

Advanced spent fuel reprocessing technologies

Advanced fuel reprocessing technologies are being developed and deployed at the same 
four sites (Table 8.4):

•	 At MCC, a nuclear fuel reprocessing demonstration center is being constructed.403 
It will focus on the development of innovative technologies for the reprocessing of 
light water reactor spent fuel. One objective is to reduce the volume of high-level 
waste from reprocessing from the current level of about one to 0.075 cubic meter 
per ton of spent fuel. Another is the joint extraction of uranium, plutonium and 
minor transuranics for use in mixed oxide (MOX) fuel for fast reactors.404 The origi-
nally planned capacity of the pilot plant was 100 tons of spent fuel per year and the 
construction cost was estimated at 8.4 billion rubles. Later, the design capacity was 
increased to 250 tons per year and the estimated cost to 20.7 billion rubles ($0.7 bil-
lion).405 The hope is to use the plant as a pilot for the planned full-scale RT-2 repro-
cessing plant at the same site.406 The plan is to have by 2015 an operating capacity for 
reprocessing 5 – 10 tons of VVER-1000 spent fuel annually and to expand the capacity 
with a second stage by 2018.407

•	 At NIIAR, a radiochemical research complex is being established to develop spent fuel 
reprocessing technologies for fast-reactor fuels. About 4.7 billion rubles (~$147 million) 
have been allocated from the federal budget.408 Under this program, a hot-cell facility 

Table 8.3.  Rosatom’s projects for the fabrication of plutonium fuels.
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(K-16) has been set up for pyrochemical reprocessing of spent MOX fuel from the BOR-
60 and BN-600 reactors with a capacity of 100  – 150 kg of spent fuel per year.

•	 In Snezhinsk, laboratory facilities are being prepared to develop, test and demon-
strate pyro-chemical technologies for reprocessing spent nitride fuel. Pyroprocessing 
facilities can be so compact that it might be possible for each fast-neutron reactor 
site to have its own combined spent fuel reprocessing and fuel fabrication facility.409 
It is argued that the presence of transuranics and some fission products mixed with 
the plutonium in the recylced fuel and confinement of the nuclear materials on-site, 
would reduce the risk of theft by subnational groups.410 

•	 At the Siberian Chemical Combine (SCC) site in Seversk, Program 2010 provided 2.4 
billion rubles for a prototype on-site fuel cycle to be created by 2020, including pro-
duction of fresh nitride fuel and its refabrication after irradiation.411   

Technology Design throughput 
(tons heavy metal/year) Location

Aqueous VVER fuel (250 tHM/yr) MCC, Zheleznogorsk

Pyroprocessing MOX fast-reactor fuel (0.1-0.15 tHM/yr) NIIAR, Dimitrovgrad

Pyroprocessing Laboratory-scale nitride fuel VNIITPh, Snezinsk

Pyroprocessing Pilot-scale nitride fuel SCC, Seversk

Use of light water reactors for nuclear fuel cycle closure

Until recently, Russia’s strategy of nuclear power development has not envisaged the 
use of MOX fuel in light water reactors. This is why, in the absence of 100-percent for-
eign funding, Russia decided not to implement the original (2000) Russia-U.S. Pluto-
nium Management and Disposition Agreement to dispose of its surplus weapon-grade 
plutonium in LWR MOX. In 2010, the parties signed a Protocol to the Agreement under 
which Russia would use its BN-600 and BN-800 fast-neutron reactors to irradiate the 34 
tons of surplus Russian weapon-grade plutonium covered by the agreement.

In early 2012, however, there were reports of a proposal from Rosenergoatom to use 
MOX fuel in the new VVER-TOI.412 The VVER-TOI is to be a 1,255 MWe light water 
reactor whose design was completed at the end of 2012.413 The first VVER-TOI unit is to 
be built at the Nizhny Novgorod Nuclear Power Plant.

Rosenergoatom proposes to use 35 percent MOX fuel in the core of the VVER-TOI.414 It 
proposes to construct VVER-TOI reactors with total capacity 27 GWe as well as six units 
of the BN-1200 and to build by 2020 MOX-fuel production capacities for these two re-
actor types of 150 tons and 50 tons of fuel respectively. Initially, Russia’s accumulated 
separated reactor-grade and excess weapons-grade plutonium would be fed into these 
plants. As of the end of 2013, Russia had 51.9 tons of separated civilian plutonium and 
34 tons of weapon-grade plutonium that had been declared excess. Single BN-1200 and 
VVER-TOI reactors would require respectively fuel containing 2.1 and 0.6 tons of pluto-

Table 8.4. Rosatom’s reprocessing projects.
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nium per year. If Rosenergoatom’s plans for a large fleet of VVER-TOI and BN-1200 reac-
tors were realized, the amount of plutonium irradiated annually would be over 25 tons. 

Such a large-scale expansion of Russia’s MOX use seems unlikely in the forseeable fu-
ture, however. Instead, Rosenergoatom’s proposal of MOX use in LWRs may be a sign 
of a growing understanding within Rosatom that it is very unlikely that Russia’s fast 
reactor capacity will expand rapidly enough to absorb the plutonium from large-scale 
reprocessing of VVER fuel.415 

Siting a radioactive waste repository

Preparations are underway for deep-underground disposal of the high-level vitrified 
and other long-lived radioactive wastes from reprocessing of spent nuclear fuel. As a 
first step, it is planned to create an underground laboratory at a depth of 500 meters in 
the Nizhnekamskiy granitic massif at the Yeniseiskiy site in the Krasnoyarsk region, not 
far from Zheleznogorsk. The laboratory will investigate the suitability of the geology 
for a period of nine years before it is decided on whether or not to build a full-scale fi-
nal disposal facility.416 Local residents expressed support for the project during a public 
hearing in late July 2012.417 

Kursk
Novovoronezh

Spent fuel interim storage (off site)

Nuclear Power Plant (in operation)

Nuclear Power Plant (under construction)

Reprocessing Plant

Repository or research mine

Kola

Leningrad

Bilibino

KalininSmolensk

Balakovo
Rostov Beloyarsk

Mayak

Zheleznogorsk

Figure 8.2. Locations of Russia’s nuclear power reactors, spent-fuel storage, and reprocessing facilities. 
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Conclusion

Sustainable development of nuclear power requires dealing with spent fuel. It is com-
pletely justified for Russia to make a major effort to develop its own solution. It is dif-
ficult to understand, however, how Russia’s multiple government programs fit together. 
Programs funded by more that 100 billion rubles (~~ $3 billion) from the state budget 
have been launched without public discussion or input from the scientific community. 
The focus of Russia’s federal Program 2010 on the parallel development of three differ-
ent fast reactor types (sodium, lead and lead-bismuth cooled) and three different fuel 
cycles (MOX and nitride fuel for fast-neutron reactors, and MOX for VVERs) suggests 
uncertainty about the prospects for success of a closed fuel cycle based on fast-neutron 
reactors. 



Plutonium separation in nuclear power programs 90

9. United Kingdom
The United Kingdom has a fifty-year-long history of reprocessing spent fuel for civilian 
purposes. This is now coming to an end with official announcements that both of the 
United Kingdom’s currently operating reprocessing plants will close. This chapter ex-
plains the history and motivations for United Kingdom reprocessing and also discusses 
briefly the main policy issue now being faced by Government  —  how to dispose of the 
very large quantities of civilian plutonium that have been separated during the course 
of reprocessing.

A brief history of UK reprocessing

The United Kingdom began military reprocessing soon after the end of the Second 
World War. Pursuing nuclear weapons and unable (like France) to access uranium en-
richment technology under the U.S.McMahon Act of 1946, the United Kingdom chose 
plutonium production as its route. At Windscale in the north-west of England (a site 
later re-named Sellafield) it built two graphite-moderated plutonium production reac-
tors  —  the Windscale “piles,” which started operating in 1950.418 A serious fire at one of 
the piles in 1957 caused their permanent shutdown. Meanwhile, the first reprocessing 
plant, B204, operated from 1952 to extract plutonium for the weapons program from 
the irradiated natural uranium fuel.419 

In the early 1950s, the United Kingdom also embarked on a civilian nuclear power 
program based initially on Magnox reactors. These too were moderated by graphite 
and had fuel made of natural uranium in metallic form. The first two sets, with 
4 reactors each, Calder Hall at Sellafield, and Chapelcross in southwest Scotland, 
were designed with the dual purpose of providing military plutonium as well as 
electricity. 

In 1964, while additional Magnox nuclear power reactors (eventually 18) were being 
built across the United Kingdom for electricity production, B204 was augmented by 
the construction of a larger reprocessing plant, B205, with a design throughput of 1500 
tons/year. The United Kingdom had no need for weapons plutonium from the addi-
tional power reactors.420 The motivation for reprocessing their fuel was now the belief 
that plutonium breeder reactors would before long become the dominant source of 
nuclear power, and that they would need large quantities of plutonium as start-up fuel. 
Further, spent Magnox fuel was stored in pools and cooled by water. Fuel in metallic 
form corrodes quickly if left in water and reprocessing therefore seemed to be required 
in any case. This second justification for reprocessing Magnox fuel persisted for decades 
after the United Kingdom abandoned its breeder reactor program and has continued 
until the present time.421 While long-term dry storage of spent Magnox fuel is techni-
cally possible, and would make it possible to avoid costly reprocessing, there was never 
a significant effort to make this possibility a reality.

In 1965, the United Kingdom began to build a second generation of reactors (Advanced 
Gas Cooled Reactors or AGRs) that were fueled with low-enriched uranium oxide fuel. 
Oxide fuel is stable in storage but the commitment to reprocess spent fuel for pluto-
nium use in fast reactors was still strong in that period and there was a large fast reactor 
R&D program at Dounreay, a remote location on the north coast of Scotland.422 The 
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“head-end intake” portion of B204 was re-designed to reprocess oxide fuels and it was 
re-opened for that purpose but a serious accident in 1973 caused its permanent closure.423 

At this point a decision was taken to investigate the prospects for building an entirely 
new oxide reprocessing plant, which eventually became the Thermal Oxide Reprocess-
ing Plant (THORP) at Sellafield. Added impetus to plans for this plant was given by the 
interest shown by Japan to send its fuel to be reprocessed abroad. A public inquiry into 
the proposal for THORP led to a Government decision in favor of its construction in 
1978,424 by which time a number of foreign contracts had been signed, primarily with 
Japan but also with Germany, Switzerland, Italy, Spain, Sweden and the Netherlands. 
After significant delays, THORP started operating in 1994. 

THORP was designed with an annual capacity to reprocess spent oxide fuel containing 
1200 metric tons of uranium and it had an initial order book (the “base-load” con-
tracts) of 7000 tons, which were to be completed by 2003. Because of the plant’s poor 
performance, however, it only completed reprocessing this amount of fuel in December 
2012.425 There were limited post-base-load orders, totaling 2512 tons for the UK’s AGR 
fuel and, initially, 1500 tons from Germany—a quantity that rapidly fell to 787 tons 
and then 100 tons, after a change in German law freed the utilities from the require-
ment to reprocess their spent fuel.426 The post-base-load AGR contracts specified that 
BNFL would have the option to reprocess the fuel, or engage in the less costly option of 
storage. These contracts were made at a much lower (but undisclosed) price than for the 
base-load contracts.427 THORP did not obtain any further contracts. 

The terms negotiated for the base-load contracts were favorable to British Nuclear Fuels 
Limited (BNFL), the state-owned company created in 1971 to manage “commercial” 
fuel cycle activities in the United Kingdom. Overseas customers effectively paid for the 
construction of THORP and were also liable to pay for reprocessing operations, in both 
cases on a “cost-plus” basis. They were responsible for the effects of inflation as well as 
the costs of storage and shipping plutonium and wastes back to their home countries. 
BNFL anticipated that it would make a profit of £500 million ($800 million) on the 
base-load contracts.428 

It is clear that very large sums would have been saved had the contracting utilities, in 
overseas countries as well as in the United Kingdom, been able to convert their THORP 
reprocessing contracts to storage.429 Even considering the construction of the plant as 
a sunk cost, the operating costs of THORP were substantially higher than the full costs 
of storage would have been.

THORP’s operating performance has been uneven and often poor. Its throughput has 
never reached 1000 tons and it was forced to close in 2005 after a major accident in 
which 22 tons of fuel dissolved in nitric acid leaked into a building, undetected over 
a nine-month period.430 The plant re-opened at low capacity in 2008 but there was a 
further shutdown in 2009. This was due to reductions in capacity of the high-level liq-
uid waste evaporators, shared between THORP and B205. The evaporators are used to 
concentrate the high-level liquid waste for storage.431 As a result of these problems, as of 
early 2014, some 300 tons of overseas-owned spent fuel was still awaiting reprocessing.432 



Plutonium separation in nuclear power programs 92

The UK breeder reactor program

As part of its program to develop fast-neutron breeder reactors, the United Kingdom 
built two liquid-sodium-cooled reactors at Dounreay: the small 14 MWe Dounreay Fast 
Reactor (DFR) in the 1960s and a 250 MWe Prototype Fast Reactor (PFR) in the 1970s.433 
By the 1980s, it was already becoming clear that there were no commercial prospects 
for fast reactors because of three factors: uranium remained cheap; fast reactor capital 
costs were always going to be greater than for thermal reactors;434 and the reliability 
of the fast reactors that were being built, including DFR, was poor.435 There were addi-
tional concerns about safety and the nuclear-weapon-proliferation implications of the 
“plutonium economy” that would result if fast reactors were widely adopted.436 Only 
if uranium prices rose to exceptionally high levels over sustained periods would the 
economics of fast reactors potentially make any sense. During the 1980s, it became 
clear that this was very unlikely in the foreseeable future.437 Expenditures on the UK 
fast reactor program continued at around a level of £100 million per year until 1988, 
when they were cut back drastically to £10 million per year and it was announced that 
funding for operating the PFR would end in 1994.438 PFR therefore was shut down in 
the same year that THORP came on line. 

Though the domestic requirements for civilian plutonium had now clearly evaporat-
ed, reprocessing continued  —  both in B205, using the argument that reprocessing was 
needed to avoid corrosion of wet-stored Magnox fuel, and at THORP because there were 
profitable and enforceable contracts for both domestic and overseas spent fuel. 

A secondary argument for continuing to reprocess domestic fuel was that it would 
make the problem of spent fuel management easier to resolve. As explained in Chapter 
10 this argument was specious.439 

The MOX enterprise

While plutonium was no longer needed for fast reactors, it was possible to envisage its 
use in light water reactors (LWRs) in the form of uranium-plutonium mixed oxide fuel 
(MOX). The fabrication cost alone of MOX is substantially higher than the full cost of 
uranium-oxide fuel, however. Use of MOX also requires reactor relicensing, and spent 
MOX fuel is more difficult and expensive to manage because of its extended period of 
high heat output.440 This means that, even if the plutonium is a free good  —  and on 
economic grounds, stocks of existing separated plutonium meet this criterion  —  MOX 
is a more expensive option than uranium-oxide fuel. Finally, the need to transport 
plutonium-based fuels from fabrication facilities to reactors raises issues of security and 
public opposition. 

As a result of these factors, utilities would never choose to use MOX on economic 
grounds. Nevertheless some European utilities  —  sometimes under pressure from legis-
lation, as in Germany, or under direct pressure from the state as in France  —  have used 
MOX in some of their LWRs from the 1980s onwards. Overseas customer utilities for 
THORP also were required to take back their separated plutonium. Where preferences 
were expressed, notably by Japan, these utilities decided to take back their plutonium 
in the form of MOX. 
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BNFL therefore developed a strategy to manufacture MOX as the means of sending 
back plutonium to its overseas customers. This would in principle allow virtually all 
overseas plutonium to be returned to its owners. The quantity of overseas plutonium 
was much smaller (approximately 30 tons) than the domestic plutonium arising from 
B205’s reprocessing of Magnox fuel and THORP’s reprocessing of AGR fuel (a combined 
total of about 100 tons as of the end of 2013).441 There was no prospect of making UK-
owned plutonium into MOX because there was only one UK reactor that was deemed 
suitable to use MOX (the light water reactor at Sizewell B).442 Furthermore, its owner, 
Électricité de France (EDF) made it clear that it would not use MOX.443 

BNFL’s initial MOX strategy was to build a small demonstration plant at Sellafield, 
which opened in 1994. This delivered small quantities of MOX to Switzerland, Germa-
ny and Japan, but a scandal caused its closure in 1999, when it was discovered that there 
had been systematic falsification of quality assurance data in shipments to Japan.444 
Meanwhile BNFL was constructing the Sellafield MOX Plant (SMP), a commercial-scale 
MOX plant, with a design annual throughput of 120 tons of heavy metal (uranium plus 
plutonium). This was completed in 1997 but did not open until 2001.445 It immediately 
encountered technical problems and its annual production capacity was down-rated to 
40 tons of fuel. Very little MOX was ever produced and the plant closed in 2011 having 
operated at an average of just over 1 percent of its original rating. This failure meant 
that there was no alternative to plutonium storage for the stockpile at Sellafield, which, 
as of the end of in 2013, had reached 123 tons, of which 99.6 tons was UK-owned. 446 
This is, by some distance, the world’s largest stockpile of civilian separated plutonium. 

The great bulk of plutonium separated in the United Kingdom from Magnox reactors 
and AGRs has had no long-term management strategy other than long-term storage. 
This became increasingly unacceptable and, in 2011, under some international pres-
sure, the UK Government announced that it would, for the first time since the cancel-
lation of its breeder reactor development program, seek to develop an active strategy for 
plutonium disposal.447 The option initially considered was to use plutonium in MOX 
fuel for new light water reactors while immobilizing a limited volume of contaminated 
plutonium stocks. 

A new regime to manage the back end 

BNFL had been set up as a state-owned company in 1971 to take over from the UK 
Atomic Energy Authority (UKAEA) the ownership of the UKAEA’s potentially commer-
cial fuel cycle facilities. This included fuel fabrication and the B205 reprocessing plant 
at Sellafield. BNFL later built THORP and the MOX facilities as well as acquiring in 1997 
the ageing Magnox reactors. Because the Sellafield site was complex and many of its 
facilities interdependent, BNFL in 1971 also took over virtually all of the Sellafield site, 
including a wide range of waste processing plants and stores. BNFL was constituted as a 
company, and the UK Government required it to try and make a profit.448 
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In the late 1980s, the United Kingdom, under Prime Minister Margaret Thatcher, be-
came a world leader in neo-liberal economic policy, privatizing almost all utilities and 
introducing market competition wherever feasible. BNFL was only marginally profit-
able with liabilities that vastly exceeded its assets; there also was the important issue of 
nuclear material security. But government pressure on BNFL to be profitable intensified 
in the early 1990s.449 In this climate, the company had no institutional incentive to 
clean up the often hazardous radioactive wastes at the Sellafield site. To do so would 
eat into its bottom line. Clean-up activities were therefore neglected in the pursuit of 
profit from reprocessing.

From around 2000, however, there were significant political changes. New nuclear 
power plants were for a time off the United Kingdom’s policy agenda,450 and it became 
increasingly clear that, in the absence of state action, reprocessing would have a limited 
life: 

•	 The Magnox reactors were coming to the end of their lives, which meant that B205 
would close. Closing B205 would be useful because it was the source of the largest ra-
dioactive discharges to the sea from the United Kingdom and the OSPAR (Oslo-Paris) 
Convention for the Protection of the Marine Environment of the North-East Atlantic 
requires discharges to be close to zero by 2020;451 and 

•	 There were no new overseas orders for reprocessing at THORP and the new private 
owners of the AGRs after 1996 not only refused to sign new reprocessing contracts, 
but also made strong efforts to escape as far as they could from pre-existing contracts 
to reprocess AGR fuel.452 

A new approach  —  market-oriented in relation to reprocessing, and with a new impe-
tus towards clean-up, especially at Sellafield  —  was confirmed in a major policy paper 
issued by the government in 2002. Any future planned reprocessing contracts would 
need to:  453 

•	 Be consistent with the overall plan to clean up Sellafield;

•	 Offer a positive return to the taxpayer; and

•	 Be consistent with the United Kingdom’s environmental objectives and international 
obligations.

As virtually all the plutonium  —  the stockpile of which was rapidly growing in the 
2000s (Figure 9.1)  —  and most of the United Kingdom’s nuclear wastes were concen-
trated at BNFL’s Sellafield site, BNFL was obviously a candidate to be re-oriented as a 
waste-management company.
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BNFL had lost credibility with Government, however, as a result of the MOX data 
falsification incident reported above as well as an ill-fated venture into the 
U.S.clean-up market by its overseas arm BNFL Inc., where the company lost some $1 
billion on two contracts.454 BNFL also appeared reluctant to allow other companies to 
participate in the limited clean-up efforts that were being undertaken. The UK Gov-
ernment’s 2002 White Paper therefore announced a major change in the institutional 
structure at the back end of the United Kingdom’s nuclear fuel cycle. A new Govern-
ment-owned body, which became the Nuclear Decommissioning Authority (NDA), 
would own all public sector back end sites and facilities, including all those previously 
owned by BNFL and the UKAEA.455 This meant that, for the first time, there would be 
an institution whose primary mission was to manage and clean up the back end, in-
cluding managing reprocessing and the plutonium stocks. Attempts were made to 
re-structure BNFL and give it new roles, but agreement between the company and 
Government proved impossible and BNFL was finally shut down in 2009. 

The NDA was created by the UK Energy Act of 2004 and came into existence in 2005. 
It inherited ownership of the reprocessing plants as well as the radioactive wastes, but 
its mandate was now to minimize the total cost of the overall clean-up process. In so 
doing, it was required to act on its judgment of the economic viability of THORP and 
SMP and not on “strategic” or non-economic considerations. It also was required to 
look closely at the issue of separated plutonium management, though it took time for 
it to do so.

Figure 9.1.   Separated plutonium stockpile in the United Kingdom, 1995 – 2013. Source: IAEA, “Communi-

cation Received from the United Kingdom… Concerning its Policies Regarding the Management of Pluto-

nium, INFCIRC/549/Add.8/17, 15 August 2014, and previous annual reports. 
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The end of reprocessing

There has never been a decisive moment when the UK Government announced that re-
processing would come to an end. In line with its neo-liberal approach to the fuel cycle, 
it has argued since the late 1990s that it would be customer demand, or its absence, that 
would determine the lifetime of the two reprocessing plants. 

UK Government expectations that reprocessing would come to an end pre-date the 
formation of the NDA. For B205 an intended closedown date of 2012 was announced 
by BNFL in 2000.456 For THORP an expectation of closure became public in 2002, 
when the Department of the Environment announced that “the continued operation 
of THORP beyond about 2016 will be dependent on new business”.457 There have been 
no further contracts. The 2016 date was unexpectedly late as it was announced in 2002 
that THORP would complete its contracts by 2010 – 11.458 These announcements were 
not, however, formal declarations of closure.

The fact that neither B205 nor THORP is yet closed is primarily due to the fact that 
operational problems have slowed the rate at which their existing reprocessing com-
mitments have been fulfilled. These problems have affected the performance of both 
the reprocessing plants and the associated operations upstream (fuel reception for 
B205) and downstream (high-activity waste storage tanks, evaporators and vitrification 
plants, all of which are shared by both reprocessing plants).

THORP

THORP’s operating performance has been poor since 2002. There have been a number 
of causes: the extended shutdown of between 2005 and 2008 because of a long-unde-
tected leak of radioactive material; the effective capacity down-rating that followed 
this incident; and the forced closure in 2009 because of evaporator constraints. This 
has meant that the fulfillment of THORP’s contracts has been postponed by at least 
eight years beyond the earlier expected date of 2010 – 11. When NDA reported its as-
sessment of the options for managing oxide fuels in late 2011, it announced that the 
closure date for THORP would be 2018.459 Although NDA did invite views on whether 
or not reprocessing might be extended beyond 2018, it was explicit that, on cost-effec-
tiveness grounds, closure in 2018 was its strongly preferred strategy. 

NDA’s Credible Options report offered three options for managing oxide fuels:

•	 Complete the reprocessing contracts; 

•	 Reprocess less than the contracted amounts; and

•	 Reprocess more than the contracted amounts.

The third option was ruled out by the fact that there were no prospective new contracts, 
and that  —  if any fuel unexpectedly became available for reprocessing after 2018  —  in-
vestments described as being in the multi-billion- pound range would be required to 
refurbish THORP and the radioactive waste processing facilities.460 NDA argued that 
completion of the reprocessing contracts (Option 1) was the most cost-effective op-
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tion because the facilities needed were all existing assets. NDA did however concede 
that support facilities, in particular the High Activity Radioactive Waste Storage Tanks 
(HASTs), which require continuous cooling, were potentially vulnerable to breakdown. 
This might require THORP to close earlier than 2018. 

The argument that Option 2 would be more expensive than Option 1 seems difficult 
to make, and NDA did not publish its cost calculations. The extra costs expected under 
Option 2 involved 

•	 Building extra storage capacity for AGR fuel;

•	 Managing the small amount of fuel susceptible to corrosion when stored; and

•	 Implementing alternative options for managing some fuels, for example transferring 
these fuels to another reprocessing facility (i.e., in France). 

NDA’s analysis implied that these three categories of cost would be greater than the 
operating costs associated with continued reprocessing. Only the third category of cost, 
transferring fuel to another reprocessing facility, could in principle have been at all 
significant, however. Eighty-five percent of the remaining contracted fuel for reprocess-
ing was from UK AGRs, however: 2400 tons as against only 400 tons of overseas fuel.461 
Électricité de France (EDF), which had taken ownership of the AGRs, would have been 
happy not to have its fuel reprocessed,462 and the storage cost would be low relative to 
reprocessing. 

The only potential difficulty would have been with owners of the 400 tons of overseas 
spent fuel. An obvious strategy would have been to offer these owners “virtual repro-
cessing.” Here the NDA would send back quantities of plutonium and vitrified (glassi-
fied) high-level waste from existing Sellafield stocks equivalent to those that would 
have resulted from reprocessing, while storing the original fuel at very low cost com-
pared to continued operation of the reprocessing plants. 

Virtual reprocessing had been suggested to the UK Government repeatedly.463 It is 
therefore difficult to avoid the conclusion that cessation of reprocessing earlier than 
2018 would have been found to be the most cost-effective option had NDA explicitly 
considered it. The NDA did not seriously consider virtual reprocessing, however, in its 
published analysis in 2011. Instead, it used the argument that the 2004 Energy Act 
required that reprocessing contracts be honored  —  although the Act did not disallow 
re-negotiation if all parties consented to it. 

The NDA’s Preferred Option paper of June 2012 strongly endorsed the conclusions of 
the Credible Options report, and re-iterated that the expected date of THORP closure 
remained 2018 while noting the continuing risk that THORP’s support facilities might 
not operate reliably over the remaining six years.464 
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The two NDA options reports provide very strong evidence that continuing reprocess-
ing at THORP, beyond the scope of the current reprocessing contracts, would involve 
very high and unjustifiable costs. Nevertheless, there remain strong supporters for ex-
tending reprocessing in the United Kingdom. A trade union report in 2007 called for 
the planning of a second oxide reprocessing plant at Sellafield. And, in 2011, a Royal 
Society report authored mostly by scientists with a history of work in or close associa-
tion with the nuclear industry, argued that the assumption that reprocessing should 
be ended should be “revisited” and that THORP should either be refurbished or a new 
reprocessing facility built.465 Most recently a report primarily authored by ex-BNFL em-
ployees on contract to the Smith School of Enterprise and the Environment at the Uni-
versity of Oxford, argued in two out of its four future UK scenarios that THORP should 
be refurbished and AGR fuel currently planned for long-term storage, plus overseas 
fuel, should be reprocessed.466 

However, these three papers all fail to recognize: 

•	 The multi-billion pound investments that would be needed to keep reprocessing go-
ing; and

•	 The problem that there have been no contracts for reprocessing in the United King-
dom for over two decades, and none is in sight. 

Figure 9.2. The Sellafield site in the United Kingdom, 2008. Source: Sellafield Ltd.
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In March 2014, the UK Government finally recognized that some virtual reprocessing 
was desirable after a DECC consultation proposed that some 30 tons of ‘difficult’ over-
seas-owned fuel should be subject to virtual reprocessing in order to save public money 
and allow THORP to close sooner than otherwise would be possible.467 This of course 
raises the question of why the other 270 tons of overseas-owned fuel still awaiting re-
processing might not be dealt with by virtual reprocessing as well. To date, however, 
the Government has been silent on this.

B205
The B205 closure issue is of less international interest than THORP because it was 
a plant dedicated solely to the metallic fuel from the increasingly obsolete Magnox 
plants, and it had no planned application beyond servicing those reactors. The closing 
date was therefore always expected to be soon after the last Magnox reactor closed. 
BNFL’s year-2000 announcement of a closedown date of 2012 was later amended to 
2016 due to Magnox lifetime extensions as well as declining technical performance at 
B205 and its supporting plants. The date then was pushed back further to a range of 
2020 to 2028.468 Given that B205 has the highest Sellafield discharge levels to the sea, 
this means that the United Kingdom’s OSPAR Convention commitment to achieve as 
“close to zero emissions” of radioactivity to the Atlantic by 2020 probably will be seri-
ously compromised. 

As of the end of 2014, all but one of the UK’s Magnox reactors had been closed and 
the final unit at Wylfa was scheduled to close in December 2015. Magnox fuel is no 
longer being manufactured, placing a clear physical limit of the quantities of Magnox 
fuel that will be reprocessed in B205. There are, however, currently plans to undertake 
limited reprocessing in B205 of exotic fuels from Dounreay and elsewhere. Given that 
there are risks that B205, which was 50 years old in 2014, and/or the supporting facili-
ties at Sellafield could fail, an earlier closedown date might prove necessary. 

In the event of such an early shutdown, there would be the significant technical chal-
lenge of finding ways to store wet Magnox fuel in ways that avoided dangerous corro-
sion. This suggests in turn that the NDA might want to spend large sums to keep the 
B205 enterprise going, if it is technically possible to do so. However, there seems little 
doubt that the remaining tonnage to be reprocessed is more or less fixed and that Mag-
nox reprocessing will cease by the early 2020s.

Managing the separated plutonium

It has taken the United Kingdom most of the 20 years since the abandonment of its 
breeder reactor development program in 1994 to start considering what might be 
acceptable long-term options for the management of UK-owned plutonium. In the 
meantime, this plutonium has been stored as plutonium oxide powder in Sellafield. 
As outlined earlier, the favored method for managing overseas-owned plutonium was 
to fabricate it into MOX and return it to customers, but this came to a halt in 2011 
when the Sellafield MOX plant was abandoned. The UK Government has offered to 
take title to the overseas-owned plutonium at Sellafield. This means that a long-term 
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management strategy is needed for a total stockpile of separated material that could 
amount to about 140 tons when the contracted reprocessing ends.469

The detailed history of the UK policy discussion on plutonium disposal has been de-
scribed in an IPFM report on plutonium disposal options.470 There have been a number 
of studies on this subject by BNFL, the Royal Society, the NDA, and independent ana-
lysts. The primary debate is over whether to use the plutonium in fuel for new reactors 
or to immobilize it and dispose of it directly. 

The preference of the NDA, whose experts are mostly inherited from BNFL, is to use 
the plutonium in MOX in new LWRs that the UK Government is encouraging foreign 
vendors to build in the United Kingdom. The NDA and the Department of Energy and 
Climate Change (DECC) have issued reports arguing that this option would be less 
costly than direct disposal but have refused to release the analyses on which these 
conclusions are based, claiming that they contain “proprietary” information. In any 
case, the LWR option awaits the construction of the reactors and then contracts with 
the owners to use MOX fuel. In 2014, NDA worried that “the appetite of developers 
[proposing to build new LWRs in the UK] to ultimately include MOX in their consider-
ations remains uncertain”.471 

In the meantime, GE Hitachi and Candu Energy have respectively proposed to build 
two dedicated sodium-cooled fast-neutron or two heavy water reactors at Sellafield to 
irradiate the plutonium. NDA has placed “low valued [but unspecified] contracts with 
both parties” to develop these proposals.472

The apparent interest in engaging with the UK plutonium disposal issue on the part of 
Candu Energy, GE Hitachi (and of course Areva for LWR MOX) means that NDA now 
hopes that it can conduct a competitive process between alternative fuel-use proposals, 
while reserving the right to revert to a sole provider route if necessary.473 The absence 
of an external technology vendor for immobilization options contributes to the diffi-
culties immobilization options have in finding a place in the neo-liberal climate of UK 
public decision-making.

Cleanup cost

While reprocessing is being phased out as an unnecessarily expensive way of manag-
ing spent fuel, past reprocessing has left a huge public sector liability for cleanup. The 
NDA manages cleanup at all publicly owned UK nuclear sites, but its primary focus 
and heaviest operating expenditures are at Sellafield. While not all liabilities and ex-
penditures at Sellafield are the product of reprocessing, the great bulk of them are. As 
at 2002, the total long-term liability for cleaning up Sellafield was estimated at £27.5 
billion.474 By 2014 this estimate had increased to £79.1 billion (in both cases undis-
counted).475 Allowing for the fact that the NDA has spent more than £10 billion on 
remediating Sellafield since its formation in 2005, the total escalation in the Sellafield 
liability over the 12 year period to 2014 amounts to around 130 percent in real terms.476 
Current annual spending at Sellafield is £1.8 billion and still rising.
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This £79.1 billion (~$120 billion) is part of an overall future NDA liability that has now 
reached £110.1 billion across its whole estate, and the Authority now gives a range of 
future liability estimates from £88 to £218 billion. At the high end of this range, NDA 
estimates that Sellafield could be responsible for a further £75 billion of expenditure,477 
for a total potential liability at Sellafield of just over £150 billion (~$220 billion). These 
remarkable figures reflect both a past unwillingness to face the scale of the problem, 
especially under the stewardship of BNFL, and the time taken to understand just how 
complex and expensive it will be to remediate some of the “high hazards” at the site, 
especially “Legacy Ponds and Silos” that date back 50 years and more. 

Conclusion

In every country that has engaged in civilian reprocessing, the commitment has always 
been made on government initiative. Decisions in favor of reprocessing (and MOX) 
have rarely taken account of the relative costs of reprocessing and spent-fuel storage. 
When reprocessing became subject to a neo-liberal government  —  the United Kingdom 
from the late 1980s onwards  —  it became subject to a market-based analysis of spent 
fuel options, and customers (utilities) were allowed to decide whether or not to repro-
cess. This led to a rapid retreat from reprocessing in the United Kingdom and it became 
inevitable that the practice would cease once the entanglements of earlier contracts 
were overcome. Reprocessing would have already ended in the United Kingdom if the 
two reprocessing plants and their associated support facilities had been able to work at 
somewhere near their nominal capacity. As it is, reprocessing will come to an end in the 
United Kingdom within a few years, with no prospect of a revival.

Many decades of reprocessing in the United Kingdom, with minimal use of the sepa-
rated plutonium and no plutonium disposal strategy, have left a legacy of the world’s 
largest stockpile of civilian plutonium. The United Kingdom is now slowly moving to 
formulate a long term policy for its disposal, in a process that seems to have an inherent 
bias towards fuel use. This apparent bias is reinforced by the way in which the public 
sector, under a neo-liberal order, mimics the (presumed) operation of markets. In the 
case of the NDA this results in a desire to conduct a competitive process between up 
to three international nuclear technology suppliers, all of whom offer only versions of 
fuel use. Immobilization has no corresponding industrial champion.
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10. Transmutation
A primary rationale offered for reprocessing and fast-neutron reactors today is that fis-
sioning of the long-lived transuranic isotopes in spent fuel would reduce the associated 
long-term hazard. Some of the isotopes of plutonium and other transuranic radioiso-
topes (neptunium, americium, curium) in spent fuel have half-lives of thousands to 
millions of years (Table 10.1). It is argued that, since no repository can guarantee that 
radionuclides will not escape and contaminate surface water during such a long time, it 
would be better to fission the transuranics into shorter-lived species. The case is usually 
illustrated graphically by showing the ingestion toxicity of spent fuel with and without 
the contained transuranics (also called “actinides” because their chemistry is similar to 
that of the element actinium) (See Figure 10.1).

Transuranic isotope Mass percent at 53 MWt-
days/kgLEU 478 Half-life (years) Decays into

Plutonium-238 (Pu-238) 2.4 87.7 Uranium-234

Plutonium-239 (Pu-239) 45.7 24,000 Uranium-235

Plutonium-240 (Pu-240) 21.9 6,500 Uranium-236

Plutonium-241 (Pu-241) 5.3 14.4 Americium-241

Plutonium-242 (Pu-242) 7.0 380,000 Uranium-238

Total plutonium 82

Americium-241 (Am-241) 8.9 432 Neptunium-237

Americium-243 (Am-242) 1.8 7400 Neptunium-239

(Plutonium plus americium) 93

Neptunium-237 (Np-237) 6.6 2.14 million Protactinium-233

Curium-243 (Cm-243) 0.0051 28.5 Plutonium-239

Curium-244 (Cm-244) 0.37 18.1 Plutonium-240

Curium-245 (Cm-245) 0.039 8500 Plutonium-241

Total 100

Table 10.1. Mix of long-lived transuranic isotopes in spent low-enriched-uranium light water reactor fuel 
with a burnup of 53 MWt-days/kgU after 20 years cooling. The total mass of the transuranics is 1.3 percent of 
the mass of the uranium originally in the spent fuel.
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Transmutation of the transuranics would involve fissioning them into (mostly) shorter-
lived fission products. Figure 10.1 shows that this would signficantly reduce the ingestion 
toxicity in the period from 100 to 100,000 years. As will be seen below, however, it would 
not necessarily reduce significantly the hazard from a deep underground repository.

Thus far, the only transuranic element that has been separated and used on a large scale 
is plutonium. In France, which reprocesses most of its low-enriched uranium spent 
fuel, the plutonium is mixed with uranium to produce “mixed-oxide” (MOX, uranium-
plutonium) fuel, which provides 30 percent of the fuel of 24 of France’s 900 MWe light 
water reactors or the equivalent of 10 percent of the fuel used in France’s reactors. 

The other transuranic elements  —  neptunium, americium, and curium  —  are not cur-
rently separated from the dissolved spent fuel in any country and, in countries that 
reprocess their spent fuel, are disposed with the fission products in the solidified high-
level reprocessing waste. This reflects the original purpose of reprocessing, which was 
first to separate plutonium for nuclear weapons and then to provide the initial fuel for 
plutonium breeder reactors. 

A single recycle of plutonium in a light water reactor, as practiced in France, reduces 
the amount of plutonium in spent fuel by about 40 percent.480 Multiple reuse of plu-
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Figure 10.1. Ingestion toxicity of spent fuel in a repository in perspective. The figure shows as a function of 
time the ingestion toxicity of a homogenized mix of spent fuel and the repository rock in which it is emplaced 
for a heavy water reactor fueled with natural uranium in comparison to various ores. It is assumed that the 
concentration of the spent fuel uranium in the rock is approximately 0.2 percent by weight. The measure of 
toxicity is proportional to the amount of water that would be required to dilute the material down to the limit 
allowed in drinking water. The increase of the toxicity of the spent fuel at around 100,000 years is most likely 
due to the ingrowth of the uranium-238 decay product, thorium-230 (half-life 75,000 years). It will be seen 
that removal of 99.5 percent of the plutonium would reduce the toxicity by about a factor of twenty, several 
thousand years after burial. For spent light water reactor fuel and with the removal of the other transuranics 

as well, the reduction in toxicity would be by about a factor of one hundred.479 
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tonium in light water reactors has not been attempted on a commercial scale because 
the recycled plutonium would contain an increasing fraction of plutonium isotopes 
that are not fissionable by the slow neutrons that dominate in light water reactors. 
Also, because there is a significant probability of a series of successive neutron captures 
without fission in a slow-neutron reactor, multiple recycles of neptunium, plutonium, 
americium and curium would produce an increasing fraction of curium-244, which fis-
sions spontaneously at a high rate. The resulting penetrating neutrons would constitute 
a major radiation hazard in a fuel fabrication plant and require very costly remote fuel 
fabrication behind heavy shielding or long intervals between recycles to allow the 18-
year half-life curium-244 to decay.481

One thousand years of fast reactors

Advocates of sodium-cooled reactors point out that the fast-neutrons that mediate the 
chain reactions in these reactors have a much lower probability of being absorbed with-
out fission by some of the transuranic isotopes than the slow neutrons that mediate the 
chain reactions in water-cooled reactors (Figure 10.2). This would dramatically reduce 
the buildup of curium-244, which is produced as a result of a succession of six non-
fission neutron absorptions starting with uranium-238.

Transmutation would require the separation of the transuranics from spent low-en-
riched uranium fuel and then multiple recycles in the fuel of a fast-neutron reactor. It 
would take centuries or more before a reduction such as is shown on Figure 10.1 could 
be achieved. A very small fraction of the transuranics might be going into the geologi-

Figure 10.2. Fission probabilities for slow and fast neutrons. The figure shows the different probabilities of 
the slow-neutrons in a water-cooled pressurized water reactor core and the fast-neutrons in a sodium-cooled 
fast reactor core fissioning uranium, neptunium, plutonium, americium and curium isotopes. A series of 
non-fission neutron absorptions are what ultimately produce heavy isotopes such as curium-244 from ura-
nium-238. Source: “Le Projet ASTRID,” Société Français de Energie Nucléiare, SFEN/GR21, 2013, p. 6.
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cal repository but a huge inventory would be circulating in the fast reactor cores and 
their fuel cycles. Even assuming 99.9 percent extraction of the transuranics at each re-
cycle, for a constant-power scenario in which fast-neutron reactors fission transuranics 
at the same rate that light water reactors produce them, the inventory reduction factor 
at 100 years would only be 85 percent at most and it would take thousands of years to 
get a 99 percent reduction.482 That is, it would take thousands of years before the quan-
tity of transuranics circulating in the above-ground fuel cycle would be down to one 
hundredth of the amount that would have been deposited in a geological repository if 
the spent fuel were directly disposed without reprocessing. If instead it were decided to 
phase out nuclear power and use fast reactors to eliminate the legacy of transuranics, 
the reduction would be more rapid but it would still take at least 150 years to eliminate 
99.5 percent.483 

Widespread interest in transmutation

Nevertheless, the governments of most of the advanced nuclear states have accepted 
the argument that separation and transmutation of transuranics are required to reduce 
the hazard from spent fuel to an acceptable level. This rationale has become critical to 
sustaining support for continued development of fast-neutron reactors:

•	 In 2006, France’s Parliament added to its Environmental Code a mandate for the 
Atomic Energy Commission (CEA) to assess the industrial prospects for the partition 
and transmutation of the long-lived radioactive isotopes in spent fuel and to build a 
pilot plant by 2020.484 In response, the CEA proposed to build a 600 MWe sodium-
cooled fast-neutron reactor, ASTRID.485 France’s economy is currently struggling and 
the project would be costly. The final decision on whether or not to proceed has 
slipped to 2019.486

•	 Belgium proposes to build, with financial support from the European Commission, 
a 50-100 MWt subcritical lead-bismuth-cooled fast-neutron reactor, MYRRHA.487 The 
reactor would be driven by spallation neutrons generated by a beam of protons. Al-
though it would be a general-purpose research facility, a primary stated mission is 
to “demonstrate the physics and technology of an Accelerator Driven System (ADS) 
for transmuting long-lived radioactive waste.” Its proponents argue that fast-neutron 
reactors such as France’s proposed ASTRID could fission the plutonium in spent fuel 
while accelerator-driven systems could be used to fission the “minor” non-plutonium 
transuranics.488

•	 In Japan, the Ministry of the Economy, Technology and Industry (METI) argues that 
plutonium recycle in light water reactors and fast-neutron reactors would reduce 
from about 100,000 years to 8,000 years and 300 years respectively the time required 
for the toxicity of the high-level waste to decay to the same level as the original natu-
ral uranium.489

•	 South Korea asserted, in its negotiations during 2012-14 over a new Agreement of 
Nuclear Cooperation with the U.S., that it should have the same right to reprocess as 
Japan. The primary rationale given is the incorrect claim (see below) that separation 
and recycle of transuranics in fast-neutron reactors would “efficiently increas[e] the 
capacity of a final spent fuel repository approximately one hundred-fold.”490
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•	 Russia still emphasizes the plutonium-breeding mission of fast-neutron reactors but 
has added the objective of finding “optimal ways of managing the recycling of minor 
actinides and fission products.”491

•	 Even the United States Department of Energy, whose programs for commercializing 
reprocessing and breeder reactors were cancelled by Congress in the early 1980s, 
when describing the purpose of its long-term nuclear fuel cycle research and devel-
opment program, states, “The final strategy is a full recycle approach with extensive 
processing to remove some elements from the used fuel, reuse some of them in fast 
reactors, possibly transmute others and minimize the volume and toxicity of the 
final waste products.”492

Considerable fast reactor capacity would be required to keep up with the spent fuel cur-
rently being generated. The world’s 330 GWe of light water reactor capacity annually 
discharges about 6,700 tons of spent fuel containing about 74 tons of transuranics.493 
Putting a ceiling on the quantity of transuranics by fissioning them at a rate equal to 
the rate of their creation by light water reactors would require the equivalent of 110 
GWe fast-neutron reactors, assuming the highest capacity factor achieved by any fast 
reactor to date (Russia’s BN-600).494 If the transuranics are mixed with uranium as in 
MOX, which a U.S. National Academy of Sciences study believed may be required for 
safety reasons,495 the required capacity could be 2.5 times higher, i.e., 275 GWe, almost 
as large as the LWR capacity producing the transuranics. 

The separation and transmutation of transuranics therefore would require a major 
transformation of the nuclear-energy sector and public acceptance of the construction 
of a very large number of sodium-cooled reactors, which have attracted opposition in 
the past because of their special safety issues.496

Hazards from spent-fuel repositories in perspective

Despite the fact that many opponents of nuclear power focus on the hazard from spent 
fuel disposal, it is difficult to argue that spent fuel will be more dangerous if buried 
500 meters underground than when it was in a reactor core where a brief loss of cool-
ant could result in a meltdown and a Fukushima-scale release of radioactivity to the 
atmosphere. Or that it is more dangerous than spent fuel in a cooling pool where a loss 
of coolant could result in an uncontained spent fuel fire and a much larger release.497 

This risk comparison would only apply to a community that had both a nuclear power 
plant and a spent fuel repository. It happens, however, that, in Finland and Sweden, 
two of the three countries that have managed thus far to obtain political acceptance 
from local communities for a geological repository for radioactive waste (the third is 
France), the communities that have volunteered to host spent fuel repositories already 
host nuclear power plants.498 These communities therefore already have accepted the 
hazards from fuel in reactor cores and cooling pools.499 
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The ingestion hazard from spent fuel shown in Figure 1 is not a good measure of the 
hazard that deeply buried spent fuel would pose to a population on the earth’s surface 
500 meters or so above. What is missing is an analysis of possible mechanisms for expo-
sure. In any case, as also is shown in Figure 1, the earth’s crust already contains many 
toxic materials including lead, arsenic, mercury and, of course, uranium

Uranium and its radioactive decay products provide perhaps the most relevant com-
parison because it is their radioactivity that dominates the hazard from spent fuel in 
the long term. Also, we are already familiar with the hazard from the radioactivity of 
uranium, thorium and their decay products in the earth’s crust. Natural uranium and 
thorium in near surface rocks and construction materials contribute an estimated av-
erage radiation dose of about 2 mSv per year to human beings via ingestion, external 
radiation and from inhalation of radon, a decay product of uranium-238.500 The result-
ing estimated increase in lifetime cancer risk is about 1.5 percent, i.e., if one’s lifetime 
risk of getting cancer were 40 percent in a world without uranium and thorium, their 
presence increases it to about 41.5 percent.501 

Mixing radioactive waste indiscriminately into the earth’s crust in the way that natural 
processes have deposited uranium and thorium would be irresponsible. The compari-
son does give some perspective, however, on the nature and magnitude of the hazard. 
Placing spent fuel in repositories engineered to protect the spent fuel from ground-wa-
ter flow 0.5 kilometer or more below the surface is likely to reduce the risk to humanity 
by a substantial factor. 

Probability of transuranic migration to the surface 

As with natural uranium in the crust, in order to do damage, the radionuclides in a 
spent fuel repository or their decay products would have to be transported to the sur-
face where humans live.502 The most important determinant of their natural mobility is 
the solubility of the various chemical species in the waste in the deep ground water. In 
the case of deep underground repositories in granite or basalt rock with low water flow, 
the oxygen in the water has been depleted by chemical reactions with the rock and 
the transuranics are relatively insoluble.503 As a result, even though transuranics may 
dominate the toxicity of spent fuel in place, they are not expected to dominate the tox-
icity of the mix of radionuclides that water transports to the surface. Calculations for 
Sweden’s proposed repository site, which is in deep granite, find that neptunium-237 
typically will contribute about 10 percent of the water-borne dose and plutonium less 
than one percent. By comparison, the uranium decay product, radium-226, accounts 
for about 60 percent of the dose from the buried spent fuel but its dose would ordinari-
ly be dwarfed by the dose from natural uranium in the rock.504 Calculations for France’s 
proposed repository site, which is in a thick clay layer, find that the transuranics will 
hardly move at all.505 

There is also the possibility that human actions could bring to the surface radioactivity 
from a deep geological repository. The company developing Sweden’s spent fuel reposi-
tory considered the consequences of accidentally drilling down through a spent-fuel 
container in a repository and found that, if a significant portion of the fuel in a canister 
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were brought to the surface, the doses could substantial. But the consequences would 
be much more localized and easier to clean up than those from an airborne release 
from a reactor or spent fuel pool accident. Even if the drill hole were not sealed prop-
erly, the analysts concluded that the releases from adjoining canisters would not be sig-
nificantly increased  —  presumably because of the clay buffer layer in which each spent 
fuel cask is to be embedded in Sweden’s repository design.506 As of 2014, the company’s 
conclusions were being subjected to review in Sweden’s repository licensing process.

Lack of repository volume-reduction benefits 

Areva, the government-owned company that operates France’s La Hague reprocessing 
plant and hopes to sell similar reprocessing plants to China and the United States,507 
claims that reprocessing causes a “reduction in the volume of waste by a factor of five.”508 
Japan’s Ministry of Economy, Trade and Industry (METI) makes a similar claim.509 

The comparison being made is between the volume of a ton of spent low-enriched fuel 
and the volume of the high-level waste from reprocessing that spent fuel. It leaves out, 
however, the volume of the long-lived intermediate- and low-level wastes produced by 
reprocessing and plutonium recycle that also must be buried in a deep repository. 

Careful calculations for the case of France have shown that, within uncertainties, if all 
the radioactive waste streams from reprocessing and MOX fuel fabrication that require 
deep burial are included, the excavated volume of a geological repository for reprocess-
ing waste and spent MOX fuel are the same as for the original low-enriched uranium 
spent fuel.510

The waste volume comparison ignores the fact that the area of a deep geological radio-
active waste repository is determined not by the volume of the waste but rather by its 
heat output.511 In the Swedish and French repository designs, for example, in order to 
provide an extra barrier to water flow, the canisters of high-level waste are surrounded 
by bentonite clay. This clay must be kept below 100 °C to retain its full water retarding 
and ion absorbing properties.512 This limits the amount of heat-generating waste that 
can be put into each canister and also requires a minimum spacing between neighbor-
ing canisters to keep them from significantly raising each other’s temperatures. 

One ton of spent MOX light water reactor fuel and the high-level waste from the ap-
proximately seven tons of spent low-enriched uranium (LEU) fuel that must be repro-
cessed to obtain enough plutonium to fabricate it generate about 1.2 times as much 
radioactive decay heat between 10 and 200 years after discharge as eight tons of unre-
processed spent LEU.513 Reprocessing and one recycle of plutonium in MOX therefore 
do not result in a significant benefit in reducing the area of a geological repository. 
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Economic and environmental costs of separations and transmutation

Thus, the doses from a well-designed deep repository are not expected to be large and 
fissioning the transuranics, as proposed by advocates of sodium-cooled reactors, would 
not significantly reduce these doses. What about the costs?

At the request of the U.S. Department of Energy, the U.S. National Academies organized 
a systematic cost-benefit study of transmutation that was published in 1996. The study 
group found that, for 62,000 tons of spent light water reactor fuel, approximately the 
amount that it estimated would have accumulated in the United States as of 2011,514 
reprocessing the spent fuel and using sodium-cooled reactors to fission 99.5 percent of 
the transuranics it contained would take 150 years and cost $500 billion.515 The report 
concluded:516

“none of the dose reductions seem large enough to warrant the 
expense and additional operational risk of transmutation”.

Similar conclusions were arrived at by France’s Nuclear Safety Authority (ASN) and 
France’s Institute of Radiological Protection and Nuclear Safety (IRSN) in their criti-
cisms of France’s Atomic Energy Commission for promoting sodium-cooled reactors 
for transmutation.517 The same argument has been made by Japan’s senior advisor on 
radioactive waste disposal.518

Dose reductions or increases? 

Because of the radioactive releases from reprocessing plants, it is quite possible that 
there would be a net dose increase from reprocessing and transmutation as a result of 
routine releases of radioactive gases and possible accidental releases from liquid high-
level waste processing and stores.

Radioactive gases released by reprocessing

Reprocessing, as currently practiced, releases difficult-to-capture long-lived radioac-
tive gases from spent fuel  —  most importantly, 5,700-year half-life carbon-14 in the 
form of carbon dioxide. These gases will increase environmental radiation doses to 
current and future generations. The UN Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) estimated in 2000 that that the collective global dose commit-
ment over the next 10,000 years from civilian reprocessing prior to 1998 will be about 
200,000 person-Sieverts.519 That would result in about 20,000 cancer cases.520 These 
consequences would be worldwide, in contrast to the local effects of leakage from a 
repository. 

Explosions involving high-level liquid wastes

There is also the possibility of catastrophic releases of radioactivity to the environment 
from reprocessing plants (see Chapter 12). There have been a number of accidental 
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explosions at reprocessing plants resulting in the dispersal of liquid radioactive waste 
to the atmosphere. The most catastrophic occurred in the Soviet Union in 1957 when 
the cooling system of a tank of high-level waste failed, it boiled dry and the residue 
exploded. The downwind contamination required the long-term evacuation of an area 
of 1000 square kilometers,521 about the same area that has been subject to multi-year 
evacuation as a result of the 11 March 2011 accident at the Fukushima Daiichi Nuclear 
Power Plant.522 Other lesser accidents have happened because of the use of organic 
chemicals in the standard PUREX process to separate plutonium and uranium from the 
high-level waste. The high radiation level in the liquid radioactive waste degrades these 
chemicals and they react with the nitric acid used to dissolve the spent fuel to form a 
“red oil” that can explode if heated above 135 °C.523 

Occupational doses 

The workers in reprocessing and plutonium fuel fabrication plants receive radiation 
doses that would not be incurred if the spent fuel were disposed directly into a reposi-
tory. If reprocessing and fast neutron reactors drastically reduced the need for uranium 
mining and milling, however, the added doses from reprocessing would be offset by 
reduced doses to workers engaged in those activities.524 

Overall, however, the dose-reduction benefits from reprocessing could well be negative. 

Plutonium “mines” 

A final major benefit cited for transmutation is the elimination of the danger of a spent 
fuel repository becoming a “plutonium mine” for countries or groups interested in 
making nuclear weapons  —  especially after a few centuries when the gamma activity 
of the short-lived fission products mixed with the plutonium in the spent fuel will have 
died down. This hazard must be compared, however, to other ways a future society 
might try to acquire nuclear weapons.525 

Furthermore, it is disingenuous to argue for separating and recycling plutonium, with 
the resulting quick access created for countries and potentially subnational groups to 
a nuclear-weapon option, while simultaneously arguing that plutonium is a security 
threat when buried at a depth of 500 meters or more. 

Nevertheless, Glenn Seaborg, who promoted a worldwide “plutonium economy” while 
he chaired the powerful U.S. Atomic Energy Commission (AEC) during the 1960s, later 
used the plutonium-mine argument in an attempt to discredit those warning that the 
spread of reprocessing was spreading the bomb:526

“those who advocate the disposal of spent fuel…do not neces-
sarily occupy the high ground in the non-proliferation debate... 
only burning or transformation to another element through ir-
radiation can do the job”. 
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In 1974, a few years after Seaborg had stepped down from chairing the AEC, India 
conducted its first test of a nuclear explosive using some of the plutonium that it had 
separated for its breeder reactor program with the assistance of the U.S.AEC.527 

Conclusions

Based on the above review of the costs of benefits of chemically separating plutonium 
and other transuranics in spent power reactor fuel for transmutation, it is difficult to 
disagree with the already cited conclusion of the 1996 review by the U.S. National 
Academy of Sciences that “none of the dose reductions seem large enough to warrant 
the expense and additional operational risk of transmutation.” 

Reprocessing makes nuclear power significantly more costly and has therefore been 
abandoned except in a few countries where governments require their utilities to repro-
cess. Deploying the fast neutron reactors that would be required to fission many of the 
transuranic isotopes would make nuclear power still more costly. This is why, despite 50 
years of efforts by some countries to get their nuclear utilities to commercialize these 
reactors, none have done so.

A major security cost of reprocessing spent fuel to separate out plutonium and possibly 
the minor transuranic elements in preparation for their irradiation in fast neutron 
reactors is that it provides governments with a nuclear-weapon option and lowers the 
barriers to terrorist acquisition of nuclear-weapon materials.

On the other side of the balance, the expected environmental benefits of transmuta-
tion in reducing the risk of radioactive contamination of the surface environment by 
deeply buried spent nuclear fuel are small and probably exceeded by the radiological 
impacts of routine and accidental releases of radioactivity by spent-fuel reprocessing 
plants. 

Finally, the realization of the claimed benefits of transmutation in reducing the risks 
from transuranics one hundred-fold would require a commitment to reprocessing and 
fast neutron reactors of hundreds to thousands of years  —  far beyond any realistic en-
ergy-planning horizon.
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11. Economics
There have been many studies of the economics of reprocessing, both generic and 
for specific countries. The great majority have found that reprocessing to recycle the 
separated plutonium into fresh fuel is substantially more costly than treating spent 
uranium fuel as waste. 

The reasons for undertaking another review are: 

1. A few studies have concluded that there is no significant difference between the costs 
of the two fuel cycles, especially a recent and influential report from the OECD’s 
Nuclear Energy Agency (NEA); 528 and 

2. There continues to be interest in a few countries in developing fast neutron reactors 
despite their lack of technical and economical success thus far. 

Analyzing the economics of reprocessing requires a consideration of the economics of 
the “front end” of the nuclear fuel cycle, the processes involved in producing fresh fuel, 
as well as the “back end,” the activities involved in dealing with the fuel after it has 
been irradiated and discharged from the reactor, i.e., the management of spent fuel. It 
is necessary to include because the savings in enriched uranium permitted by the use 
of plutonium and uranium recovered through reprocessing do offset to some degree 
the extra costs of reprocessing. 

Recycling plutonium (and sometimes also uranium) is often described as “closing” the 
fuel cycle, while disposal of spent fuel as waste is labeled the “open” fuel cycle. These 
terms are misleading, however, and the use of the plutonium recovered through repro-
cessing spent fuel to further fuel light water reactors as currently practiced could be 
better described as “twice-through.” This is because there are no operational plans any-
where in the world to recycle the plutonium more than once. In practice, spent mixed-
oxide (MOX, uranium-plutonium) fuel is always stored.529 The plan is either to dispose 
of the spent MOX fuel directly or store it for a very long period for possible future use 
in fast neutron reactors in case they are ever built in significant numbers. The uranium 
recovered by reprocessing today is almost always stored, so only the plutonium, about 
one percent by mass of spent fuel, is recycled in some countries  —  notably France. In 
other countries  —  notably the United Kingdom  —  all the products of reprocessing, in-
cluding the separated plutonium, are stored.

Storage of spent MOX fuel will be necessary for long periods because fast neutron reac-
tors are not expected, even by proponents, to be successfully commercialized before 
the second half of the century.530 Even if the ambition for repeated recycling were to 
be realized in a fully functioning system based on fast neutron reactors, the fission 
products would require disposal, so even the so-called “closed” fuel cycle is not fully 
closed; in other words, the radioactive waste produced during the different steps in the 
fuel chain would still require a deep geological repository. 

While most studies of reprocessing economics stick to the two currently relevant al-
ternatives of once-through and twice-through cycles, some also include a fast-neutron 
reactor-based cycle.531 Because the uncertainties are very substantial, the usefulness of 
economic analysis of the fast reactor fuel cycle is limited. The two most recent stud-
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ies that include the fast reactor cycle, however, both concluded that the overall costs 
of this cycle will most likely be substantially higher than for either of the other two 
cycles. The primary reason is the widely-accepted view that the capital cost of fast-
neutron reactors will be significantly higher than for light water reactors, even when 
account is taken of hoped for “learning curve” effects.532 

Non-economic factors

Governments have historically regarded policy for nuclear power as a “strategic” issue, 
and decisions have generally been made at high political levels. This is because there 
are three strategic considerations with regard to the nuclear fuel cycle: 

1. Reprocessing spent fuel gives access to weapons-usable separated plutonium, whereas 
storing spent fuel positions a country much further from a nuclear-weapon option; 

2. A large fraction of the nuclear community has always regarded uranium-efficient fast 
neutron reactors as the inevitable culmination of civilian nuclear technology and 
has therefore always lobbied hard in favor of reprocessing as an apparently necessary 
step towards this long-term vision;533 and 

3. The idea that reprocessing helps an energy-import-dependent country to achieve 
higher levels of energy security by reducing its need for fresh uranium. 

Governments therefore may be willing to pay a substantial economic premium to 
achieve wider objectives via reprocessing. But they and their citizens will nevertheless 
be interested in the size of the economic premiums they may have to pay to achieve 
such objectives. Furthermore, there has been a move over the last 20 years or so, across 
several countries, towards a more market-based framework for nuclear-energy decision-
making. This is largely a consequence of movements towards a more liberalized and 
sometimes privatized and competitive structure for electric utilities,534 making them 
more sensitive to the relative costs of different options. 

Some Governments therefore have begun to devolve to electric utilities decisions on 
fuel cycle choice that were previously made at the state level. The most far-reaching 
case to date has been in the United Kingdom, where the Government now expresses 
indifference between a once-through and a twice-through fuel cycle, and explicitly 
regards the issue as one for the utilities to decide for themselves.535 Competitive pres-
sures and the direct importance of economic factors in fuel cycle decisions also have 
been growing in other countries in the European Union as a consequence of Europe-
wide efforts at liberalization and in large parts of the United States as a result of de-
regulation. 

Costs

Most analyses of fuel cycle economics have used market-based costs where they exist 
and used industry-based estimates of costs where there is no market or other substan-
tive experience (e.g. for geological repositories). The objective here is, as far as possible, 
to use costs that reflect real resource use; i.e., the costs to society including external 
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costs. Because substantial amounts of market power exist in the fuel cycle, market 
prices may not reflect social cost. 

At the front end of nuclear fuel cycle, the uranium market is reasonably competitive, 
with a range of firms and countries offering supply.536 At the back end, only France 
offers international reprocessing and MOX fuel fabrication services,537 and can charge 
its domestic customer (Électricité de France) a different price than its international 
customers. 

In practice it is difficult in the case of fuel cycle services to make defensible adjustments 
to market prices for market power and external costs. In general, therefore, this paper 
will be interested in market-based prices. The relevant costs here include all capital 
costs. Marginal or operating cost-related contracts that may be offered after a plant is 
fully paid for are not relevant to decisions on whether or not to build new plants. 

The other issue regarding costs is the adjustment of future expenditures and income 
by use of a discount rate, in which future costs are valued progressively less the further 
into the future they are expected to fall. Economists have debated for decades about 
the rate at which to discount per year (few economists support no discounting at all). 
Arguments in favor of low discount rates (of the order of 1 percent to 2 percent per 
annum) have become dominant in recent years when considering potentially distant 
costs, such as those due to climate change.538 In the present case, the only long-term 
costs where discount rate differences could matter are for waste repositories, and it 
will be argued later in this chapter that these costs will not vary much between once-
through and twice-through cycles. The issue of discounting therefore will be ignored 
here as it plays no significant role in discriminating between the costs of the two cycles. 

Comparing once-through and twice-through fuel cycle costs

While the discussion below mainly concentrates on the recent study on fuel cycle 
costs published by the NEA in 2013,539 it is important to first offer a brief review of 
some other studies conducted over the last two decades. Virtually all have used reason-
ably transparent methodology and have come to the conclusion that the once-through 
fuel cycle is less costly than twice-through. The 2013 NEA study lists some of these 
studies.540 It also explains some of their assumptions and presents their overall results. 
These are expressed in terms of the ‘cost premium’ for the twice-through cycle. Table 
11.1 shows these premiums and includes the NEA 2013 study for comparison.

Study MIT
(2011)

Harvard 
(2003)

Rothwell 
(2011)

NEA
(1994)

NEA
(2006)

NEA541

(2013)

OT Cost (US$/MWh) 8.2 6.5 7.5 9.4 5.6 6.7

TT Cost 10.3 – 11.3 8.1 12.4 10.4 6.4 7.3

TT Premium 26 – 37% 25% 65% 11% 14% 20%

Table 11.1. Costs of once-through and twice-through fuel cycles in selected studies. Source: The economics 

of the back end of the fuel cycle, Nuclear Energy Agency, OECD, 2013, Table 3.10, p. 107.
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These studies consistently show a higher cost for the twice-through cycle, irrespective 
of precise methodology and assumptions, or time period when the study was carried 
out. And where the economics of the two cycles have been subject to a clear market 
test, as in the current plans for future reactors in the United Kingdom, all of the poten-
tial developers (EDF, GE Hitachi and Westinghouse) have made it clear that they regard 
the once-through cycle as the less costly option.542 This was a material factor in the 
UK’s 2012 decision to close its THORP reprocessing plant. 

A recent study by Rothwell et al. (2014) reaches very similar conclusions to the Rothwell 
2011 study in Table 11.1, using similar input assumptions.543 It provides an illustration 
of the gap between the costs of the two fuel cycles by expressing it in different terms. If 
uranium prices rose by 0.5 percent annually and reprocessing costs fell by 2 percent an-
nually, it would take 80 years before the two cycles had the same overall fuel cycle cost.544

Other studies of the economics of reprocessing also have all reached the same conclu-
sion about the relative costs of the two cycles. Studies by the governments of France 
and Japan, are particularly interesting as those governments have been, and remain, 
strongly committed to reprocessing:

•	 The “Charpin Report” in 2000 was commissioned by France’s Prime Minister and ob-
tained data from all the major facilities in France’s nuclear industry.545 The most 
relevant scenario compared the costs of the full fuel cycle had France’s light water 
reactors operated completely on a once-through or twice-through cycle. The conclu-
sion was that the twice-through fuel cycle costs 24 percent more.546 

•	 Japan’s Atomic Energy Commission (JAEC) published a study in 2005 that evaluated 
four scenarios for spent fuel management on a whole-fuel cycle cost basis.547 Its basic 
results showed an advantage to the once-through cycle of between 25 percent and 
70 percent depending on the scenario chosen, mostly due to the high cost of repro-
cessing.548 In 2011, the JAEC updated its cost study and found twice-through ranging 
from 60 percent to 100 percent more costly than once-through when the discount 
rate was varied from 0 to 5 percent per year.549

Recent studies of fuel cycle costs in China and India also find, with admittedly lim-
ited data, that the once-through cycle would be less costly in both those countries. 
China only has a small-scale pilot reprocessing plant at this point. The reported €20 
billion ($25 billion) price of the 800-ton/year capacity reprocessing plant that Areva 
has offered to sell to China is comparable to the price of Japan’s Rokkasho reprocessing 
plant.550 In the case of India the authors of an independent study made a series of as-
sumptions about the costs of reprocessing favorable to the twice-through cycle but still 
found that the once-through cycle would be significantly cheaper.551

The overall margin of advantage for the once-through cycle in the examples above has 
been shown for the fuel cycle as a whole, where most of the fuel, even in the second 
round of the twice-through cycle, is LEU-based. If the narrower comparison is made be-
tween the cost, ton for ton, of MOX and LEU fuel, the cost difference widens very sub-
stantially. The Charpin report, mentioned above, showed that 4300 tons of additional 
LEU fuel would have been required, had no MOX ever been used, at a cost of 33 billion 
francs. In the reprocessing scenario 4800 tons of MOX would have been produced at 
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a cost, including the cost of reprocessing, of 177 billion francs.552 The corresponding 
costs were 7,700 francs/kgLEU and 36,900 francs/kgMOX. In this direct comparison 
MOX fuel was almost five times more costly that LEU. A similar comparison by Japan’s 
Atomic Energy commission estimated the same ratio for the Rokkasho reprocessing and 
J-MOX plants at 12.3.553 

There is just one study that shows the economics of the two cycles as approximately 
the same.554 This study was carried out by the Boston Consulting Group (BCG) for 
Areva, which then used the results to make a case to the G.W. Bush Administration 
that the United States should buy a combined reprocessing and MOX plant. The costs 
of uranium, enrichment and geological disposal used by BCG were within the range 
of those made in the studies reported in Table 11.1. The costs of reprocessing and MOX 
fabrication were supplied by Areva, however, and were very much lower than in all the 
other studies. Table 11.2 below shows the different values for the cost per kilogram of 
spent fuel reprocessed and MOX fuel fabricated as assumed by the BCG study and the 
studies listed in Table 11.1.

Study MIT
(2011)

Harvard 
(2003)

Rothwell 
(2011)

NEA
(1994)

NEA
(2006)

BCG
(2006)

NEA
(2013)

Reprocessing of LEU fuel $4,179 $1,179 $2,446 $1,001 $1,075
$677 $579 –737

Fabrication of MOX fuel $2,508 $1,769 $2,643 $1,362 $1,344

Table 11.2. Reprocessing and MOX fuel fabrication costs. All figures are in U.S.2010$ per kilogram of heavy 

metal. The costs assumed in the BCG and NEA (2013) report assumed an integrated plant.555 Source: The 

economics of the back end of the fuel cycle, Nuclear Energy Agency, OECD, 2013, Table 3.9.

Figure 11.1. Cost of processing LEU fuel, which includes the costs of reprocessing and MOX fuel fabrica-
tion. For all but the Boston Consulting Group (BCG) study done for Areva and the NEA (2013) report, whose 
estimates were based on the BCG study, the per kilogram cost of MOX fuel fabrication has been divided by seven 
to reflect the fact that approximately 7 tons of LEU fuel are reprocessed to produce enough plutonium for one ton 
of MOX fuel. In the case of the BCG and NEA (2013) report, the reprocessing and MOX plants were assumed to 
be integrated and only one number was given.
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The presentation of Table 11.2 in the NEA report and in the associated Appendix 6 does 
not make it clear how the MOX fuel fabrication costs should be added to the reprocess-
ing costs to give a figure that can be compared on a like-for-like basis with the cost of 
the “integrated” plant assumed by BCG. Given that the reprocessing of about seven 
tons of low-enriched uranium (LEU) fuel is required to separate enough plutonium for 
one ton of MOX, the MOX cost should be divided by about seven before adding it to 
the reprocessing cost to achieve direct comparability with the combined BCG figure 
of $677. Compared on this basis, the assumed BCG costs for reprocessing and MOX 
fabrication is between 15 percent and 57 percent of the costs used in the other studies 
(see Figure 11.1).

The overall conclusion of the BCG study  —  that the twice-through fuel cycle has com-
parable costs to those of the once-through fuel cycle  —  therefore is mostly the result of 
an assumption made by a commercially interested party about an “integrated” plant 
that has never been built. This point has been labored here because the NEA study of 
2013 also makes the assumption of an integrated plant for reprocessing and MOX fab-
rication and uses the BCG/Areva numbers to argue that the cost of the twice-through 
cycle is within the range of uncertainty of the once-through cycle.

The NEA study of 2013

The NEA study is based on data provided by its member states. It is a comprehensive 
and mostly well-documented study, aiming to show systematically the cost differences 
between different fuel cycles.556 It shows these differences considering both back end 
costs alone, and overall fuel cycle costs. Besides including a large range of assumed cost 
inputs, the NEA models a range of scenarios, with variations involving:

•	 Discount rates of 0 percent and 3 percent per annum; 

•	 Sizes of nuclear systems of 25 TWh, 75 TWh, 400 TWh (reference case) and 800 TWh 
–corresponding roughly to nuclear systems capacities of about 4, 10, 60 and 110 GWe 
respectively (assuming an 80 percent capacity factor). France, which generated 404 
TWh in 2013 and is the only country with both a reprocessing and MOX plant, ap-
pears to be the reference case. The United States, China in the future, or a group of 
countries sharing back end facilities might correspond to the 800 TWh case.

•	 Three cost levels, low, high and reference, where the low and high figures are derived 
from the extreme values provided by member states.557 

The combination of 2 discount rates, 4 system sizes and 3 cost levels yields 24 different 
cost outcomes, and sensitivity tests are also included, for example to reflect possible dif-
ferences in factors such as the price of uranium and the cost of reprocessing. 

The NEA concentrates on producing results for “idealized” fuel cycles, which means 
it assumes equilibrium conditions with no undue delays in moving from one stage of 
a cycle to the next.558 Among the countries currently reprocessing, France is the only 
country that approximates this ideal case. The others (India, Japan, Russia and the 
United Kingdom) have been reprocessing for decades in the expectation that the plu-
tonium will eventually be recycled; India and Russia have been focusing on recycling 
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in breeder reactors and not in MOX for light water reactors, which is the subject of the 
NEA report. The NEA assumptions about reprocessing and MOX fuel fabrication also 
are “idealized” in a quite different sense, in that they assume a technology that does 
not yet exist and lower-bound costs much lower than historical experience.

The NEA’s results 

The headline conclusion of the NEA study is that, under most circumstances, the once-
through cycle will have an economic advantage averaging 20 percent across all sce-
narios over the twice-through cycle.559 There are two qualifications, however:

1. Of the 24 cases shown on a full fuel cycle basis, three (all for the 800 TWh/year case) 
show twice-through to be cheaper.560

2. The NEA argues for its reference case (in effect, France) that the uncertainty ranges 
(“error bars”) around all its estimates are much larger than the differences in cost es-
timates between the once-through and twice-through cycles.561 The error bars simply 
reflect the low and high cost estimates that member states have provided. The low 
cost estimates were provided by France, i.e., the numbers for an integrated plant pro-
vided by Areva to the Boston Consulting Group shown in Table 11.2 and discussed 
above. This means that the “error bars” are not based on any real world experience. 
The clear message of the NEA report, however, is that it is impossible to make a defini-
tive case that the once-through cycle will, in any given real-world circumstances, be 
cheaper than twice-through and “the difference between the total fuel cycle costs of 
the three options considered in the reference cost scenario are within the uncertain-
ties.” 562 

Therefore, despite showing that, in the reference and the great majority of other cases, 
the once-through cycle is expected to be somewhat and sometimes substantially less 
expensive than twice-through,563 the NEA study qualifies this result by arguing that

1. The cost advantage of the once-through cycle is not always the case where nuclear 
system capacities are very large (800 TWh per annum), 

2. Where an advantage appears to exist for the once-through fuel cycle, the result is not 
robust because the “error bars” on its cost estimates are much larger than the cost 
differences between the two cycles. 

The NEA study therefore suggests that countries choosing between the two cycles 
should make their choices on other than economic grounds because “For the recycling 
options, additional costs from reprocessing are being offset by the savings on fuel costs 
at the front end” 564

To understand why the NEA’s conclusions differ from those of other studies, we exam-
ine below the costs that

•	 Are different between the two cycles, and/or 

•	 Make a significant difference to the overall outcome. 
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A simple way of thinking about the similarities and differences of once and twice-
through fuel cycles is to imagine two consecutive rounds of fuel use with currently 
available technology. In the first round, the two cycles have identical front ends: ura-
nium is purchased, enriched and fabricated into fuel. At the back end of the first fuel 
round, however, once-through fuel is stored for disposal. We assume disposal will be in 
deep geological repositories in all cases. For the back end of the first round in the twice-
through cycle, spent fuel is stored and then reprocessed. This results in the separation 
of uranium and plutonium and the creation of both high-level radioactive waste that 
is “vitrified” (glassified) and then eventually sent to a deep repository plus a variety of 
intermediate and low level wastes, some of which also will go to the repository. 

The second round of the once-through cycle is almost the same as the first round. 
In the twice-through cycle, most of the fuel is low-enriched uranium but about one 
eighth is a different kind of fuel (MOX) produced in a different fuel fabrication facil-
ity. MOX contains reprocessed plutonium mixed into depleted uranium from uranium 
enrichment at a concentration of six to eight percent with no uranium enrichment 
needed.565 At the back end of this second round in the twice-through cycle, MOX fuel 
is stored for disposal in a geological repository.566

The first question is then what are the cost differences between the two cycles, and sec-
ond whether or not the differences are large enough to cause a significant difference in 
their overall costs. 

The four issues that meet the criteria of cost difference between the cycles and/or sig-
nificance in terms of the overall results are the costs of: 

•	 Final waste disposal, because these are potentially large costs and it is sometimes 
argued that they will be significantly less in the twice-through cycle;

•	 Uranium, as the twice-through cycle uses less uranium than once-through;

•	 Reprocessing in the twice-through cycle; and 

•	 Fabrication of MOX fuel in the twice-through cycle.567

For these four issues, the plausibility of the NEA assumptions are discussed below and 
the resulting impacts on the overall cost comparison are assessed.

Waste disposal costs

The NEA makes the assumption that spent MOX fuel will need to be disposed of rather 
than being stored indefinitely. The comparison therefore is between:

•	 For the once-through fuel cycle, two rounds of spent uranium fuel (UOX) disposal; 
and 

•	 For the twice-through cycle, a first round of disposal of wastes from reprocessing LEU 
fuel, plus a second round of disposal of spent UOX and MOX fuel. 
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The proportion of the total fuel cycle costs represented by disposal in both fuel 
cycles is small in the NEA analysis, and similar for the two cycles. For example, 
only for the 25 TWh cases at a zero discount rate (three out of the 24 cases) does the 
disposal cost for either cycle amount to more than 18 percent of the total fuel cycle 
cost. The difference in disposal cost between the two cycles is in no case more than 
10 percent.568

These two factors  —  that waste disposal cost is a small element in total fuel cycle cost, 
and that it is very similar between the two cycles  —  mean that disposal does not offer 
any significant cost advantage to the twice-through cycle in the NEA’s own analysis. 
This is at first sight surprising given the NEA’s assertion that the volume of high-level 
waste to be disposed of in the twice-through cycle is five times less than in the once-
through cycle.569 However:

•	 Some long-lived intermediate-level waste needs to be emplaced in the repository as 
well as high level waste. According to the NEA, this reduces the volume reduction 
factor by half. 570 According to one independent analysis of Areva waste data, it elimi-
nates the volume reduction altogether;571 

•	 At the second fuel cycle round, it is necessary in the twice-through cycle to dis-
pose of the spent MOX fuel. Spent MOX is substantially hotter than spent LEU fuel, 
and  —  according to the NEA  —  requires 2.5 times more underground volume per ton 
relative to spent UOX fuel; 572 

•	 A high proportion of the cost of any repository is fixed. For example, the construc-
tion of tunnels or shafts to a depth of several hundred meters underground will be 
similar irrespective of the volume of the repository chambers.

Waste disposal costs are therefore not significant as a potential cause of cost advantage 
to the twice-through cycle. 

Uranium costs

The original rationale for the twice-through fuel cycle was that uranium would become 
scarce and expensive. It would then follow that the savings in uranium use made pos-
sible by the use of the plutonium to fuel the transition to plutonium breeder reactors 
would give the ‘closed’ cycle a long-term advantage over the open cycle. The current 
twice-through cycle can only offer savings in uranium use of a maximum of 22 – 25 
percent if all reprocessed uranium is recycled, or 12 percent if only the plutonium is 
recycled.573 

As the twice-through cycle uses less uranium than the once-through cycle, there is 
some level of uranium prices at which it would become less costly. The prospects for 
uranium prices are therefore a major issue. The NEA assumes a constant future price of 
uranium of $130/kgU at 2010 prices, a higher figure than used in any of the Table 11.1 
studies. It also provides data on uranium prices between 1980 and 2011 in constant 
2010 U.S. dollar terms (see Figure 1.2). This shows considerable fluctuations in price but 
no upward long-term trend. An average price for 31 years of NEA price data is around 
$110/kgU (at constant 2010 prices).574 Only in five of the 31 years has the price been 
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above $130/kgU. Nevertheless an assumption of $130/kgU seems a reasonable starting 
point, provided enough sensitivity testing is done to check the impact of variations in 
price. 

The NEA provides brief but useful sensitivity analyses of the impact of higher and low-
er uranium prices on the costs of the two cycles. The conventional  —  and useful  —  way 
of presenting the results of such sensitivity testing is to find the uranium ‘breakeven’ 
price. This is the price at which the once-through and twice-through fuel cycles would 
cost the same. The NEA does not provide such breakeven prices but interpolation of its 
sensitivity tests for its “reference” case of a 400TWh/year system size at 0 and 3 percent 
discount rates allows rough breakeven prices to be calculated. 

The NEA finds that a 50 percent increase in the price of uranium would lead to a 33 
percent and a 27 percent increase in the total fuel cycle cost for the once-through and 
twice-through fuel cycles respectively. On the basis of this linear relationship, for a zero 
percent discount rate, the price of uranium would have to rise by a factor of five  —  to 
$650/kgU  —  for the cost of the once-through fuel cycle to equal that of the twice-
through fuel cycle. For a 3 percent discount rate, the price of uranium would have to 
rise to several thousand dollars/kgU. 

No serious analysis is currently suggesting that the price of uranium will increase dra-
matically in the foreseeable future. Nevertheless, it is worth briefly exploring the possi-
ble future of uranium prices, especially as the NEA claims that the breakeven uranium 
price at which fast reactors would become more economic than the once-through cycle 
could be as low as $170/kgU.575 

The long-term trend of uranium prices will be determined, as in the case of other 
commodity prices, by the interplay of long-term supply and demand. Based on reports 
of incomplete estimates of national uranium resources, the NEA and IAEA have con-
cluded:576

“If estimates of current rates of uranium consumption in power 
reactors are used, the identified resource base would be sufficient 
for over 150 years of reactor supply. Exploitation of the entire 
conventional resource base would increase this to well over 300 
years.” 

A recent and comprehensive review concludes similarly that there “is a strong case for 
the abundance of already known uranium resources…to meet the foreseeable future of 
nuclear power” including for an IEA scenario of deployment of 2000 GWe of nuclear 
power (five times current levels) by 2100.577 Since at least the 1970s, geologists have 
consistently argued that there is no foreseeable resource constraint on uranium.578 

Demand for uranium primarily depends on the level of reactor capacity. The price 
spike that occurred in the 2006 – 2011 period was mainly a consequence of exaggerated 
expectations of a “nuclear renaissance.” The IAEA undertakes projections for nuclear 
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capacity in 2050 each year. These projections have been falling. In 2014, it predicted 
a range of 413 GWe to 1092 GWe, i.e., between a 10 percent and 190 percent increase 
relative to 2014.579 Global nuclear electric power production peaked in 2006 and has 
fallen since, especially after the Fukushima accident.580 Global capacity may rise again 
in the next decades as more reactors come on line in China, Russia and some develop-
ing countries, but that is not certain because there will be many retirements as well. 
For the past 20 years, new nuclear capacity has been coming on line at an average rate 
of about 3 GWe per year. But the reactor fleets in the U.S., Western Europe, Japan, and 
Canada, which together account for 72 percent of global capacity, are aging. Seventy 
two percent of global nuclear capacity has operated for 25 years or more and no power 
reactor has yet operated for more than 45 years (Figure 11.2). If, in the future, reactors 
retire on average when they complete their 45th year, retirements during the next 20 
years will average about 13 GWe per year.

Reprocessing and MOX fabrication costs

The NEA treatment of reprocessing and MOX fabrication costs is surprising. While data 
for all the other fuel cycle activities have come from NEA member states and relate to 
current and/or historical experience, all the data here came from a single commercially 
interested source (Areva) and involve conjectures about future plants. It was assumed 
that, in any future back end facilities, reprocessing, vitrification of reprocessing liquid 
wastes and MOX fabrication would be integrated.581 These activities were then lumped 
together as a single cost item. 

The high estimate is based on Areva’s reported historical cost of the two reprocessing 
plants at La Hague on the English Channel and the Melox MOX fuel fabrication plant 
in the south of France. The central (“reference”) estimate was based on Areva’s estimate 
for the 2006 Boston Consulting Group (BCG) study that, if La Hague and Melox were 
rebuilt as an integrated plant, including a vitrification facility, their total capital cost 
would be reduced.582 The low cost estimate was based on another Areva estimate for the 
2006 BCG study for a case with “significant improvements and economies of scale”.583 
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Figure 11.2. Age distribution of global nuclear capacity in late 2014. Global nuclear generating capacity as 
of the end of 2014 was 375 GWe. Source: Data from Power Reactor Information System (PRIS) Database, 

International Atomic Energy Agency, 12 April 2015, www.iaea.org/PRIS/WorldStatistics/OperationalByAge.aspx
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The Boston Consulting Group included in its report an explicit disclaimer: “BCG re-
viewed… proprietary data provided by Areva, but did not undertake any independent 
verification of the facts contained in these source materials”.584 

Thus essentially all of the data used for reprocessing and MOX fuel fabrication costs in 
the NEA study come from a single commercially interested source, are proprietary, and 
therefore not accessible to review by the NEA team or anyone else.

Two tests can be applied to the plausibility of the Areva-derived NEA (2013) assump-
tions

1. The costs of reprocessing and MOX fabrication assumed in the independent studies 
shown in Figure 11.1 above; and

2. The actual costs of reprocessing and MOX fabrication experienced in the real world. 

It is obvious from Figure 11.1 that the NEA (2013) report is inconsistent with the inde-
pendent studies  —  especially that done by MIT in 2011. 

With regard to real world experience, the most recent is that of the Areva-designed 
Rokkasho Reprocessing Plant in Japan, where a MOX plant based on an Areva design is 
being built on the same site.585 The capital cost of the reprocessing plant is ¥2.19 trillion 
(~$22 billion),586 or $700 – 1200 per kg “heavy metal” (HM, uranium plus plutonium) 
throughput for capital cost alone, for discount rates ranging from 0 to 3 percent, if it oper-
ates at full design capacity of 800 tons per year for 40 years. Its operating cost over that pe-
riod has been estimated by Japan’s Atomic Energy Commission, a defender of the plant, 
as ¥11.7 trillion (~$120 billion) or $3650/kgHM for a total of $4350 – 4850/kgHM.587 In 
2011, Japan’s Atomic Energy Commission estimated the cost of fuel fabrication at the new 
co-located MOX plant at 15 percent of that of the cost of reprocessing.588 This would raise 
the combined cost of reprocessing and MOX fabrication to $5000-5600/kgHM. 

Both of these plants have suffered from major delays and could be unrepresentative of 
the possible costs of future plants  —  though large and controversial nuclear facilities 
are not standard industrial projects. These most recent cases show, however, that it is 
implausible to argue, as Areva and NEA do, that future plants will be much less expen-
sive compared to La Hague and Melox. 

The NEA model shows that a 50 percent increase in integrated plant reprocessing cost 
would raise the overall fuel cost of the twice-through cycle by 15 to 18 percent, depend-
ing on the discount rate.589 The mid-range estimate for the Rokkasho plants is 8 times 
higher than the mid-range number assumed in the 2013 NEA study. Assuming that the 
scaling is linear from the 50 percent cost increase case, a 700 percent increase in overall 
reprocessing and MOX costs would raise the overall cost of the twice-through fuel cycle 
by more than 200 percent. 

It therefore is clear that the NEA’s conclusion that the once-through fuel cycle has only 
a marginal and uncertain economic advantage over the twice-through cycle is largely 
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due to its unreasonably low cost assumptions for reprocessing and MOX fuel fabrica-
tion. When numbers based on real world experience are used, it becomes clear that the 
once-through cycle has an unambiguously substantial economic advantage over the 
twice-through cycle. 

Conclusion

The current choice facing utilities or Governments on the nuclear fuel cycle is either 
to treat spent fuel as waste or to reprocess it and use the separated plutonium (and 
possibly, though rarely, separated uranium) in the same kinds of reactor. For the next 
several decades, there are no realistic prospects for more than a single recycle of plu-
tonium in existing reactors. Independent studies of the economics of the two cycles 
conclude that, in addition to offering better protection against proliferation risk, the 
once-through cycle is cheaper than twice-through.

A recent and comprehensive review from the NEA, with mostly transparent method-
ology, challenged this consensus. It argued that, although in most circumstances the 
once-through cycle would be cheaper, its advantage is usually small and the uncertain-
ties attaching to this result (“error bars”) are much larger than the average cost differ-
ences between the cycles. 

We have examined the basis for these conclusions and find them to be faulty. The NEA 
report has two significant problems:

1. It wrongly argues that the cost (and volume) of a final repository in the twice-through 
cycle will be lower than for the once-through cycle, although correction for this 
would make little difference to its quantitative results.

2. It uses proprietary projections from an interested private company, Areva, to con-
clude that the future costs of reprocessing and MOX fabrication will be radically 
lower than either the costs assumed in other studies, or (more important) the real-
world costs of the recent Areva-designed reprocessing and MOX plants in Japan and 
Areva’s proposed price for building a reprocessing plant in China. 

Given that the main economic appeal of reprocessing was always based on the savings 
in increasingly scarce and expensive uranium, a serious difficulty for the economic 
competitiveness of the twice-through cycle is that it uses almost as much uranium as 
once-through (savings of 12 percent if only plutonium is recycled, as is normally the 
case today, rising to 25 percent if reprocessed uranium is recycled as well.) This means 
that, even using all the NEA input assumptions, including a reference case that as-
sumes reprocessing and MOX fuel-fabrication costs far below historical experience, the 
breakeven price for uranium  —  the price that would make the costs of the two cycles 
equal  —  is $650/kgU, five times higher than the NEA’s assumed future price and about 
six times higher than the historic average. 

The overall conclusion is that the pre-NEA consensus about the relative costs of the 
two fuel cycles is robust. The once-through or open fuel cycle will be reliably and sub-
stantially cheaper than the twice-through or reprocessing cycle in virtually all future 
circumstances. 
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12. Radiological Risk
A reprocessing plant contains huge inventories of radioactive material, some of which 
could be released to the environment by an accident or an attack. The potential for 
such a release should be considered in decisions about designing and building a new 
reprocessing plant or continuing the operation of an existing plant. 

This chapter includes some of the major findings in a technical report on radiological 
risk at reprocessing plants that recover plutonium and uranium from spent light water 
reactor fuel.590 Appendices to that report discuss the reprocessing plants at La Hague 
in France, and Rokkasho in Japan. The report gives particular attention to two types of 
incidents that could result in a large release of radioactivity to the atmosphere: 

1. A fire in a spent-fuel pool following loss of water; or 

2. Dryout of a tank containing high-level liquid waste (HLLW). 

The chapter ends with some conclusions and recommendations of ways in which the 
risk at an existing reprocessing plants could be reduced. 

The radiological and program risks associated with a particular nuclear facility are 
partly determined by the facility’s design and also by other aspects of its “risk environ-
ment” such as site characteristics (e.g., earthquake or flooding potential, distance from 
population centers) and the potential for an attack. Many of these factors are likely to 
change with time. 

The safety design of a nuclear facility reflects a “design basis” envelope of hazards that 
the facility is designed to withstand without a major release of radioactivity. Some haz-
ards may not be taken explicitly into account. For example, protection against an air-
craft crash is not included in the design basis for the reprocessing plants at La Hague.591 

Potential release sources and mechanisms

A commercial reprocessing plant receives spent fuel that has been stored, after its dis-
charge from a reactor, for a period that ranges between years and decades. Short-lived 
radioisotopes in the fuel (e.g., I-131, with a half-life of 8 days) therefore have already de-
cayed. A reprocessing plant typically provides, however, storage for spent fuel from tens 
of reactors and for the radioactive waste from reprocessing that fuel. Its inventory of 
longer-lived radioisotopes is, therefore much greater than the inventory at a single reac-
tor. The fission product, cesium-137, is of special concern because it is long-lived, with a 
30-year half-life, and emits a penetrating gamma ray when it decays. Cesium-137 con-
tamination is the primary reason for the prolonged evacuation of large areas around 
the Chernobyl and Fukushima Daiichi sites. 

Spent fuel pools

At La Hague, there are four water-filled pools with a total capacity for spent fuel contain-
ing 17,600 metric tons of “heavy metal” (uranium and plutonium). For comparison, the 
core of a PWR with a generating capacity of 1.1 GWe contains about 90 tHM of fuel.
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Typically, in cooling pools today, spent fuel is stored in racks almost as densely as in a 
reactor core. To prevent criticality, each fuel assembly is stored vertically, surrounded 
by neutron-absorbing plates designed to prevent criticality via chain reactions involv-
ing adjoining fuel assemblies. For that configuration, in case of loss of water from the 
pool, removal of the radioactive decay heat from the fuel through convective cooling 
and infrared radiation would be comparatively feeble, resulting in rising fuel tempera-
tures. At a temperature on the order of 1,000 °C, the zircaloy (zirconium alloy) clad-
ding of the fuel would begin to burn in air or steam. That outcome could result in a 
propagating fire that could lead to a substantial atmospheric release of cesium-137.592

If pool cooling were interrupted, water could be lost by boiling off, but that process 
would be comparatively slow. Events that could cause rapid loss of water from a spent-
fuel pool include breach of a pool wall or floor by earthquake or attack. Even after spent 
fuel became exposed, there would be a delay, typically of several tens of hours, before 
the temperature of the zircaloy cladding rose to the point where ignition could occur. 
During that time, site staff could potentially prevent a fire by performing mitigating ac-
tions, such as restoring the water level in the pool. Access needed for mitigating actions 
could, however, be precluded by a high radiation field around the pool, or attackers 
could use incendiary material to ignite the zircaloy immediately after water loss. 

High-level liquid waste

When a spent fuel assembly enters a reprocessing plant, its contents are dissolved in 
nitric acid. The resulting nitrate solution passes through various chemical processes 
that separate the spent fuel into three primary streams: 

•	 Uranium that can potentially be re-used in nuclear fuel; 

•	 Plutonium that also can potentially be re-used in nuclear fuel;593 and 

•	 Fission products and transuranic isotopes other than plutonium. 

The processes involve the mixing, separation, and concentration of nitrate solutions 
and liquid organic chemicals  —  typically, tributyl phosphate (TBP) diluted by kero-
sene or a similar hydrocarbon  —  in devices such as pulsed columns, mixer-settlers, 
and evaporators. These devices are housed in process cells whose walls are made of 
reinforced concrete, to provide shielding and structural support. Each process cell is 
ventilated via a filtered pathway that leads to a vent stack. 

TBP and its diluent could burn in air. Many of the liquid streams are highly radioactive, 
leading to radiochemical reactions. “Red oil,” a well-known product of such reactions, 
can explode if heated above 130 °C in a confined space. Hydrogen is produced in some 
liquid streams by radiolysis and could accumulate to explosive concentrations inside 
vessels or process cells. 

A breach of a process cell or failure of filtration in a cell’s ventilation pathway would 
be necessary for a radioactive release to occur. A fire, explosion, or attack could cause a 
release directly. Or, it could do so indirectly, by disabling cooling and transfer systems, 
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leading to boiling and dryout of a liquid by radioactive self heating. Volatile radioactive 
material could be released during and after the dryout.

The largest potential for release from a liquid stream is from the tanks that hold 
HLLW  —  liquid containing concentrated fission products and transuranic iso-
topes  —  pending its transfer to a vitrification facility to be converted into glass blocks 
inside stainless-steel canisters. The HLLW tanks are equipped with cooling coils and 
jackets to remove decay heat, and ventilation systems to prevent accumulation of radio-
lytic hydrogen in the gas spaces of the tanks. 

At Rokkasho there are two main tanks for storing HLLW, each with a capacity of 120 
cubic meters. If filled to capacity with HLLW from reprocessing of 5-year-old spent fuel, 
each tank would contain about 1,400 PBq of cesium-137 and produce about 720 kilowatts 
(kWt) of decay heat. If cooling of such a tank were interrupted, the HLLW could begin to 
boil after about eight hours, tank dryout could be complete after about 110 hours, and 
the solid residue could reach a temperature of 1,000 °C after about 120 hours.594 

The radiological risk posed by high-level radioactive waste is substantially reduced after 
it is vitrified (i.e., glassified). The canisters of vitrified waste are typically stored in air-
cooled vaults designed so that natural convection of air around the waste canisters will 
keep their temperature below 650 °C, to avoid degradation of the glass.595 Blockage of the 
airflow around the canisters could lead to melting or an attack could release some radio-
active material into the environment. Overall, however, the potential for a release from 
vitrified waste is substantially lower than the potential for a release from a HLLW tank. 

Plutonium stores

The tanks that store separated plutonium as a nitrate solution, pending its conversion 
to oxide powder, are also potential sources of large releases, as are the containers of 
oxide powder. Plutonium aerosol, if inhaled, is an extremely potent carcinogen.596 

At Japan’s Tokai Pilot Reprocessing Plant, as of late 2013, 670 kg of plutonium in nitrate 
solution was stored in nine tanks with a total capacity of 4.7 cubic meters. The liquid 
inventory of 3.5 cubic meters produced a heat load of 7.7 kWt. According to Japan’s 
Nuclear Regulation Authority, if cooling of these tanks were interrupted, boiling of a 
tank could begin within a time as short as 23 hours. If ventilation of the tanks were 
interrupted, radiolytic hydrogen could accumulate in the gas space to a volumetric 
concentration of 4 percent, which is potentially explosive, in a time period as short as 
11 hours.597 

History of radiological incidents at reprocessing plants

In 2005, the OECD’s Nuclear Energy Agency (NEA) published a report summarizing 
some of the radiological incidents that have occurred at non-reactor facilities in the 
nuclear fuel cycle, including reprocessing plants.598 
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The most severe incident occurred in September 1957 in the USSR, when a tank con-
taining HLLW from which most of the cesium-137 had been removed, exploded at the 
Chelyabinsk-65 (now Ozersk) nuclear complex near Kyshtym in the Urals. The 300 
cubic meter stainless steel tank was one of a group of twenty housed in a concrete 
structure. It received HLLW from an acetate process, not the PUREX process that is 
used in commercial reprocessing today. After the tank’s cooling system failed, the site 
managers mistakenly assumed that the tank’s contents would remain in a safe state. 
Instead, the HLLW eventually dried out, leaving a residue of sodium nitrate and acetate 
salts that exploded with an energy release that has been estimated at between 2.4 and 
100 tons of TNT equivalent.

The explosion blew into the atmosphere 70 to 80 tons of solid radioactive material with 
a radioactive content of about 740 PBq (20 million Curies), including about 40 PBq 
of 29-year half-life strontium-90 and its short-lived decay product, yttrium-90. Most 
of the material was deposited locally but about 10 percent drifted downwind. About 
11,000 people were evacuated from contaminated land, over an area of about 1,000 
square kilometers (Figure 12.1).

 

The NEA also reviewed less severe incidents including the following:

•	 A 1973 fire in the “head end” (spent-fuel dissolution portion) of the UK’s B204 re-
processing plant at Sellafield that contaminated 35 workers with ruthenium-106 and 
ended the plant’s operation. 

Figure 12.1. Strontium-90 contamination from 1957 explosion at the Mayak Production Association repro-

cessing site.599 The explosion involved a tank storing high level liquid waste at the Soviet military reprocess-
ing plant near Kyshtym in the Urals. 
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•	 A 1980 fire that destroyed the electric power distribution control room at France’s La 
Hague reprocessing plant preventing use of offsite power or power from four fixed 
generators on the site. After 30 minutes, however, mobile generators were deployed to 
provide power needed to maintain the HLLW tanks and other sensitive facilities in a 
safe state. Offsite power was restored on the same day using a temporary connection, 
and no major release occurred. 

•	 A 1997 fire and explosion at Japan’s Tokai reprocessing plant, that ended the use of a 
facility where liquid radioactive waste was being immobilized in bitumen.

In April 1993, an explosion occurred in a process tank at the Tomsk reprocessing plant 
in Russia. The tank was in a cell whose top was at ground level, with a building above. 
A runaway chemical reaction in the process tank caused it to rupture from internal 
overpressure. A secondary explosion, involving material released from the tank, oc-
curred in the equipment room above the tank cell and breached the exterior wall of 
the equipment room, causing a radioactive release to the environment (Figure 12.2). 
High radiation dose rates within the building, combined with unsafe structural condi-
tions, precluded access to the damaged tank and cell.600 The Tomsk incident therefore 
demonstrated clearly that radioactive contamination and other influences can preclude 
mitigating actions during an incident. 

Assessments of radiological risk at reprocessing plants

Probabilistic risk assessment (PRA) has been developed to assess radiological risk at nu-
clear facilities. PRAs done for commercial reactors have identified weaknesses in main-
tenance practices and the design of systems, and have improved planning for onsite 
and offsite response to emergencies. PRAs cannot, however, predict the probabilities of 

Figure 12.2.  After the 1993 process tank explosion at the Tomsk reprocessing plant. Source: The Radio-

logical Accident in the Reprocessing Plant at Tomsk, International Atomic Energy Agency, 1998.
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serious incidents because they cannot account for gross errors in design, construction, 
or operation, or for malevolent acts or institutional failures. The core-melt incidents at 
Three Mile Island in 1979, Chernobyl in 1986, and Fukushima in 2011 were primarily 
attributable to institutional failures.601 

PRA techniques have been applied to particular scenarios at particular locations in 
reprocessing plants. For example, a study of the Rokkasho reprocessing plant published 
in 2013 by its owner, Japan Nuclear Fuel Limited (JNFL), considered a scenario in which 
cooling of HLLW tanks was interrupted, leading to self-boiling of the HLLW.602 JNFL 
estimated that one cubic meter of liquid would be boiled off per hour from each of two 
tanks, for a period of 24 hours, after which they assumed that cooling of the tanks 
would be restored and boiling would cease before dryout. JNFL assumed a value of the 
airborne release fraction that was one-twentieth of the value recommended in a U.S. 
Nuclear Regulatory Commission (NRC) handbook and focused its attention exclusively 
on inhalation dose, ignoring the potentially more significant impacts of land contami-
nation.603 JNFL then asserted that the offsite impacts of this scenario provided an upper 
bound to the impacts of potential accidents at the Rokkasho plant. 

In contrast, during the 1960s, analysts at Oak Ridge National Laboratory (ORNL) in the 
United States examined scenarios in which a HLLW tank boiled dry. They concluded 
that a substantial fraction of the tank’s inventory of cesium-137, together with large 
amounts of other radioisotopes, could be released to the atmosphere. The potential for 
a similar scenario affecting HLLW tanks at Sellafield (then known as Windscale) in the 
United Kingdom was partially addressed during the Windscale Inquiry of 1977, at the 
instigation of the non-governmental Political Ecology Research Group (PERG). Pressed 
by PERG, which drew upon ORNL analyses, British Nuclear Fuels Limited (BNFL), the 
owner of the Sellafield site, argued that a dryout scenario was, as a practical matter, 
“incredible,” i.e., too low in probability to be worth considering. BNFL further asserted, 
without supporting data or analysis, that the release of radioactive material to the at-
mosphere would be significantly reduced by a number of effects including deposition 
of material along the release pathway. The issue remained unresolved when the Wind-
scale Inquiry closed.604 

In 1978 – 1979, the government of Lower Saxony, West Germany sponsored the Gor-
leben International Review (GIR), in which independent experts conducted an assess-
ment of a proposal to build a reprocessing plant and associated facilities at Gorleben. 
Risk scenarios considered by the GIR included a zircaloy fire in a spent-fuel pool, and 
dryout of a HLLW tank. The review concluded that such events could be initiated by a 
variety of events, including malevolent acts or societal dislocation.605 After subjecting 
the findings of the GIR to a semi-public hearing, the Lower Saxony government accept-
ed the findings on a number of points and rejected the proposal to build a reprocessing 
plant at Gorleben.606 

During the decades since, the nuclear industry or the regulatory authorities in coun-
tries that reprocess could have done detailed modeling and experiments to develop 
a thorough understanding of the potential for dryout of a HLLW tank. Instead, they 
have examined at most, as in the JNFL example discussed above, a truncated scenario 
in which tank cooling is assumed to be restored before dryout occurs. That limited 
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approach is evident, for example, in a sequence of reports on HLLW tank risk that 
were published by the UK Nuclear Installations Inspectorate (NII) during the period 
1995 – 2001.607 

For a spent-fuel pool equipped with high-density racks, the GIR found of special con-
cern a scenario in which some water remained in the pool, thereby blocking airflow 
into the bottom of the boxes enclosing the fuel assemblies. With neither water nor 
convective air cooling, even old fuel could heat up to a temperature at which a zircaloy-
steam fire could begin that could release a substantial fraction of the pool’s inventory 
of cesium-137 to the atmosphere. 

During the decades since the GIR did its work, the U.S. Nuclear Regulatory Commis-
sion (NRC) has done a number of theoretical and experimental studies of the potential 
for a spent-fuel fire. Despite numerous requests from state and local governments and 
citizen groups across the United States, however, the NRC has consistently refused to 
study a scenario in which residual water would be present in the lower part of a pool.608 

A zircaloy fire in a reprocessing plant spent-fuel pool or dryout of a HLLW tank could 
release hundreds of PBq of cesium-137 to the atmosphere. The largest inventory of ce-
sium-137 that is available for release in this manner is at La Hague. In mid-2011, four 
spent-fuel pools at La Hague contained, in total, about 50,000 PBq of cesium-137. For 
comparison, it has been estimated that about 85 PBq of cesium-137 were released dur-
ing the Chernobyl accident and 20 to 53 PBq during the Fukushima accident, of which 
about 6 PBq fell on Japan.609 

On average, more than 90 percent of the cesium-137 released to the atmosphere from 
a nuclear facility would be transported beyond 50 km and about 50 percent beyond 
1,000 km before being deposited. 610 The NRC has estimated that, for average atmo-
spheric conditions, a release of 330 PBq of cesium-137 from a spent-fuel fire at the 
Peach Bottom site in Pennsylvania would lead to the long-term displacement of 4.1 
million people.611 France’s Institut de Radioprotection et de Sûreté Nucléaire (IRSN) has 
estimated that a release of 100 PBq of cesium-137 at the Dampierre site in France would 
cause US$410 to 8,060 billion of economic damage.612 

Plant design and radiological risk

A reprocessing plant combines characteristics of a chemical and a nuclear facility. Like 
other chemical facilities, it has the potential for internal fires and explosions, and re-
leases of hazardous materials to the environment. It also has: 

•	 The potential for criticality; 

•	 The unstoppable self-heating of radioactive material; and 

•	 The hazard that can be associated with a small mass of radioactive material. For ex-
ample, 3 kilograms (10 PBq) of cesium-137 can cause the evacuation of hundreds of 
square kilometers of land for decades. 
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A design approach known as inherently safer technology (IST) is increasingly being 
used in chemical engineering.613 The principles were first fully articulated in 1977 by 
Trevor Kletz, a specialist on chemical process safety, who argued that, instead of using 
safety systems and procedures to mitigate hazards, the objective of risk management 
should be to eliminate them where feasible. That goal can be accomplished by reducing 
the quantities of hazardous material used in processes, using less-hazardous materials, 
or developing technology that allows processes to proceed under milder conditions. 

IST principles were applied to some extent to the design of the proposed reprocessing 
plant at Wackersdorf, in Bavaria. Although Germany subsequently rejected reprocess-
ing, and the project was cancelled in 1989, the basic design of that plant was established 
by 1983.614 It was strongly influenced by the considerations that led Lower Saxony to 
decide that it would not license a reprocessing plant featuring high-density storage of 
spent fuel in pools, or storage of a large inventory of HLLW in tanks requiring continu-
ous active cooling and other services. 

The Wackersdorf design had onsite storage of spent fuel in dry casks prior to reprocess-
ing. Such casks are cooled passively by convective air circulation over their exterior 
surfaces. The inventory of HLLW in the Wackersdorf design would have been limited 
to buffer storage in four passively-coolable tanks, each having a capacity of 25 cubic 
meters. The Wackersdorf design therefore would have posed a substantially lower ra-
diological risk than the Gorleben design, assuming a similar risk environment in each 
case.

Radiological risk would not have been eliminated with the Wackersdorf design. How-
ever, it can be used as a yardstick to compare the radiological risks posed by the three 
large reprocessing plants that were actually built in the same period and later in the 
United Kingdom, France, and Japan. 

UK's Thermal Oxide Reprocessing Plant (THORP)

THORP began operating at Sellafield in 1994 and is scheduled to cease operating around 
2020. Its design capacity is 1,200 tons of spent fuel per year (tHM/yr). It has repro-
cessed zircaloy-clad fuel from light water reactors (LWRs) and stainless-steel-clad fuel 
from the UK’s advanced gas-cooled reactors (AGRs). When the fuel is received on site, 
it is stored in a pool with the LWR fuel inside multi-element “bottles” (MEBs, i.e., can-
isters). As of the end of 2014, most of the contracted LWR fuel had been reprocessed. In 
the future, the pool will hold only AGR fuel. There has been no published investigation 
to determine if loss of water could cause a cladding fire in the THORP spent-fuel pool, 
for either LWR or AGR fuel. 

The high-level liquid waste generated by THORP is stored in the B215 facility, which 
has served all the reprocessing plants at Sellafield. In 1955, the original B215 facility 
had eight HLLW tanks, each with a capacity of 70 cubic meters. Subsequently, thirteen 
larger tanks, each with a capacity of 150 cubic meters, were added, the last in 1990. 
THORP waste is stored in the larger tanks. Each of these tanks requires continuous, 
forced cooling, ventilation and stirring to remain in a safe state. 



Plutonium separation in nuclear power programs 133

The radiological risk posed by B215 was discussed during the Windscale Inquiry of 
1977 and was a subject of intense public attention again in the UK and Ireland dur-
ing 1994  –  2001. The Nuclear Installations Inspectorate never fully conceded that 
B215 poses a substantial radiological risk but, in 2001, agreed to limit its inventory 
of HLLW. The NII ordered that the maximum volume of HLLW stored at B215 would 
have to be reduced from 1,575 cubic meters in 2001 to 200 cubic meters in 2015.615 
Ten years later, in 2011, however, the NII’s successor, the Office for Nuclear Regula-
tion (ONR), substantially relaxed the 2015 limit because its enforcement would have 
constrained reprocessing operations at Sellafield.616 This experience demonstrates 
that to be effective, a risk-reduction measure must be built into the design of a facil-
ity. Also, it is clear that B215, and THORP by extension, pose a HLLW radiological risk 
substantially higher than the best-practice yardstick set by the Wackersdorf design in 
the early 1980s. 

France’s UP2 and UP3 reprocessing plants at La Hague 

UP3 began operating in 1989. A companion plant  —  UP2  —  began operating in 1966 
and was upgraded in 1976 and 1994. Each of these plants has a design throughput of 
1,000 tHM/yr, but their combined throughput is limited to 1,700 tHM/yr. The plants 
have four inter-connected spent-fuel pools with a combined capacity for 17,600 tHM of 
fuel. The first pool entered service in 1978 and the fourth in 1985. The pools are built 
so that ground level is at about mid-height of the fuel assemblies. All fuel in these pools 
has zircaloy cladding and is stored in high-density racks that are arranged in clusters, 
with some open space between (Figure 12.3).

The configuration of the pools at La Hague is a cause for concern in the context of a 
possible attack. Breach of a pool wall at grade level, creating a hole with a diameter on 
the order of one meter, could drain the pool down to the mid-point of the fuel within 
about an hour and leave residual water in the lower part of the pool. An earthquake or 
aircraft crash might have a similar outcome. The presence of residual water would max-
imize the potential for a steam-zircaloy fire. In the absence of any thorough, published 
study of this situation, it is prudent to assume that there would be negligible cooling 
for the above-water portion of the fuel in the central region of each rack cluster. In that 
case, mixed-oxide (MOX) fuel that has cooled for seven years after discharge from a 
reactor could ignite about 26 hours after it became exposed, and conventional fuel of 
the same age could ignite after about 49 hours.617 The resulting steam-zircaloy fire could 
potentially spread to the rest of the rack cluster and across the pool.

The UP3 reprocessing plant has seven HLLW storage tanks and the UP2 plant has eight, 
each tank has a capacity of 120 cubic meters. According to Areva, only nine of these 
tanks are used routinely for storage of HLLW at La Hague. Additional HLLW is held in 
feed tanks that serve the site’s vitrification facilities. All of the tanks that store HLLW 
require continuous, forced cooling, ventilation and stirring to remain in a safe state. 
The buildings that house these tanks are located partly below ground. From a design 
perspective, these tanks have a radiological-risk profile similar to that of the HLLW 
tanks at Sellafield’s B215 facility. 
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Thus, the UP3 and UP2 plants at La Hague pose a radiological risk substantially higher 
than the best-practice yardstick set by the Wackersdorf design in the early 1980s. At La 
Hague, in view of the site’s large inventory of spent fuel and the partially above ground 
configuration of its spent-fuel pools, there is an especially high risk of a zircaloy fire. 
There is also a substantial risk of HLLW tank dryout after a few days loss of tank cool-
ing.618 

Japan’s Rokkasho reprocessing plant

The Rokkasho Reprocessing Plant has not yet begun commercial operation, although 
it reprocessed 430 tons of spent fuel during testing in 2006  –  2008. Its purpose is to 
reprocess zircaloy-clad fuel from light water reactors, with a nominal throughput of 
800 tHM/yr. Its three spent-fuel pools were completed in 1999, each with a capacity 
of 1,000 tHM. The fuel in these pools is stored in high-density racks that fill the pools 
wall-to-wall. The normal water level in the pools is at ground level, which is a lower-risk 
configuration than that of the pools at La Hague. As at La Hague, however, there are 
voids alongside and below each pool, into which water could drain if the wall or floor 
of a pool were breached. 

HLLW is stored at Rokkasho in two tanks, each with a capacity of 120 cubic meters, 
with a third tank of 120 cubic meters capacity available as a spare. When in use, each 

Figure 12.3. Clusters of dense-packed spent fuel in La Hague pool, 2012. Source: Sortir du nucléaire.
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tank must have continuous, forced cooling, ventilation, and stirring to remain in a safe 
state. From a design perspective, the Rokkasho tanks have a radiological-risk profile 
similar to that of the HLLW tanks at Sellafield and La Hague. 

Thus, the Rokkasho reprocessing plant too poses a radiological risk substantially higher 
than the best-practice yardstick set by the Wackersdorf design in the early 1980s. At 
Rokkasho, there is substantial potential for a zircaloy fire in a spent-fuel pool or for an 
incident leading to HLLW tank dryout. The overall radiological risk of reprocessing at 
Rokkasho might be somewhat lower than at La Hague, if the risk environment were 
equivalent. 

At Sellafield, La Hague, and Rokkasho, site managers have prepared to implement miti-
gating actions in an emergency. For example, they have acquired portable pumps and 
electricity generators whose purpose, during an emergency, would be to maintain sen-
sitive facilities such as HLLW tanks and spent-fuel pools in a safe state. Also, they 
have acquired fire-fighting equipment such as “foam tenders”  —  vehicles that can spray 
foam to suppress fire and, perhaps, to inhibit a radioactive release. 

Such measures might succeed in preventing a delayed release but they would be irrel-
evant for a sudden release. Such a release might result, for example, from an attack on a 
HLLW tank or an accidental explosion in a HLLW evaporator. Also, there are many po-
tential scenarios in which mitigating actions would be hindered or precluded by factors 
such as high levels of radiation. Overall, mitigating actions cannot fully compensate 
for fundamental deficiencies in plant design. 

Conclusions and recommendations

Today’s commercial reprocessing plants have the potential to suffer incidents that 
could release hundreds of PBq of cesium-137 and large quantities of other radioisotopes 
into the atmosphere  —  an order of magnitude more than the release at Chernobyl. 
That release potential arises primarily from storage of thousands of tons of spent fuel 
in pools prior to reprocessing, and from storage of a backlog of years of production 
of high-level liquid radioactive waste in tanks instead of turning it into glass on a 
just-in-time basis. Events precipitating a release could include earthquakes, internal 
explosions, or malevolent acts. Some release scenarios involve a cascading sequence of 
incidents in which an early incident creates a radiation field that precludes mitigating 
actions to prevent larger releases. 

The nuclear industry and its regulators in countries that reprocess have never sought to 
develop a thorough understanding of radiological risk at reprocessing plants. As a re-
sult, the level of knowledge about that risk is substantially below the level of knowledge 
that has been acquired by doing PRAs for commercial reactors. Even those PRAs can 
yield, at best, a lower bound to radiological risk because of their inability to adequately 
address issues such as institutional failure and human malevolence. 



Plutonium separation in nuclear power programs 136

The design of the proposed reprocessing plant at Wackersdorf, Germany involved the 
partial application of principles of inherently safer technology. That early 1980s design 
established a standard of “best practice” for the minimization of radiological risk. The 
THORP plant at Sellafield, the UP2 and UP3 plants at La Hague, and Rokkasho plant 
all pose radiological risks substantially higher than the Wackersdorf yardstick. From a 
safety perspective, the designs of these plants were obsolete when they were built. 

If these plants are operated in the future, their radiological risk could be substantially 
reduced by measures including: 

1. Transferring most stored spent fuel from pools to dry casks; 

2. Reducing the inventory of HLLW to a low level by vitrifying it on a just-in-time basis; 

3. Retrofitting mitigating measures such as passive backup cooling; and 

4. Enhancing site security, including active or passive defense against attacks from  
the air. 
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