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CHAPTER 7

MANAGING SPENT FUEL  
IN THE UNITED STATES:

THE ILLOGIC OF REPROCESSING

Frank von Hippel

I. SUMMARY

 Since 1982, it has been U.S. policy, for nonprolif-
eration and cost reasons, not to reprocess spent power-
reactor fuel. Instead, the U.S. Department of Energy 
(DoE) is to take spent power reactor fuel from U.S. nu-
clear utilities and place it in an underground federal 
geological repository. The first U.S. repository is being 
developed under Yucca Mountain, Nevada. Originally, 
it was expected to begin taking fuel in 1998. However, 
project management problems and determined 
opposition by the State of Nevada are expected to 
delay its opening for at least 2 decades. 
 U.S. nuclear utilities, therefore, have been pressing 
the DoE to establish one or more centralized interim 
storage facilities for their accumulating spent fuel. They 
insist that a “nuclear renaissance,” i.e., investments 
in new nuclear power plants, will not take place 
in the United States until the federal government 
demonstrates that it is able to remove the spent fuel 
from the reactor sites. U.S. state governments resist 
hosting interim spent fuel storage, however, out of 
concern that the Yucca Mountain repository may never 
be licensed, and that interim storage could become 
permanent.
 In Japan, a similar situation ultimately resulted in 
Japan first shipping its spent fuel to France and the 
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United Kingdom to be reprocessed and then building 
a $20 billion domestic reprocessing plant to which 
spent fuel is now being shipped. In 2006, DoE similarly 
proposed reprocessing as a “solution” to the U.S. spent 
fuel problem. 
 Reprocessing of light-water-reactor fuel is being 
conducted on a large scale in France and in the United 
Kingdom. Much of the spent fuel that has been 
reprocessed has been foreign, notably from Germany 
and Japan, but since France and the United Kingdom 
require that the radioactive waste from reprocessing 
be returned to the country of origin, the need for 
interim radioactive waste storage in their customer 
countries was only postponed. In Japan, as part of 
its agreement to host Japan’s domestic reprocessing 
plant, Amori Prefecture has also agreed to accept 
for interim storage the reprocessing waste returning 
from Europe to Japan. Germany and other European 
countries that were having their spent fuel reprocessed 
in France, Russia and the UK have decided not to 
renew their reprocessing contracts and instead plan to 
store their spent fuel until a geological repository can 
be sited. France plans to continue reprocessing most 
of its domestic spent fuel and, like Japan, is storing the 
resulting radioactive waste at its reprocessing site in 
La Hague. The United Kingdom is shutting down its 
reprocessing plants.
 The construction of plants to reprocess light-water-
reactor spent fuel was originally justified in the 1970s 
as a way to obtain plutonium to start up liquid-sodium-
cooled plutonium-breeder reactors that, in theory,  
could extract 100 times more energy than current gener- 
ation reactors from a ton of natural uranium. Breeder  
reactors were expected to be dominant by the year 
2000. The transition to breeder reactors did not occur, 
however, because their capital costs, and those of 
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reprocessing plants, were much higher than had 
been projected and because global nuclear generating 
capacity has grown to only a few percent of the level 
that was projected in the 1970s. This, along with the 
discovery of huge deposits of high-grade uranium ore 
in Australia and Canada, has postponed, for at least a 
century, concerns about shortages of low-cost uranium. 
Today, where plutonium is being recycled, it is being 
recycled as fuel for the light-water reactors (LWRs) 
from which it was extracted. Even with the cost of 
the reprocessing ignored as a “sunk cost,” plutonium 
fuel is generally more costly than conventional low-
enriched uranium (LEU) fuel. 
 Worldwide, about half of the plutonium being 
separated is simply being stockpiled at the reprocessing 
plants along with the associated high-level waste from 
reprocessing. In effect, those sites are interim spent-
fuel storage sites—except that much of the spent fuel is 
being stored in separated form. As of 2005, the global 
stockpile of separated civilian plutonium had grown to 
250 tons—sufficient to make more than 30,000 nuclear 
weapons.
 The DoE does not plan to recycle in existing LWRs 
the plutonium that would, according to its proposal, 
be separated from U.S. spent fuel. Instead, it proposes 
that the federal government subsidize the construction 
of tens of sodium-cooled fast-neutron “burner” 
reactors—basically, except for changes in their core 
design, the same sodium-cooled reactors that could not 
compete economically as plutonium breeder reactors. 
Plutonium—and, in the future, other less abundant 
transuranic elements extracted from spent LWR fuel—
would be recycled repeatedly through these reactors 
until, except for process losses, they were fissioned. The 
principal advantage claimed from doing this would be 
less long-lived waste per ton of spent fuel, and that the 
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residue from more spent fuel could be stored in the 
Yucca Mountain repository before a second repository 
would be required. Such a program would be 
enormously costly, however. The extra cost to deal with 
just the spent fuel that has already accumulated in the 
United States was estimated in 1996 by a U.S. National 
Academy of Sciences study as “likely to be no less than 
$50 billion and easily could be over $100 billion.” U.S. 
nuclear utilities have made clear that these extra costs 
would have to be funded by the federal government. 
It is quite possible that the program would stop—as 
previous efforts to commercialize sodium-cooled 
reactors have—after only one or two “demonstration” 
reactors have been built. In this case, the reprocessing 
plant would simply become an interim storage site for 
the reprocessed spent fuel—as has happened in the 
United Kingdom and Russia after their breeder-reactor 
commercialization programs failed. 
 The French nuclear combine, AREVA, has 
proposed that it would be less costly to adopt the 
French approach with a third-generation combined 
reprocessing and plutonium-fuel fabrication plant in 
the United States. This would involve recycling the 
plutonium once in LWRs. The resulting spent “mixed-
oxide” (MOX) fuel, which would still contain two-
thirds as much plutonium as was used to fabricate it, 
would then remain indefinitely in interim storage at the 
reprocessing plant. Thus, once again, the reprocessing 
plant would serve as a costly type of interim spent-fuel 
storage.
 U.S. Government policy turned against reprocessing 
after India, in 1974, used the first plutonium recovered 
by its U.S.-assisted reprocessing program to make a 
nuclear explosion. Reprocessing makes plutonium 
accessible to would-be nuclear-weapon makers—
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national or subnational—because it eliminates the 
protection provided by the lethal gamma radiation 
emitted by the fission products with which the 
plutonium is mixed in spent fuel.
 In early 2006, the DoE originally proposed, as a 
more “proliferation-resistant” alternative to traditional 
reprocessing, to keep the reprocessed plutonium mixed 
with some or all of the minor transuranic elements in 
the spent fuel. Some of these elements are much more 
radioactive than the plutonium, but the radiation field 
that would surround the mix would be one thousand 
times less intense than the International Atomic 
Energy Agency (IAEA) considers necessary to provide 
significant “self protection.” 
 Recently, because of unresolved technical 
difficulties with fabricating fuel containing some of the 
minor transuranics, the DoE has sought “expressions of 
interest” from industry in building a reprocessing plant 
that would differ from conventional reprocessing only 
in that it would leave some of the uranium mixed with 
the plutonium. Pure plutonium could be separated out 
from this mixture in an unshielded glove box.
 In fact, the Bush administration does not argue that 
any of the variants of reprocessing proposed by the DoE 
are proliferation resistant enough to be deployed in 
states of proliferation concern. It has therefore proposed 
a “Global Nuclear Energy Partnership” in which the 
weapon states and Japan would provide reprocessing 
services for other nonweapon states. This proposal has 
already backfired in stimulating a revival of interest 
in France in exporting reprocessing technology and in 
South Korea in acquiring its own national reprocessing 
capabilities. A similar Bush administration proposal 
to confine enrichment to states that already have full-
scale commercial enrichment plants has similarly 
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stimulated a revival of interest in enrichment in half a 
dozen nonweapon states.
 In comparison, the U.S. policy, which is, in effect, that 
“we don’t reprocess, and you don’t need to either,” has 
been much more successful. During the 30-year period 
it has been in force, no nonweapon state has initiated 
commercial reprocessing, and seven countries have 
abandoned their interest in civilian reprocessing. In 
Belgium, Germany, and Italy domestic developments 
were more important than U.S. policy. In Argentina, 
Brazil, South Korea, and Taiwan, however, countries 
that were interested in developing a nuclear-weapon 
option, U.S. pressure played a key role. Today, Japan is 
the only nonweapon state that engages in commercial 
reprocessing.
 The principal alternative to reprocessing, until U.S. 
spent fuel can be shipped to Yucca Mountain or some 
other centralized storage, is simply to keep older spent 
fuel in dry storage on the reactor sites. There is ample 
space inside the security fence at all U.S. power-reactor 
sites to store all the spent fuel that will be discharged, 
even if the reactor licenses are extended to allow them 
to operate until they are 60 years old. At an operating 
reactor site, the incremental safety and security risk 
from dry stored fuel is negligible relative to the danger 
from the fuel in the reactor core and the recently 
discharged fuel in the spent fuel pool. 

II. INTRODUCTION

 In 2006, in response to congressional pressure to 
start moving spent fuel off U.S. power-reactor sites, 
DoE proposed U.S. Government-funded reprocessing 
of the fuel and recycling of the recovered plutonium 
and minor transuranic elements. If carried through, 
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this proposal would reverse a nonproliferation policy 
established by the Ford and Carter administrations 
after India, in 1974, used the first plutonium it extracted 
as part of a U.S.-supported reprocessing program, to 
make a nuclear explosion. U.S. policy became to oppose 
reprocessing where it was not already established and 
not to reprocess domestically.1 Four years later, in 
1981, the Reagan administration reversed the ban on 
domestic reprocessing.2 By that time, however, U.S. 
utilities had learned that reprocessing would be very 
costly and were unwilling to pay for it.3

 The Nuclear Waste Policy Act of 1982 therefore 
established that, in exchange for revenue from a tax 
of 0.1 cent per nuclear-generated kilowatt-hour of 
electricity, starting in 1998, DoE would take spent 
power reactor fuel from U.S. nuclear utilities and place 
it in an underground federal geological repository.4 In 
1987, Congress decided to site the first such repository 
under Yucca Mountain, Nevada.5 Project management 
problems and determined opposition by the State of 
Nevada, however, have delayed the licensing process. 
Currently, DoE expects to receive a license for the 
Yucca Mountain repository in 2017 at the earliest.6 U.S. 
utilities therefore have been suing DoE for the costs 
of building on-site dry-cask storage for the spent fuel 
that would have been shipped to Yucca Mountain on 
the originally contracted schedule. DoE has informed 
Congress that the cost of settling these lawsuits is likely 
to climb to $0.5 billion per year of delay in licensing the 
Yucca Mountain repository.7 DoE has refused to share 
the basis for this estimate because of the lawsuits. 
The incremental cost for additional storage capacity, 
after the nuclear power plants have paid for the 
infrastructure for dry-cask storage (most have already) 
probably will be somewhat less.8 In any case, the costs 
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would be about the same if DoE had to pay for off-site 
storage.
 Even if the Yucca Mountain repository had been 
licensed on time, however, DoE would have faced 
another problem. When Congress selected Yucca 
Mountain to be the site of the first U.S. geological spent-
fuel repository, it limited the quantity of commercial 
spent fuel that could be stored there to 63,000 tons 
until a second repository is in operation.9 U.S. nuclear 
power plants will have discharged about 63,000 tons 
of spent fuel by the end of 2008. DoE is therefore 
faced with the challenge of siting a second repository 
at a time when it has not yet succeeded in licensing 
the first one. The Bush administration has submitted 
legislation that would remove the 63,000-ton legislated 
limit. It is believed that the physical capacity of Yucca 
Mountain is great enough to hold the lifetime output 
of the current generation of U.S. power reactors and 
perhaps several times that amount (see below).
 Because of the delay in the availability of the Yucca 
Mountain repository, in 2005 Congress asked DoE to 
develop a plan for centralized interim storage and 
reprocessing of U.S. spent fuel. In May 2006, DoE 
responded with a plan for a “Global Nuclear Energy 
Partnership” (GNEP) as a part of which DoE would 
build reprocessing plants and subsidize the construction 
of tens of fast-neutron reactors to fission the recovered 
plutonium and other transuranic elements. DoE argues 
that, if the transuranics are fissioned and the 30-year 
half-life fission products that generate most of the 
heat in the resulting waste are stored on the surface 
for some hundreds of years, then residues from much 
more spent fuel could be stored in Yucca Mountain.
 DoE’s Argonne National Laboratory, which 
provides technical support for DoE’s research  
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and development (R&D) program on advanced 
reprocessing technologies, envisioned GNEP as 
limited for many years to an R&D program, because 
the technology for recycling the minor transuranics, 
americium and curium, is not in hand. Paul Lisowski, 
DoE’s Deputy Program Manager for GNEP, has 
described transuranic recycle as a “major technical 
risk area for GNEP.”10 Under congressional pressure to 
move more quickly, however, DoE issued a request to 
industry for “Expressions of Interest” in constructing a 
conventional reprocessing plant and a demonstration 
fast-neutron reactor as soon as possible. The most 
likely contractor for construction of the reprocessing 
plant, the French nuclear conglomerate AREVA, 
advises the United States to defer recycling anything 
other than plutonium and to build a larger-capacity 
version of France’s reprocessing and plutonium 
recycle infrastructure. Specifically, it proposes that 
the plutonium in recently discharged U.S. spent fuel 
be recycled once in LWRs and then the resulting spent 
MOX fuel be stored at the reprocessing plant until the 
advent of fast-neutron “burner” reactors.11

 The U.S. House of Representatives insisted, however, 
that a “first test of any site’s willingness to host such a 
facility is its willingness to receive into interim storage 
spent fuel in dry casks . . . Resolution of the spent fuel 
problem cannot wait for the many years required for . 
. . GNEP [which] will not be ready to begin large-scale 
recycling of commercial spent fuel until the end of the 
next decade, and the Yucca Mountain repository will 
not open until roughly the same time. Such delays 
are acceptable only if accompanied by interim storage 
beginning this decade” [emphasis added].12

 Thus the revived interest in the United States in 
reprocessing is very much entangled in the perceived 
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urgency of starting to move spent fuel off of reactor 
sites.
 The report that follows describes the history of 
interest in civilian reprocessing, past experience with 
reprocessing costs, estimates of its likely costs in the 
United States with and without transmutation of the 
recovered transuranic elements, and the debate over 
the relative “proliferation resistance” of alternative 
fuel cycles. It concludes that a much less costly and 
proliferation resistant alternative to reprocessing and 
transuranic recycle would be continued on-site storage 
of U.S. spent fuel until either Yucca Mountain or some 
other off-site location is available.

III. HISTORICAL BACKGROUND

 Fuel reprocessing was invented during World War 
II as a way to recover plutonium for nuclear weapons 
from irradiated reactor fuel. From the 1950s through 
the 1970s, however, it was expected to play an essential 
role in civilian nuclear power as well. 

The Original Rationale for Reprocessing.

 This expectation was based on the belief that 
deposits of high-grade uranium ore were too scarce 
to support nuclear power on a large scale based on a 
“once-through” fuel cycle. The once-through fuel cycle, 
as realized with the dominant LWR today, involves the 
production of LEU containing about 4 percent U-235, 
which is then irradiated until most of the U-235 and 
about 2 percent of the U-238 have been fissioned, and 
then is stored indefinitely (see Figure 1.)
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The once-through fuel cycle fissions less than 1 percent of the atoms 
in natural uranium, but it is less costly and more proliferation 
resistant than fuel cycles involving reprocessing. If, in the future, 
reprocessing becomes economical and otherwise acceptable, the 
uranium that is not fissioned in the once-through fuel cycle will 
still be available in the depleted uranium and spent fuel.13

Figure 1. The Once-Through Fuel Cycle.

 This fuel cycle uses most of the fission energy stored 
in the rare chain-reacting uranium isotope, U-235, 
which makes up 0.7 percent of natural uranium. Atom 
for atom, however, the U-238 atoms, which make up 
virtually all of the remaining 99.3 percent of natural 
uranium, contain as much potential fission energy. If 
it were possible to fission the U-238, the amount of 
energy releasable from a kilogram of natural uranium 
therefore would be increased about 100-fold.
 Plutonium breeder reactors. A month after the first 
reactor went critical under the stands of the University 
of Chicago’s football stadium, Leo Szilard, who first 
conceived of the possibility of a nuclear chain reaction, 
invented a reactor that could efficiently tap the energy 
in U-238 by turning it into chain-reacting plutonium. In 
a sodium-cooled reactor, a chain reaction in plutonium 
would be sustained by “fast” neutrons that had not been 
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slowed down as much by collisions with the sodium 
coolant as neutrons are in collisions with the light 
hydrogen atoms in the cooling water of conventional 
reactors. Plutonium fissions by fast neutrons produce 
enough neutrons so that it is possible on average to 
convert more than one U-238 atom into plutonium per 
plutonium atom destroyed.14 Such reactors are called 
plutonium “breeder” reactors. Alternatively, they can 
be thought of as U-238 burner reactors. 
 Being able to exploit the energy stored in the 
nucleus of U-238 would make it possible to mine ores 
containing about 1 percent as much natural uranium as 
could be economically mined for the energy in U-235 
alone. Indeed, even the 3 grams of uranium in a ton 
of average crustal rock, if fissioned completely, would 
release almost 10 times as much energy as is contained 
in a ton of coal.15 The nuclear-energy pioneers therefore 
talked of breeder reactors making it possible to “burn 
the rocks” and thereby create a source of fission energy 
that could power humanity for a million years.
 The growth of global nuclear-power capacity slowed 
dramatically in the 1980s, however, (see Figure 2) and 
huge deposits of rich uranium ore were discovered in 
Australia, Canada, and elsewhere. As a result, the long-
term trend of natural-uranium costs has been down 
rather than up (see Figure 3). Concerns about uranium 
shortages linger on today in arguments that nuclear 
power based on a “once-through,” LEU fuel cycle is not 
“sustainable.” But such concerns about the inadequacy 
of the world’s uranium resources have shifted to far 
beyond 2050.16 In any case, depleted uranium and spent 
fuel can be stored so as to be available in the event that 
it becomes cost-effective to “mine” them for the energy 
in their uranium-238. 
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Global nuclear generating capacity grew rapidly in the 1970s, 
leading to concerns that the supply of natural uranium might 
not be able to keep up with the increasing demand, but growth 
slowed in the 1980s as a result of the high capital costs of nuclear-
power plants, the slowing growth in overall demand for electric 
power and the Chernobyl nuclear accident of 1986.17 

Figure 2. Global Nuclear Generating Capacity.

 At the same time, the differences between the 
capital and operating costs of water and sodium-cooled 
reactors have remained discouragingly large. Many 
experimental and demonstration breeder reactors 
have been built around the world but none has been a 
commercial success.18

 Because of its compact core, Admiral Hyman G. 
Rickover, the father of the U.S. nuclear navy, had 
a sodium-cooled reactor built for the second U.S. 
nuclear submarine, the Seawolf. After sea trials in 1957, 
however, he had the reactor replaced by a pressurized 
water reactor. His summary of his experience with the 
sodium-cooled reactor pretty aptly characterizes the 
problems that have been subsequently experienced
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Average and spot uranium prices in constant 2003 dollars,  
1971-2005.19

Figure 3. Average and Spot Uranium Prices.

in attempts to commercialize sodium-cooled breeder 
reactors. These reactors are “expensive to build, 
complex to operate, susceptible to prolonged shutdown 
as a result of even minor malfunctions, and difficult 
and time-consuming to repair.”20 
 In anticipation of a need for large quantities of 
separated plutonium to provide startup cores for the 
breeder reactors, however, commercial reprocessing of 
spent LWR fuel was launched in the 1960s. Spent LWR 
fuel contains about 1 percent plutonium. Civilian pilot 
and full-scale reprocessing plants have been built in 
eight countries.21 
 Growing stockpiles of separated civilian plutonium. In 
the absence of significant breeder-reactor capacity, 
some countries—notably France and Germany—have 
been recycling their separated plutonium back into 
LWR fuel. The cost of fabricating MOX plutonium-
uranium fuel for LWRs has been greater, however, 
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than the value of the LEU fuel that has been saved.22 As 
a result, there is no commercial demand for plutonium 
as a fuel and large stockpiles have accumulated at the 
reprocessing plants, along with the fission-product 
waste from which the plutonium was separated. The 
United Kingdom and Russia have stockpiled all the 
plutonium that they have been separating from their 
own spent fuel (and, in Russia’s case, also from the 
spent fuel that Eastern and Central European utilities 
have been shipping to Russia for reprocessing). Japan’s 
separated plutonium has accumulated at the French 
and U.K. reprocessing plants because local government 
opposition in Japan has delayed its plutonium recycle 
program for a decade. 23 
 Based on declarations of civilian plutonium stocks 
to the IAEA, the global stock of separated civilian 
plutonium has been growing by an average of 10 tons 
per year since 1996 and was about 250 metric tons 
as of the end of 2005 (see Table 1). This stockpile is 
approximately the same size as the global stockpile 
of plutonium that was produced for weapons during 
the Cold War. About 100 tons of Russian, U.S., and 
U.K. weapon plutonium have been declared excess, 
increasing the global stockpile of excess separated 
plutonium still further. 
 As an energy resource, the world stockpile of 
separated civilian plutonium is not huge. It could fuel 
the world’s fleet of power reactors for less than a year. 
In terms of weapon equivalents, however, it is huge. 
Using the IAEA’s 8-kg weapon equivalent, the 350 
tons of civilian and excess weapons plutonium could 
be converted into 40,000 first-generation (Nagasaki-
type) nuclear weapons. In 1998, a Royal Society report 
observed that the possibility that the United Kingdom’s 
very large stockpile of separated civilian plutonium 
“might, at some stage, be accessed for illicit weapons 
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production is of extreme concern.”24 If this is a concern 
in the United Kingdom, it should be a concern in 
any country with significant quantities of separated 
plutonium. 

Country Civilian Stocks
(end of 2005)

Military Stocks 
Declared Excess 

Belgium  3.3 (2004)  
(+0.4 tons in France) --

China  0 0

France  81 (30 tons foreign owned) 0

Germany  12.5  
(+ 15 tons in France & U.K.) --

India  5.4 0

Japan  5.9  
(+38 tons in France & U.K.) --

Russia  41 34-50

Switzerland Up to 2 tons in France & U.K. 0

U.K. 105 (27 foreign owned)  
(+ 0.9 tons abroad) 4.4

U.S.  0 54

TOTALS  ≈250 tons 92-108

Table 1. Global Stocks of Separated Civilian and 
Excess Military Plutonium.25

(Metric Tons)
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Why Reprocessing Persists.

 The United Kingdom plans to end its reprocessing 
by 2012.26 But France continues, Japan put a big new 
reprocessing plant into operation in 2006, and the Bush 
administration has proposed that the United States 
launch a domestic reprocessing program. Why, in the 
face of adverse economics, does civilian reprocessing 
persist?
 NIMBY pressures. Reprocessing continued in 
Western Europe and Japan in the 1980s and 1990s 
in part because of a combination of local political 
pressures to do something about the problem of spent 
fuel accumulating at power-reactor sites and not-in-
my-backyard (NIMBY) political opposition elsewhere 
to geological repositories or central interim storage 
facilities for spent fuel. Reprocessing provided an 
interim destination for the spent fuel. 
 German and Japanese nuclear utilities largely 
financed the French and British multi-billion-dollar 
commercial reprocessing facilities.27 Their respite was 
only temporary, however, because the reprocessing 
contracts provided that the solidified fission-product 
waste would be shipped back to the countries of origin. 
Germany’s anti-nuclear movement finally succeeded 
in persuading the SPD-Green coalition government 
to stop reprocessing and eventually phase out nuclear 
power in Germany and, in exchange, agreed to accept 
the construction of dry-cask interim spent-fuel storage 
at the reactor sites until the site of a geological repository 
could be settled.28

 Japan’s nuclear utilities went down a different 
route. They persuaded the rural Amori Prefecture to 
store for 50 years the radioactive waste being returned 
from Europe as part of an agreement in which the 
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prefecture accepted a large reprocessing plant in return 
for receiving large payments from a central fund. 
Japan’s nuclear utilities now are shipping their spent 
fuel to the Rokkasho reprocessing plant. The separated 
plutonium and high-level waste will be stored there. 
The high level waste, at least, will stay there until a 
geological repository can be opened—hopefully 
within the promised 50 years. The plutonium will be 
added to Japan’s existing 40-ton stockpile of separated 
plutonium that is eventually to be recycled in MOX 
fuel.29 
 The Bush administration’s reprocessing proposal. U.S. 
nuclear utilities, too, have been unable to ship their 
accumulating spent fuel off their reactor sites. As 
noted above, the reason is delays in the licensing of 
DoE’s proposed geological repository under Yucca 
Mountain, Nevada. U.S. utilities therefore have been 
suing DoE for the costs of building additional on-site 
dry-cask storage. 
 In 2005, in order to stop these accumulating lawsuits, 
the U.S. Congress asked DoE to develop a plan for 
centralized interim storage and reprocessing of U.S. 
spent fuel.30 In May 2006, DoE responded with a plan 
for building reprocessing plants. These reprocessing 
plants would separate spent LWR fuel into four streams: 
uranium, plutonium mixed with the other transuranic 
elements (neptunium, americium, and curium); the 
30-year-half-life fission products strontium-90 and 
cesium-137; and other fission products. This is the so-
called UREX+ fuel cycle (see Figure 4).
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The reprocessing plant (designated here as “LWR Spent Nuclear 
Fuel Separation”) would be built as soon as possible. The reactors 
shown here as “Advanced Burner Reactors” would be fast-
neutron reactors. Only one would be built at the same time as 
the reprocessing plant. Others would be built on an unspecified 
time schedule. After reprocessing, the 30-year half-life isotopes, 
cesium-137 and strontium-90, which dominate the radiological 
hazard until they decay away, would be placed in interim surface 
storage for some hundreds of years. This raises the question as to 
why the unreprocessed spent fuel should not be remain in interim 
storage until fast-neutron reactors actually are built in significant 
numbers. 31

Figure 4. The Department of Energy’s May 2006 
Proposal for Reprocessing U.S. Spent Fuel and 

Fissioning the Transuranics. 

 The transuranic elements would be recycled in 
a hypothetical future generation of fast-neutron 
“burner” reactors until—except for losses to various 
waste streams—the transuranics were fissioned. The 
designs of the burner reactors would be adapted from 
the sodium-cooled reactors that previously were to be 
commercialized as plutonium-breeder reactors, only 
with the plutonium breeding uranium blankets around 
their cores removed. The uranium would be stored or 
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disposed of as waste. The strontium-90 and cesium-137 
would be placed into interim surface storage for some 
hundreds of years—presumably at the reprocessing 
plant. Only the residual wastes after the separation 
of these three streams would be placed in the Yucca 
Mountain repository.
 By removing in each cycle 99 percent of the 
strontium-90 and cesium-137 and of the transuranic 
elements, the main sources of radioactive decay heat 
in the spent fuel on century and millennial scales, 
respectively, the long-term temperature increase of 
the rock around the disposal tunnels under Yucca 
Mountain per ton of spent fuel would be decreased 
about 20-fold. The residue from 20 times as much 
spent fuel therefore could be emplaced in the mountain 
before a new repository would have to be sited.32 The 
political resistance to the siting of the Yucca Mountain 
repository has been so fierce that this is considered by 
DoE to be a major long-term advantage of the proposed 
UREX + fuel cycle and a prerequisite for nuclear power 
to have a long-term future in the United States. 
 The current limit on the capacity of Yucca Mountain, 
however, is not physical but legislated. When Congress 
selected Yucca Mountain as the nation’s first geological 
radioactive waste repository, it wished to reassure 
Nevada that it would not have to carry this burden 
alone. As already noted, it therefore limited the quantity 
of commercial spent fuel or reprocessing waste that 
can be stored there to 63,000 tons “until such a time as 
a second repository is in operation.” This amount of 
spent fuel will have been discharged by U.S. reactors 
by 2008. Hence the dire warnings of the necessity to site 
repositories in additional states. In order to deal with 
this problem, the Bush administration has proposed to 
lift the legislated limit on the amount of spent fuel that 
can be stored in Yucca Mountain. 33
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 The federal government has not come to its own 
conclusion about what the physical capacity of Yucca 
Mountain might be. Using federal studies made as part 
of the licensing process for the repository, however, the 
utility industry’s Electrical Power Research Institute 
estimates that there is enough capacity in the surveyed 
areas of Yucca Mountain to store 260,000 -570,000 
tons of spent fuel—and perhaps more. This is two to 
five times as much as the current generation of U.S. 
power reactors are expected to discharge over their 
lifetimes.34 
 Because of the delay in licensing the repository 
and the utility lawsuits, however, the Congressional 
Appropriations Subcommittees that fund DoE have 
been pressing DoE to begin moving spent fuel off 
power reactor sites. In part at least in response to this 
pressure, on August 7, 2006, DoE announced that it 
was considering building a 2000-3000 ton per year 
spent-fuel reprocessing plant based on the existing 
technology being used in France, and a 2000 MWt 
(thermal) sodium-cooled fast-neutron reactor of the 
pool-type design used for France’s failed Superphénix 
reactor. The reprocessing plant would be modified 
so that some of the uranium in the spent fuel would 
remain mixed with the plutonium. In this way, DoE 
would honor its commitment to make reprocessing 
more “proliferation resistant.” Plutonium can be 
separated out of such a mixture very much more easily, 
however, than from spent fuel (see Section V). The fast 
reactor would be fueled initially by “conventional fast 
reactor fuel,” i.e., a mix of plutonium and uranium.35 
In January 2007, DoE announced that it planned to 
lay the basis for a decision by the Secretary of Energy 
to launch this program “no later than June 2008,” i.e., 
before President Bush leaves office.36
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 Reprocessing 2000-3000 tons of LWR spent fuel 
would separate 24-36 tons of plutonium per year.37 By 
comparison, France’s failed 3000 MWt Supérphenix, 
even operating on a once-through fuel cycle, would 
have annually irradiated only about 2 tons of 
plutonium.38 In effect, unless DoE adopts the French 
strategy of recycling MOX in LWRs, its reprocessing 
initiative would, for the foreseeable future, transform 
almost all spent fuel shipped from U.S. nuclear-power-
reactor sites into separated plutonium and high-level 
waste stored at a reprocessing site. The compelling 
reason for DoE initiative, therefore, appears to be, as in 
Japan, to provide an alternative destination for spent 
fuel until a geological radioactive waste repository 
becomes available. 
 DoE’s reprocessing proposals are controversial 
both because of their cost and their impact on U.S. 
nonproliferation policy. We discuss these issues in the 
next two sections.

IV. REPROCESSING AND RECYCLE COSTS

We consider the costs for two scenarios: 
 1. DoE’s May 2006 scenario in which all of the 
transuranics in U.S. light-water spent fuel would 
be separated and fissioned in fast-neutron reactors 
in order to increase the number of reactor-years of 
radioactive waste that can be accommodated in Yucca 
Mountain. Although DoE has never mentioned it in 
connection with its current proposal, these costs were 
examined in depth in a massive National Academy of 
Sciences study that was commissioned by DoE in the 
early 1990s and published in 1996. 39 
 2. The cost and benefits of doing what is done in 
France, which is to reprocess spent LWR fuel, mix the 
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separated plutonium with depleted uranium to make 
MOX fuel for LWRs, and then store the spent MOX 
fuel. AREVA, the French nuclear conglomerate, has 
launched a major effort to convince DoE to follow 
this route, including by funding a study that claims 
that reprocessing would not be much more costly in 
the United States than building a second geological 
repository for spent fuel. 40

The 1996 Study by the U.S. National Academy  
of Sciences.

 The 1996 U.S. National Academy of Sciences 
study estimated the extra cost of a separations and 
transmutation program for the first 62,000 tons of U.S. 
spent fuel, relative to the cost of simply storing the spent 
fuel in a repository, as “likely to be no less than $50 
billion and easily could be over $100 billion”(1996$).41 
For the estimated lifetime discharges of the current 
generation of U.S. LWRs (101,000 to 129,000 tons, see 
Figure 5), this cost would be approximately double.
 Currently, U.S. nuclear utilities are paying into 
DoE’s Nuclear Waste Fund 0.1 cents per kilowatt-hour 
in exchange for DoE taking responsibility for disposing 
of their spent fuel. Assuming that the average amount 
of fission energy released in the first 62,000 tons of U.S. 
spent fuel was 40,000 megawatt-days per ton and taking 
the heat-to-electric energy conversion efficiency of an 
average nuclear power plant to be one-third, this would 
translate into about $20 billion. Even including interest, 
this fund would not be able to cover both the estimated 
$50 billion cost of the Yucca Mountain repository 
and a $100 billion separations and transmutation 
program.42 Spokesmen for the nuclear utilities have 
made clear that they will not pay for the extra costs  
of a reprocessing plant or fast-neutron reactors.43
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Projections of the total amount of spent fuel to be discharged by 
the current generation of U.S. power reactors depend upon what 
fraction of the reactors have their licenses extended to 60 years.44

Figure 5. Projections of the Total Amount of Spent 
Fuel To Be Discharged by the Current Generation  

of U.S. Power Reactors.

It is conceivable that the U.S. Congress might fund 
the launch (although perhaps not the completion) of 
a federally funded reprocessing plant costing tens of 
billions of dollars, but it seems unlikely that it would 
provide a subsidy of on the order of a billion dollars 
each for the construction of 40-75 fast-neutron reactors 
to fission the transuranics being produced by 100 
gigawatts electrical (Gwe) of LEU-fueled LWRs.45

 The great cost of DoE’s proposed program and 
the fact that it proposes to store the most dangerous 
isotopes in the spent fuel46 on the surface for hundreds 
of years may eventually increase the appeal of interim 
storage without reprocessing.
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The AREVA Study of the Cost of Recycling Separated 
Plutonium in MOX.

 In July 2006, the Boston Consulting Group 
published a report, Economic Assessment of Used Nuclear 
Fuel Management in the United States. The report was 
commissioned by the French nuclear combine, Areva, 
and is based on proprietary data and analysis provided 
by Areva. The report will therefore be referred to below 
as the “Areva study.”
 The report proposes that AREVA build for the U.S. 
Government both a spent-fuel reprocessing plant with 
a 2,500 ton-per-year capacity and a mixed-oxide fuel 
fabrication plant to recycle the separated plutonium 
back into LWR fuel. It argues that the cost would 
approximately equal the savings from the United States 
being able to delay a second repository by 50 years.47 
Given the similarities of this proposal to DoE’s request 
2 weeks later for expressions of interest in building a 
reprocessing plant with a capacity of 2,000-3,000 tons a 
year, it is worth examining the Areva report’s analysis. 
Below, we examine the basis of its central conclusions 
that:
 1. AREVA could build and operate a reprocessing 
plant and MOX fuel fabrication plant much more 
cheaply for the U.S. Government than it did in France; 
and,
 2. French-style reprocessing and plutonium recycle 
would postpone the need of a second U.S. repository.

Finally, we will summarize the results of a French 
Government analysis of the net costs of plutonium 
recycle in France.
 Lower Costs in the United States than in France? The 
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AREVA study asserted that reprocessing and MOX 
fuel-fabrication plants could be built in the United 
States more cheaply than the corresponding smaller-
capacity facilities it built in France.48 The capital cost 
of the French complex was revealed to be about $18 
billion in 2006 dollars, not including interest charges 
during construction. The study also asserted that the 
plants could be operated for about $0.9 billion per 
year—about one-third the operating cost shown for 
the smaller complex in France. 

France’s spent-fuel reprocessing complex on Cap de La Hague 
in northern France. Its plutonium fuel fabrication facility is in 
southern France, requiring regular long-distance truck shipments 
of separated plutonium.49

Figure 6. France’s Spent-Fuel Reprocessing Complex 
on Cap de La Hague.

 Thus far, however, DoE-AREVA combination has 
resulted in much higher costs in the United States than 
in France. DoE has contracted with AREVA to build 



185

a MOX fuel fabrication plant to deal with 34 tons of 
excess U.S. weapon plutonium at a rate of 3.5 tons per 
year.50 Measured in terms of MOX fuel tonnage, this is 
about one-fifth the capacity of the plant that would be 
required to take the plutonium output of 2,500 ton/
year reprocessing plant.51 The original estimated cost of 
DoE’s MOX-fuel facility presented to Congress in 2002 
was $1 billion. By July 2005, 3 years later, the estimated 
cost had ballooned to $3.5 billion, and the project was 
2.5 years behind schedule.52 Such cost overruns and 
delays are typical for DoE projects.53

 Would French-style reprocessing postpone the need for a 
second repository? For the non-reprocessing alternative 
to its proposal, the AREVA study assumed that the 
physical capacity of Yucca Mountain is 120,000 tons 
of spent LEU fuel. As indicated above, the capacity is 
likely to be much larger. Using AREVA’s assumption, 
however, at the current rate of discharge of spent fuel 
by U.S. power reactors, (about 2,000 metric tons of 
heavy-metal content per year) the Yucca Mountain 
repository would be fully subscribed by 2040. Fuel 
discharged later could not be loaded into a repository 
until it had cooled for 25 years, i.e., till 2065, but the 
AREVA study assumed that, already in the year 2030, 
the United States would have to start spending $0.4 
billion a year on a $45-50 billion second repository.54 
 Americium-241 (Am-241), which forms from the 
decay of 14-year half-life plutonium-241, dominates 
the heat output of LEU spent fuel during the period 
from 100 years to 2,000 years after discharge. In 
AREVA’s proposal, the Am-241 would go into the 
high-level reprocessing waste and be emplaced in 
Yucca Mountain. 
 To minimize the buildup of Am-241 in the spent 
fuel and thereby the amount of Am-241 in the high 
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level waste, the AREVA study assumes that, after the 
reprocessing plant is completed, spent fuel would be 
reprocessed within 3 years. This would reduce the 
heat load from the associated high-level waste to the 
point where the waste from 230,000 tons of spent fuel 
could be stored in Yucca Mountain plus 50,000 tons 
of unreprocessed pre-2003 spent fuel—more than 
doubling the amount of spent fuel that could be dealt 
with before a second repository would have to be 
established. 55

 The AREVA study is able to postpone the need of a 
second U.S. repository beyond the study’s time horizon, 
however, only because it assumes that the spent MOX 
fuel would remain indefinitely in interim storage at 
the reprocessing plant. There would be no delay in the 
need for a second repository had it been assumed that 
the spent MOX fuel, too, would be emplaced in Yucca 
Mountain. Although reprocessing and plutonium 
recycle consolidates the plutonium from roughly eight 
tons of spent LEU fuel into one ton of fresh MOX fuel, 
the total amount of plutonium in the spent MOX fuel is 
still two-thirds as great as in the original eight tons of 
LEU spent fuel. Furthermore, because of a shift toward 
a hotter mix of plutonium and other transuranics, the 
amount of heat that the ton of MOX spent fuel would 
deliver into the mountain during the first crucial 2,000 
years would be almost exactly the same as would have 
been delivered by the eight tons of spent LEU fuel. 
This is why the AREVA study states that “[D]isposal of 
MOX [in a geological repository] is not considered to 
be a viable option.”56 Indeed, the French Government 
has concluded that spent MOX fuel would have to be 
stored from 150 years to “centuries” before it cooled 
enough to be emplaced in a geological repository.57

 A complete cost analysis would have dealt with 
cost of an alternative way of disposing of the spent 
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MOX fuel. DoE proposes that the plutonium should be 
recycled repeatedly in fast-neutron reactors until it is 
completely fissioned. If this were done after one recycle 
in LWRs had reduced the amount of plutonium by one-
third, only 23-44 GWe of fast reactor capacity would 
be required to fission the plutonium left in the once-
recycled LWR MOX fuel.58 This is down from the 40-75 
GWe calculated above for DoE’s scenario, in which the 
plutonium is fed directly into sodium-cooled burner 
reactors. But the cost would still be huge. The AREVA 
report assumes that sodium-cooled reactors would cost 
20 percent more per unit of generating capacity than 
LWRs.59 The only full-sized sodium-cooled ever built, 
France’s Superphénix, cost about three times as much 
as a LWR of the same capacity.60 In series production, 
the cost could come down. LWRs are estimated to cost 
$2 billion per GWe. The extra capital cost for buying 
sodium-cooled reactors therefore would be $9-18 
billion if AREVA’s 20 percent estimate were true and 
$46-90 billion if the cost of a breeder were twice that 
of an LWR. Tens of billions more would be required 
for the infrastructure to fabricate and reprocess the 
sodium-cooled reactor fuel. 
 The French Government’s estimate of the cost of 
reprocessing in France. The AREVA study did not 
reveal the cost of reprocessing and plutonium recycle 
in France, but these costs were published in a study 
done by the French Government in 2000. This study 
also estimated the costs of alternative fuel cycles for 
France’s current fleet of power reactors. 
 Shown in the Appendix are the results for four 
scenarios: three treated in the French Government 
report and one extrapolated from the results of those 
calculations:
 1. One hundred percent of the LEU spent fuel 
discharged from France’s LWRs in a 45-year average 
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operational lifetime would be reprocessed (the 
extrapolated scenario). The separated plutonium 
would be recycled in MOX fuel once—i.e., spent MOX 
fuel would not be reprocessed within the time frame of 
the study.
 2. About two-thirds of the LEU fuel would be 
reprocessed, and the plutonium recycled once (the 
current plan).
 3. Reprocessing would end in 2010. This would 
amount to reprocessing 27 percent of the spent LEU fuel 
expected to be discharged in the reactors’ lifetimes.
 4. A retrospective scenario in which France was 
assumed not to have built its reprocessing and 
plutonium recycle infrastructure but instead would 
have deposited its spent fuel directly in an underground 
repository as is current U.S. policy.
 The cost estimates are summarized in Table 2. It will 
be seen by comparing the 100-percent-reprocessing 
with the no-reprocessing scenarios that reprocessing 
all of the LEU fuel would double the cost of the back 
end of France’s fuel cycle. The net increase is 80 percent 
when the savings in natural uranium and enrichment 
associated with the use of the MOX fuel are taken into 
account.
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Percentage of Spent LEU Fuel Reprocessed
 
100% 
(Derived 
scenario) 67%

 27% 
(Reprocessing 
ends in 2010)

No 
Reprocessing

Back end costs 84 74 61 41
Front end cost 
savings 
from plutonium 
recycle

-10 -8 -2 0

Net costs
 74 66 59 41

Table 2. Spent-Fuel Disposal Costs in Four 
Scenarios for the French Fuel Cycle.61

(Billions of 2006 $, 58,000 tons of spent fuel)

V. ATTEMPTS TO MITIGATE THE IMPACT  
ON U.S. NONPROLIFERATION POLICY

 Following India’s 1974 nuclear explosion, which 
used civilian plutonium separated with U.S.-provided 
technology, the United States reversed its policy of 
encouraging reprocessing and plutonium recycle 
worldwide. U.S. policy became, in effect, “We don’t 
reprocess, and you don’t need to either.” Since 1977, 
when Japan put its Tokai-mura pilot plant into opera- 
tion, no nonweapon state has begun civilian reprocess-
ing. During that same period, Argentina, Belgium,  
Brazil, Germany, and Italy shut down their pilot repro-
cessing plants, and South Korea and Taiwan abandon-
ed their laboratory-scale reprocessing research. Japan 
remains the only nonweapon state that reprocesses. 
In Europe, countries have abandoned reprocessing 
primarily as a result of anti-nuclear movements and the 
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high cost of reprocessing. Outside Europe and Japan, 
however, U.S. anti-reprocessing policy has played a 
key role in stopping programs that were covers for 
countries that were interested in following India’s 
example and using a civilian reprocessing program as 
a cover for developing a nuclear-weapon option. 
 The Bush administration has responded in two 
ways to concerns that a new U.S. reprocessing initiative 
would undermine this very successful nonproliferation 
policy:
 1. DoE is developing reprocessing technologies that 
do not separate out pure plutonium.
 2. The Bush administration has proposed that 
reprocessing and uranium enrichment be confined 
to “countries that already have substantial, well-
established fuel cycles.”62

“Proliferation Resistant” Fuel Cycles—The Saga  
of UREX+.

 The reprocessing technology currently used 
worldwide has the acronym PUREX for Plutonium 
and URanium EXtraction. It was originally developed 
by the United States to extract pure plutonium for the 
U.S. nuclear-weapons program.63 It is therefore difficult 
to claim that this technology is proliferation resistant, 
and DoE has not done so. 
 In fact, the revival of U.S. interest in reprocessing 
was launched by the 2001 report of Vice President 
Cheney’s National Energy Policy Development 
Group, which recommended that “the United States 
should reexamine its policies to allow for research, 
development and deployment of fuel conditioning 
methods (such as pyroprocessing) that reduce waste 
streams and enhance proliferation resistance.”64
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 Pyroprocessing is a reprocessing technology 
developed by Argonne National Laboratory (ANL) 
for recycling the metal fuel used in its Experimental 
Breeder Reactor II.
 Another reprocessing technology would be 
required, however, to separate transuranics from the 
uranium-oxide fuel used in LWRs. For this purpose, 
ANL proposed what it called UREX+, named to 
denote the fact that pure uranium is extracted. The 
transuranics are extracted in various combinations in 
different variants of UREX+. In fact, a series of versions 
of UREX+ have been proposed. 

Plutonium Plus Neptunium. 

 The first version of UREX+ proposed by Argonne 
(UREX+2)65 would keep the plutonium mixed with 
neptunium.66 There is, however, typically only about 
8 percent as much neptunium as plutonium in spent 
fuel. Furthermore, neptunium is less radioactive than 
plutonium and is as good a weapons material as the 
U-235 used in the Hiroshima bomb. At best, the effect 
of leaving the neptunium mixed with the plutonium 
would be to dilute the plutonium slightly. The mix 
could be used directly to make weapons, or the 
plutonium could be extracted in the same type of glove 
box that would be used to handle pure plutonium.
 Unseparated transuranics (UREX+1a). The second 
iteration of UREX is the GNEP fuel cycle proposed by 
DoE in May 2006. It would leave all the transuranics 
unseparated. Plutonium would still constitute more 
than 80 percent of the mix. The mix would be about 100 
times more radioactive than pure plutonium but would 
still produce only about 0.1 percent of the intensity 
of penetrating radiation that would be required to 



192

make it “self-protecting” by the IAEA’s standard 
(see Figure 7).67 Enough plutonium for a few bombs 
could be separated in a glove box without the workers 
receiving a large radiation dose. For an industrial-
scale operation in which workers were exposed to 
this material year around, however, shielding and 
remote handling would be required to keep down 
occupational radiation doses. This is why “addition 
of minor [transuranics] or fission products to recycled 
plutonium will increase significantly the costs of fuel 
fabrication and transportation.”68 
 

Factors by which dose rates from 1-kg spheres of transuranic metal 
produced by various versions of UREX+ fall short of the IAEA 
threshold for self protection (1 Sievert or 100 rems per hour at one 
meter). For example, the dose rate from unseparated transuranics 
is about 0.001 of the self-protection standard. 69

Figure 7. Factors by which Dose Rates from 
1-kg Spheres of Transuranic Metal Produced by 

Various Versions of UREX+ Fall Short of the IAEA 
Threshold for Self-Protection.
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 Unseparated transuranics mixed with lanthanide fission 
products (UREX+1). Argonne responded to criticisms 
of the lack of proliferation resistance of UREX+1a by 
proposing yet another variant in which one class of 
fission products, the lanthanides, would remain mixed 
with the transuranics until the mix was transported to 
a sodium-cooled “burner reactor” site (see Figure 8). 
Although still not meeting the IAEA’s self-protection 
standard, the gamma-radiation level from the mix 
would be higher than for the other UREX+ fuel cycles 
considered earlier. It would be highest for material 
separated from recently discharged spent fuel, since 
the longest-lived significant lanthanide, Europium-154, 
has a half-life of only 8.8 years. At the burner-reactor 
sites, the lanthanides would be stripped out in a final 
stage of reprocessing, and the transuranic fuel would 
be fabricated. Thus each burner reactor site would have 
its own final-stage reprocessing and fuel-fabrication 
plant. This would compound the problem of the high 
cost of the separations and transmutation approach. 
Indeed, the complexity of this proposal approaches 
that of a Rube Goldberg cartoon.70



194

The top box describes the various stages of the reprocessing 
plant and includes provisions for surface storage for hundreds 
of years of the two most hazardous fission products, cesium-137 
and strontium-90, both of which have half-lives of about 30 years. 
The box at the bottom describes one of many proposed “burner-
reactor” complexes. Each reactor site would have a facility to 
carry out the final stage of the UREX+ reprocessing (TALSPEAK). 
It would also have a fuel-fabrication facility and a spent-fuel 
reprocessing facility for the burner reactors. The enormous 
number of fuel processing facilities in this proposal would make 
it much more costly even than the separations and transmutation 
arrangements analyzed in the 1996 National Academies study.71

Figure 8. The Version of UREX+ Proposed by 
Argonne National Laboratory in March 2006.

 Safeguards problems.72 IAEA has been unable to 
reduce statistical measurement uncertainties below 
about 1 percent for traditional PUREX reprocessing, 
which produces pure plutonium. To prevent frequent 
false alarms, a 1 percent measurement uncertainty 
requires raising the alarm threshold to about 3 percent.73 
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Three percent of the 24 tons of plutonium discharged 
annually by U.S. power reactors would amount to 760 
kilograms, enough for about 100 Nagasaki bombs. 
 Unfortunately, the Argonne proposals to make 
reprocessing more “proliferation resistant” by adding 
radioactive materials to the plutonium also would make 
it more difficult for both national and international 
monitors to detect plutonium diversion. 
 Plutonium is ordinarily detected and measured 
by the penetrating radiation that it emits. It fissions 
spontaneously at a low rate, emitting neutrons (about 
half a million per kilogram per second for reactor-grade 
plutonium). The neutrons can be detected through 
substantial shielding. Leaving plutonium mixed with 
other transuranics makes neutron measurements much 
less useful, however. The Curium-244 in spent fuel, in 
particular, emits 100 times as many neutrons.74 As a 
result, an uncertainty of only 1 percent in the Curium-
244 would mask the loss in neutron signal due to the 
removal of all the plutonium. 
 All the plutonium isotopes also emit characteristic 
gamma rays. These gamma rays are much less 
penetrating than the neutrons, however. Large 
corrections must therefore be made for shielding 
and self-shielding of the fissile material. For this 
reason, gamma measurements are almost useless for 
quantitative assays of bulk inhomogeneous mixtures. 
 Back to MOX. Most recently, after learning that 
UREX+ was still very much in the conceptual stage 
and that techniques for fabricating fuel containing 
americium and curium had not yet been developed, 
DoE decided to explore the possibility of starting with 
a slight modification of a PUREX plant. In its August 
2006 “request for expressions of interest,” it specified 
only that the reprocessing plant “products are not pure 
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plutonium.”75 This was only a few weeks after AREVA 
had proposed COEX, a variant of PUREX in which 
the plutonium would not be fully separated from the 
uranium.76 Of course, once again, the plutonium could 
be easily separated from the COEX mix in a glove 
box.

Proposal to Restrict Reprocessing to the Nuclear-
Weapon States Plus Japan.

 Despite its R&D initiatives to make reprocessing 
more “proliferation resistant,” DoE has never 
suggested that the improvement could be great 
enough for reprocessing to be acceptable in states 
of proliferation concern. Indeed, in its May 2006 
presentation of its GNEP proposal, DoE included the 
Bush administration’s February 11, 2004, proposal 
to deny enrichment and reprocessing technologies 
“to any state that does not already possess full-scale, 
functioning enrichment and reprocessing plants,” and 
instead to offer such states reliable access to LEU and 
reprocessing services.77

 The idea that other countries can be permanently 
barred from acquiring enrichment and reprocessing 
plants has not gained international acceptance, 
however. An international panel of experts convened 
by IAEA found that “there is a consistent opposition 
by many [non-nuclear weapons states] to accept 
additional restrictions on their development of peaceful 
nuclear technology without equivalent progress on 
disarmament.”78

 This issue is currently joined primarily with 
regard to the assertion by nonweapon states of their 
rights to have national uranium-enrichment plants. 
Since the Bush administration’s 2004 proposed ban 
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on additional countries acquiring enrichment plants, 
six nonpossessing countries have expressed increased 
interest in acquiring them.79 The U.S. GNEP proposal 
has, however, already revived interest in reprocessing 
in South Korea,80 and AREVA has floated the idea of 
exporting the plant that it is designing for the American 
market to a number of nonweapon states that do not 
currently reprocess.81 
 France, the United Kingdom, and Russia already 
have been providing reprocessing services to foreign 
countries, but France and the United Kingdom have 
lost virtually all of their foreign customers. Russia 
has kept a few because, unlike France and the United 
Kingdom, it has been willing to keep the plutonium 
and radioactive waste it recovers from its foreign 
customers’ spent fuel. 
 In effect, Russia has been providing permanent 
storage for foreign spent fuel—although with the fuel 
separated into three components: uranium, plutonium, 
and high-level waste. Under these conditions, its 
customers have been happy for Russia to take their 
spent fuel, whether it reprocesses it or not. Indeed, 
while Russia has been reprocessing the spent fuel from 
first-generation East European VVER-440 reactors at 
its Mayak facility in the Urals, it has been storing the 
spent fuel from second- generation Soviet-designed 
VVER-1000 reactors in a second closed nuclear city, 
Zheleznogorsk, Siberia. 

VI. THE ALTERNATIVE: DRY-CASK SPENT FUEL 
STORAGE 

 In the Sections II and III of this chapter, we 
discussed how pressure from U.S. nuclear utilities 
on DoE to remove spent fuel from their reactor sites 
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and the unwillingness of U.S. state governments to 
host off-site interim storage have stimulated DoE 
interest in federally-funded reprocessing and recycle 
of transuranics. In Sections IV and V, we discussed the 
huge costs of such a program and the weaknesses of 
proposals to make reprocessing “proliferation resistant.” 
In this section, we discuss whether, considering the 
alternatives, interim storage of unreprocessed spent 
fuel on the power-reactor sites may after all be the least 
bad solution. 
 First of all, it is important to understand that the 
costs that the federal government is paying the utilities 
for continuing to store the spent fuel on site is small in 
comparison to the costs of reprocessing. As discussed in 
section II, DoE estimates that the costs will grow to $0.5 
billion per year. We estimated the cost to be somewhat 
lower. Either cost is small, however, in comparison to 
a reprocessing program. Secretary of Energy Samuel 
Bodman has asked for an R&D budget ramping up to 
$0.8-0.9 billion per year in 2009 just to assess the cost of 
the GNEP program.82 The French Government’s figures 
for the extra cost of PUREX reprocessing LWR fuel and 
recycling the recovered plutonium once correspond to 
about $1 billion per year in the United States, and the 
National Academy of Science’s estimate of the cost of a 
program involving sodium-cooled transuranic burner 
reactors was $1.6 to 3.2+ billion per year (1996 $).83

 Secondly, it must be understood that interim 
storage of spent fuel would cost approximately the 
same if the federal government took possession of the 
spent fuel and moved it to a centralized storage site. 
The largest contribution to the cost of dry-cask storage 
is the storage casks. There would be economies of 
scale in the monitoring and maintenance costs at the 
centralized site, but these costs are quite modest for 
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decentralized storage at sites with operating power 
plants because the casks require little maintenance 
and are stored within the plant’s guarded perimeter. 
Any cost savings associated with centralized storage 
are likely to be offset by the fact that the infrastructure 
costs for dry-cask storage at the reactor sites will have 
already been paid for. There would also be the extra 
cost of transporting the spent fuel to the centralized 
storage site and then to Yucca Mountain or some other 
repository rather than transporting the spent fuel 
directly from the plant.84

 Sometimes it is argued that continued storage of 
spent fuel at reactor sites creates a hazard. The amount 
of radioactivity that could be released from dry-cask 
storage is very small, however, in comparison to the 
potential releases from fuel in the reactor core or in a 
spent-fuel storage pool at operating reactor sites. The 
fuel in an operating reactor generates heat at a rate of 
about 30 kilowatts per kilogram. In a spent-fuel pool, 
a week after reactor shutdown, the fuel generates 
about 100 watts per kilogram. Loss of cooling water 
would result in the fuel in a reactor core heating up 
to combustion temperature within minutes. Recently 
discharged spent fuel in a pool would heat up to such 
temperatures within hours after a loss of water. Ten-
year-old spent fuel generates about two watts of heat 
per kilogram and can be stored in dry casks passively 
cooled by air passing slowly over the outside surface 
of the canisters.85 Air warmed by the radioactive decay 
heat rises and is replaced by cooler air. Even an attack 
with an anti-tank missile that breached a cask would 
release only a relatively small amount of radioactivity 
(see Figure 9).86
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 Two casks typically contain the equivalent of a year’s spent fuel 
discharges from a 1,000 MWe nuclear power plant. Comparison of 
the simplicity of interim spent fuel storage with the complexity of 
the huge reprocessing complex shown in Figure 6 makes it easier 
to understand the relatively low cost of interim storage.87

Figure 9. Dry Cask Storage of Spent Fuel.

 Why, then, are nuclear utilities in the United States 
pressing so hard for the government to begin moving 
the spent fuel off site? Perhaps one reason is that, in 
the 1970s, many nuclear-power opponents argued that 
there should be no further commitment to nuclear 
power until arrangements for ultimate disposal for 
spent fuel are in place. In 1976, in California, this 
became state law:

no [new] nuclear fission thermal power plant . . . shall 
be permitted land use in the state . . . until both of the 
following conditions have been met:
 (a) The [California Energy] commission finds 
that there has been developed and that the United 
States through its authorized agency [the Nuclear 
Regulatory Commission] has approved and there exists 
a demonstrated technology or means for the disposal of 
high-level nuclear waste . . .88
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The California law cannot be satisfied by the mere 
movement of spent fuel to a centralized storage site or 
to a reprocessing plant. The only way to satisfy it is 
through the licensing of a geological repository under 
Yucca Mountain or elsewhere.89

 The position of the nuclear-power critics has evol-
ved, however. In response to the Bush administration’s 
reprocessing proposal, many groups that are critical 
of how nuclear power has been implemented in the 
United States have decided that they would prefer on-
site dry-cask storage to reprocessing.90 
 On the other side of the debate, the Nuclear Energy 
Institute, which speaks for U.S. nuclear utilities, while 
acknowledging that the subsidies in the Energy Policy 
Act of 2005 for the first new nuclear power plants 
ordered since 1974 “clearly stimulated interest among 
electric utilities in constructing new nuclear power 
plants,” insists that “[t]his increased interest requires 
[that] the federal government must meet its contractual 
responsibility to accept, transport, and dispose of used 
nuclear fuel through a comprehensive radioactive 
waste management program, including continued 
progress toward a federal used fuel repository.”91 
Similarly, John Rowe, the President of Exelon, which 
manages 20 percent of U.S. nuclear capacity, has stated 
famously with regard to the urgency of licensing a 
federal waste repository, “We have to be able to look 
the public in the eye and say, ‘If we build a plant, 
here’s where the waste will go.’ If we can’t answer that 
question honestly to our neighbors, then we’re playing 
politics too high for us to be playing.”92

 Note, however, that there is no requirement for 
reprocessing in the above statements of the nuclear-
utility position. This suggests that the utilities might be 
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willing to live with continued interim on-site storage 
as long as there is progress toward siting a repository.
 The newly elected Senate Majority Leader, Harry 
Reid, who represents the State of Nevada, is, however, 
a dedicated opponent to the completion of the Yucca 
Mountain repository.93 His proposed alternative is 
“The Spent Nuclear Fuel On-site Storage Act of 2005,” 
which would have DoE take over responsibility for 
spent-fuel stored in dry casks at nuclear power plants 
to allow time for “a safe scientifically-based solution to 
be developed.”94

VII. CONCLUSIONS

 The U.S. Government’s current interest in a 
federally-funded reprocessing program appears to 
be driven in significant part by an interest in finding 
a location to which it could ship the older spent fuel 
accumulating on power reactor sites. Shipments were 
to have begun to the Yucca Mountain geological 
repository in 1998, but the licensing of that repository 
has been delayed repeatedly and is now projected for 
2017 at the earliest. If the federal government began 
to ship spent fuel to a reprocessing site, that would 
help it limit lawsuits by U.S. nuclear utilities that are 
seeking federal government reimbursement for their 
costs for prolonged on-site storage of spent fuel. The 
reprocessing option would be 4-8 times more costly, 
however, than on-site dry-cask storage for up to 50 
years.95 
 At operating reactors, the incremental safety and 
security risk from such dry-cask storage of older fuel 
is negligible relative to the dangers from the fuel in the 
reactor core and the recently discharged hot fuel in the 
spent fuel pool.96
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 The nuclear-weapon proliferation costs of the 
United States unnecessarily embracing reprocessing 
as a necessary part of its nuclear fuel cycle cannot be 
quantified but could be severe.
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APPENDIX

SCENARIOS FOR THE FRENCH FUEL CYCLE*
Percentage of Spent LEU Fuel Reprocessed

67% (S6) 27% 
(Reprocessing Ends 
in 2010, S4)

100%
(Derived Scenario)

No Reprocessing 
(S7)

Fuel cycle costs (109 1999 FF [2006 $] undiscounted)

Front end 578 [116] 602 [120] 558 [112] 611 [122]

Back end 370 [74] 307 [61] 422 [84] 203 [41]

Net 948 [190] 909 [182] 980 [196] 814 [162]

Back end cost ($/kg) $1450 $700

Back end cost 
 ($10-3/kWh)

4.2 2.0

Inputs

Natural 
uranium mined
 (103 metric tons)

437 460 418 475

Separative Work
 (million SWUs)

313 330 299 341

LEU fuel fabricated
 (103 tons uranium)

54 56 52 58

MOX fuel fabricated
 (103 tons)

4.8 2 7.1 0

LEU fuel reprocessed
 (103 tons)

36 15 52 0

Wastes

Depleted uranium 
 (103 tons)

379 401 360 417

LEU Spent fuel 
 (103 tons)

18 41 0 58

MOX Spent Fuel 
 (103 tons)

4.8 2 7.1 0

Transuranic Waste 
 (103 cubic meters)

18 12 23 0

High-level waste 
 (103 cubic meters)

4.8 1.6 7.5 0

Plutonium/Americium
 in spent fuel (tons)

514 602 441 667

Reprocessed uranium 
 (103 tons)

34 14 50 0
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*Assuming a 45-year average life for France’s LWR fleet. In all 
scenarios, 20.2x1012 kilowatt hours are generated, J.M. Charpin, B. 
Dessus and R. Pellat, Report to the Prime Minister: Economic Forecast 
Study of the Nuclear Power Option, 2000, Tables on pp. 43, 56, 214., 
215. We assumed that a 1999 French Franc (FF) = $0.2 (2006$).


