


federal judge found these actions to be “arbitrary and capricious” and ordered the DOI
to reconsider. The DOI decided not to appeal this ruling.*®® As of mid-2011, however, it
had not taken any action.

Figure 10.2: Artist’s conception of an interim storage  only be 0.4 km2 The U.S. Department of the Interior

facility in Utah licensed by the U.S. Nuclear Regula- ~ blocked construction in 2006, but, in response to a
tory Commission in 2005 to store up to 40,000 tons federal judge’s order, agreed in 2010 to reconsider.*”
of spent fuel in dry casks. The fenced area would Source: Private Fuel Storage

Ultimate disposal

U.S. Government efforts to establish a high-level waste repository have been marked for
four decades by heavy handedness on the part of the federal government and political
uprisings in a succession of states where it proposed to site repositories.

Lyons, Kansas Salt Mine. In 1957, in response to a request by the U.S. Atomic Energy
Commission, the U.S. National Academies published a report on options for the dis-
posal of the liquid high-level wastes generated by reprocessing.**> The report recom-
mended bedded salt as an ideal disposal medium because, at depth, salt flows and seals
holes and cracks.

In 1970, the AEC announced the selection of an abandoned salt mine near Lyons Kan-
sas as a national repository. The head of the Kansas Geological Survey urged that the
integrity of the geology around the mine be investigated first. The AEC agreed but
continued preparatory work, raising suspicions that it had prejudged the outcome. This
stimulated opposition among concerned Kansas citizens and politicians. In 1971, the
AEC was forced to abandon the site after a company that was using solution mining to
recover salt nearby, disclosed that, several years earlier, it had lost 640 metric tons of
water in the formation.**
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The Waste Isolation Pilot Project. Community leaders in Carlsbad, New Mexico,
where the major employer, U.S. Potash, had just closed its mine, heard of the failure of
the AEC's effort in Kansas and offered its bedded salt deposit for consideration. Thus
was born the Waste Isolation Pilot Plant (WIPP) project.*

Initially, the AEC proposed using WIPP for the disposition of the plutonium waste
being generated by its Rocky Flats plant in the adjoining state of Colorado, where the
AEC produced plutonium “pits” for U.S. nuclear weapons from 1952 till 1992. In 1977,
however, the DOE announced that it was considering also using WIPP as a national
repository for defense reprocessing wastes and spent fuel. New Mexico’s political lead-
ership reacted negatively and a state lawsuit ultimately resulted in:

e Congress legislatively limiting the scope of WIPP to defense-related wastes;

* The establishment of a quasi-independent Environmental Evaluation Group to pro-
vide reliable information to the state and local citizens; and

* Oversight of the repository design by the Environmental Protection Agency (EPA)
under the Resource Conservation and Recovery Act, because the wastes included haz-
ardous chemicals as well as plutonium.

In 1988, the DOE decided to accelerate the opening of WIPP after Idaho Governor Cecil
Andrus used the state police to block shipments of plutonium waste from Rocky Flats
to the Idaho National Laboratory for interim storage. Andrus announced that he would
not allow further shipments until WIPP opened. In 1991, however, New Mexico sued
again, this time to block the DOE from opening WIPP without EPA or state concur-
rence. This time, the state persuaded Congress to pass a law that:*%

° Bans the use of WIPP for high-level waste,

e Limits the volume of wastes that can be buried there to 6.2 million cubic feet (176,000
m?®) and the total radioactivity to 5.1 million;**¢ and

* Provided New Mexico with compensation of $20 million per year for 14 years.

In 1998, the EPA approved WIPP and it went into operation in 1999, the world’s first
geological repository containing ton quantities of plutonium.

The Yucca Mountain Repository. The 1982 Nuclear Waste Policy Act (NWPA) man-
dated that the DOE select three candidate sites for a geological repository for U.S. spent
fuel and high-level waste.*” In 1986, the DOE nominated sites in Texas (salt), Washing-
ton state (basalt) and in Nevada’s Yucca Mountain (volcanic tuff).48

At the time, two of the most politically powerful members of Congress, the Speaker
of the House and the House Majority Leader, represented Texas and Washington state
respectively. They opposed siting the repository in their states. By comparison, the
delegation from Nevada was politically relatively weak and so Yucca Mountain became
the focus of attention.

Yucca Mountain was attractive as a repository site because it was in a desert area owned

by the federal government** and the DOE had ranked it high with regard to contain-
ing radionuclides.*!° Yucca Mountain also borders the huge Nevada Test Site where 928
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nuclear explosive tests were conducted between 1951 and 1992, one hundred of them
above ground.*! A considerable quantity of transuranics and fission products therefore
already had been deposited on the site, both underground and on the surface.

In 1987, therefore, Congress amended the Nuclear Waste Policy Act to direct that Yucca
Mountain would be the only site to be examined for suitability for the first U.S. geologi-
cal repository.*2

The 1982 NWPA had mandated that the second repository be in crystalline rock, i.e., in
the eastern half of the country, where most of the country’s power reactors are located.
However, the 1987 amendments also instructed the DOE to “phase out in an orderly
manner funding for all research programs ... designed to evaluate the suitability of
crystalline rock as a potential repository host medium.”#!?

To reassure Nevada that other states would ultimately share the burden of hosting the
nation’s radioactive waste, Congress also set a legal limit on the amount of radioactive
waste that could be emplaced in Yucca Mountain “until such time as a second reposi-
tory is in operation.” The limit was established as “a quantity of spent fuel containing
in excess of 70,000 metric tons of heavy metal or a quantity of solidified high level ra-
dioactive waste resulting from the reprocessing of such a quantity of spent fuel.”*!* This
was approximately the cumulative amount of spent fuel and high-level waste projected
for 2010.

The amendments therefore also required that the Secretary of Energy to report be-
fore 2010 on the need for a second national repository.*’* Secretary of Energy Bodman
submitted the mandated report in 2008. It recommended that Congress remove the
70,000-ton limit on Yucca Mountain.*® In fact, a year earlier, a report commissioned
by the utility-owned Electric Power Research Institute had concluded that Yucca Moun-
tain could physically accommodate 260,000 to 570,000 tons of spent fuel.*”

The G.W. Bush Administration also launched a program to reprocess U.S. spent fuel
and build fast-neutron reactors that would fission the long-lived transuranic elements.
It was argued that if, in addition, the 30-year half-life isotopes, cesium-137 and stron-
tium-90 were stored on the surface for hundreds of year to decay, the heat output of the
waste would be so reduced that it would be possible to increase one hundred-fold the
amount of spent fuel whose residual wastes could be deposited in Yucca Mountain.*!®
One could well ask why not store the unreprocessed spent fuel above ground in in-
terim storage for hundreds of years at one tenth the cost?*! In any case, key members
of Congress became skeptical about the cost of the Bush Administration proposal and
also became concerned that it might undermine U.S. policy to discourage the spread
of spent fuel reprocessing to additional countries. As a result, the Bush Administration
failed to contract for the construction of a reprocessing plant before it left office. The
Obama Administration decided to scrap the initiative but has continued with a broad
R&D program on “advanced fuel-cycle technologies.”?° It appears likely that the Blue
Ribbon Commission will encourage a continuation of this policy.*?!

Not surprisingly, the 1987 amendments to the Nuclear Waste Policy Act were seen as il-

legitimate in Nevada. The state government and its Congressional delegation therefore
united in an effort to kill the Yucca Mountain repository.*??
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This effort was provided ammunition by a number of disturbing findings from the
DOE'’s underground exploration of Yucca Mountain. One was that rainwater was seep-
ing down to the repository level much more quickly than had been assumed. The
spent-fuel canisters therefore could be exposed to dripping water carrying salts leached
out of the rock above. The DOE therefore proposed to add costly titanium drip shields
to protect the canisters—but only just before closure of the repository, at least a hun-
dred years after it was opened, with remotely operated machines, since the tunnels
would be too hot and radioactive for humans. This proposal was greeted with some
skepticism.**

A second issue that was raised was that there have been numerous volcanic eruptions
in the immediate neighborhood of Yucca Mountain, the most recent less than 100,000
years ago.

The DOE spent more than $15 billion (2010 $) trying to establish the suitability of
Yucca Mountain.*?* This included building a 7.6-meter-diameter, 8-kilometer-long U-
shaped tunnel into and along the length of the proposed repository level (Figure 10.3).
The tunnel was sized on the assumption that it would become the main tunnel in the
repository. A second smaller tunnel was built across the repository and hundreds of
vertical boreholes were drilled down through it from the surface.**® The resulting data
provided the basis for the DOE’s “Viability Assessment.”*?¢ According to the official
peer review panel for the DOE’s Total System Performance Assessment, however, all
this effort only succeeded in establishing the complexity of the site’s geology and the
resulting uncertainties in its performance.*?’

Figure 10.3: Workers carried in an open rail car white tube above their heads carries ventilation
enter the main tunnel under Yucca Mountain. The air."® Source: Las Vegas Sun.
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In 2002, the Secretary of Energy, with President Bush'’s support, certified that the Yucca
Mountain site was suitable. Nevada objected, but Congress quickly overrode its veto, as
allowed by the NWPA.

The state of Nevada mounted numerous challenges in federal court to the quality of
the work underlying the Bush Administration’s finding of suitability. Most of these
challenges were rejected, but one was upheld. In 1985, the Environmental Protection
Administration had limited the performance requirement for the repository to 10,000
years. In 1992, however, Congress included in the Energy Policy Act of 1992 the re-
quirement that the EPA’s performance requirements be guided by the findings of a
panel selected by the National Academy of Sciences (NAS).

In 1995, the NAS National Research Council panel recommended that the performance
requirements extend out to the period of projected peak doses to the public “tens to
hundreds of thousands of years or even farther into the future.”*?* These peak doses
would occur after the canisters and fuel had corroded through and the long-lived trans-
uranics and fission products had migrated to and then through the aquifer and reached
the water supply of the nearest down-stream population. In 2004, the U.S. Court of
Appeals for the District of Columbia Circuit found that, since the 10,000-year standard
was not in conformity with the findings of the National Research Council study, the
EPA should reconsider the standard. The EPA did so and, in 2008, issued limits on ra-
diation doses to the most exposed individual out to a million years.

The individual dose limits were set at 0.15 milliSieverts per year out to 10,000 years and
1 mSv/yr from then to 1 million years after disposal and were to be calculated from
the average of the uncertainty range in the projections.*° These dose rates would today
bring with them an estimated additional risk of cancer death on the order of about 0.1
and 0.5 percent respectively as a result of 70 years exposure.*3!

In 2006, Nevada Senator Reid became Senate Majority leader and was able to cut the
funding for the Yucca Mountain repository project. Then, in 2008, both of the leading
Democratic presidential candidates, while campaigning against each other in Nevada,
committed that, if elected, they would end the Yucca Mountain project. Barak Obama
delivered on his commitment in 2010.

The Blue Ribbon Commission. In January 2010, as a first step toward establishing a
new U.S. spent-fuel policy, the Obama Administration launched a Blue Ribbon Com-
mission on America’s Nuclear Future “to conduct a comprehensive review of policies
for managing the back end of the nuclear fuel cycle and to provide recommendations
for developing a safe, long-term solution to managing the Nation’s used nuclear fuel
and nuclear waste.”*3? The Commission issued an interim report in July 2011 that rec-
ommended that as the basis for new policies for managing spent fuel and radioactive
waste, the United States:*33

* Adopt an “adaptive, staged, and consent-based” approach to siting future nuclear waste
management facilities, with a “heavy emphasis on consultation and cooperation” and
based on “encouraging communities to volunteer to be considered to host a new nucle-
ar waste management facility ... [and] allowing for the waste management organiza-
tion to approach communities that it believes can meet the siting requirements;”
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e Establish a new government body to administer the waste management program,
including responsibility to “site, license, build, and operate facilities for the consoli-
dated interim storage and final disposal of civilian and defense spent fuel and high-
level nuclear waste” as well as “safe transport of waste and spent fuel to or between
storage and disposal facilities, and for undertaking [related] research, development,
and demonstration (RD&D) activities;”

* Move promptly to develop one or more centralized interim storage facilities and one
or more geologic disposal facilities; and

e Support R&D on nuclear reactor and fuel cycle technologies that recognize the im-
portance of “all elements of the fuel cycle,” including “waste transportation, interim

storage, and disposal” and “safety, security, and non-proliferation.”

The Blue Ribbon Commission is expected to issue a final report in January 2012.

Frank von Hippel
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Multinational Repositories

There has been sustained interest in the possibility of multinational spent fuel storage
facilities or geological repositories. Thus far, however, there has been only very limited
progress in proceeding towards implementation. A few proposals have failed, leading
many to conclude that there would have to be one or more national repositories or at
least centralized storage facilities before multinational facilities can be seriously con-
sidered. At the same time, many of the countries contemplating multinational facilities
have invested in interim dry storage at their reactor sites that can be expanded to suf-
fice for many decades. They therefore see little urgency in figuring out what exactly to
do ultimately with their spent fuel. The lack of any urgency is of course still more the
case for countries only now beginning to consider starting nuclear power programs.

There are many arguments in favor of the development of shared facilities in a few
countries to which other countries could send their spent fuel for long-term interim
storage and/or eventual disposition. Such facilities could take advantage of econo-
mies of scale, provide more time for countries to decide on fuel cycle strategies, and
strengthen the nonproliferation regime.

Shared spent fuel facilities could be an option both for interim storage and for final dis-
posal. They could be add-on facilities where a country storing or disposing of its own
spent fuel is willing to accept spent fuel from other countries; or facilities constructed
and managed through a partnering approach by several countries, which could be re-
gional, international, or multinational. The remainder of this chapter reviews briefly:

e The history of past attempts to study and promote shared spent fuel facilities;

* The cases of some of the countries which might be most interested in shared facilities;
* The potential advantages and disadvantages of shared facilities; and

* Some current initiatives.

Past attempts

The idea of shared spent fuel facilities is not new. In 1975, in the wake of India’s nuclear
test using plutonium separated in a national reprocessing plant, the IAEA undertook a
study examining a multinational approach to nuclear fuel cycle facilities, and although

the study identified several advantages, no steps were taken to develop the concept
further.#* The study envisaged facilities for “spent fuel storage, fuel reprocessing, plu-
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tonium fuel fabrication and waste disposal” as a combined package, either in the same
location or in different locations.**s In the late 1970s and early 1980s, the International
Fuel Cycle Evaluation (INFCE) study of the IAEA further investigated possible inter-
national arrangements for spent fuel storage, but concluded that in the short term, no
demand existed.**¢

In 1987, the OECD’s Nuclear Energy Agency published a study on possible internation-
al approaches to spent fuel disposal. It noted that “there were two basic approaches to
international waste repositories: an international project from the very beginning, or
the extension of a national project, on a commercial basis, to accept additional material
from other countries. The creation of an international repository through the commer-
cial extension of national programmes was judged to be a more credible route than the
formation of an international project.”*’

Although the study committee concluded that there were no insurmountable technical
or institutional obstacles to international approaches, but that, “because of slow prog-
ress in the development of national repositories [it] did not believe that the time was
right in 1987 to embark on a comprehensive generic study.”*® As the other chapters in
this report show, more than two decades later, progress in the development of national
repositories is still slow and, in some countries, includes a ban on the import of foreign
spent fuel.

Three failed projects from the 1990s, exemplify the difficulties of finding sites for
multinational spent fuel facilities:

In 1995, the President of the Marshall Islands proposed hosting a storage and disposal
facility, but the idea ran into strong opposition from other Pacific states and the
United States. There was also fierce local opposition.*** The idea was dropped when
the government changed.

Also in the mid 1990s, a U.S. based group, U.S. Fuel and Security, with support from
the Russian Ministry of Atomic Energy,** initiated a scheme involving fuel storage
on a Pacific Island —initially Wake Island and then later Palmyra Island. The scheme
was met with strong opposition from the U.S. Administration, and was not pursued
further. The Pacific Islands Forum, formerly the South Pacific Forum, a political
grouping of sixteen independent and self-governing states in the Pacific, condemned
the idea of using Palmyra as a “dumping ground for nuclear waste.”**! All six mem-
bers of Hawaii’s Congressional delegation signed a June 1996 letter to U.S. President
Bill Clinton urging him to resist the project.

A third project was initiated by organizations in several countries, including Pangea
Resources, a British-based company, to develop an international repository in West
Australia. Political opposition in Australia stopped further progress on the scheme.*?

Around 2000, attention turned to the Russian Federation, with its nuclear expertise
and need for foreign investment, as a potential international host for spent fuel. Rus-
sia’s Ministry of Atomic Energy (Minatom) was interested but the U.S. Government
had prior consent rights over most of the spent fuel in potential customer states such
as South Korea and Taiwan. Also, the U.S. did not have an agreement for nuclear co-
operation with Russia at the time. Such an agreement would be required before spent
fuel subject to U.S. consent rights could be exported to Russia or reprocessed there as
Minatom preferred.
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A group of entrepreneurs organized the U.S. based Non-proliferation Trust to try to
obtain the agreement of cooperation in exchange for a share of the proceeds and con-
trol over the disbursement of a larger share for various worthy causes in Russia. But
Minatom was unwilling to cede so much control to a foreign entity and the U.S.-Russia
agreement of cooperation was delayed by a decade by U.S. concerns over Russia’s tech-
nical assistance to Iran’s nuclear program.** Nevertheless, as discussed further below
and in the chapter on Russian spent fuel policies, Russia today is one of the few coun-
tries willing to accept foreign spent fuel—although currently only fuel that it has sup-
plied and with the presumption that the spent fuel will be reprocessed to recover its
contained plutonium.*#

As a result of the confrontation over Iran’s enrichment program, there has been a new
round of interest in multinational fuel-cycle facilities, including spent-fuel facilities. In
2004, an IAEA expert study group published an analysis of such facilities, with a focus
on repositories.**> In 2005, the IAEA published an overview of the issues associated
with multinational facilities, including spent-fuel repositories and storage facilities.**¢
The 2004 study concluded that “the global advantages of multinational repositories are
clear and the benefits can be significant for all parties, if they are equitably shared,”
and suggested further studies.**” The 2005 report concluded that, for countries “with
smaller nuclear programmes, a dual track approach [to repositories] is needed in which
both national and international solutions are pursued. Small countries should keep
options open (national, regional, or international), be it only to maintain a minimum
national technical competence necessary to act in an international context.”*® The
report also advocated that “countries with state-of-the-art storage facilities in operation
should step forward and accept spent fuel from others for interim storage.”**

Countries with small nuclear power programs

Today, there are 30 countries with civilian nuclear power programs (including Taiwan,
Figure 11.1). Many of the 17 countries with 5 or more reactors deployed appear to
have accepted the principle of national responsibility for their spent fuel—that is that
there will be no export of spent fuel except under certain specified conditions, and, for
the most part, no import either. For example, the principles for disposal proposed by
Germany’s AKend Committee (see chapter on Germany) were: safety first, geological
disposal as the only sustainable option; national responsibility—no export from or
import to country, and responsibility of today’s generation.*° The OECD countries and
the EU have agreed to ban exports to non-OECD countries of nuclear wastes intended
for final disposal.

As Finland appears to be demonstrating, a country with a small nuclear program can
design, site and build an affordable spent-fuel repository. Indeed, the estimated cost per
ton of Finland'’s repository is comparable to the estimated cost for countries with much
larger nuclear programs.*! (Finland currently has a nuclear capacity of 2.7 GWe.) Nev-
ertheless, the greatest interest in shared facilities so far has been coming from countries
with small nuclear programs, such as those involved in the SAPIERR initiative, discussed
later. Thirteen of the 30 countries at present have fewer than 5 reactors (Figure 11.1).%2
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Figure 11.1: Number of operational reactors per country. Source: International Atomic Energy Agency.*

In addition to the countries that already have nuclear power, more than 30 other coun-
tries have indicated an interest in acquiring nuclear power plants. These include some
of the smaller countries in Europe, several countries in the Middle East and North
Africa, a few other countries in Africa, several countries in Asia, and three countries in
Latin America.**

For most countries, thinking about the development of geological repositories is at
an early stage. Even in the few countries that are developing repositories, operational
targets are in almost all cases beyond 2025. As the IAEA has noted, the small programs
“started later than countries with more advanced nuclear power programs. Therefore
the need for geological disposal appeared later.”*>* Elsewhere, the IAEA has noted that,
“given the small quantities of radioactive waste arisen in these countries [with small
nuclear programs], it may be even more difficult to convincingly present the need for a
national disposal program. Consequently, time schedules for their implementation are
shifted far into the future.”¢

Dry-cask storage allows a country many decades to make a final decision on long-term
geological disposal. Indeed, the IAEA has recently pointed out that some un-named
countries are already contemplating “storage periods of 100 years and even beyond.”’
More specifically, the IAEA notes that “some countries, like Hungary, Bulgaria, Argen-
tina, or Lithuania, have chosen to postpone a decision on long-term spent fuel man-
agement. Other countries such as Slovenia and Romania, have taken strategic decisions
on geological disposal but have kept open other options such as the development of
multinational repository or the export of spent fuel.”**

Hungary, for example, reported to the Nuclear Energy Agency (NEA) in 2009 that “due
to the interim storage of the spent fuel, there is no immediate need to establish a deep
geological repository before the middle of the century. ... However, as site selection
process for such a deep geological repository requires a very long period of time, some
preliminary exploratory works were done in a promising clay-stone formation.”*° Noz-
way (which at present has only a research reactor) provides another illustration, report-
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ing in 2009 that it had decided “to construct an engineered surface-storage facility
with sufficient capacity for all the radioactive wastes generated in a period of at least
100 years.” However, Norway had done preliminary exploratory studies and concluded
that “there are no safety-related factors that would prevent the deep underground dis-
posal of radioactive waste in salt.”*® Spain is following a similar path, in this case
undertaking to increase the storage capacity of reactor pools by means of re-racking,
and constructing dry-cask storage facilities, while studying non site-specific designs for
repositories in granite, clay and salt.**!

Advantages, challenges and disadvantages

According to the IAEA: “Several studies have identified the potential benefits, in terms
of possible economic, nonproliferation, safety and security advantages, of multination-
al disposal as well as the institutional and political issues standing in the way.”¢? The
claimed potential advantages are several:

Economies of scale: Theoretically, one would expect that a larger repository would be less
costly per ton of spent fuel disposed. For example, a study by SAPIERR based on cost
models developed by projects in Sweden, Finland, and Switzerland found savings of 5
to 10 percent from building one repository instead of two, each with half the capacity.
SAPIERR projects much greater savings for the case of 14 small nuclear countries shar-
ing a single European repository.*** The significance of this result is not clear, however,
since, siting politics may contribute more than such savings to the cost. Indeed the
estimated cost per ton of the Yucca Mountain repository, the largest proposed thus far,
was larger than that for the smallest, Finland’s repository.**

Safety and security: Increasing the number of sites increases the risk that some will con-
tain inadequate safety provisions to prevent leaking of radioactive wastes and inadequate
security to protect against penetration by sub-national groups to obtain plutonium.

Suitable geology: Although the studies that have so far been carried out suggest that
repository concepts can probably be elaborated and adopted to many different types of
host media, some countries may not have geology optimal for deep disposal.

Nonproliferation: Finally, there would be nonproliferation benefits to limiting the num-
ber of long-term storage sites and repositories. More than a hundred years after dis-
charge from the reactor, the gamma radiation field around the spent fuel will no lon-
ger be sufficient to make the fuel self-protecting and the extraction of plutonium will
require substantially less shielding (see chapter 1). Also, sending spent fuel out of the
country for long-term storage and/or eventual disposal would undercut domestic po-
litical support for reprocessing. Russia has required that Iran ship the spent fuel from
the Russia-supplied Bushehr plant back to Russia in response to international concern
that Iran might reprocess the fuel.

One challenge to any shared facility is the international transportation of spent fuel that
would be required. To our knowledge, there has not been a thorough analysis of this
issue. The IAEA study on multilateral approaches does emphasize the obligation of coun-
tries to ensure that any transport will be done safely. There is, of course, a considerable
history of international transport of both spent fuel and high-level reprocessing waste
due to France, Russia and the UK providing reprocessing services to other countries.

A second challenge would be the complexity of the arrangements that would have to
be worked out for multinational facilities. Such arrangements would have to address:
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how the host facility would be funded and managed; the rights of the host country to
terminate foreign use of the facility and to return the spent fuel; the rights of foreign
users to withdraw their spent fuel before it is finally disposed; and the coverage of IAEA
safeguards if the facility is shared by weapon states and non-weapon states.

The principal obstacle to either an add-on or multinational repository, however, would
be the difficulty of finding a country willing to accept spent fuel from another—at least
on a permanent basis. This unwillingness derives from a general reluctance of commu-
nities to host repositories for radioactive waste even for wastes arising within a country.

There are two normative problems with shared repositories. The first problem stems
from the ethical argument that those enjoying the benefits of nuclear power should
also incur the costs.*®> There is already a general agreement that countries should not
export their hazardous waste.**® Proponents of shared repositories counter this argu-
ment, however, by asserting that the host country would be paid very generously to
accept the spent fuel. This leads to the second problem that any transfer of spent fuel
from one country to another in exchange for monetary payment does not engender ad-
equate responsibility.*” This goes against the principles of environmental justice; it is
considered wrong to inflict environmental harm on a poorer country (or community)
even it is willing to accept payment for the harm.

Possible paths forward

Foreign spent fuel in national facilities. One general possibility would be for one or
more of the advanced nuclear countries planning to construct their own long-term
storage sites or repositories to accept spent fuel from other countries—the “add-on ap-
proach.” So far, no country has offered to do this except under limited conditions.*
Both the United States and Russia, for example, are currently importing spent research
reactor fuel to support the objective of the Global Threat Reduction Initiative to con-
vert research reactors from HEU to LEU fuel.*®

One option that is open to countries is to send spent fuel to France for reprocessing.*”°
Doing so does not, however, solve a country’s radioactive waste problem. Although at
one time France (and also the UK) accepted spent fuel from Japan and European coun-
tries without demanding that the high-level waste from reprocessing be returned to the
country of origin, France now insists that it be returned. Partly because of this stipula-
tion and also the high costs charged for reprocessing, almost all the countries which in
the past have sent their spent fuel to France and the UK for reprocessing have decided
to handle their spent fuel domestically.*"!

Russia too is willing to accept foreign spent fuel for eventual reprocessing but has a
more ambiguous policy than France concerning the return of the high-level waste.
When Russia changed its laws to allow the import of foreign-origin spent fuel, national
opinion polls showed that 90 percent of all Russians were against importing spent
fuel.*”? Environmental NGO efforts to collect the necessary number of signatures to
force a referendum on the new law were stymied, however, by President Vladimir Pu-
tin’s electoral commission which (arbitrarily) threw out a large number of signatures.
The petition drive in Krasnoyarsk, the nearest city to Zheleznogorsk, was nullified by
the Supreme Court. Thus, “the local target population—Ilike the larger Russian pub-
lic—was denied a voice in making this important decision.””? But, thus far, this public
opposition has resulted in Rosatom limiting its spent fuel imports to Russian-origin
fuel, i.e., originally exported from Russia.**
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In the case of Russian-origin spent fuel, Rosatom is willing to import the fuel for either
reprocessing or long-term storage. The charge for storage and/or reprocessing is of the
order of $700 per kg of spent fuel.*’* If the fuel is accepted for storage, at the end of the
contracted period the fuel owner would have to choose between taking back the spent
fuel, extending the storage, or giving consent to reprocessing. Currently, Russia’s only
customers for these services are Bulgaria and Ukraine.

Though it would be attractive on nonproliferation grounds for countries with large
nuclear programs to accept foreign spent fuel without reprocessing, this does not look
likely at present. For example, in essays published in 2010 by the American Academy
of Arts and Sciences, the contributors from both Japan and the United States strongly
advocated that the latter be willing to accept spent fuel from countries with smaller
nuclear programs. In this same collection of essays, however, Ellen Tauscher, U.S. Un-
dersecretary of State, while agreeing that it could be in the U.S. and global interest to do
so, pointed out that Congressional opposition to such imports was likely.#7¢

The United States and Japan have reportedly been discussing with Mongolia the pros-
pect of that country accepting spent fuel.*’”” This would allow Japanese and U.S. reactor
vendors, in combination with Mongolia, to offer to their foreign customers the same
complete package of a reactor plus fuel-cycle services that Russia offers. Transporting
spent fuel to Mongolia would involve the use of the Trans-Siberian railway (Figure 11.2).

These discussions became public two months after the Fukushima accident.*’® This led
the Mongolian authorities to issue a statement denying plans to bring nuclear waste
to the country and pointing out that “Article 4.1 of Mongolia’s law on exporting and
banning import and trans-border shipments of dangerous waste unequivocally bans
import of dangerous waste for the purpose of exploiting, storing, or depositing.”+”*
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Figure 11.2: Trans-Siberian railroad and links to it golia from Western Europe and East Asia. Source:

that could allow spent fuel to be transported to Mon-  Adapted from “The Man in Seat 61” website.**
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Multinational spent fuel facilities. An alternative to a single nation constructing a
spent-fuel storage facility or repository and offering its use to other countries would be
for several small countries to band together to construct a multinational facility. As de-
scribed by Charles McCombie, a champion of this approach, siting of the multinational
repository would proceed under a series of guidelines, including: that the countries
should establish agreed upon technical criteria for siting, and that potential host sites
must self-identify with voluntary expressions of interest at the local level.*8!

The most advanced effort to explore such multinational arrangements is the Strategic Ac-
tion Plan for Implementing European Regional Repositories (SAPIERR II) funded by the
European Commission. This effort has led to the establishment by the European Union
of a working group on a European Repository Development Organization (ERDO).*8?

In July 2011, the European Commission adopted a directive for disposing of spent fuel,
including radioactive wastes from nuclear power plants and from medical and research
facilities. It sets compulsory and legally enforceable standards for all European Union
member states. It does not specify specific disposal strategies, but it does permit two
or more member states to share a disposal facility and also allows exports of spent fuel
and radioactive waste—but not to African, Caribbean, or Pacific countries.%3

Conclusion

The establishment of add-on or multinational spent fuel storage facilities and reposito-
ries, where countries with small nuclear programs could send their spent fuel has some
potential attractions, especially if a host of new countries deploy nuclear reactors. So
far, however, only Russia has been willing to accept foreign spent fuel—and that only
if it is Russian origin. Given the general difficulty in locating geological repositories
and centralized storage facilities even for exclusively national radioactive waste, this is
not surprising. The difficulty with siting a repository means that there is an incentive
for countries to seek external solutions independent of other considerations, but that
also offers little incentive for a country to complicate its siting politics further by add-
ing the issue of foreign wastes.

The lack of a shared or multinational spent fuel facility is not yet a show-stopper for
efforts to prevent the accumulation of spent fuel in every country with a nuclear power
plant. The alternative of dry-cask storage allows a grace period of decades before a final
decision will have to be made on long-term disposal.

There could be one real benefit, however, if an arrangement could be made in the
near term for countries to send their spent fuel out of country for storage. This would
be if such an alternative prevented a new generation of countries from pursuing the
existing out-of-country option: sending their spent fuel to France or Russia or perhaps
elsewhere for reprocessing.

Despite the interest in many countries in exporting their spent-fuel problem and to the
international community in general of consolidating long-term spent-fuel storage and

disposition, thus far, no country appears ready to host a multinational spent fuel fa-
cility or to accept spent fuel from other countries except for reprocessing.

Harold Feiveson, M.V. Ramana, and Frank von Hippel
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Technical Background

12 Interim Storage and Transport

The fission products and transuranic elements in spent fuel generate heat and pen-
etrating radiation that decline with time as the shorter half-life isotopes decay away.
Arrangements for storage and transport therefore require robust radiation shielding
and cooling. During the first years after discharge, both are provided by a deep pool of
water next to the reactor. After several years, air cooling is sufficient but a thick-walled
cask is required for radiation protection.

During the first few years, while water cooling is required, loss of coolant could result
in an overheating accident. The temperatures reached could be high enough so that the
zirconium metal cladding of the fuel could ignite in air and lose its integrity resulting
in a release of volatile fission products—most importantly, 30-year half-life cesium-137,
the primary source of the long-term land contamination by the Chernobyl accident.
Spent fuel pools are very robust and a complete loss-of-coolant accident has never hap-
pened. The potential vulnerability of some spent-fuel pools to an airplane crash or
terrorist attack remains a contentious issue, however.

For older spent fuel in air-cooled storage or transport casks, the concern is a loss of
integrity of the cask as a result of a transport accident or a terrorist attack with an
anti-tank weapon. Here the potential release of radioactivity would be relatively small,
unless the spent fuel was subsequently heated by a fire.

The first years: pool storage

When spent fuel is discharged from a reactor, it is conveyed immediately into a deep
cooling pond adjacent to the reactor. Refueling typically occurs every 1 to 1.5 years for
a light-water reactor. For an average fuel burnup of about 50 GW-days (thermal) per ton
of heavy metal (GWd/tHM), the annual discharge of fuel would be about 20 tons of
heavy metal per GWe of generating capacity. For natural-uranium-fueled heavy water
reactors, the rate of spent-fuel discharge is about seven times higher because the bur-
nup is lower. The water and gas-cooled graphite-moderated reactors deployed by Russia
and the UK respectively are intermediate cases.

Cooling ponds typically were originally designed to hold only a few years’ discharges.
This is because, in the 1960s and 1970s, when most of today’s reactors were designed,
the expectation was that, within a few years, the spent fuel would be shipped to a re-
processing plant. For many light water reactors (LWRs), this expectation was not real-
ized. Their operators responded first by increasing the storage density of the spent fuel
in the pools by a factor of five—to almost the density in the core. In such dense-packed
pools, each fuel assembly is enclosed in a box lined with neutron-absorbing boron
plates to assure that the fuel doesn’t go critical.
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As of 1997, in the United States, where spent fuel is not reprocessed, LWR pools associ-
ated with operating reactors had a capacity of about 600 tons per GWe, i.e., 30 years
storage, while pools in France, where spent fuel is reprocessed, had an average capacity
of 200 tons/GWe at the reactor and 260 tons/GWe at the reprocessing plant.*8

Spent fuel pools at heavy water reactors in Canada are designed with about ten years
of storage. Since spent fuel discharged by heavy-water reactors will not go critical in
ordinary water, the spent fuel assemblies are therefore simply stacked up in the pools.*s

Safety. One week after discharge a ton of spent fuel generates about 100 kilowatts of
heat. Using the parameters of Japan’s Fukushima Daiichi Unit #4, whose spent fuel
pool was a special focus of concern after the 11 March 2011 accident, for a near worst-
case scenario, a full core (90 tons) of spent fuel loaded into a pool would generate 9
MWt, which could evaporate 344 tons of water per day,*®¢ a 3-meter layer for the pool
that has an area of 120 square meters.**” Since the depth of water above the fuel in a
spent-fuel pool is typically about 7 meters, it would take only a little more than two
days of loss of cooling and no water replacement for the water level in a pool to fall to
the top of the spent fuel.

Spent fuel pools are typically located at the same level as the power-reactor core. For
boiling-water reactors, this level is some distance above ground (Figure 12.1). Even for
pools that are on or in the ground, in many cases, drainage could occur if the massive
pool wall or floor were ruptured by a dropped cask or a terrorist-caused explosion or
penetrated by the spindle of a jet engine from a crashing aircraft.

Figure 12.1: Schematic section
through a G.E. Mark 1 boiling
water reactor plant, such as Fu-
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P of Sciences.*®®
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In 2003, a controversy erupted in the United States as a result of an article about the
possibility of a spent-fuel fire resulting if a pool lost enough of its water so that some
or all of the spent fuel were exposed to the air.*®® The damages from a spent-fuel fire
could be hundreds of billions in losses due to long-term evacuation of contaminated
areas.*® Special concern was expressed about “dense-packed” pools because the boxes
surrounding the individual fuel assemblies could prevent air circulation—especially
if the holes in the bottoms of the racks were blocked by residual water. The authors of
the article urged that the pools be returned to their original storage density by moving
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spent fuel more than five years past discharge into dry-cask storage.*! This would cost
several billion dollars, however, an expense that the U.S. Nuclear Regulatory Commis-
sion did not believe to be required given the unknown but probably low probability of
successful terrorist attack against a spent-fuel pool.**

As a result of this controversy, the U.S. Congress requested the National Research
Council, the research arm of the National Academies, to conduct a review. The review
concluded that:*?

“under some conditions, a terrorist attack that partially or com-
pletely drained a spent fuel pool could lead to a propagating
zirconium cladding fire and the release of large quantities of ra-
dioactive materials to the environment.”

The NRC has acknowledged that a pool fire could occur but still argues that the risk is
too small to justify moving away from dense-packed pools.** It is unfortunate that the
NRC has chosen to keep secret the analytical basis for its optimistic judgment.** Prior
to 11 September 2001, the NRC published much less optimistic detailed reports on the
risks to spent-fuel pools and of spent fuel fires in drained spent-fuel.*¢

The 11 March 2011 Fukushima Daiichi accident focused attention on the spent fuel
pool for unit #4 —especially after the hydrogen explosion there, four days after the ac-
cident began. This convinced many—including the U.S. NRC—that a spent fuel pool
fire may have occurred.*” Three months later, after having seen the undamaged fuel
in the pool on video, however, the NRC withdrew this conclusion.*® It is thought now
that the hydrogen that produced the explosion in unit #4 had come from unit #3 via
a shared vent line.*”?

Dry storage

For LWRs, after 30 years or so, even with dense packing, no more spent fuel can be
placed into the pools and additional storage capacity must be built. Typically, this is
dry air-cooled storage for the older, cooler spent fuel. Compared to spent fuel pools,
casks being completely passive, require much less attention and are relatively cheap,
costing $100-200 per kilogram of uranium in the fuel (0.025-0.05 cents per kWh of
electricity generated).>*°

Spent fuel will have to be packed in canisters for eventual transport in any case. In
fact, the designs for this storage evolved initially from transport casks, designed to take
spent fuel from the reactor sites to reprocessing plants. The first dry-storage casks were
thick-walled cast iron and could be used for either storage or rail transport.>®! Later,
however, less costly dry storage was built by using a relatively thin steel canister to hold
the spent fuel, and surrounding it at the storage site with a heavy shell of reinforced
concrete for protection and radiation shielding (Figure 12.2). The concrete shell con-
tains vents in the outer shield to allow air to flow into the space between the canister
and shield and out at the top. When the air between the cask and the shield is warmed,
it expands, becomes less dense than the surrounding air, and therefore becomes buoy-
ant and flows out of the top vent, drawing in replacement air through the bottom vent.
A second more compact design, not shown, has the canisters inserted horizontally or
vertically into a concrete monolith sized to hold six or more canisters with channels
for convective air cooling.
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Figure 12.2: A spent-fuel-storage cask sized
to hold about 12 tons of spent fuel. The

fuel basket in the inner canister holds the
spent fuel in position. The thick reinforced
concrete outer shell provides protection

and radiation shielding. Cooling is provided
Canister shell by air flowing convectively through the air
inlets at the bottom and out of the air outlets
at the top. Source: U.S. Nuclear Regulatory
Commission.>”
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The area density of dry storage is about 0.1 ton per square meter.>* The lifetime output
of a 1 GWe LWR, about 1200 tons of spent fuel discharged during a 60-year lifetime,
therefore could be stored on a hectare. Such an area is easily available within the exclu-
sion zone associated with most nuclear power plants.

In the United States, dry storage is in the open. In Germany, Japan and other countries,
a thick-walled building provides an extra layer of protection against attack and also ad-
ditional radiation shielding for passers by if the storage area is near a road (Figure 12.3).
The intense gamma radiation emitted by spent fuel means casks have to be filled under
water or remotely behind shielding. In order to avoid repacking again into disposal
casks at a geological repository, the U.S. Department of Energy has proposed a system
in which the spent fuel canister would have different overpacks for storage, transport
and disposal.>®4

Figure 12.3: Artist’s conception of a
3,000-ton-capacity interim dry-cask stor-
age facility under construction in Mutsu

in Aomori Prefecture, Japan near Japan’s
Rokkasho reprocessing plant. The outer walls
provide additional radiation shielding and
protection against projectiles. The purpose of
the high structure running down the middle
of the building is to increase the convective
flow of warm air out of the building through
the “chimney effect.”>% Source: Hitachi-GE
Nuclear Energy Ltd.

Safety. Convectively air-cooled storage could suffer accidental or deliberate blockage of
cooling ducts. The resulting temperature increase of the fuel would be modest because
of the relatively low heat output of older spent fuel and the relatively large surface areas
of the storage casks would result in a radiative cooling equilibrium being established
with a temperature that would be small in comparison with that which would cause
fuel damage.5
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The casks could be penetrated by anti-tank missile or explosively shaped charges. A U.S.
National Academy of Sciences review concluded that:3”

“Radioactive material releases from a breach in a dry cask would
occur through mechanical dispersion. Such releases would be
relatively small.”

They did suggest, however, additional protective measures such as berms and “visual bar-
riers” to make it impossible to target the casks from the ground outside the barriers. As
already noted, in some countries casks are placed inside thick-walled buildings to provide
an additional layer of protection against attack. In the United States, a large coalition of
non-governmental organization has called for the “hardening” of dry cask storage.>%

The National Academy report also reviewed analyses of the impact of aircraft crashes,
including the resulting jet-fuel fires, on dry-cask storage. These analyses concluded that
large releases would not result.

Central storage
In countries that do not reprocess, most spent fuel storage is at the reactor sites. Repro-
cessing plants have large storage pools, however:

e In France, the storage capacity at the La Hague reprocessing plants is 17,600 tons.5*
This is equivalent to about thirteen years’ discharges by France’s reactors.>°

e Spent mixed-oxide fuel is being stored indefinitely in these pools. In the U.S., the
storage pool of the Morris, Illinois reprocessing plant, built in the 1970s but never
operated, is used for long-term storage of 772 ton of spent fuel.’!!

* In Russia, the 8,400-ton-capacity storage pools at an uncompleted reprocessing plant
near Krasnoyarsk is used for central storage of light-water reactor (VVER) fuel and a
huge dry cask storage facility is being built nearby with a planned capacity of 26,510
tons for spent fuel from Russia’s graphite-moderated RBMK reactors and 11,275 tons
from Russian and foreign VVER light-water reactors.>?

e Japan’s utilities are currently building a centralized interim dry-cask storage facility
for 3,000 tons of spent fuel near the Rokkasho Reprocessing Plant (Figure 12.3) with
the anticipation that an additional unit with a capacity of 2,000 tons will be built
later on the same site and that the equivalent of at least an additional six 5,000-ton
units would have to be built during the next 40 years.’"

* In the U.S. central dry-cask storage facilities have been proposed but not built be-
cause of opposition in the host states due to concern that interim storage might
become permanent.s™

There is little economic incentive to remove spent fuel stored on site in dry casks to
central storage until after all the reactors at a site have been shut down. As long as re-
actors are operating on site, nuclear power plant personnel can provide security and
maintenance for on-site dry cask storage. In some localities, however, local govern-
ments have the power to block the expansion of on-site storage and are doing so.
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Interim storage for how long?

Modern LWR fuel is remarkably durable in either pool or dry storage. In the reactor,
about one in seven thousand rods develops a leak.5"® The conditions in dry cask stor-
age can be stressing, however, because the temperature of the fuel in the center of the
canister can be hotter than the water temperature in a PWR and the internal gas pres-
sure of the rods is not offset by the higher water pressure in an operating reactor. Also,
LWR fuel is being pushed to higher burnups, which is associated with more radiolytic
hydrogen embrittlement of the zirconium cladding. Nevertheless, the temperature and
internal pressure decline with time in dry cask storage and the fact that failures have
not been observed during the first decades provides the basis for a good prognosis for
the future.s'® The Nuclear Regulatory Commission has observed that:5"’

“Degradation rates of spent fuel in storage ... are slow enough that
it is hard to distinguish by degradation alone between spent fuel
in storage for less than a decade and spent fuel stored for several
decades.”

The oldest nuclear power plants operating in the U.S. were connected to the grid in
1969 but there is spent fuel in on-site interim storage from U.S. power plants that came
into operation in 1960, more than 50 years ago.*'® Samples of stored spent fuel are
checked periodically to verify that there are no surprises. To date, no significant deg-
radation has been reported. The thick steel canisters and their concrete overpacks are
also very durable.

The U.S. Nuclear Regulatory Commission (NRC) has steadily extended the period of
its declarations of confidence in the feasibility of on-site storage of spent fuel as the
availability of a U.S. geological repository has receded. In December 2010, the NRC
expressed its confidence that spent fuel can be stored in either pools or dry casks for up
to 60 years beyond the operating lifetime of the reactors that produced it.** Since many
U.S. reactors are having their licenses extended to 60 years, the NRC finding means
that the first fuel that they discharged could be stored on site for about 120 years. The
NRC has already extended licenses for a few dry storage facilities to 60 years.

Transport

Eventually, spent fuel has to be transported off site. France, Russia and the United King-
dom have a considerable amount of experience because they have been shipping large
quantities of spent-fuel to their reprocessing plants for decades. Sea transport is used
from Japan to Europe and from the continent to the UK. Most of the transport within
continental Europe and Russia is by train. Smaller casks, containing 0.5-2 tons of spent
fuel, are transported by truck.

Transport casks typically are thick-walled metal casks, incorporating an inner layer of

lead for gamma-ray absorption and an outer layer that includes both hydrogen in plas-
tic to slow neutrons and boron to absorb the slowed neutrons (Figure 12.4).
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Figure 12.4: A rail cask for transport of spent-
fuel. Such casks typically hold 10-18 tons of
spent fuel and weigh 150 tons or more when
loaded. The ends are capped with “impact
limiters” to protect against crashes.

Source: U.S. Nuclear Regulatory Commis-
sion.>?
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Transport casks are subject to specific tests against accidents, including:%*

* Drop tests from a height of nine meters onto an unyielding surface;

e Puncture tests, involving a one-meter drop onto a vertical 15-cm diameter steel “pin”;
* A thermal test equivalent to immersion in an 800°C oil fire for 30 minutes; and

e Immersion tests in water at pressures equivalent to a depth of 15 meters for eight
hours and a depth of 200 meters for an hour.

As with storage casks, terrorists could breach a transport cask with anti-tank missiles
or shaped charges. The difference is that storage casks are located in exclusion areas
outside cities. Railroads generally go through the hearts of cities.

A U.S. National Academy of Sciences committee examined the risks of spent fuel trans-
port accidents, including reviewing analyses of spent fuel casks hypothetically exposed
to a number of extreme historical accidents and concluded that, in the absence of a
prolonged (multiple-hour-long) fires, the risk of large releases from accidents was small.
It added, however, that:>??

“Malevolent acts against spent fuel and high-level waste ship-
ments are a major technical and societal concern, but the com-
mittee was unable to perform an in-depth examination of
transportation security because of information constraints. The
committee recommends that an independent examination of
the security of spent fuel and high-level waste transportation be
carried out prior to the commencement of large-quantity ship-
ments to a federal repository or to interim storage.”

Later in the report, the committee emphasized that the examination it was recom-
mending:3*

“should be carried out by a technically knowledgeable group that
is independent of the government and free from institutional
and financial conflicts of interest. This group should be given
full access to the necessary classified documents and safeguards
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information to carry out this task. The findings and recommen-
dations of this examination should be made available to the
public to the fullest extent possible.”

As of late 2010, the recommended study had not been commissioned.5?*

Despite the robustness of the containers, the transport of spent fuel and high-level
waste has inspired considerable controversy. Internationally, there have been protests
against shipments between Europe and Japan.®?® In Germany, there have been huge
protests associated with shipments of spent fuel and high-level waste to a central in-
terim surface storage site in Gorleben, Germany. Twenty thousand German police were
deployed in response to a November 2010 protest.>?¢ In the United States, opponents to
the Yucca Mountain repository made the issue a national one by describing the trans-
port of spent-fuel and high-level waste to the repository site as “Mobile Chernobyls”?
and the state of Nevada published maps showing potential routes for rail, truck and
barge shipments of spent fuel from U.S. reactors to Yucca Mountain passing through
all but a few states.*

Conclusion

Increasing quantities of spent fuel are in interim storage pending the availability of
geological repositories. There are good safety reasons to limit the density of storage in
pools but moving fuel to dry casks provides a relatively safe and economic interim stor-
age option that can be relied on for several decades or more.

Frank von Hippel
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Geological Disposal

Spent nuclear fuel or the high-level wastes generated by reprocessing will have to be
disposed and isolated from the biosphere for at least hundreds of thousand years.5?° In
countries exploring such disposal, most technical experts agree that this could be ac-
complished by burying the spent fuel or HLW in a mined repository some hundreds of
meters underground.

Disposal of plutonium from the dismantling of nuclear weapons is a related challenge.
The United States and Russia have agreed to each dispose of 34 tons of excess weapons
plutonium.*° The United States also expects to dispose of most of an additional 20 tons
of other separated plutonium that has been declared excess for military purposes.33!
The UK is currently discussing how to dispose of approximately 100 tons of separated
civilian plutonium.*

Disposal in boreholes four to five kilometers deep could be an alternative for the direct
disposal of already-separated plutonium. The volumes of plutonium are relatively small
and could be incorporated in a very durable waste form, and the geochemical and hy-
drologic conditions at great depth would limit the mobility of any plutonium that went
into solution. Once the plutonium has been disposed of in a deep borehole, retrieval
would not be easy and any effort would become evident.

The radioisotopes in nuclear spent fuel include a wide array of fission products, some
very long-lived, uranium and plutonium isotopes, and the “minor actinides”—the
transuranic elements neptunium, americium, and curium (Figure 13.1). In light water
reactors, the plutonium and the minor transuranic elements comprise typically about 1
percent of the heavy metal in the spent fuel.5** Today, high-level waste (HLW) includes
the fission products, typically the minor transuranics, and some residual quantities of
uranium and plutonium isotopes.

After about 100 years, plutonium and americium dominate the ingestion toxicity of
spent fuel.’** Transuranics do not pose much of an external risk because the alpha-
particles that carry almost all of their decay energy have ranges of only tens of microns
in tissue, but they do pose a health risk if ingested or inhaled. Their radioactivity also
has very specific impacts on the strategy for geological disposal. For this reason, the
geochemistry of these long-lived actinides in a geological medium, discussed in the ap-
pendix, is critical to the science of geological disposal and is the focus of this chapter.
For a geological repository to successfully contain the long-lived transuranics, the geo-
logic conditions should minimize release from the waste form, geochemical and hydro-
logic conditions in the repository should ensure that any water should have limited free
oxygen that would promote the dissolution of the spent fuel and increase the solubility
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of the contained radioactive materials, and finally, the backfill and mineralogy of the
geologic formation should promote sorption of radionuclides onto mineral surfaces.
Repository programs in Sweden and Finland in granite, and in France in clay provide
examples of how these principles may be applied.
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Figure 13.1: Periodic table of elements showing the
actinides. In this chapter, all of the heavy ele-
ments in spent fuel, including uranium, plutonium,
neptunium, americium and curium, are referred

to as actinides when their chemical properties are

properties, they all belong to a series of elements
in the periodic table that can have a variety of
oxidation states. The lightest member of this series
is actinium. Those actinides beyond uranium in the
periodic chart are the transuranic elements.**

discussed. Although they have very different nuclear

The geochemistry of disposal

Each repository and disposal strategy will be characterized by a set of unique geochem-
ical and hydrologic interactions that will evolve over time. The behavior of transuranic
elements in a geological repository depends on:%3¢

1. The properties of the waste form that control the corrosion and release of the radio-
nuclides;

2. The solubility of the transuranics, which to a first approximation, is determined by
their oxidation state; and

3. The long-term chemical conditions that will prevail in the geological repository.

If and when water breaches a cask in a repository, the immediate geochemical environ-
ment of the waste form will be controlled by the materials in the fuel and the engi-
neered barriers, especially uranium in the fuel and the iron in the cask. The evolution
of the near-field chemistry is complex (Figure 13.2) and is influenced by numerous
processes, such as corrosion, which releases hydrogen from water, microbial activity
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and radiolysis. Radiolysis is the disassociation of water in contact with the radioactive
fuel or other waste form by the high-levels of radiation—especially a-radiation. This
can result in high concentrations of oxidants, such as oxygen and hydrogen peroxide
(H,0,), resulting in an increase in the solubility of the actinides.**
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Figure 13.2: Some of the major processes that transuranics may precipitate as secondary corrosion
determine radionuclide release as a waste form products or be sorbed onto corrosion products from
dissolves inside its container. Transuranic elements the waste package, such as iron oxyhydroxide col-
in spent fuel are generally released by the matrix loids. The processes are highly coupled, however.
dissolution of the UO,. Because of their multiple For example, hydrogen created by the corrosion of
oxidation states, the transuranics are very sensi- the metal waste package may suppress the forma-
tive to the redox (oxidation-reduction) conditions. tion of oxidants such as H,0,, which result from the
Due to radiolysis of water, oxidizing conditions are radiolytic decomposition of water near the surface
expected near the surface of the fuel. Dissolved of the fuel. Source: Horst Geckeis.*®

Close to the fuel, if radiolysis makes the chemistry oxidizing, the transuranics may dis-
solve and then be sorbed onto the surfaces of mineral grains or colloids. Colloids are
particles less than a micron in diameter that could be carried along by any water flow
and carry the transuranics with them. One of the purposes of the bentonite clay buffer
around the waste canister in Sweden’s repository design is to filter out any transuranic-
carrying particles and keep them from escaping into the ground water beyond.

Beyond the buffer, the geochemistry that transuranics are exposed to will be determined
by the chemistry of the ambient groundwater, which has reacted with the large volumes
of rock surrounding the repository. Here, the mobility of any transuranics depends, in
large part, on the oxidation/reduction or “redox” conditions of the geochemical environ-
ment, their form in solution and the extent to which they are sorbed onto the surfaces
of mineral grains or colloids. These factors are discussed in more detail in the Appen-
dix. However, the risk of long-distance transport will be minimized, if the groundwater
chemistry is reducing. This will result in lower concentrations of dissolved transuranics
and lower sorption onto mineral colloids, which are ubiquitous in natural groundwater.
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The ambient geochemistry differs in the major rock types being considered for reposi-
tories: granite, clay, volcanic tuff and salt.

Granite. In granite, if the water in the cracks has been exposed to the rock for cen-
turies or millennia, its oxygen will have been depleted by reactions with the rock.
The actinides will have low geochemical mobility because of their lower solubility and
sorption onto mineral grain surfaces and trapping of radionuclides in the microscopic
pores of the rock.>*’

Clay. The slow movement of water through clay, the absence of oxygen in the water,
the high sorptive capacity of the clay and its capability to filter colloids out of the wa-
ter, mean that actinides are expected have limited mobility in a clay repository, such
as those being designed by France and Belgium. Actinides are expected to move only a
few centimeters to meters before they decay.*

Volcanic tuff. Actinides would be mobile under the oxidizing conditions of volcanic
tuff where the repository is located above the water table. This is evident in the perfor-
mance assessments of the proposed repository at Yucca Mountain.**!

Salt. The redox conditions in salt depend on the minor minerals embedded in salt.
Salt also is a problematic medium for heat-generating wastes such as spent fuel because
the brine trapped in the salt migrates toward the heat source. Finally, there have been
problems with water intrusion in efforts to convert existing salt mines to radioactive-
waste repositories.’*?

Deep borehole disposal

During the past decade, there has been renewed interest in disposal of radioactive waste
in very deep boreholes reaching depths of up to five kilometers.>** This is the result of
a number of factors including:

» Technological advances in deep drilling techniques;

e The prevalence of dense brine in deep rock that is unlikely to rise to mix with the
lighter fresh water in the aquifers above;

» The possibility of a wide range of possible locations with suitable geology; and
e The promise of strengthened proliferation resistance of deep disposal.

Proposals for borehole disposal have expanded well beyond simple emplacement in
deep vertical holes to include variants with in situ melting of the surrounding rock us-
ing the heat from the radioactive waste and deep self-burial as dense waste moves to
greater depths through melted rock or even down a borehole filled with sulfur.5**

Concerns about borehole disposal of spent fuel include the corrosive nature of saline
brines at depth; the possibility of unexpected movement of pressurized water upward
due to the failure of shaft seals; and radiation exposure to workers during insertion
of spent fuel into the borehole. There are also the potential difficulties and radiation
dangers associated with attempts to extract a spent fuel assembly in its container if it
became lodged in a borehole part way down.
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Sweden’s repository company, SKB, carried out the first systematic comparison of a
mined geological repository to the deep borehole option in its 1992 report, Project on
Alternative Systems Studies,>*> which compared SKB’s KBS-3 concept for a geological re-
pository to three other disposal concepts, including “very deep holes.” In 2000 and
2010, SKB was required again by Sweden'’s regulators to compare borehole disposal with
mined geological repositories.>*¢ SKB concluded that borehole disposal did not compare
well to geological disposal because of cost and technology development needs. It cited
as a key problem that the ability of deep boreholes to isolate spent fuel depended on
only one barrier, the overlying rock mass, because it would be difficult to emplace a
canister that had the necessary thickness and other properties to resist long-term cor-
rosion by deep, hot brine.

In 2004, Nirex Limited in the UK completed an extensive review of the concept of deep
borehole disposal and came to essentially the same conclusion as SKB, “the deep bore-
hole concept will require significant R&D expenditure on the engineering aspects.”s*

More recently, the U.S. Sandia National Laboratories reviewed the deep borehole dis-
posal concept. A preliminary performance assessment indicated that there was no ex-
pectation that contaminated brine could reach freshwater aquifers above. Significantly,
this evaluation took no credit for the waste form or waste package. The authors recom-
mended additional study and analysis of the scientific basis for the concept, as well as
its technological feasibility and cost.>*®

The focus of all these studies has been primarily on the disposal of spent nuclear fuel or
high-level vitrified nuclear waste. There have also been brief discussions, however, of us-
ing deep boreholes for the disposal of excess weapons plutonium, including by the U.S.
Department of Energy (DOE) in its survey of options for disposition of plutonium.*

Deep bore hole disposal of transuranic elements may be an attractive possibility because
the volumes of material are relatively small; the radioactivity releases mostly a-particles,
which would not penetrate the waste-form container and therefore represent much less
of a radiation hazard to workers; and the waste form can be designed to serve as an
engineered barrier in addition to the geological barrier of the overlying mass of rock.

Plutonium waste forms

The DOE study on plutonium disposition considered direct emplacement of plutonium
as either a metal or oxide. There has also been interest in the development of special
materials for the incorporation and disposal of excess weapons plutonium.>° Waste
forms in which the plutonium would be mixed into glass have the advantage of hav-
ing been produced on an industrial scale for the vitrification of high-level reprocessing
waste, but new glass compositions would have to be developed in order to increase the
concentration of plutonium in the glass. Because of the long half-life of plutonium-239,
efforts also have been focused on developing chemically durable and radiation-resistant
crystalline, ceramic waste forms, such as zircon (ZrSiO,) and pyrochlore (Gd,Ti,0,).5"
This work grew out of earlier work on crystalline ceramics, such as Synroc®? for the im-
mobilization of high-level reprocessing waste. Recent reviews of the developments in
waste form research summarize over twenty years of effort.>s?
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Zircon is a very durable mineral that occurs in granites and is often used in radioac-
tive age dating because it contains low concentrations of uranium and thorium, which
are members of the actinide chemical group along with plutonium. In fact, the oldest
dated mineral is a zircon. Preliminary calculations suggest that, if 50 metric tons of
plutonium were disposed of in 450 tons of zircon, the total release of plutonium over
500,000 years would be on the order of 100 grams.*>* There are a number of other pos-
sible waste forms, particularly the radiation-resistant forms of pyrochlore.>**

For all of the actinide waste forms, radiation damage is a concern because it could in-
crease the release of radionuclides. The damage accumulation process is temperature

dependent, however, and materials could be designed that use the naturally higher tem-
peratures at depth to cause thermal annealing of the radiation damage to the waste form.

Rodney C. Ewing
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Appendix

Mobility of actinides in the geosphere

There have been a number of recent and extensive summaries of the behavior of ac-
tinides in the environment.>¢ Actinide mobility depends on their chemical properties
in the context of the specific geochemical and hydrologic conditions of a particular
geological repository.

Solubility of spent fuel. The solubility of spent fuel is critical to the fate of the trans-
uranics that it contains. This brief summary discusses only the compounds of uranium
that are of most interest to the disposal of power-reactor spent nuclear fuel based on
UO,, in which uranium is in a 4+ state, i.e., two electrons have transferred to each of
the oxygen atoms. In solids, uranium most commonly exists in its two principal oxi-
dation states, 4+ and 6+.%7 The most common U** minerals are uraninite (UO,, ) and
coffinite (USiO,). The first has the same structure and properties as the UO, in nuclear
fuels®s® and the second is a common alteration product of UO, in the presence of sil-
icate-rich ground waters under reducing conditions, i.e., in the absence of dissolved
oxygen.>? These are the primary phases for U** underground and, as long as reducing
conditions are maintained, these low solubility phases limit the mobility of uranium
in the geosphere.

Eh

is stable and forms carbonate complexes in solution.
The Eh-pH conditions for groundwaters in tuff
(Yucca Mountain, Nevada), basalt (Hanford, Wash-

Figure 13.3: Stability diagram for UO, in ground
water at 25°C, showing the pH-Eh stability fields
for aqueous uranium species. pH refers to acidity

or alkalinity, and Eh refers to oxidation potential.
The upper and lower dashed lines represent the
upper and lower stability limits of water, hence the
limiting-boundaries for aqueous reactions. Higher
Eh values indicate oxidizing conditions, and lower
Eh values indicate reducing conditions. Hence, the
relatively insoluble reduced form, U*, is stable in
U0, in the lower half of the diagram. As the condi-
tions become more oxidizing, the more soluble U®*
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ington), granite (Stripa, Sweden), and salt (Permian
brine groundwater) are represented by the shaded
areas. Note that basaltic and granitic ground waters
are reducing and do not dissolve UO,; whereas,
tuffaceous ground waters are oxidizing. Conditions
in shale (not shown) are usually reducing, depend-
ing on its content of organic material, but pH will
depend on rock composition and geological setting.
Source: U.S. National Academy of Sciences.*®



The effect of the redox conditions and chemistry of solutions in contact with the actinide-
bearing material is clearly evident in a plot of dominant types of uranium compounds on
an Eh-pH diagram (Figure 13.3). Under the reducing conditions present in salt, granite
and basalt repositories, the dominant uranium species is solid UO,, reflecting its low
solubility under these conditions. Moving upward into the conditions of a tuff reposi-
tory, i.e.,, Yucca Mountain, conditions become more oxidizing and the U® compounds
exist in solution mainly as carbonates; thus, increasing the mobility of uranium.*** For
granites below the water table or in deep boreholes located in a granitic shield, conditions
are reducing, due to the presence of sulfides. The redox state of sedimentary rocks (not
shown in Figure 13.3), such as shale consisting mainly of clay, is likely to be a bit lower
than for crystalline rocks, because of the presence of organic matter.

Under oxidizing conditions, however, the structural diversity of uranium phases in-
creases dramatically.’®?> In contrast to the limited number of U* minerals, there are
several hundred known U¢* structures that may form under oxidizing conditions, de-
pending on the temperature and ground water composition. An important issue in
evaluating the release of transuranics from UO, fuels under oxidizing conditions is
whether radionuclides, such as neptunium-237, which was found to be an important
contributor to modeled radiation doses to populations using water from the aquifer
that runs under Yucca Mountain, can be incorporated into the structures of U¢* com-
pounds and hence have reduced mobility.>¢?
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Figure 13.4: Chemical forms of plutonium in the The geochemical system becomes more oxidizing as
geosphere as a function of redox potential (Eh) and one moves up the vertical axis. More oxidized forms
acidity/alkalinity (pH). This diagram is calculated (e.g., with U®* and Pu®*) are orders of magnitude
for plutonium in a typical groundwater that contains ~ more soluble in typical groundwater. Source: Wolf-
hydroxide, carbonate and fluoride ions (in concen- gang Runde.”*

trations typical of a water, ]13, at Yucca Mountain).

Actinides in solution. The type of chemical species of actinides in solution depends
mainly on their oxidation state and the composition of the groundwater. Plutonium
can exist in four oxidation states from 3+ to 6+ in natural waters. In natural waters,
hydroxide and carbonate and bicarbonate are the most common complexes.>®> Pluto-
nium speciation is particularly sensitive to minor changes in redox conditions and pH
(see Figure 13.4). In addition to hydroxide and carbonate complexes, organic molecules
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form complexing species in solution and can increase the mobility of actinides in the
environment. The variety of oxidation states and strong tendency to form complexes,
particularly with carbonates, provide a variety of mechanisms for the transport of ac-
tinides in solution. In general, Np’* Pu*, Am?* and Cm?3* are the prevalent oxidation
states of transuranics in most oceans or groundwaters. Aerobic waters or brines can
create oxidizing conditions that oxidize Am** to Am®** and Pu** to Pu‘*. In contrast,
reducing, anaerobic or organic-rich waters stabilize the reduced oxidation states Np*,
and Pu?*, which are less soluble.

Actinides on surfaces and colloid-facilitated transport. Actinide species in solution
can sorb onto mineral surfaces during transport through the geosphere. The charge
and geometry of the molecular species and the structure of the exposed surface, as
well as geochemical conditions, control the efficiency of the sorption process.’*¢ Clay
minerals and iron oxyhydroxides are common minerals that have been shown to ef-
fectively adsorb actinides. In some cases, there is preferred sorption onto manganese
oxides, also a common component of rocks and soils.’

Although sorption onto fixed mineral surfaces can result in a reduction in the mobility
of actinides, sorption onto colloids can facilitate actinide mobility. Particles in the size
range of 1 nanometer to 1 micron are defined as colloids. Colloids can be organic mol-
ecules or just small fragments of mineral material. Recent studies have demonstrated
transport over distances of kilometers for actinides sorbed onto colloids.*®®
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International Monitoring

Under the Nonproliferation Treaty, non-nuclear weapon states parties are obligated to
submit all nuclear materials to International Atomic Energy Agency (IAEA) safeguards
and the IAEA applies safeguards to verify their peaceful use. This chapter lays out how
the TAFA verifies spent fuel at reactors and at away-from reactor stores, and outlines
how it expects to verify spent fuel or high level nuclear waste from reprocessed spent
fuel in geological repositories.

Most power reactors are fueled with pellets of low enriched uranium (LEU) or natural
uranium. In a few states, plutonium recovered through spent fuel reprocessing is used
as a substitute for U-235 in mixed oxide (depleted uranium and plutonium oxide) fuel,
also known as MOX. The fuel pellets are stacked inside cylindrical zirconium alloy
tubes, with the resulting fuel rods bound together into fuel assemblies. The IAEA as-
sumes that the integrity of the fuel assemblies remains intact, or that any modifications
would be declared. Fuel assemblies are therefore considered as “items” and the safe-
guards measures are applied to track the items and assure that they remain intact.>®

The IAEA assumes that the fresh fuel enrichment and the spent fuel burnup are what-
ever the reactor operators declare them to be. Some rough measurements are possible,
however, as described in this chapter.

In planning and evaluating inspections, the IAEA considers the quantities of nuclear ma-
terial involved in relation to the amount that could give a state its first nuclear weapon.
Nuclear-weapon states first recommended values for such “significant quantities” to the
United Nations in 1968, and those values have remained unchanged since (Table 14.1).57°

[ETCE IAEA significant quantity

Plutonium 8kg
Highly enriched uranium (HEU) 25 kg of contained uranium-235

Low-enriched uranium 75 kg of contained uranium-235

Natural uranium 10 tons
Depleted uranium 20 tons
Thorium 20 tons

Table 14.1: IAEA significant quantities for safeguards
purposes. The IAEA treats all isotopic mixtures of
plutonium the same, except for heat-source pluto-
nium containing more than 80% plutonium-238,
which can be exempted from safeguards. In the case
of low-enriched, natural and depleted uranium,

and thorium, which are not direct-use materials,
the quantities are derived from scenarios in which
the uranium is either enriched to make HEU or the
uranium or thorium are irradiated in a reactor to
produce plutonium (from uranium) or U-233 (from
thorium) and then separated in a reprocessing plant.
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Similarly, the IAEA has estimated the time a state would need to convert a signifi-
cant quantity of nuclear material into its first nuclear weapon, taking into account the
chemical and metallurgical steps required. The resulting “conversion times” are:

* Plutonium or HEU metal, seven to ten days;
e Pure compounds of plutonium and HEU (e.g. plutonium oxide), one month;

» Irradiated forms and unirradiated LEU, three months.

Light water reactor fuel

Eighty-two percent of all operating nuclear power reactors are light water reactors
(LWRs), which operate with fuel assemblies installed vertically in specific core posi-
tions. Refueling takes place with the reactor shut down and the reactor pressure vessel
head removed to allow access to the fuel. All fuel assemblies are identified with unique
alphanumeric identification markings engraved on the structural hardware of the fuel
assemblies. This ID can be read when the fuel assembly is in the reactor core or in a
spent fuel pond by means of binoculars or closed circuit television.”!

Fuel assemblies normally remain in the reactor for three successive periods of one to
two years duration. Fresh fuel assemblies are loaded into outer core locations where
their high reactivity is used to flatten power production across the reactor core. After
one cycle, the fuel assemblies are moved from the outer positions to intermediate loca-
tions and the assemblies displaced from the intermediate locations are moved to the
inner locations for their final burn. Assemblies removed from the inner zone are dis-
charged to the spent fuel pond.

Although, TAEA safeguards assume that the fuel assemblies remain intact from
manufacture until final discharge, most of today’s fuel assembly designs allow de-
fective fuel rods to be replaced at the reactor, typically within a single work shift.>’

Proliferation possibilities involving LWR spent fuel
For LEU irradiated fuel in the reactor and spent fuel, IAEA safeguards are currently
designed to:

* Detect diversions of full assemblies without substitution;

° Attempt to detect diversions of individual fuel rods removed from assemblies, with
or without substitution—a concern that is prompting renewed interest in alternative
methods that might be employed to detect such diversions;** and

e Assure that undeclared fertile material is not placed within the core.

The reactor is examined to locate physical routes through which fuel might be moved

out of the reactor core, transfer ponds or spent fuel pond. During this “design infor-

mation verification,” specific containment and surveillance equipment are identified,
installed and commissioned for inspector use.
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The IAEA will typically apply a metal cap seal on the reactor cover bolt when it is in
place for reactor operations to assure that it remains closed. However, seals are some-
times broken or removed for various reasons.

The IAFA also installs surveillance systems to maintain uninterrupted views of the fuel
transfer gates between the reactor and the spent fuel storage pool, the pool, and the
cask loading area. It also normally installs temporary surveillance over the reactor dur-
ing refueling to confirm that all transfers are taking place only through the declared
routes. After they have returned to IAEA Headquarters (in Vienna, Austria), inspectors
normally use automated reviewing software to examine the stored images and select
situations warranting closer review.

Physical inventory verification (PIV) inspections are carried out on spent fuel at the
reactor sites once each calendar year. Normally this coincides with a refueling. During
a PIV, reactor operations and all reported transfers of nuclear fuel are reviewed and all
fresh fuel, in-core, and spent fuel assemblies at the site are verified by item counting,
some item identification on a random selection basis, and some other measures using
methods described below.

Between PIV inspections, interim inventory inspections are carried out at three-month
intervals to verify on a random basis that spent fuel remains accounted for and to ser-
vice the surveillance systems.

For spent fuel and in-core fuel (if accessible), the inspection activities include use of a
Cherenkov viewing device (CVD) to confirm that the spent fuel shows the distinctive
characteristic glow of irradiated fuel (Figure 14.1). The Cherenkov glow, due to elec-
trons from radioactive decays in the fuel traveling at high speed through the water,
fades with time as the fission products decay. Using modern CVDs, the glow can be
seen for at least 40 years following discharge.

A CVD provides a means to detect an irregularity that might then prompt further ex-
amination.

Figure 14.1: Left: IAEA inspectors use a Cherenkov radiation is generated. Images are displayed in real-
viewing device to examine spent fuel assemblies time and are stored for later review. The dark band
in a storage pond. A Cherenkov viewing device across the image is a metal-fitting at the top of the
(right) can detect missing rods, especially in BWR assembly that blocks the view of the water below.

assemblies. The bright dots are the interstitial water ~ Source: Channel Systems.
spaces surrounded fuel rods where the Cherenkov
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It could, for example, help to detect missing fuel rods. A spent fuel assembly from
which rods have been removed may have empty spaces where the rods were taken
from. Empty spaces would be detectable with Cherenkov viewing if the spaces are not
beneath the top assembly hardware. More likely, however, missing rods would be re-
placed with substitutes to maintain the structural integrity of the assembly, or simply
to prevent CVD from observing an empty space. Hundreds of fuel rods would have to
be replaced to divert one significant quantity of plutonium.

Another means to inspect a fuel assembly involves the use of high-resolution gamma
ray tomography.> Using a collimator and viewing the assembly from the side, gamma
rays emitted by individual rods can be seen as the assembly is rotated. Yet another
method under development to enable measurements on fuel rods deep within the as-
semblies involves an array of very thin neutron and/or gamma ray detectors mounted
on the “spider” frame of a control rod cluster to be inserted into a PWR fuel assembly in
a storage rack. Such methods could detect unirradiated replacement rods. If rods were
replaced with depleted, natural or low enriched uranium and returned to the core for
irradiation, however, a later inspection using any of these methods would be unlikely
to detect any anomaly.

Less sensitive are spent fuel attribute testers (SFATs) that can detect the gross radiation
being emitted by a fuel assembly as a whole. They are typically fork detectors using
helium-3 neutron detectors, gamma ray measurement systems or both. An assembly is
raised or lowered through the detector giving a capability to detect whether the average
irradiation of the assembly is grossly different from that expected.

Inspectors usually witness the loading of dry-storage casks and seal the casks when
loaded. Given that the spent fuel may remain inaccessible for extended periods—per-
haps decades—two different seals may be used to assure reliability. The IAEA will nor-
mally replace and check seals according to a schedule with either complete replacement
or random seals chosen according to a sampling plan. For casks that will remain closed
for very long periods and be exposed to weather, the IAEA also may request closures to
be welded irregularly, establishing patterns that can be confirmed by visual examina-
tion against photographic records and measurements.

Inspectors may witness the loading of shipping casks, especially if they are scheduled
to be shipped partially filled. They choose not to verify normal shipments because sev-
eral casks are filled over a period that might last five weeks or more.

LWR inspections normally require about 7 to 10 inspector days per year per reactor. As
noted, most of this is during refueling. This inspection effort increases if there are ship-
ments of fuel to or from the plant or if dry storage casks are being loaded.

When MOX fuel is used, the IAEA implements more intensive safeguards to detect di-
versions of plutonium either by removal of entire fresh MOX assemblies or by replace-
ment of individual fuel rods with identical-looking LEU fuel rods. Fresh MOX assem-
blies would be shipped under Agency seals to a reactor. Upon arrival, the seal would be
removed by inspectors and the assemblies maintained under containment/surveillance
thereafter. (Removing fresh MOX after inspectors have departed following a refueling
could provide a means to secure plutonium that might go undetected if the state had
access to a supply of substitute LEU fuel.)

In states with an Additional Protocol in place, the IAEA will have an improved chance
to detect any clandestine reprocessing or enrichment activity. In such a case, the IAEA
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may de-emphasize routine inspections of LEU-fueled LWRs, with fewer, but short-no-
tice inspections in exchange for broader coverage on a state level.

The following limitations remain in safeguarding light water reactors:

1. The IAEA has no sure means to detect unscheduled outages that might include un-
declared refueling. A reactor operator could disable surveillance, claim that seal(s)
were broken accidentally, or that an emergency repair required an unscheduled
shutdown. The TAEA would not be able to detect at the next PIV inspection that ir-
radiated fuel had been removed and replaced.

2. The IAEA has no means at present to independently verify the plutonium content
of spent fuel discharged from a reactor.5”

3. Detecting rod replacement requires extensive inspector time and prolonged opera-
tor involvement, and potential risks of damaging the fuel. As a result, with the
exception of Cherenkov viewing, verification is not regularly implemented.

A new approach to the problem of monitoring replacement of the fuel in the core and
diversion of the plutonium contained using antineutrino measurements nearby has
recently been proposed.7

Pressurized heavy water reactors

After LWRs, pressurized heavy water reactors (PHWRs) represent the next major cat-
egory of power reactors. PHWRs are in operation in Argentina, Canada, China, India,
Pakistan, Romania and South Korea. Canada provided its CANadian Deuterium-Urani-
um or CANDU reactors to all of the other countries noted. Canada stopped all nuclear
commerce with India following India’s first nuclear explosive test in 1974, and India
subsequently produced its own version for domestic use. For cooling the fuel, PHWRs
use heavy water (D,0) flowing in channels passing through the “calandria” vessel that
contains heavy water used as moderator. The much lower neutron absorption in deute-
rium (D), which replaces ordinary hydrogen (H) in the water, allows the use of natural
uranium fuel, though some PHWRs may in the future use slightly-enriched uranium.

Figure 14.2: CANDU reactor
face showing end fittings of
the pressure tubes to which the
refueling machine attaches.
Source: Atomic Energy of
Canada Limited.
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Because natural uranium fuel contains a lower percentage of uranium-235 than LEU,
refueling has to occur much more frequently. Therefore PHWRs are designed for on-
load refueling and much more spent fuel storage is required.

In a 0.7 GWe CANDU, 380 pressure tubes pass through the calandria vessel that holds
the heavy water (Figure 14.2). To facilitate fuel handling, PHWR fuel “bundles” are
small in comparison with LWR fuel assemblies: about 0.5 meters long (versus about
4 meters for an LWR) and about 10 cm diameter. Each pressure tube holds 12 fuel
bundles, end to end. Each bundle contains 19.2 kg of natural uranium.>””

Refueling is accomplished by attaching a pair of fueling machines to the opposite ends
of a pressure tube. Fresh bundles are inserted at one end and spent fuel is pushed out
at the other. Refueling is typically in alternate directions in adjacent tubes so that the
high reactivity of fresh fuel at the end of one is offset by the low reactivity of almost-
spent fuel at the end of its neighbor. Fuel bundles in a pressure tube may be replaced
one at a time, but in some plants up to ten are replaced at a time.

q ' Reactor D
gfl i i ;\ 5----Charge Reactor building /-‘Hi
Q:,'_ _|_I_'.';' = Y machine - Eauic
i ] ) “;;- i ﬂ____t:::'r/_ i l;c‘:(‘p,mem New fuel
= / : S N storage room
=T & T LT ' - 3
Accept L g L SEa T T
machil:le New fuel ) i d —-— ]‘_h . \]
loading area v ¥ | - ! = —
| A\ ' S = J
=32 New fuel H - - -
e t : ..
Spent fuel - P -
e
}.3,"'5?'['“‘ Elevator o~
a— f:l el
_ Spent fuel
discharge room ™ | . Service building
. Reception bay
T Failed

fuel canning E
. Transfer canal

Failed
fuel bay
Spent fuel - - 5
discharge room 7 - § " Canned
g failed fuel

Storage trays

Figure 14.3: Flow of fuel through a CANDU reactor. Source: Atomic Energy of Canada Limited.

From a fueling machine, a spent fuel bundle is transferred through a port to a channel
to the spent fuel storage pond (Figure 14.3). There, each fuel bundle is placed in a rack
in a storage tray. The storage trays are stackable and, when a tray is full, it is placed into
an open-top mesh frame. When the frame has been filled, a cover may be placed on top.

At normal 7.5 GWd/tHM burn-up, one spent fuel bundle will contain about 65 grams
of plutonium. One significant quantity (8 kg) would therefore require about 120 PHWR
fuel bundles. India routinely reprocesses its PHWR spent fuel but no other PHWR-
operating state does so at present.
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IAEA safeguards on spent fuel at PHWRs

In 1981, then Director General Sigvard Eklund reported to the IAEA Board of Governors
that with the safeguards measures in place, Agency inspectors were not able to confirm
that diversion had not taken place at the KANUPP reactor in Pakistan.’”® Canadian ex-
perts working with the IAEA developed the current safeguards system in the years that
followed. The safeguards are designed to verify the flow of spent fuel bundles from the
reactor to the spent fuel pond and thereafter to dry cask storage. This is accomplished
by an extensive containment and surveillance system.>”° Provided the systems function
as intended, IAEA safeguards would confirm that reactor refueling operations agree
with operator declarations and that the spent fuel bundles remain properly accounted
for thereafter. The safeguards equipment used in PHWRs is identified in Table 14.2.

Safeguards device Location Description
Core Discharge Reactor Vault A combination of neutron and gamma radiation detectors in the reactor
Monitor vault is used to count irradiated fuel discharges from both reactor faces

Spent Fuel Bundle Irradiated Fuel A set of radiation detectors is used to count irradiated fuel bundles as
Counter Discharge Path they are transferred through the irradiated fuel discharge port in the
vault to the spent fuel bay.

CCTV Surveillance Spent Fuel Pond | Video cameras monitor for undeclared fuel movements. ALl CANDU
System & Penetrations facilities have cameras in the spent fuel bays. Cameras may also be
located in other locations to monitor for undeclared removal of irradi-
ated fuel.

Ultrasonic Sealing Spent Fuel Pond | Irradiated fuel is stored in tamper-indicating enclosures with a lid

System fastened using IAEA-approved seals to ensure that bundles are not
removed.
Yes/No Radiation Fresh Fuel Port, | Radiation detectors are used to detect discharge of irradiated fuel
Monitor Auxiliary Port, through vault penetrations other than the irradiated fuel discharge
Pipesin Spent port; specifically, the fresh fuel port and the auxiliary port.
Fuel Bay

Spent Fuel Verifier | Spent Fuel Pond | A collimated gamma spectrometer is lowered into the spent fuel bay to
verify the authenticity of spent fuel during IAEA inspections.

Cherenkov Viewing | Spent Fuel Pond | The CVD is used to verify the authenticity of spent fuel stored under
Device water by amplifying the faint Cerenkov glow and making it visible to the
inspector.

Table 14.2: TAEA safeguards equipment for PHWRs.%

Transfers to dry storage are scheduled over extended periods. Inspectors may have to
witness transfers on a round-the-clock basis for several months, sometimes requiring
400 or more inspector days.

Dry-storage casks may also be fitted with ultrasonic seals.

With respect to safeguarding PHWRs, the following considerations pertain:

1. At multi-unit stations including several reactors, the level of effort required is very
significant and much larger than at LWRs. The inspection effort can range from 50

to hundreds of inspector days per year, when transfers of spent fuel to dry casks are
scheduled.
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2. Dual containment and surveillance is essential to avoid the extreme workload
required to re-establish continuity of knowledge for the huge number of spent fuel
bundles if one of the critical verification systems fails.58!

Safeguards on spent fuel after leaving the reactor site
Regardless of the destination, whenever spent fuel is transported, the following ques-
tions arise:

* Was the declared fuel actually loaded into the shipping casks?
* Was the amount declared accurate?

* Was the shipping cask routed to an intermediate location and if so, could the fuel as-
semblies have been replaced or modified before arriving at the storage facility?

If the IAEA monitors cask loading and seals the storage/shipping casks, then it could
rely on the seals as the basis for detecting any diversion. However, the IAEA has seldom
done this because of the costs involved. Typically, several casks come to a reactor at
the same time and may remain there for a month or more before they are loaded and
shipped. Cask loading happens when the operator can schedule the crews, which may
be around the clock. Sometimes the IAEA applies surveillance over the cask-loading pit
and can see the fuel assemblies being loaded. IAEA inspectors generally do not seal the
shipping casks and hence are only able to infer the contents. Other than shipping re-
cords, the IAEA has no means available to verify shipping routes or intermediate stops.
For States with an Additional Protocol in force, the IAEA could request complementary
access to verify the locations of the shipping containers during transport, if it so chose.

Away-from-reactor storage (AFRS). If the AFRS is a storage pool, then the casks will be
unloaded and the methods described for visual observation, Cerenkov light and radia-
tion measurements may be applied in the same way they would have been applied at a
reactor spent fuel storage pond.

If the AFRS is a dry storage facility, the IAEA would schedule inspections to verify the
loading of the dry storage casks, just as they would if the casks were going to remain at
the reactor site. If the dry storage casks are sealed, possibly with two different types of
seals, inspections at the storage facility would likely be limited to item (cask) counting,
and identification and verification of the integrity of the installed seals.*8?

Reprocessing plants. All reprocessing plants receive spent fuel and store it in storage
ponds similar to those at reactors, only larger. The methods described above could be ap-
plied in the same way they would have been applied at a reactor spent fuel storage pond.

At a PUREX reprocessing plant, the only type in commercial use today, a fuel assembly
is brought into the mechanical cell and is sheared into segments that are then placed
in a dissolver to extract the uranium, fission products and transuranics, leaving leached
cladding “hulls” and undissolved traces of spent fuel. The dissolver solution is filtered
and undissolved fine particles are mixed with the leached hulls in concrete to form
solid high-level waste.
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High-level liquid wastes from a reprocessing plant typically contain all the fission prod-
ucts and minor transuranics plus on the order of one percent of the plutonium in the
spent fuel. These wastes are then mixed with glass frit and melted to make vitrified high-
level waste. IAEA verification of vitrification involves sampling the feed solution to the
melter to determine the plutonium content and then witnessing the loading of canisters.

The IAEA has decided that safeguards on vitrified waste from reprocessing plants may
be terminated if the content of plutonium is less than 2.5 kg per cubic meter. The ter-
mination conditions state that the state must inform the IAEA of the location of the
vitrified waste. If it is to undergo any processing that might allow for further separation
of plutonium, then the state is obligated to return the nuclear material to safeguards.’s?
A geological repository holding only canisters of vitrified waste therefore would have
no safeguards measures applied.

For waste meeting these criteria, the safeguards problem is principally the limited ac-
curacy of assays of plutonium content, and the lack of criteria related to the other con-
tained weapon-usable fissile materials: neptunium and americium. If a state declared
amounts that were larger than the amounts actually in the canisters, it would be pos-
sible for it to divert material without the IAEA being able to detect the diversion.

Spent fuel in permanent storage in geological repositories
The IAEA has examined the requirements for geological disposal of spent fuel and has
concluded that: 8¢

“with appropriate advance planning, the operational and safety
impacts of applying routine traditional IAEA safeguards in a
geological repository is no greater or more technically challeng-
ing than those affecting other types of nuclear facilities... The
reliability of the techniques and procedures should be proven in
site specific situations.”

A repository would go through three operational phases and IAEA safeguards would
have to begin early and remain throughout, changing in character as the repository
advanced from phase to phase:

1. Pre-operational phase: planning, construction, commissioning (10—20 years). The IAEA
would need to begin consultations with the repository developer and with the
national or regional authorities in advance of the start of construction of the reposi-
tory. During construction, design information verification would check the declared
design of the repository and the absence of undeclared chambers or tunnels or
facilities for opening spent fuel packages. Seismic, satellite and other geophysical
monitoring techniques (Table 14.3) would be employed to verify declared excavation
activities and detect undeclared activities. These techniques and satellite imagery
could be implemented during the repository pre-operational and operational phases.

2. Operational phase: loading with spent fuel (20—-40 years or longer). In operation, verifi-
cation of the contents of each cask should be carried out by means of a nondestruc-
tive assay. Whether this verification takes place at the reactors when the shipping
cask is loaded and sealed, or at the repository conditioning facility would depend
on the availability of sufficiently accurate methods and the relative costs and ac-
ceptability to operators of the possible alternatives.
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3. Post-operational phase: closure and long-term storage (indefinite). The tunnels and
shafts through which the spent fuel casks were transported and in which they were
emplaced would back-filled. After closure, geophysical monitoring would provide
assurance that the repository remains isolated.

Before and during construction, the IAEA will wish to establish baseline conditions for
later comparison, using a combination of methods identified in Table 14.3.

Method

Satellite monitoring prior to con-
struction, during filling operations
and when filled and closed

Passive and active seismic
monitoring

Ground penetration by long
electromagnetic waves

Measurement of resistivity to
electric currents

Technical features

Optical, infrared and synthetic
aperture radar

Low frequency (<50 Hz) & micro-
seismic monitoring (up to 500 Hz)

Objective

Detect road construction or digging;
changes identified by overlaying
images from different dates

Detect excavation, blasting

Detect changes caused by human
activities

Detect changes caused by human
activities

Detect activity where there

Acoustic noise analysis
Y should be none

Radiological mapping before
construction, during filling and
after closure

Air/water radioactivity monitoring Detect radiation leakage

Table 14.3: Proposed geophysical techniques for monitoring a repository.

Synthetic aperture radar imagery might be used to detect changes in ground contours
due to excavation or the dumping of excavated rock near a repository that is suppos-
edly shutdown. Satellite imagery would be used to detect the construction of nearby
roads, quarries and mines. Satellite images can be compared over time to detect changes,
prompting on-site inspections (or complementary access under an Additional Protocol).

During the period of filling the repository, the safeguards measures in place at the re-
pository would be based primarily on the verification of loading of shipment casks at
the reactors (or AFRS) and maintaining continuity of knowledge thereafter.5

The IAEA proposes:58

“A system of radiation monitors and surveillance cameras... be
used to verify declared transfers of spent fuel casks from the sur-
face buildings to the underground facility. These monitors and
cameras would likely be located at the entrance to the transport
shaft or ramp.

Once nuclear material is underground, all openings that could
potentially be used for the undeclared removal of nuclear mate-
rial from the underground facility should be monitored. ... At
openings, where containment structures exist (for example, fan
housings), seals could be used to provide assurance that nuclear
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materials could not be removed undetected through the open-
ing. At openings having no safeguards seal and where radioac-
tive material should not be present, radiation detectors and sur-
veillance might be used. At the transport shaft or tunnel, the
radiation monitors could be designed to determine the direction
of movement of the nuclear material.”

Casks would have to be tracked through the emplacement operations using seals and
other containment and surveillance measures to ensure that the contents are not al-
tered and that they are actually emplaced in their designated locations in the reposi-
tory. If the repository were equipped with GPS satellite-mimicking capabilities, IAEA
seals with positioning capabilities would allow automated tracking within the reposi-
tory during the loading period.

An inspector would confirm emplacement, inspect the container one last time to de-
tect any modifications, remove the electronic seals for re-use, witness the back-filling
of each cell, and maintain surveillance until the repository tunnel is backfilled. Inspec-
tors would be present whenever such operations and containment/surveillance system
installations, servicing or removals were appropriate.

In the post-operational phase, the safeguards measures should give assurance that no

intrusion into the repository occurs that could result in the retrieval of nuclear material.

Thomas E. Shea
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section, www.nwmo.ca/sitingprocess_faqs#c0.

. The nine steps in this process are described in Steps in the Process, Nuclear Waste Management
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in_the_process.pdf.
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Moving Forward Together: Canada’s Plan for the Long-Term Management of Used Nuclear Fuel, Ibid.,
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See, for example, the NWMO presentation at the 2010 AMO Annual Conference, Windsor, On-
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Depending on the quality of the material, it takes between 120 tons and 170 tons of reprocessed
uranium in order to fabricate one reload containing about 18 tons of re-enriched uranium.

Mycle Schneider, “End of reprocessed uranium exports to Russia?,” 29 May 2010, www.fissilemate-
rials.org/blog/2010/05/end_of_reprocessed_uranium.html

“Avis sur la transparence de la gestion des matieres et des déchets nucléaires produits aux différents
stades du cycle du combustible,” High Committee for Transparency and Information on Nuclear
Security, 12 July 2010

. There is no plan to increase the number of “moxed” units beyond 24. The four Cruas units are to

operate on reprocessed uranium fuel. The Fessenheim and Bugey reactors were not designed for
MOX use. In the future, it is possible that the EPR, currently under construction at Flamanville,
will operate with MOX fuel.

Plutonium could be chemically separated from fresh MOX in a glove box without shielding. Fresh
MOX is therefore considered almost the equivalent to direct weapons usable material.

Spent MOX must be cooled at least 24 months prior to shipment compared to 18 months for spent
UOX fuel.

Based on data from COGEMA, AREVA, and ASN.
According to the French government’s annual INFCIRC-549a declarations to the IAEA.

French officials call it the “equal flow principle.” See, for example, Third National Report on Com-
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radioactifs, Minutes of the public hearing, 15 September 2005. There is no explanation why three
years of consumption would be the appropriate “management rule.” Furthermore, even then the
figures don’t add up. Until 2010 MELOX produced annually about 140 tons of MOX for EDF. At an
average plutonium content of around 8 percent, three years of production would add up to about
34 tons, far from the over 47 tons of separated plutonium in stock at La Hague by as of the end of
2009, “Communication Received from France Concerning its Policies regarding the Management
of Plutonium,” INFCIRC/549/Add.5/14, International Atomic Energy Agency, 8 September 2010.

. Plan National de Gestion des Déchets Radioactifs 2010-2012, ASN, 2010; The 2010 figures have been

estimated by the author.

Commission Nationale d’Evaluation, Rapport d’évaluation No. 4, Vol. 1, June 2010, p. 106

. The other La Hague reprocessing line UP3 is not designed for the treatment of MOX fuels.

National Plan 2010-2012, ibid. All numbers and direct quotes in this section are from the National
Plan, if not otherwise noted.

There are also roughly 200 million tons of rock and ore residues and 50 million tons of ore process-
ing waste generated at the approximately 200 uranium mining sites in France that have become
de-facto low-level waste disposal sites.

. The storage silos holding this graphite “are now inconsistent with current safety criteria”, accord-

ing to ASN. ASN has requested EDF “to take all appropriate steps to face the situation” and “EDF
has proposed to implement a containment barrier around the silos and that proposal is being
reviewed.” See Third National Report on Compliance with the Joint Convention Obligations, 2008, p.148.

. All direct quotes by Marie-Claude Dupuis, Director General of ANDRA, from her Testimony at the

National Assembly, Economic Affairs Committee, 19 January 2011.
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2011, www.andra.fr/pages/fr/menul/les-solutions-de-gestion/concevoir-un-centre-de-stockage-
pour-les-dechets-ha-et-ma-vl-84.html, accessed 16 June 2011.

Marie-Claude Dupuis, Director General of Andra, Testimony before the National Assembly Eco-
nomic Affairs Committee, 19 January 2011.

. Commissariat Général du Plan, “Penser l'avenir pour agir aujourd’hui (Think about the future to

act now),” June 2000, p. 164.

ASN, Joint Convention— Third Review Meeting— Questions asked to France and answers, April 2009,
answer to Ireland, question #4. It is unclear why ANDRA envisages more HLW with less reprocess-
ing in scenarios 1b/c compared to 1a.
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very large cost range between 13.5 and 58 billion, Rapport du groupe de travail relatif au “Cott
d’un stockage souterrain de déchets radioactifs de haute activité et a vie longue, Direction générale
de I'énergie et des matieres premieres (DGEMP, General Directorate for Energy and Raw Materi-
als), July 2005. The reference all-reprocessing scenario has been put at the cost range cited by the
Director General of Andra without providing the underlying hypothesis. See Mycle Schneider,
Comparison among different decommissioning funds methodologies for nuclear installations -
Country Report France, on behalf of the European Commission Directorate-General for Energy
and Transport, Wuppertal Institute, 2007.

128. Marie-Claude Dupuis, op. cit.
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Christian Bataille and Claude Birraux, Rapport sur I'’évaluation du plan national triennal de gestion des
matieres et déchets radioactifs, Vol. 1, provisional document, OPECST, 19 January 2011.

130. Rapport d’évaluation N°4 — Tome 1, Commission Nationale d’Evaluation, June 2010.
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133. Europeans and Nuclear Safety, Special Eurobarometer 324, European Commission Directorate-Gener-
al for Energy and Transport (DG-TREN), March 2010.

134. IFOP, “Les frangais et le nucléaire,” commissioned by Le Journal du Dimanche, June 2011

Chapter 4. Germany

13

&

. Act of 22 April 2002 amending the Act on the Peaceful Utilization of Atomic Energy and the Pro-
tection against its Hazards (Atomic Energy Act) of 23 December 1959, as amended and promulgat-
ed on 15 July 1985, Federal Law Gazette, Part I, page 1351, available online at www.bmu.de/files/
pdfs/allgemein/application/pdf/atg_english.pdf

13

&

. Nuclear power plant licenses did not originally include a formal time limit for operations. Safety
assessments, however, assumed an operational time of 40 years.

Act of 8 December 2010 amending Act on the peaceful utilization of nuclear energy and the pro-
tection against its hazards (Atomic Energy Act), of 23 December 1959, as amended and promul-
gated on 15 July 1985, Federal Law Gazette, Part I, 2010, p. 1817; available online at www.bfs.de/
de/bfs/recht/rsh/volltext/A1_Englisch/A1_12_10_AtG.pdf

137.
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. Assuming a capacity factor of 95 percent declining to 85 percent over a period of ten years, the
resulting average extension of the reactor operating times under this act would have been 8 years
for seven older nuclear power reactors (i.e., to a total time of about 40 years), and 14 years for ten
newer reactors that started operating after 1980 (i.e., to a total time of about 46 years)

139.
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The eight to be shut down immediately are Germany’s seven oldest nuclear power plants, which
had all started operating in the 1970s (Biblis A and B, Neckarwestheim-1, Brunsbuettel, Isar-1,
Philippsburg-1, and Unterweser) plus the troubled Kruemmel nuclear power plant for a total
nuclear generating capacity of 8.4 GWe.

110. The “Zwischenlager Nord“- ZLN (Northern Interim Storage) started operation in March 1998. Spent
fuel as well as different kinds of low- and intermediate-level waste mainly from decommissioning
of Rheinsberg and Greifswald NPPs is stored there.

141.

Hagen, M. (German Ministry of Research and Technology), “Stand der Verwirklichung des Ents-
orgungskonzepts aus der Sicht der Bundesregierung” [Status of Realization of the Waste Manage-
ment Concept from point of view of German Government], in Kernforschungszentrum Karlsruhe:
Sammlung der Vortrige anldsslich des 2. Statusberichtes des Projekts Wiederaufarbeitung und Abfallbehan-
dlung am 18.11.1977 [Collection of Contributions to 27 Status Report on the Reprocessing Project
and Waste Treatment, 18 November 1977], KfK 2615, PWA 15/78

. Anselm Tiggemann, Der niedersdchsische Auswahl- und Entscheidungsprozess, Expertise zur Standor-
tauswahl fiir das Entsorgungszentrum [The Lower-Saxony Selection and Decision Process, Expertise on the
Site Selection for the Waste Management Centre], 1976/77, May 2010, p. S.
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14,
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. Much of this spent fuel was from the Mehrzweckforschungsreaktor - MZFR (Multi-purpose re-
search reactor) at Karlsruhe, a heavy water PWR, 57 MWe with slightly enriched (0.85 %) uranium
oxide fuel that operated from 1965 to 1984.
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Costs and Schedules, WAK Wiederaufarbeitungsanlage Karlsruhe Riickbau- und Entsorgungs-GmbH,
9 March 2011, www.wak-gmbh.de/ewngruppe/wak/reprocessing-plant/facts-and-figures/kostenter-
mine.html?L=1.

. Act of 22 April 2002 amending Act on the Peaceful Utilization of Atomic Energy and the Protec-

tion against its Hazards (Atomic Energy Act), of 23 December1959, as Amended and Promulgated
on 15 July 1985, Federal Law Gazette, Part I, page 1351.
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Beendigung der Kernenergienutzung zur gewerblichen Erzeugung von Elektrizitit; Begriindung [Draft law
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Deutschland ist auf dem Weg zum Ausstieg aus der Plutoniumwirtschaft [Germany is on the way to phase
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Convention on Nuclear Safety — Report for the Fifth Review Meeting in April 2011, Government of the
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Lagerung und Einsatz von MOX-Brennelementen [Federal Government’s answer to the inquiry of the parlia-
mentary group Die Linke — Safety at Transport, Storage and Use of MOX fuel], Bundestags Drucksache
(Bundestag printed paper) 17/1323, Government of the Federal Republic of Germany, 8 April 2010.

Convention on Nuclear Safety — Report for the Fifth Review Meeting in April 2011, op. cit.

Return of radioactive waste from the reprocessing of spent fuel elements in France and Great Britain, The
Federal Office for Radiation Protection, www.bfs.de/en/endlager/abfaelle/rueckfuehrung.html.

. A repository for the disposal of waste with negligible heat generation is expected to be available

in Germany by about 2019. This repository, “Schacht Konrad”, is to come into operation near the
town of Salzgitter in Lower Saxony. Construction work started in March 2007, Schacht Konrad 2
wird saniert [Konrad 2 will be renovated], http://www.endlager-konrad.de/cIn_117/nn_1072854/sid_
EOAF79FD6FD21BF66DA12B379A185BDA/DE/Aktuelles/Artikel/Einfuehrung.html?__nnn=true.

Hans-Helge Jirgens and Katrin Hille, Atommiilldeponie Salzbergwerk Asse II - Gefihrdung der Biosphdire
durch mangelnde Standsicherheit und das Ersaufen des Grubengebdiudes [Atomic Waste Dump Salt Mine
Asse — Threat to the Biosphere due to lack of Stability and Flooding of the Drift], Braunschweig, March
1979.

Verantwortlichkeiten fiir Endlagereinrichtung und -betrieb sowie Finanzierungsregelungen [Responsibili-
ties for organisation and operation of disposal facilities and rules for financing], Federal Ministry of the
Environment, Nature Conservation and Nuclear Safety, February 2011.

. Herkunft der in der Schachtanlage Asse II eingelagerten radioaktiven Abfille und Finanzierung der Kosten

[Origin of Radioactive Wastes disposed of in the Asse II Mine and Financing of Costs], Federal Ministry of
the Environment, Nature Conservation and Nuclear Safety, 5 March 2009.

. Konzeptionelle und sicherheitstechnische Fragen der Endlagerung radioaktiver Abfille - Wirtsgesteine im

Vergleich [Conceptual and Safety related Questions of Nuclear Waste Disposal — Comparison of Host
Rocks], Federal Office for Radiation Protection (BfS), Salzgitter, November 2005.

Réttgen: Wir miissen uns der Verantwortung fiir die Entsorgung radioaktiver Abfiille endlich stellen
[Rottgen: We must face responsibilities of Nuclear Waste Management], Press release No. 037/10, Federal
Ministry of the Environment, Berlin, 15 March 2010.

“Mc Allister fordert Endlagergesetz” [“McAllister calls for disposal act”], Radio eins, 18 June 2011

Site Selection Procedure for Repository Sites — Recommendations of the AkEnd, Committee on a Site Selec-
tion Procedure for Repository Sites, K6ln, December 2002.

. Site Selection Procedure for Repository Sites — Recommendations of the AKEnd, ibid.

Some of the geological criteria for site evaluation (e.g. the model of the “isolating rock zone”) can
be found in the recently published Safety Requirements Governing the Final Disposal of Heat-Gener-
ating Radioactive Waste, Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety, 30 September 2010.

. A transfer of the exploration activities from the mining law to the atomic law could have created

an opportunity for a formal public hearing as part of the licensing procedure.

. Ein konstruktiver Dialog — wie ist das mdglich? Gorleben Dialog, www.gorlebendialog.de/mitreden/

doc/37.php.
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164. Vorschlag zur Gestaltung eines Dialog- und Beteiligungsprozesses, Gorleben, Unabhédngige Nationale
Expertengruppe Endlager [National Independent Expert Group repository], February 2011, www.
gorlebendialog.de/files/pdf/application/pdf/grafik_dialog_beteiligung.pdf.

Chapter 5. Japan

16s. The JAEC has published Long-Term Plans for Nuclear Energy approximately every S years since
1956. The 1961 Plan placed the goal of FBR commercialization in the 1970s. The 2005 version is
titled Framework for Nuclear Energy Policy and a tentative English translation of its main part can
be found at www.aec.go.jp/jicst/NC/tyoki/taikou/kettei/eng_ver.pdf.

16

=N

. One reactor (Tsuruga Unit 1) is scheduled to be shut down in 2016. www.meti.go.jp/english/press/
data/20100618_08.html.

167. Press conference of 18 May 2011, www.kantei.go.jp/jp/kan/statement/201105/18kaiken.html.

1. “Hamaoka Genpatsu: Teishi Yosei” (Hamaoka nuclear power plant: request for halting of opera-
tion), Mainichi Shimbun, 8 May 2011.

1c0. Hamaoka units 1 and 2 already had been shut down for decommissioning and Unit 3 for periodic
inspection. The Nuclear and Industrial Safety Agency (NISA) stated that it would take a couple of
years for Hamaoka to complete the upgrades to protect against earthquake and tsunami risks that
the company had announced to make, including the construction of a tide embankment at least
15 meters high. Kan explained that the reason for his request was in consideration of the Minis-
try of Education, Culture, Sports, Science & Technology’s prediction of an 87 percent chance of a
magnitude-8.0 quake hitting the area within the next 30 years.

170.

=]

“Hamaoka Genpatsu: Teishi Yosei” [Hamaoka nuclear power plant: request for halting of opera-
tion], Mainichi Shimbun, 8 May 2011.

The status of Rokkasho is reported on in English regularly on website of the Citizens’ Nuclear
Information Center, www.cnic.jp/english/cnic/index.html.

171.

. “Genshiryoku Hakusho Heisei 10 Nen Ban” [White Paper on Nuclear Energy], Japan Atomic Energy
Commission, 1998, www.aec.go.jp/jicst/NC/about/hakusho/hakushol0/siryo2082.htm.

17.
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“Purusaamaru no Genjo” [The present situation of plans to use MOX in LWRs], Federation of Elec-
tric Power Companies, www.fepc.or.jp/present/cycle/pluthermal/genjou/index.html.

173.

P

174. Kyushu Electric Power Company Genkai Unit 3, Shikoku Electric Power Company Ikata Unit 3,
Tokyo Electric Power Company Fukushima Daiichi Unit 3, and Kansai Electric Power Company
Takahama Unit 3.

175.

a

“Aomori Kennai ‘Genpatsu Chushiwo’ 48%—Asahi Shimbun Seron Chosa” [Within Aomori Pre-
fecture ‘Stop Nuke Construction’ 48%— Asahi Shimbun Public Opinion Survey]|, Asahi Shimbun,
30 May 2011, www.asahi.com/special/08003/TKY201105290389.html. The Prefecture has only one
power reactor operating: Tohoku Electric Power Company’s Higashidori Unit 1. The construction
of TEPCO’s Higashidori Unit 1 started in January 2011 but was halted after the March 11 earth-
quake. The two companies share the same site.

176. “Mihamanokai, 5/18 Keisansho Kosho Hokoku” [Report on the dialogue with METI on 18 May], 18
May 2009, www.jca.apc.org/mihama/stop_pu/meti_kousyou090518.htm.

177. The estimate of the total number was changed from 850 to 830 in October 2010. “Garasu Kokatai
Eikokubun no Umpan Kakunin Shinsei” [Vitrified Waste—British portion transportation verifica-
tion application], Daily Tohoku, 14 October 2010, www.cgi.daily-tohoku.co.jp/cgi-bin/tiiki_tokuho/
kakunen/news/news2010/kn101014a.htm.

178. Nuclear Waste Management Organization of Japan, “Siting Factors for the Selection of Preliminary
Investigation Areas,” December 2002, www.numo.or.jp/en/what/pdf/3.pdf

179.

°

“Chiji to Kataro Meeting,” [Let’s talk with the Governor meeting], Kagoshima Prefecture,15 March
2010, www.pref.kagoshima.jp/chiji/katarokai/h21/kishirakatarokai.html and “Kaku Hai Saishu
Shobunjo ha Hakushi—Minami Osumi Chocho ga Gikai Toben,” [No decision on nuclear waste
final disposal site—Replies Minami Osumi Mayor at a town council meeting] 9 December 2009,
Kyodo, www.47news.jp/localnews/kagoshima/2009/12/post_20091209122849.html.

180. Tatsuki Takamatsu, “Metal Casks Storage Schedule of Recylable Fuel Storage Center in Mutsu,” No-
vember 2010, www.criepi.denken.or.jp/result/event/seminar/2010/issf/pdf/2-1_powerpoint.pdf.
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181. According to the White Paper on Nuclear Energy of 2009 (the most recent one available) the total
amount of spent fuel in storage facilities at commercial power plants as of the end of September
2009 was 12,840 tHM. Comparing with the amount, 12,320 tHM as of the end of September 2008
in the White Paper on Nuclear Energy of 2008, one can see an increase of 520 tHM in one year.
Japan Nuclear Fuel Ltd. data for the transportation of spent fuel to the Rokkasho reprocessing
plant between October 2008 and September 2009 show that a total of 339 tHM was sent to the
plant. This means that some 859 tHM were discharged from the commercial reactors in this one-
year period. See “Heisei 20 Nendo Shiyozumi Nenryo no Yusokeikaku Oyobi Jisseki,” [Spent fuel
transportation plans and actual records, FY2008], Japan Nuclear Fuel Ltd, www.jnfl.co.jp/daily-
stat/transport-schedule/recycle-execution2008.html and “Heisei 21 Nendo Shiyozumi Nenryo no
Yusokeikaku Oyobi Jisseki,” [Spent fuel transportation plans and actual records, FY2009], Japan
Nuclear Fuel Ltd, www.jnfl.co.jp/daily-stat/transport-schedule/recycle-execution2009.html.

18

S

. This is data provided by the Federation of Electric Power Companies in an October 2010 Nuclear
and Industrial Safety Agency (NISA) document, Kojima Shuhei (Director, Nuclear Fuel Transport
and Storage Regulation Division. Nuclear and Industrial Safety Agency [NISA]), “Shiyozumi Ne-
nryo Chozo no Hitsuyosei to Kokunaigai no Doko ni Tsuite” [Concerning the need for spent fuel
storage and the domestic and overseas trends], 8 October 2010, www.nisa.meti.go.jp/koho/sympo-
sium/files/nisakaigi/1/s9_05.pdf. The table in the NISA document has the following footnote: The
management capacity of Hamaoka Units 1 and 2 of Chubu Electric Power Company is considered
the same as the actual amount stored since their operation has been terminated.

183.
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Reloading takes place at the time of periodic inspection. In Japan, each nuclear power reactor is
obliged to have a periodic inspection within 13 months of its previous periodic inspection. This
inspection normally lasts 2-3 months but often takes much longer. This means that refueling nor-
mally takes place every 15-16 months. These long inspections may help account for the fact that
the lifetime energy availability factor for Japan’s nuclear power reactors through 2010 was 71.1%
vs. a global average of 77.2%, Power Reactor Information System (PRIS) Database, International
Atomic Energy Agency, www.iaea.org/programmes/a2/. Due to the complaints by power compa-
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are separated electrochemically. In PUREX reprocessing, which is the form of reprocessing that is
used commercially today, spent fuel is dissolved in nitric acid and the uranium and plutonium are
separated by solvent extraction.
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275. The national referendum allowed a vote on three alternatives, two of which were very similar.
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The Canadian and UK programs for management of high-level wastes have had major set-backs
and at present both countries claim that they are open with regard to the choice of method for fi-
nal disposal of high-level waste. If the KBS method is licensed in Sweden, however, it is very likely
that the method would soon be the favored option in these and other countries.

The reprocessing contracts with Cogema in France were taken over by German and Japanese
interests. The 57 tons of spent nuclear fuel that had been sent to France were traded for 23 tons
of German spent MOX fuel that will be disposed of in Sweden. The 140 tons of spent fuel that
were sent to BNFL in the United Kingdom were finally reprocessed in 1997 and the plutonium is
to be returned to the Oskarshamn nuclear power plant in the form of MOX fuel. The high-level
reprocessing waste will be traded for low-level waste with a comparable activity to be returned to
Sweden.

. AKA Commission, Spent Fuel and Radioactive Waste, Government reports SOU 1976:30, SOU

1976:31 and SOU 1976:32 (in Swedish).

. The AKA commission also recommended that a national research body independent from the

nuclear industry be set up. The Program Council For Radioactive Waste (PRAV, Programradet for
radioaktivt avfall) was created. PRAV worked so closely to the KBS project, however, that its inde-
pendence was soon questioned and PRAV was shut down in 1981. Since then all Swedish resources
for research on nuclear waste have been controlled by the nuclear industry.

KBS-1, Handling of Spent Nuclear Fuel and Final Storage of Vitrified High Level Reprocessing Waste, 5
volumes, Kdarnbrianslesdakerhet, Stockholm, 1977. All reports from KBS, SKBF and SKB can be down-
loaded from www.skb.se.

KBS-2, Handling and Final Storage of Unreprocessed Spent Nuclear Fuel, 2 volumes, Kdrnbridnslesaker-
het, Stockholm, 1978.

. After the completion of KBS-1 and KBS-2 reports, the KBS project was integrated into the nuclear
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Nuclear Fuel and Waste Management company and the acronym was changed to SKB.
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Division KBS (SKBF/KBS), Stockholm, 1983.
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KBS TR-90, Kdrnbréanslesdkerhet, Stockholm, 1978; Canister materials proposed for final disposal of
high level nuclear waste—a review with respect to corrosion resistance, Report KBS TR 81-05, Swedish
Nuclear Fuel Supply Co/Division KBS (SKBF/KBS), Stockholm, 1981; and Corrosion resistance of a
copper canister for spent nuclear fuel, Report KBS TR 83-24, Swedish Nuclear Fuel Supply Co/Division
KBS (SKBF/KBS), Stockholm, 1983.
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Waste Management Co, Stockholm, 1992; Copper corrosion under expected conditions in a deep geologic
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and Corrosion calculations report for the safety assessment SR-Site, Report TR 10-66, Swedish Nuclear
Fuel and Waste Management Co., Stockholm, 2010.

The KBS-method is often described as a multi-barrier system or as a system of barriers for defence
in depth. The terminology comes from the field of nuclear reactor safety. This analogy was well
received by the regulator, the Swedish Nuclear Power Inspectorate, SKI. The regulator was well
acquainted with nuclear reactor safety work and even made it part of its nuclear waste regulation
that a repository should rely on a multi-barrier system.
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fuel: SR 97 - Post-closure safety. Main report—Vol. I, Vol. II and Summary, Report TR-99-06, Swedish
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Forsmark and Laxemar - a first evaluation. Main report of the SR-Can project, Report TR-06-09, Swedish
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tory for spent nuclear fuel at Forsmark. Main report of the SR-Site project. 3 volumes, Report TR-11-01,
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nium, must be stored in a manner that will mini-
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also will be required to ensure that any contained
plutonium is not diverted to nuclear-weapon use.
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of the technical issues relating to interim storage
and transport of spent fuel, geological repositories,
and the challenge of the associated international
safeguards.

A report published by
The International Panel on Fissile Materials (IPFM)
www.fissilematerials.org

Program on Science and Global Security
Princeton University

221 Nassau Street, 2nd Floor

Princeton, N] 08542, USA

September 2011

ISBN ‘I?E 0- ‘IEL‘IE?E ‘I b

?BD“IBL I=l|':'?5‘=ll:|






