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FOREWORD

Delays in implementing geological disposal coupled with a reduction of reprocessing activities have caused
spent fuel inventories to grow. To manage this inventory, additional away-from-reactor (AFR) storage facilities
are required.

While it can be said with confidence that competitive services for AFR storage are currently available from
the market, it is often not evident how to choose the best option because of the complex issues and uncertainties
involved in the decision. In addition, the focal issues in selecting spent fuel storage facility can shift from time to
time due to policy changes, national strategies and technological advances. Global trends such as the
privatization of the power generation industry and greater public involvement in nuclear matters are having
profound impacts on the nuclear industry and, by association, spent fuel management.

In view of the large amount of spent fuel to be stored for a relatively long period of time, it is important to
implement a safe, economic strategy for the best option. Also, even though the economic perspective is only one
criterion among many, it is typically a key determining factor in any specific strategy for spent fuel management.
For this reason, proper identification of economic factors and reliable estimation of spent fuel storage costs are
becoming increasingly important for project planning and for comparison of alternative approaches.

The subject of costs of spent fuel storage was previously addressed in the IAEA publication Cost Analysis
Methodology for Spent Fuel Storage (Technical Reports Series No. 361). This publication focused on the
methodology for calculating the costs and cost analysis of spent fuel storage from power reactors. While it is still
a unique guidebook on the subject, its scope does not cover comprehensive aspects of the economics involved in
spent fuel storage costs as is done in the current report. This report also provides an update of cost analysis
methods, including some examples of costs and cost calculations in the appendices.

This report deals with economic analysis and cost estimation, based on exploration of relevant issues,
including a survey of analytical tools for assessment and updated information on the market and financial issues
associated with spent fuel storage. The development of new storage technologies and changes in some of the
circumstances affecting the costs of spent fuel storage are also incorporated. This report aims to provide
comprehensive information on spent fuel storage costs to engineers and nuclear professionals as well as other
stakeholders in the nuclear industry.

A variety of contributions have been made not only by the participants of the meetings, but also by a
number of interested experts. Special thanks are due to C.K. Anderson from CKA Associates for helping in the
final preparation of the report.

The TAEA officers responsible for this publication were J.S. Lee and Z. Lovasic of the Division of Nuclear
Fuel Cycle and Waste Technology.
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1. INTRODUCTION

1.1. BACKGROUND

The global community currently has the difficult but important challenge of meeting the growing demands
for electric energy while reducing atmospheric emissions (greenhouse gases). In this context, nuclear power has
begun to attract renewed interest in a growing number of Member States as a sustainable option to meet the
increasing demand for energy, especially in the developing economies. Spent fuel management and disposal is
perceived as one of the crucial unresolved issues.

The safe, economic management of the increasing inventories of spent fuel has a significant stake in the
future of nuclear energy use due to its implications on economics, non-proliferation, nuclear safety and security,
the environment, and other issues, which are, in fact, the criteria addressed in recent international initiatives for
technical innovation, e.g. INPRO (IAEA), Gen IV/AFCI/GNEP (USA), MICANET (EU).

In the last few decades, spent fuel management policies have shown diverging tendencies among the
nuclear power producing countries. Today, three major policy options for the management of spent fuel
discharged from nuclear reactors have evolved as follows:

— The closed cycle, i.e. the reprocessing of the spent fuel for recycling of the separated plutonium and
uranium as mixed oxide (MOX) fuel, and disposal of the treated wastes from the reprocessing operations;

— The open (once-through) cycle, i.e. the direct disposal of the spent fuel in a geologic repository with a
perception of the spent fuel as a waste;

— The deferral of decision, i.e. ‘wait and see’ approach, with decisions postponed to a future time in
anticipation of a better solution.

While some Member States have adhered to the classical strategy of reprocessing/recycle of spent fuel,
some others have turned to a policy of direct disposal.! Many countries have taken a ‘wait and see’ approach in
order to preserve the possibility of a better alternative in the future. But the ‘future’ for direct disposal may not
be realized for several decades. In addition, when combined with a decline in the global use of reprocessing,
these delays will increase the amount of spent fuel to be stored and prolong the storage duration while this issue
is sorted out.

In any case, interim spent fuel storage must now be recognized as an essential part of the backend of the
nuclear fuel cycle (see Fig. 1).

Moreover, the current situation in terms of spent fuel management is likely to persist well into the
foreseeable future.

1.2. SPENT FUEL STORAGE REQUIREMENTS

As of the beginning of 2006, the bulk amount of spent fuel discharged from nuclear reactors in the world is
about 290 000 t HM, with roughly less than one third of this amount having been reprocessed. The balance is in
storage either in at-reactor (AR) pools or away-from-reactor (AFR) storage facilities. Projections indicate that
the cumulative amount of spent fuel generated by 2020 will reach 445 000 t HM, only 25% of which might be
reprocessed (see Appendix I). Under such circumstances, the current trend toward long term storage is expected
to grow in the foreseeable future.

Meanwhile, many Member States have taken temporary measures at the existing AR pools (such as re-
racking to a denser array or transshipment to another pool). However, as these readily available options are

! Both the closed (reprocessing/recycle) and open fuel cycle (direct disposal) options for spent fuel management have
been subject to a number of debates on various issues such as fuel cycle economics, proliferation risks and environmental
impacts. It is recognized, however, that ultimate solutions such as disposal cannot be avoided indefinitely and should be
implemented in a staged, stepwise and cautious manner, with freedom of choice for future generations.
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FIG. 1. Spent fuel management.

used up, additional storage in newly built AFR facilities will have to be provided. In these new storage facilities,
consideration will have to be given to designs in which the storage period can be extended indefinitely until an
endpoint solution becomes available, perhaps in 100 years or more.

Spent nuclear fuel has been stored safely in pools or in dry systems in over 30 countries for a number of
decades. As a result of these achievements, it is clear that spent fuel can be managed without any detriment to
the public health and safety. Given the major policy uncertainties, however, a further question arises as to which
technology can accomplish this most efficiently and economically.

1.3. EVALUATION OF SPENT FUEL STORAGE

For new spent fuel storage facilities, various options can be considered on the basis of the owners’ capacity
needs, technical criteria and perceived contingencies. It is mainly a matter of defining the objectives and making
a good selection from the available options. Today, nuclear plant owners, or implementing organizations on their
behalf, can carry out the selection and acquire the AFR facilities through the tendering process among several
competing technologies and suppliers. The tendering process, including development of relevant scope and
appropriate requirements and criteria, is perhaps the most critical step in the process.

Whereas the final costs for a storage project will depend on the specific conditions and local factors, there
are some factors that bring the prices closer to the global standard, such as common standards for safety control
and internationalization of products and services. With the advent of these new realities, price comparisons have
become much more expeditious and predictable for end users.

1.4. STRUCTURE OF THE REPORT

This report is meant to provide informative guidance on economic aspects involved in selecting a spent fuel
storage system, including basic methods of analysis and cost data for project evaluation and comparison of
storage options, together with financial and business aspects associated with spent fuel storage.

After the review of technical options for spent fuel storage in Section 2, cost categories and components
involved in the lifecycle of a storage facility are identified in Section 3 and factors affecting costs of spent fuel
storage are then reviewed in the Section 4. Methods for cost estimation and analysis are introduced in Section 5,
and other financial and business aspects associated with spent fuel storage are discussed in Section 6.



The organization of this report is shown in Fig. 2.

As further information, there are three appendices at the end of the report containing an update on the
status of spent fuel inventories and their management, information on commercial casks for spent fuel storage
and transport. In Annex I, there are some examples of spent fuel storage costs, followed by Annex II, which
includes a survey of software tools, and Annex III, which provides some case studies using an analytical tool
(COMFAR 111 Expert).

2. SPENT FUEL STORAGE OPTIONS

In the early period of nuclear development, the pools for storing spent fuel at the plant were built with
small capacity for only a few years’ storage, on the assumption that spent fuel would be shipped to a reprocessing
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FIG. 2. Organization of this report.



plant for recovery and reuse of contained uranium and plutonium. However, the advantages of reprocessing
came under international question in the late 1970s and since then reprocessing has been limited to a small
number of countries. This gave rise to a need for new storage technologies, especially of dry types, in addition to
the classical method of storage in water pools.

A historical evolution of storage technologies is summarized in Table 1.

A global cumulative summary of spent fuel storage inventory indicating storage quantities is provided in
Appendix L.

2.1. REVIEW OF ALTERNATIVES FOR SPENT FUEL STORAGE
There are several aspects that are used for categorizing spent fuel storage facilities:
— AR versus AFR;
— AFR: on-reactor site versus off-reactor site;

— Wet versus dry.

Some general remarks about these different aspects are contained in Table 2.

TABLE 1. HISTORICAL EVOLUTION AND DEPLOYMENT OF SPENT FUEL STORAGE SYSTEMS

) Year
Option
1950 1960 1970 1980 1990 2000
WET Most of the AR and AFR pools
DRY ® Vault (1971, Wylfa)

® Concrete Silo (1977, Whiteshell)

® Metal Casks (1986, Surry)

® Gorleben (CASTOR)

® Concrete Casks
(1992, Surry)

TABLE 2. ALTERNATIVES FOR SPENT FUEL STORAGE

Options: WET

AR All AR storage has been of wet type (water pools). The small capacities of older plants were mostly expanded
by re-racking.

AFR AFR pools have been built on reactor sites in order to provide additional storage of spent fuel.
Large pools built for buffer storage of spent fuel received at reprocessing plants or at an anticipated disposal
site.”

Remarks: *Classical option, which has been universally used until late 1980s.

Tihange and Goesgen are examples of AFR wet pools added at the reactor site. CLAB, La Hague and
Rokkasho Mura are examples of AFR wet pools built at other (disposal/recycle) sites.

Options: DRY

AR Wylfa (UK), PAKS (Hungary) and Fort St. Vrain are examples of on-reactor site storage of dry (vault) type
AFR Most recent choices for AFR storage are on-reactor site additions of dry cask type.
Remarks: —




As mentioned, AR storage capacity expansion is limited today and most new storage is AFR. But the
question remains as to whether or not to construct these facilities on reactor sites or at a new site (e.g. off-reactor
site). Today, most new AFRs are built on-reactor sites, or within the exclusion zone of a reactor site. In either
case, the technology used needs to be sorted out according to the particular situation.

2.2. TECHNICAL OPTIONS AND APPLICATIONS

The technologies currently available for spent fuel storage fall broadly into two categories, wet and dry,
distinguished according to the cooling medium used (see Table 3).

The wet option has historically been used for temporary storage and cooling AR sites and in some interim
off-site storage facilities generally associated with disposal or reprocessing sites (in anticipation of the next step
in the cycle). More recently, however, a variety of dry storage options have been developed and applied in the
international market. A list of commercially available casks for storage and for transport is given in Appendices
IT and III.

2.2.1. Wet storage (water pool)

Water pool storage has been used for storage of spent fuel as an established practice since the early days of
nuclear power, due among other things, to the excellent properties of water for heat removal and shielding.
Today, wet storage of spent fuel is a proven technology that can meet all storage requirements through proper
engineering.

2.2.1.1. Water pool storage technology
Pools are designed to the following basic principles:
— To retain water and minimize leakage, which should be, as far as reasonably practicable, detectable,
collectable and quantifiable;

— To be operable at all times during its design life and with as low as reasonably achievable radiation dose to
site personnel;

TABLE 3. TECHNICAL OPTIONS AND APPLICATIONS FOR SPENT FUEL STORAGE

. Containment D
Type Option Heat transfer (medium) Shielding Feature Examples
Wet  Pool Water Water/building Water Classic option  Most ARs & many
AFRs worldwide
Dry  Metal cask Conduction Double lid Metallic wall Dual purpose = CASTOR, TN,
through cask Metal gasket NAC-ST/STC,
wall (Inert gas) BGN Solutions
Concrete cask/silo  Air convection Cavity lining/ Concrete and ~ Vertical CONSTOR,
around canister seal welding steel overpack HI-STORM/HI-
(Inert gas) STAR
Concrete module  Air convection Canister sealing ~ Concrete wall ~ Horizontal NUHOMS
around canister  (Inert gas) NAC-MPC/UMS
MAGNASTOR
Vault Air convection Thimble tube Concrete wall ~ Several cases ~ MVDS
around thimble  (Inert gas) MACSTOR
tube
Drywell/tunnel Heat conduction ~ Canister Earth Below ground  Not commercialized

through earth

(Inert gas)




— To be operable in the event of extreme weather conditions or pool water temperature increases following
a prolonged loss of cooling system;
— To maintain safe storage conditions even after the occurrence of a seismic event.

Some of the technical features of a pool storage facility are as follows:

— Most pools have a stainless steel inner pool lining, which can be 100% X rayed during construction, with a
permanent monitoring of the welded seams and X ray inspection capability to locate and detect any leak
during pool operation. Some pools were coated in the past with the epoxy based paint and experienced
paint degradation after a number of years.

— Leakage from the pool is monitored either by an integrated leakage collection system or via the inter-space
in pools with two walls. In both cases, any recovered pool water may be cleaned up and returned to the
main pool.

— The pool water is cooled and purified with heat exchangers and ion exchange units, either in-pool systems
or systems installed outside of the pool. Normal water temperature is below 40°C and the pool bottom is
cleaned (with a vacuum cleaner) to prevent any accumulation of settled particles.

— Activity concentrations in pool water are kept at very low levels, on the order of 1.85 10’ Bg/m® to
3.7 107 Bq/m®. While cobalt-60 is the principal source of radioactivity in the pool, failed fuel assemblies are
generally stored in specially designed canisters to prevent further contamination of pool water, especially
by Cs-137.

— In addition to control of activity by ion exchange, some pools are operated with an imposed chemical
regime for: (a) pH control, (b) the maintenance of boron levels for criticality control where necessary, and
(c) the maintenance of low levels of aggressive anions, such as chloride and sulphate, to minimize fuel
corrosion/degradation. Maintaining good water chemistry provides good water clarity and prevents the
formation of microbiological organisms in the pool water. If they do occur, they are treated with specific
biocide chemical dosing.

— At properly maintained pools, average operator dose rates can be as low as 1 mSv/year/operator.

While there are many common features between wet pools, some differences in design concepts still remain as a
result of local operational and/or regulatory requirements.

2.2.1.2. Functional configuration

Whereas the technical concepts for AFR wet pool facilities are similar, there are notable differences in
terms of configuration, mostly as a consequence of some pre-existing site condition for spent fuel handling and
storage.

Single pool

This is the simplest layout adopted for most AR pools with small capacity. Because of their location in the
plant, a physical (i.e. dimensional) expansion of a single pool to a larger capacity is difficult, if not impossible.
Generally, the only available option for storage expansion of AR wet pools is re-racking with maximum density
storage racks (see Section 2.2.1.3).

Serial pools

In a few cases, a multiple number of additional pools may be connected in series by water gates on the walls
between those pools (or underwater tunnels, conveyers, etc.). This could likely be the case when an additional
segment of pool(s) is constructed as an addition to the existing pool(s) for expansion of capacity. Spent fuel will
have to be moved through the pools for which a passage space is needed. In such a case, isolation of a pool would
be difficult in case of leak or any other emergency.



Parallel pools

In a similar manner, a multiple number of pools may be connected in parallel by water gates on the wall
shared by a water channel. It is possible to separate any one of the pools with a view to emptying for regular
repair work or in an emergency, independently of other pools.

In either case, water tightness is required for the water gate operations during fuel transfer to and from the
water channel, as well as for storage.

2.2.1.3. Compact storage methods
Re-racking

As spent fuel storage needs have increased, most spent fuel owners have found that the easiest and least
expensive way of increasing storage capacity is through re-racking of pools so that fuel assemblies could be
stored closer together. This requires replacement of racks with higher density, ‘poisoned’ (for absorption of
neutrons) storage racks. Re-racking can result in an increase in the storage capacity of the pool by 40% to over
100%, depending on the specific situation.

Before re-racking can be performe