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FOREWORD
An International Conference on Storage of Spent Fuel from Power Reactors was held in
Vienna from 2 to 6 June 2003. The conference was organized by the International Atomic
Energy Agency in co-operation with the OECD Nuclear Energy Agency.
The conference gave an opportunity to exchange information on the state of the art and
prospects of spent fuel storage, to discuss the worldwide situation and the major factors
influencing the national policies in this field and to identify the most important directions that
national efforts and international co-operation in this area should take.
The conference confirmed that the primary spent fuel management solution for the next
decades will be interim storage. While the next step can be reprocessing or disposal, all spent
fuel or high level waste from reprocessing must sooner or later be disposed of. The duration
of interim storage is now expected to be much longer than earlier projections (up to 100 years
and beyond). The storage facilities will have to be designed for these longer storage times and
also for receiving spent fuel from advanced fuel cycle practices (i.e. high burnup and MOX
spent fuel).
It was noted that the handling and storage of spent fuel is a mature technology and meets the
stringent safety requirements applicable in the different countries. The changes in nuclear
policy and philosophy across the world, and practical considerations, have made storage a real
necessity in the nuclear power industry. Utilities, vendors and regulators alike are addressing
this adequately.
The IAEA wishes to express appreciation to all chairs and co-chairs as well as all authors for
their presentations to the conference and papers included in these proceedings. The IAEA
officer responsible for organizing the conference was W.J. Danker of the Division of Nuclear
Fuel Cycle and Waste Technology and the proceedings were prepared by M.J. Crijns.
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IAEA overview of global spent fuel storage
K. Fukuda, W. Danker, J.S. Lee, A. Bonne, M.J. Crijns
Department of Nuclear Energy,
International Atomic Energy Agency
Vienna
Abstract. Spent fuel storage is a common issue in all Member States with nuclear reactors. Whatever strategy is
selected for the back-end of the nuclear fuel cycle, the storage of spent fuel will contribute an imminent and
significant part thereof. Notwithstanding considerable efforts to increase the efficient use of nuclear fuel and to
optimise storage capacity, delays in realizing geological repositories in most countries or in implementing
reprocessing in some countries entail in increased spent fuel storage capacity needs in combination with longer
storage durations over the foreseeable future. An overview of global and regional spent fuel arisings and storage
capacity is presented in this paper. Some trends are identified and recent Agency activities in the subject area
discussed.

1. Introduction
Used or spent nuclear fuel is discharged from operating reactors and temporarily stored at the
reactor pool. After a certain cooling time, the spent fuel will be moved from the at-reactor
(AR) pool to away-from-reactor (AFR) storage facilities, either on or off reactor site, based on
utility practice.
For the ultimate management of spent fuel discharged, the following options are being
implemented or under consideration:
•
•
•

the once-through cycle, i.e. the direct disposal of the spent fuel in a geologic repository;
the closed cycle, i.e. the reprocessing of the spent fuel, recycling of the reprocessed
plutonium and uranium, and disposal of the wastes from the reprocessing operations;
the so-called “wait and see” policy, which means first storing the fuel and deciding at a
later stage on reprocessing or disposal.

This wait and see policy, against the backdrop of delays in geologic repositories programmes
in most Member States and in implementing reprocessing in some Member States, has
entailed an increase of the amount of spent fuel to be stored and prolongation of storage
duration. As a consequence, expansion of spent fuel storage capacity has been needed over
the past decade. This trend will continue in the near future.
The situation is further complicated by today’s reliance on higher enrichment, higher burnup
fuels as well as on mixed oxide (MOX) fuel, to generate electricity at a competitive cost.
Given the much higher decay heat levels from these fuels, wet storage will remain the
preferred approach for interim storage during the first decade after discharge. After sufficient
decay and, especially when long term storage is foreseen (now storage up to and beyond 100
years is envisaged in some Member States), dry storage under inert conditions or in air
becomes the preferred option, given the passive nature of dry storage systems.
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2. Overview of spent fuel storage situation
2.1. Status of nuclear power
Today the growth in the number of nuclear power plants is at a standstill in Western Europe
and North America, while expanding in parts of Asia and Eastern Europe. At the end of last
year, 441 nuclear reactors were operating in 31 countries worldwide [1]. They provided about
2 780 TW·h, which is just over 16 per cent of the global electricity supply.
The total net installed capacity was 359 GW(e) and 33 nuclear power plants are under
construction with a total net capacity of 27 GW(e). Table I shows the nuclear power status for
four world regions, i.e. West Europe, East Europe, America and Asia & Africa.
Table I. Status of nuclear power in world regions
Operating
Reactors
Regions

No.
of Units

Under
Construction

Total
Capacity
GW(e)

No.
of Units

Total
Capacity
GW(e)

West Europe

146

125.7

0

0

East Europe

67

46.1

10

8.0

America

124

112.4

1

0.7

Asia & Africa

104

74.5

22

18.4

World

441

358.7

33

27.1

Status 1 January 2003

Source PRIS

2.2. Spent fuel arising
Worldwide the spent fuel generation rate, now at about 10 500 t HM/year, is expected to
increase to about 11 500 t HM/year by 2010. As less than one third of the fuel inventory is
reprocessed, about 8 000 t HM/year on average will need to be placed into interim storage
facilities.
At the beginning of 2003, about 171 000 t HM of spent fuel were stored in storage facilities of
various types (Table II). Most of this fuel is under water, but dry storage is becoming a
commonly used technology with more than 12 000 t HM currently stored in dry storage
facilities worldwide.
The total amount of spent fuel cumulatively generated worldwide by the beginning of 2003
was close to 255 000 t HM. Projections indicate that the cumulative amount generated by the
year 2010 may be close to 340 000 t HM. By the year 2020, the time when most of the
presently operated nuclear power reactors will be close to the end of their licensed operation
life time, the total quantity of spent fuel generated will be approximately 445 000 t HM.
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Table II. Status of spent fuel stored in world regions
t HM

Region

Amount

West Europe

36 100

East Europe

27 700

America

83 300

Asia & Africa

23 900

World

171 000

Status 1 January 2003

Assuming that current plans are maintained, one can observe the following regional trends
(Fig. 1):
•
•
•
•

West Europe will have slight decreasing quantities of spent fuel to be stored, due to
reprocessing of spent fuel;
East Europe will double the amount of spent fuel to be stored in the coming ten years;
America will store all discharged fuel, thus the amount of spent fuel is constantly
increasing;
Asia & Africa like East Europe, will double the amount of spent fuel to be stored in the
coming ten years.

160000
140000
120000
tHM

100000
80000

Western Europe
Eastern Europe
Asia and Africa
America

60000
40000
20000
0
1990

1995

2000

2005

2010

2015

2020

Year

FIG. 1. Spent fuel stored by regions.
2.3. Spent fuel storage capacity
Various types of wet and dry storage facilities are operating in Member States with nuclear
power plants (Table III). Early 2002, the global world storage capacity was about 243 000 t
HM, with the bulk of storage capacity at reactor pools with 163 000 t HM. Member States
operating nuclear power plants actually are or were increasing their existing storage capacity
by re-racking the AR storage pools with high-density racks, by implementing burnup credit or
by commissioning AFR storage facilities.
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Table III. Capacities of operating spent fuel storage facilities
kt HM

Region

AR

AFR
dry
11.3

Total

28.3

AFR
wet
32.3

West Europe
East Europe

11.9

20. 8

1.5

34.2

America

94.7

1.7

8.5

104.8

Asia & Africa

27.9

3.3

1.7

33.0

162.8

58.1

23.0

243.8

Total

71.8

Status 1 January 2002

The storage capacity of new facilities, under construction in the various regions, is shown in
Table IV. The total capacity is 24 000 t HM with 17 500 t HM as dry storage. This indicates
that AFR dry storage is getting more and more preference.
Table IV. Capacities of spent fuel storage facilities under construction
kt HM

Region

AFR
dry
1.0

Total

West Europe

AFR
wet
3.0

East Europe

3.0

8.9

11.9

6.8

6.8

America

4.0

Asia & Africa

0.5

0.8

1.3

Total

6.5

17.5

24.0

Status 1 January 2002

2.4. Balance of spent fuel arising and spent fuel storage capacity
The global world storage capacity is about 244 000 t HM, and thus exceeded, by about 73 000
tonnes, the capacity needed by 1 January 2003. Globally all types of storage facilities have
excess capacity available. On a worldwide basis, the spent fuel arising will fill the existing
storage facilities and those under construction by around the year 2017, if no other new
additional facilities will be built by that time. However, there is no reason to believe that no
new construction projects for storage will be launched. Consequently, a storage shortage is
not expected globally.
A worldwide or regional approach does not imply any problems. On a national level however,
a shortage may occur if construction or expansion cannot be financed or licensed. Indeed,
nationally the situation differs from country to country and sometimes even from utility to
utility. In some cases, the storage pools are fully occupied by spent fuel allowing emergency
core unloading only by special measures. Hence, additional storage capacity has to be
installed in time, to avoid this problem. In other cases, additional storage capacity has to be
installed timely to replace wet storage facilities. In particular in some Eastern European
countries, plant operation might be jeopardized if additional local storage capacity cannot be
installed in time.
6
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In the past, most of the countries in this region heavily relied on the Soviet Union for their
spent fuel management. Spent fuel return agreements signed in the past with the former Soviet
Union were amended on a commercial basis. Due to economic constraints most countries did
not opt for commercial contracts. As a result, many nuclear power plants in this region are or
will be faced with a shortage of spent fuel storage capacity.
3. Trends
This section addresses a few selected trends in spent fuel management, in which the Agency
has been active. It concerns the following topics:
•
•
•

Regional spent fuel storage facilities;
Long term storage; and
Burnup credit.

3.1. Regional spent fuel storage facilities
Most Member States with power reactors are developing their own national strategy for spent
fuel management, including interim storage. However, several Member States with a small
nuclear power programme or only research reactors face the issues of extended interim
storage of their spent nuclear fuel. The high cost for interim storage facilities for small
amounts of spent fuel accumulated is obviously a handicap and therefore, from an economical
point of view, access to an interim storage facility provided by a third Member State would be
a solution, at least temporarily.
The safety and economic benefits from the implementation of regional spent fuel storage
facilities could be attractive in terms of reduction of the number of spent fuel storage facilities
world-wide, enhanced economy due to the scale of storage, and easier safeguarding to ensure
non-proliferation.
On the other hand, such concepts involve political and public acceptance issues and therefore
require a consensus among countries. The IAEA has assessed factors to be taken into account
in the process of such a consensus during meetings in 2001 and 2002 on this task [2].
It appears that the concept of regional spent fuel storage facilities is technically feasible and
potentially economically viable, without any obvious institutional deficiencies that would
prevent completion of such a project. Storing spent fuel in a few safe, reliable, secure
facilities will enhance safeguards, physical protection and non-proliferation benefits.
However, political, social, and public acceptance issues are real and difficult to address. The
added difficulty due to the regional nature of the facility could well be balanced by the
benefits. The State considering hosting such a site and the States considering being customers
for such a site will need to make their own decisions on the relative weights to place on these
risks and benefits and the final decision on the establishment of a regional spent fuel storage
facility.
3.2. Long term storage
The nuclear industry worldwide has accumulated significant fuel storage operating experience
over the past 50 years. This experience, however, is largely based on safe and effective wet
storage and the effect of time on structures and materials during this limited period of time.
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The new challenges are to extend the life of existing and new wet and dry storage facilities
and guarantee their safe performance for much longer periods of time.
Experts at Agency meetings [3] discussed various topics of relevance to long term storage for
defining issues and questions to be addressed through future research and development:
•
•
•
•

long term behaviour of spent fuel, fuel assemblies and packages;
long term behaviour of dry storage systems;
long term behaviour of wet spent fuel storage facilities; and
regulatory concerns related to long term spent fuel storage.

The mechanisms that might have the potential to degrade the fuel and fuel structure need to be
reviewed to identify possible gaps in knowledge, especially with respect to the long term
behaviour of the materials during storage. Cask storage, in comparison to all other storage
techniques, presents the greatest challenge (stress/strain) to long term fuel cladding
performance, as a result of the high initial operating temperatures during the early years of
storage. Stress and strain and the approach to the stress limit are the most important criteria in
assessing cladding integrity.
Wet fuel storage is now considered to be a mature technology. In comparison, dry storage is
an evolving technology, which has been developed over the past 20 years. Under present
boundary conditions, dry storage can also be regarded as an established industrial technology.
Unlike wet storage, dry storage can be more sensitive to fuel design changes and burnup
increase, because of higher thermal output, which give rise to thermally activated processes.
In wet storage, there exist no urgent questions to be solved with regard to increasing operating
life times. However, some recommendations, e.g. in the area of monitoring or technical
optimisation were made.
In dry storage, there also exists a certain amount of supporting technical data, covering the
burnup of the fuel loaded and the performance of the systems to date. For high burnup and
MOX fuel, an extension of the knowledge on the creep behaviour of future cladding materials
is needed. Additionally, a surveillance programme could demonstrate the long time behaviour
of cask and fuel. For the development of advanced dry storage systems further R&D activities
are needed, such as system performance for the perceived duty.
The regulatory objectives are very similar for all member states. Regulatory concerns include
aspects of how technology changes are being handled and the extrapolation of material
behaviour or performance for increasing storage duration.
3.3. Burnup credit
Experts explored the progress and status of international activities related to the burnup credit
applications for spent nuclear fuel in 2002 [4]. Application of burnup credit to spent fuel
management systems consists of implementation of a criticality safety assessment of the spent
fuel management system of interest and of the application of the loading criterion.
Criticality safety is demonstrated with the aid of calculational methods verified by
comparison to acceptable standards of known quality. Standards for comparison may be
experiments, other accepted codes, or recognized standard problems.
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The evaluation of the loading criterion is based on application of a criticality safety
acceptance criterion to the results of the reactivity calculations. A criticality safety acceptance
criterion is based on the safety margin required by the regulations for the application case,
includes the biases of the applied calculation procedures as obtained from validation of these
procedures and depends on the statistical confidence level chosen to express the impact of all
uncertainties due to the applied calculation procedures and due to manufacturing tolerances of
the system of interest.
Future issues of burnup credit are its application to long term storage/disposal of spent fuel,
high burnup fuel, MOX spent fuel and spent fuel of advanced fuel designs.
4. IAEA activities on spent fuel management
Recent IAEA activities on spent fuel management consist of the following topics:
Dry Spent Fuel Storage Technology
An IAEA Technical Meeting/Workshop “Dry Spent Fuel Storage Technology” was held in
June 2002 to give guidance to experts from Central and Eastern European Member States,
operating WWER and RBMK nuclear power plants and to exchange information.
Spent Fuel Treatment
A consultancy meeting was held in October 2002, to prepare for a technical document [update
to TECDOC-1103] on the subject of emerging technologies for spent fuel treatment. The
TECDOC is expected to be published in 2003.
Operation and Maintenance of Spent Fuel Storage and Transport Casks and Containers
This is a new task intending to draw the pool of knowledge that has been accumulated from
the industrial experience in the past several decades on the operation and maintenance of
spent fuel casks. A Technical Meeting on this subject is planned for later this year.
Technical and Institutional Aspects of Regional Spent Fuel Storage
Meetings held in 2001 and 2002 determined that technical considerations and economic issues
may be less significant than ethical and institutional issues for the development of a
multinational project. A TECDOC is planned for 2004.
Optimization of Cask/Container Loading for Long Term Spent Fuel Storage
Meetings were held in 2002 and 2003 in preparation for a subsequent technical document on
this topic.
Long term Storage of Spent Nuclear Fuel
To address new trends on long term storage of spent nuclear fuel, several meetings were held
until 2000 with the results published [3].
Spent Fuel Performance Assessment and Research
Spent fuel storage technology (particularly dry storage) is undergoing evolution, new fuel and
material design changes are coming on stream and target burnups are increasing. The report of
the Co-ordinated Research Programme on spent fuel performance assessment and research
programme (SPAR) has been published [5].
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Selection Criteria for AFR Storage Facilities
Based on meetings held in the period 2001-2003, a TECDOC is planned for 2003 to provide
guidance on selection criteria and methodology for AFR facilities, together with updated
information on technical development and changing circumstance in the relevant area.
Economics of Spent Fuel Storage
Economics is a major factor of consideration in spent fuel storage projects and its significance
will be amplified in the future with the increasing amount of spent fuel to be stored and the
associated costs for implementation. A meeting held in 2002 served as a key step toward
providing a TECDOC on this subject .
Implementation of Burnup Credit in Spent Fuel Management
A TECDOC [4], exploring the progress and status of international activities related to the
burnup credit applications for spent nuclear fuel, will be published in 2003, based on a
meeting held in 2002.
Data Requirements and Maintenance of Records for Spent Fuel Management
Guidelines on information management are required for long term management of spent fuel.
A meeting, planned for next month is expected to lead to a subsequent TECDOC on records
management.
5. Conclusions
The following conclusions can be drawn:
•
•
•
•

•
•

•

At present, there is sufficient spent fuel storage capacity on a worldwide basis.
However, nationally or on a specific site basis, the situation is different and needs
urgent attention;
Wet fuel storage is presently a mature technology and plays a major role in spent fuel
storage;
Under present boundary conditions, dry storage can also be regarded as an established
industrial technology;
The first geological repositories for the final disposal of spent fuel are not expected to
be in operation before the year 2010. Many Member States have not yet started specific
site investigations. As a consequence, the use of interim storage will be the primary
spent fuel management solution for the next decades in many countries;
Even more spent fuel storage capacity is required if countries defer their decision to
open geological repositories;
The storage duration becomes longer than earlier anticipated, due to the selection of the
“wait-and-see” policy chosen by many nuclear power countries. The use of higher
enriched fuel with higher burnup results in higher decay heat and longer storage
periods;
With longer storage periods dry storage becomes more and more important.
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Spent fuel storage, a long term engagement
OECD/NEA overview
T. Haapalehto, P. Wilmer
Organisation for Economic Co-operation and Development/Nuclear Energy Agency
Issy-les-Moulineaux,
France
Abstract. Storage of the spent fuel, as opposed to disposal, will be the dominating feature of spent fuel
management for the next century. Proven technologies exist for long term storage and it is inexpensive to enlarge
the storage capacity. Sustainability of the long term storage depends on assumptions on the future development.
In order to improve the sustainability of nuclear energy, one target should be the safe and cost-effective
reduction of radioactive waste volumes and toxicity. NEA have several activities (in policy level as well as
technology and scientific projects) related to storage of spent fuel.

1. Introduction
After forty years of commercial nuclear energy production 150 000 tU of spent fuel is
currently in interim storage awaiting either deep geological disposal or a decision regarding
its ultimate management. Part of it is likely to be reprocessed in accordance with the policy of
the owner of the fuel. Currently, only about 30% of the irradiated fuel arising yearly from the
nuclear power programmes of OECD member countries are committed to reprocessing.
Political decisions on all major industrial, infrastructure projects take a considerable time in
our modern world and those concerning nuclear energy are no exception. The siting and
development of final disposal facilities for irradiated fuel have been a particularly time
consuming task and they will probably continue to be so. The longer the delays will be,
increasing amounts of fuel have to be stored for longer.
In USA and in Finland, the lead countries, the first disposal facilities will not start to be
operated until around 2015 - 2020. This means that storage, as opposed to disposal, will be
the dominating feature of spent fuel management for the next century. The current storage
capacity is more than 200 000 tU. It is inexpensive to enlarge this capacity.
A number of approaches have been developed for interim storage of spent fuel, each adapted
to national policy and choices on fuel cycle, i.e., once-through or recycling option. Extensive
experience has been accumulated on wet storage in cooling pools and dry storage in casks. It
indicates that the technologies available for both approaches are suitable for storage over
extended periods, probably up to one century. Additionally several commercial concepts exist
for both wet and dry storage types creating a natural competition between manufacturers.
New developments in the front-end of the fuel cycle, including trends to higher burn-up and
use of mixed oxide fuel (MOX), will affect spent fuel management but are not expected to
pose problems for long term interim storage, provided adequate technology adaptation will be
implemented.
The evolution of the nuclear fuel cycle industries so far has been driven mainly by economic
optimisation at each step while complying with increasingly stringent regulations on safety
and radiation protection. In the future, new emphasis will be placed integrating aspects of
sustainable development in the optimisation of nuclear systems, i.e., reactors and fuel cycles.

12

HAAPALEHTO

2. Sustainability
The concept of sustainable development evolved in the late 1980s and defined by the
Brundtland Report [1] as “a development that meets the needs of the present generation
without compromising the ability of future generations to meet their own needs”. In a broad
sense, sustainable development incorporates equity within and across countries as well as
across generations, and integrates economic growth, environmental protection and social
welfare. A key challenge of sustainable development policies is to address those three
dimensions in a balanced way, taking advantage of their interactions and making relevant
trade-offs whenever needed. The central goal of sustainable development is to maintain or
increase the overall assets (natural, man-made and human and social assets) available to
future generations [2].
A very long storage period of large volumes of irradiated fuel is not generally regarded as
desirable. For example the Radioactive Waste Management Committee (RWMC) of NEA has
stated that from an ethical standpoint the responsibilities to future generations are better
discharged by a strategy of final disposal than by reliance on stores [3]. In order to evaluate
the sustainability of an activity like prolonged storage of spent fuel, certain basic assumptions
should be made for the storage period, such as what is the stability of society, the speed and
the direction of economical and technological development.
Long term storage requires surveillance bequeathing the next generations with responsibilities
of care of the spent fuel. Final disposal has been presented as an alternative to reduce these
responsibilities. Comparing these two alternatives and assuming that the structural stability of
a society could not be presumed during the storage period, long term storage could be
considered as less sustainable. Similarly an assumption of slow economical and technological
development may increase the burden transferred to future generations making long term
storage could be less “sustainable” compared to final disposal.
On the other hand, if a stable society is assumed and a similar speed of economical and
technological development as during last 10 - 20 years in OECD countries could be expected,
a long term interim storage might turn out to be more sustainable than final disposal. In this
situation it could be argued that the society would benefit from using the economic and the
human resources needed to develop and to construct a geological disposal facility for
something else, such as education or health care.
In order to improve the sustainability of nuclear energy, one target should be the safe and
cost-effective reduction of radioactive waste volumes and toxicity. The toxicity reduction
which takes place naturally could be supplemented by introducing advanced nuclear fuel
cycles that include reprocessing and consequently recycling. Additionally, recycling enables
more efficient use of natural resources that is in-line with the objectives of the sustainable
development. However, even if utilisation of these advanced fuel cycles were to be started
today, it would take many decades before they are able to significantly change the world’s
needs for long term interim storage of irradiated fuel. Though, the commitment now to
develop and utilise an advanced fuel cycle increases utility of the interim spent fuel storage,
since the spent fuel will then be ready for reprocessing and reuse as a fuel.
Utilisation of advanced fuel cycles does not obviate the need for an interim storage period
after the fuel is removed from the reactor. The spent fuel needs to be cooled before it is
reprocessed. After removed fron the reactor, new fuels containing recycled actinides and
perhaps fission products produce more decay-heat than the currently used fuels. As a
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consequence some may argue that recycled fuel need longer cooling period before
reprocessing and this way increasing the storage capasity. Though, new reprocessing
technologies, such as pyro-reprocessing, tolerate higher heat production, and shortens the
cooling period.
3. Role of Governments
The long storage period of spent fuel i.e. beyond one generation increases the responsibility of
government as the ultimate legatee of the wastes. It invokes organisational, financial and
economic issues as well as having safety and technological consequences.
In general, the government has the responsibility to define national policy on nuclear waste. It
carries out policy oversight and regulation, defines the processes for funding, siting and
environmental assessment of the facilities and possibly implements them. These
responsibilities are similar as in the case of other industrial activities, however, the long time
scale related to nuclear waste adds some unique features.
In most countries, the funds needed for spent fuel management are collected during the time
of electricity production, well in advance of the long term liabilities related to spent fuel
management. Thus, the challenge for the government is first to ensure collection of sufficient
funds and then to ensure preservation them until they are needed. These funds could be
transferred to future generations directly for example via a fund or indirectly for example by
investing the resources in improving parts of the civil society infrastructure. Additionally,
government may need to ensure that some entity is available to carry out the waste
management itself, since one cannot have confidence that the power companies that produced
the spent fuel will still exist several decades after power production has been ceased.
The back-end of the fuel cycle, which covers all steps after unloading of the spent fuel from
the reactor, has a number of strategic implications related to radiation protection, safety,
resource management and safeguards. In most countries, technology and policy choices for
the back-end of the fuel cycle are overseen, and in some countries decided, by governments
rather than being left to the initiative of utilities and industry.
From the safety point of view, the long period, for which the spent fuel should be isolated,
demands a certain stability and capability of the society and a consistent perception of the
requirements. One important aspect is to ensure the availability of the competence necessary
for the safe and adequate treatment and disposal of radioactive materials.
4. Current NEA activities related to spent fuel storage
4.1. Overall waste management approaches and system analysis
Under the NEA waste management programme the progress in national radioactive waste
management programmes are monitored and NEA Member countries are assisted in defining
and implementing waste disposal strategies and policies. The potential of specific variations
to geologic disposal, including those of extended storage and partitioning and transmutation
are assessed. Waste management principles and concepts are discussed, including the role of
risk concepts for safety evaluation of waste management approaches; they are put into the
context of sustainable development and environmental safety practices. Approaches for a
stepwise repository development process have been defined and a common understanding is
sought how it is applied and and the usefulness of the approach. The regulatory systems
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overseeing the implementation of geologic disposal of long-lived waste are analysed in order
to better understand differences in national criteria and programmes to improve the overall
effectivness of the regulation. International peer reviews are organised to review national
waste management programmes if requested by NEA Member countries.
4.2. Impact of advanced nuclear fuel cycle options on waste management policies
A study is under way to analyse a range of advanced fuel cycle options from the perspective
of their impact on waste repository demand and specification. The focus is first to assess the
characteristics of radioactive waste arising from several advanced nuclear fuel cycle options.
Then repository performance analyses are performed using source terms for different wastes
arising from each advanced nuclear fuel cycle. New options for waste management and
disposal of such wastes may also be identyfied. A report is expected to be published early in
2005. More information on this study can be found on the NEA web-page at
http://www.nea.fr/html/ndd/eg-fuel-cycle.html.
4.3. Working Party on Nuclear Criticality Safety
This Working Party on Nuclear Criticality Safety (WPNCS) deals with reactor criticality
safety issues relevant to the fabrication, transportation, storage and other operations related to
the nuclear fuel cycle. More information on the work of WPNSC can be found on the NEA
web-page at http://www.nea.fr/html/science/wpncs/index.html.
As a part of the Working Party an Expert Group on Burn-up Credit has organised several
benchmark problems. It has also been a place for technical discussions on burnup credit
among NEA member countries. Burn-up credit is a term that applies to the reduction in
reactivity of burned nuclear fuel due to the change in composition during irradiation. Burn-up
credit is applied to criticality safety in the transportation, storage, and treatment of spent fuel
for a wide range of fuel types, including UOX and MOX fuels for PWR, BWR, and VVER.
Activities of the expert group are:
•
•
•

to carry out international comparison exercises and benchmarks and to assess the ability
of computer code systems to predict the reactivity of spent nuclear fuel systems,
including comparison with experimental data as available;
to investigate the physics and predictability of burn-up credit based on the specification
and comparison of calculational benchmark problems; and
to publish the results for the benefit of criticality safety community, so that the work
may be used to help establish suitable safety margins.

More information of the work of the Expert Group can be found on the NEA web-page at
http://home.nea.fr/html/science/wpncs/buc/index.html. A separate NEA paper (SFCOMPO: A
Database for Isotopic Composition of Nuclear Spent Fuel; Current Status and Future
Development) describes in more detail one part of the work of the Expert Group.
4.4. Nuclear energy and civil society
Several of the NEA's standing technical committees have launched activities that aim to
analyse national and local experience with local society and to communicate lessons learned.
Two of these activities are related to waste management, the Expert Group on Society and
Nuclear Energy and the Forum on Stakeholder Confidence (FSC).
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The Expert Group is carrying out a study that would provide policy makers with findings,
guidance and recommendations on communication and consultation with civil society in
connection with nuclear energy policy decisions, including siting of spent fuel storage
facilities. The processes used or intended to be used in member countries would be mapped
and experiences on consultation and communication aspects reported and analysed. The
combined programmes of industry and government would be addressed, and if the examples
were too numerous, case studies would be selected. The results of the study would be
discussed at a workshop before being published.
The FSC facilitates the sharing of international experience in addressing the societal
dimension of radioactive waste management. It explores means of ensuring an effective
dialogue with the public, and considers ways to strengthen public confidence in governmental
decision-making processes.
4.5. Nuclear energy data (“The Brown Book”)
NEA publishes, annually, data of NEA member countries on electricity generation, on nuclear
power and on nuclear fuel cycle. Spent fuel storage capacities and amount of spent fuel
arising yearly are included in this data. The electricity generation and production data for fuel
cycle services refer to these facilities located within the country, and thus exclude imports.
The fuel requirements, however, refer to amounts of fuel cycle materials and services
necessary for national nuclear programmes.
4.6. Role of Government in nuclear energy policy making
NEA has initiated a project to study to review and to analyze the role of governments in the
nuclear energy field in the context of the policy-making framework of the beginning of the
21st century. The aim is to draw conclusions and to make recommendations on developing
the NEA activities in order to maximize support to Member countries on national nuclear
energy-policy issues. The spent fuel storage is discussed as a part of the waste management.
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Management of spent fuel from power reactors in Argentina
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Abstract. A brief description of the two operative nuclear power plant and their fuel assemblies is given, as well
as the fuel consumption and the expected quantities of spent fuel to be accumulated at the end of their lives. It is
also described the legal framework, the organization and the current practice for the storage of the spent nuclear
fuel in both nuclear power plants, as well as the management strategy for the future.

1. Introduction
In Argentina the radioactive waste and spent nuclear fuel management activities are carried
out according to the Act Nº 25018 ("Radioactive Waste Management Regime") passed by the
Parliament in the year 1998. This Act designs the Comisión Nacional de Energía Atómica
(CNEA) as the governmental organization responsible for the strategic planning for the
management of the spent fuel and the radioactive waste generated in the country and their
final disposal. The generators of radioactive waste and spent nuclear fuel must pay for their
complete management and are responsible for their conditioning and storage until they are
transferred to the CNEA, in accordance with the acceptance conditions established by that
organization.
Argentina is a Contracting Party of the Joint Convention on the Safety of Spent Fuel
Management and on the Safety of Radioactive Waste Management, adopted in Vienna on
September 1997 and entered into force on June 2001. Moreover, all the activities related to
radiological and nuclear safety are regulated and controlled by the Autoridad Regulatoria
Nuclear (ARN).
Particularly, in the case of the spent fuel from power reactors, utilities are responsible for its
management during the operation of the nuclear power plants (NPP), including the interim
storage. After the final shutdown of the NPP the spent fuel will be transferred to the CNEA
who will be also responsible for the NPP decommissioning.
2. Nuclear power plants and their fuel assemblies
Argentina has two nuclear power plants in operation, supplying 12% of the national electricity
production. The Atucha-1 NPP started commercial operation in 1974, it is a 340 MW(e)
Heavy Water Reactor with pressure vessel, of Siemens design. The Embalse NPP started
commercial operation in 1984, it is a 600 MWe PHWR with pressure tubes of AECL design
(CANDU). The nuclear power plants are owned and operated by the state company
Nucleoeléctrica Argentina S.A.
The fuel assembly (FA) of Atucha-1 has an active length of is 5.3 m and has a circular crosssection of 0.10 m diameter, with 36 fuel rods plus one structural rod. Each FA is loaded with
approximately 176 kg of UO2. Atucha-1 was fuelled with natural uranium during the first 27
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years of operation, the average burnup of the spent fuel was approximately 6 000 MW·d/tU.
In January 1995, the utility started a programme to gradually convert the fuelling to slightly
enriched uranium (SEU), using an enrichment of 0.85% U-235. The programme was
completed in August 2001, since then the whole core is fuelled with SEU and the average
burnup of the spent fuel (SF) is approximately 11 300 MW·d/tU. This change produced an
important saving in fuel consumption: from approximately 395 FA/full power years (fpy) to
approximatelly 210 FA/fpy.
The CANDU fuel assembly of the Embalse NPP has a length of 0.5 m and a circular cross
section of 0.10 m diameter, with 37 fuel pins. This NPP is fuelled with natural uranium,
achieving an average burnup of approximately 7 500 MW·d/tU. The weight of UO2 per fuel
assembly is approximately 22 kg, the fuel consumption is approximately 4 800 FA/fpy.
3. Spent fuel management
3.1. Current practice and storage strategy for the future
In Atucha-1 the SF is stored in water pools located at the reactor site. The storage pools are
made of concrete with stainless steel lining. The monitoring programme of the whole
installation has not detected any failure or degradation of the components neither of the SF.
The original management strategy considered the transfer of the SF to dry interim storage
after the final shutdown of the NPP. Nevertheless, it is foreseen the necessity of operating the
wet storage installation during at least 10 years after the final shut down, to allow for thermal
cooling and radioactive decay of the SF belonging to the last core.
At present Atucha-1 is planning a re-racking of the SF in order to enlarge the capacity of the
wet storage pools. However, it is foreseen the necessity of additional storage capacity to
comply with the 12.5 full power years of remnant life of the reactor. Therefore, it is necessary
to anticipate the original planning in order to put in operation a dry storage installation before
the final shutdown of the NPP. So, there is under development a conceptual design of a
modular facility for dry storage of the SF to be located at the reactor site, using the concept of
concrete silos1.
In Embalse NPP the SF is stored in water pools during 6 to 8 years for thermal cooling and
radioactive decay and7 then are transferred to dry storage in silos, both interim storage
facilities are located at the reactor site. The pools for wet storage are made of concrete with
epoxy lining. The silos for dry storage are made of concrete, each silo contains 9 sealed
stainless steel baskets with 60 spent fuel elements each one. This installation is of modular
type, 120 silos were already built with a total capacity of 64 800 spent fuel assemblies, when
needed, new silos will be added to the existing ones. It is planned that 6 to 8 years after the
final shutdown of the NPP all the SF will be in dry interim storage. The stockpile of SF stored
at both nuclear power plants is shown in Table I.
3.2. Final disposal
In the management of spent fuel from the nuclear power plants, Argentina has not defined yet
its fuel cycle back-end strategy, although in principle the fissile material contained in the
spent fuel is considered as a potential resource. The spent fuel will be kept in interim storage
until a decision is taken whether reprocessing it or not. According to the current planning, a
1

See paper IAEA-CN-102/2 by D.O. Brasnarof and J.E. Bergallo, pp 135-140 (Session 2).
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decision about this issue should be taken before the year 2030. In any case, a deep geological
repository is considered necessary for the disposal of the SF or the high-level waste that
would be generated in the case of their reprocessing.
Table I. Stockpile of spent fuel from the nuclear power plants
NPP

a

STORED FAsa
WET
DRY

EXPECTED AT EOL
Quantity
t HM

Atucha-1
340 MW(e)

8 546

--------

11 600

2 040

Embalse
600 MW(e)

40 900

46 877

144 300

3 175

Status at 31 December 2002

The schedule for the construction of the geological repository is mainly linked to the
decommissioning of the nuclear power plants. Considering its design life, the Atucha-1 NPP
would cease operation in the year 2015; a three stages deferred strategy will most probably be
adopted for its decommissioning, ending in 2058. Therefore, it is planned that the deep
geological repository should be in operation in the year 2050, at present are being carried out
geological studies for repository siting. This schedule is tentative and depends strongly on
economical, political and social issues.
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Spent fuel storage facilities in the Czech Republic
J. Coufal, K. Brzobohatý
ČEZ, a. s.,
Prague, Czech Republic
Abstract. There are six nuclear power reactors type PWR (VVER) operating in the Czech Republic. In the
course of their operation they will generate in total approximately 3 300 t of spent nuclear fuel. Spent fuel
storage concept has undergone many changes since 80s, the last one was approved by the Czech government in
May 2002. This concept sets down basic principles of the nuclear fuel cycle back-end strategy which could be
characterized as “wait and see” approach. Among other points this concept determined storage spent fuel
technology, i.e. storage metal casks placed in dry storage facilities, appointed localities for spent fuel storage
facilities at NPP sites and determined the underground storage facility in location Skalka as the back up solution.
The interim spent fuel storage facility was built at the Dukovany NPP with capacity of 600 t of spent fuel and
has been in operation since 1995. The construction of further spent fuel storage facility for the Dukovany NPP
with capacity 1340 t of spent fuel has been contracted including storage dual purpose casks. The construction of
the facility should start in 2003 and the storage should be put into operation in 2006. Next spent fuel storage
facility in Temelin NPP with capacity of 1 370 t of spent fuel is in the planning phase at present, the site permit
is expected in 2006 and the construction approval in 2008. The operation should start in 2014. As the back-up
solution for the Temelin spent fuel storage facility the underground storage facility in locality Skalka has been
kept. This locality used to be an underground option for the central spent fuel storage facility and has already
obtained site permit.

1. Introduction
There are six nuclear power reactors operating in the Czech Republic. Four of them type
VVER-440 in the Dukovany NPP were put into the commercial operation in 1985-1987, first
unit type VVER-1000 in the Temelin NPP was put in the eighteen-month trial operation in
June 2002 and the second one of the same type in April 2003. The operation of the Dukovany
NPP will generate approximately 1 940 t of spent fuel during 40 years of operation and the
Temelin NPP 1 370 t in 30 years of operation. This amount represents the capacity of the
spent fuel we have to deposit in the spent fuel storage facilities.
2. Storage concept
The concept of the preparation and construction of the spent nuclear fuel storages has been
changed several times since the 80s of the last century. The last one was agreed by the
government in May 2002 in the document called “Concept of the disposal of radioactive
waste and nuclear spent fuel“ [1]. This concept sets down basic principles of the nuclear fuel
cycle back-end strategy which could be characterized as “wait and see” approach. Among
other points this concept determines:
•
•
•
•
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Spent fuel will be stored in dry storage facilities, in storage casks or in dual-purpose
casks (transport and storage). This concept enables, in the case of urgency, to carry out
the transport immediately without any transhipment operation;
Priority is given to place the storage facilities at the nuclear power plants. The locality
Skalka will serve as the back up site (underground storage);
Concurrently, in connection with the preparation of the deep repository, possibilities of
the nuclear spent fuel recycling and adoption of new technologies, aimed at decreasing
the nuclear spent fuel volume and toxicity, will be pursued;
The deep repository will be put into the operation in 2065.
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3. Dukovany NPP - Interim Spent Fuel Storage Facility (ISFSF)
Spent fuel is stored in dual-purpose (transport and storage) casks of the CASTOR 440/84
type. The ISFSF has been in the operation since 1995. Its storage capacity of 600 t will be
exhausted by the end of 2005.
4. Dukovany NPP - Spent Fuel Storage Facility (SFSF)
The preparation of the 1 340 t SFSF started in 1997. The EIA process took 2 years. ČEZ, a. s.,
got the site permit in 2000. The State Office for Nuclear Safety issued the permission for
starting the construction procedures in November 2002, the construction approval is expected
in 2003. Duration of the construction work is scheduled to 23 months in order to start the trial
operation at the beginning of 2006.
In the course of the bidding process the cask type CASTOR 440/84M for 84 fuel assemblies
was chosen. The cask CASTOR 440/84M is a modification of the type 440/84 used at present.
The body is made of ductile cast iron, the basket of boron-aluminium mixture, the neutron
shielding by means of polyethylene placed in boreholes. The inner room is filled with helium
at a lower pressure than the atmospheric one, the pressure of the helium in the space between
lids is of 0.7 MPa, each lid is provided by 2 kinds of sealing (metallic and elastomer sealing).
The modification of this new type of cask in comparison with the type CASTOR 440/84
consists in:
•
•
•
•

new design and material of the basket which guarantees a subcritical stability for fuel
cassettes with higher enrichment and an improved exhaust of the heat into the body of
the cask;
reduction of inner diameter of the body of the cask (the gamma emission shielding
thickness is sustained);
modification of the geometry of the surface cooling gills;
adding of a further row of boreholes for the moderator in the cylindrical wall of the cask
and of a moderator plate both at the bottom and at the lid of the cask in order to improve
the neutron shielding in consequence to the increased burn-up.

The parameters of the cask CASTOR 440/84M meet the requirements of the new nuclear fuel
with higher average burn-up (44 000 MW·d/tU in comparison with the original 40 000
MW·d/tU). The weight of the empty cask is 93.7 t, the weight of the filled one is 112 t. The
temperature of the covering coating of the fuel element does not exceed 350˚C.
The contract for delivery of 25 casks with the option for other 4 casks was signed in May
2001. Start of construction of the spent fuel storage building is expected in 2003 after the
construction approval enters in force.
5. Temelin NPP - Spent Fuel Storage Facility (SFSF)
The capacity of the pools situated near the reactor enables the operation of the Temelin NPP
until 2014. For this reason the preparation of the new SFSF with the capacity of 1 370 t began
in 2002 by carrying out the feasibility study for various storage locations in the nuclear power
plant site. The selected place and the proposed technical solution of the spent fuel storage
facility enable to increase the capacity of the storage halls, if necessary.
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According to the project plan, the site permit is supposed to be obtained by July 2006, the
construction approval by September 2008 and the SFSF should be put into the trial operation
in February 2014.
The storage concept in the Temelin SFSF is very similar to the Dukovany SFSF. It means a
dry storage facility with dual-purpose storage transport casks. The difference is in the disposal
solution of the storage building. We suppose double ship arrangement of the storage halls,
where each ship of the storage hall has its own crane. Receiving and service part of the
building, that is situated vertically to the storage halls, will have also its own crane.
6. Skalka Site - back up location for the Temelin SFSF
The Skalka site used to be an underground variant of the central SFSF. Nowadays it is kept as
a back up site for the spent fuel coming from Temelin NPP. The State Office for Nuclear
Safety allowed the SFSF to be located in Skalka in January 2000. In March 2001 the authority
issued the site permit. The validity of the site permit expires in 2011.
Based on an extensive siting studies the Skalka site was chosen as the most suitable location
of all, which were screened outside of the NPP sites in 1993-1997. The Skalka project
considers placing the spent fuel dual-purpose casks to the underground horizontal shafts. For
the purpose of a detailed geological exploration the 450 m long access shaft and 300 m long
exploration shaft were set up and fixed laboratory tests were carried out. The said storage
project assumes to locate about 2 900 t of spent nuclear fuel in transport-storage casks
transported to the storage facility by rail. Geological conditions enable to double the storage
capacity.
7. Planned lifetime of the spent fuel storage facilities
The usual time period for the spent nuclear fuel storage prior to the disposal is several
decades. With regard to possible further prolongation of that time period due to constant
research on spent fuel recycling and on new transmutation technologies, the required lifetime
of the dual-purpose casks is 60 years. The state of spent fuel storage casks is continuously
checked and assessed. The behaviour of spent nuclear fuel during storage has been verified by
long term experiments. The spent nuclear fuel is expected to be, for the purpose of the final
disposal, replaced from the dual-purpose casks to the special, so-called, repository casks.
According to the state spent fuel management concept the deep geological repository should
be put into the operation in 2065.
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Abstract. Paks Nuclear Power Plant is the only NPP in Hungary. It has four VVER-440 type reactor units, which
provide approximately 40% of the total domestic electricity generation. The fresh fuel is imported from Russia.
According to the original fuel strategy the Soviet Union (later Russia) undertook not only to supply new fuel but
also accepted of the spent fuel for reprocessing. This arrangement included also that all products of the
reprocessing process (all radioactive wastes, plutonium, uranium) were supposed to stay in the Soviet Union.
Conditions, laid down in the original concept have changed. To provide assurance of the continued operation,
Paks NPP’s management decided to implement an independent spent fuel storage facility and chose GECAlthom’s MVDS design. The facility now has 11 vaults, thus providing storage space for 4 950 assemblies. After
6 years of operation, in May 2003, there were 3 047 assemblies in the spent fuel store, and in its present form it is
expected to provide space required for the storage of spent fuel generated until the end of 2007. New capacity
needs to be constructed until that time. The paper gives an overview of the situation, describing implementation
of the dry storage facility at Paks and its operating experience. Finally, some information is given about the future
plans, including the process of selecting the type of next dry storage.

1. Introduction
Hungary is a typically small country, with a population of 10.3 million inhabitants and a land
area of 93 000 km2. Paks Nuclear Power Plant (NPP) plays an important role in energy supply
of the country. The plant has four Pressurised Water Reactors of the Soviet VVER-440/213
type, the first of which was commissioned in 1982, while the fourth in 1987. The rated electric
performance of each unit is 460 MW. During the last years, approximately 40% of the total
domestic electricity consumption has been supplied by Paks NPP.
Fresh nuclear required for the operation of the plant is so far imported from Russia. Spent fuel
has been returned to the Soviet Union, later to Russia, until 1998. Owing to political changes
in the beginning of 1990s made inevitable to review the concepts of fresh fuel procurement
and the strategy of spent fuel management. In the present Paper, the aspects of closing the fuel
cycle in Hungary are reviewed in more detail.
2. General questions of the fuel cycle strategy
2.1. Fresh fuel supply
Fresh fuel is being imported form Russia (previously from the Soviet Union) since the
beginning of the operation of the Plant. Even when slightly used fuel assemblies of the
Greifswald NPP (Germany) were shipped to Hungary, that fuel was also of Soviet origin. To
diversify the fresh fuel procurement, Paks NPP – together with the Finnish utility IVO –
signed a contract in 1995 with BNFL (UK), to develop an alternative VVER-440 fuel. The
task was successfully accomplished and this fuel is operated satisfactorily at the Loviisa NPP
in Finland. Import permit for the alternative fuel has been issued, loading and operation of this
fuel is possible any time.
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Procuring fuel from the UK is hindered by the Russian-Hungarian Inter-Governmental
Agreement of 1994, which is still in force. According to this Agreement the Hungarian Party
will buy fresh fuel, during the whole lifetime of the Plant, from Russia, and in exchange the
Russian side will receive the spent fuel for reprocessing without the return of the wastes from
the process. Contrary to the conditions of the Inter-Governmental Agreement, – not
surprisingly, and in line with international practice – the Russian side requested the Hungarian
side to accept the wastes and by-products from the reprocessing of the spent fuel. Hungary
declared that the country is not in the position to accept the proposal. After a review of the
above Inter-Governmental Agreement, introduction of an alternative fresh fuel supplier may
become possible.
2.2. Spent fuel generation
Operation of fuel in the nuclear reactor is a safety related subject, as well as a question of
economy. The primary goal of the Operator is to increase the burnup of the fuel, while
observing the safety limits of operation. To achieve this goal, it is important to know the
parameters of the reactor core, and to continuously develop programmes for the design of
different loadings and, besides these, to improve such fuel parameters as form of enrichment
and power shaping.
Using the above mentioned possibilities, the generation of spent fuel in the Paks NPP is
continuously decreasing. At the beginning of the Plant’s lifetime, the 4 reactors generated
460 - 480 spent fuel assemblies at a relatively low burnup rate (28-33 GW·d/t HM).
Nowadays, the yearly discharge rate from the 4 reactors is 372 assemblies, with a higher
burnup (40 - 46 GW·d/t HM). This corresponds to 44.6 tU. During the whole lifetime of the
NPP, according to the calculations, the whole amount of discharged spent fuel is 13 400
assemblies, that is equivalent to 1610 tU. From this amount 2 331 assemblies have been
shipped back to Russia, until 1998. If a 20-year lifetime extension will be accomplished, this
will result in production of 7 440 additional assemblies, corresponding to 890 t U heavy metal
weight.
2.3. Spent fuel management
2.3.1. Original ideas
According to the original fuel cycle strategy, the Soviet Union agreed to accept the spent fuel
from Paks NPP for reprocessing after three years cooling, without the return of the
reprocessing wastes and fissile materials. This arrangement has been modified several times.
The first change was the extension of the At-Reactor (AR) decay cooling time for spent fuel to
five years. In order to fulfil this requirement, the AR storage capacity of the Plant was doubled
by reconstruction of the pool racks. Reprocessing services by Russia originally were free of
charge, later prices increased gradually. Return of spent fuel to (Soviet Union) Russia under
ever changing conditions were carried out between 1989 and 1998.
2.3.2. Spent fuel shipments to Russia
A total of 2331 spent fuel assemblies were shipped to Russia between 1989 and 1998. There
were no further transports after 1998. The shipments, especially those between 1993 and 1996
were on an exceptional basis only, owing to internal changes of the regulations taking place in
Russia. Recognizing this fact, and taking into account the importance of the Paks NPP in the
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Hungarian electricity system, the management of Paks NPP started to get prepared for long
term interim storage of the spent fuel within the country.
2.3.3. Implementation of the dry storage facility
Paks NPP started to review the spent fuel strategy in the early 1990s, looking for new
alternatives. Between 1990-92, the NPP staff reviewed the existing storage technologies.
Representatives of Hungarian scientific and technical organizations, regulatory agencies, local
administration and an international consultant participated also in the process. Advice from
the International Atomic Energy Agency was also sought during the selection.
After a pre-selection process, 7 companies were invited to submit Feasibility Studies for
different storage technologies. As a result of the evaluation, GEC-ALSTHOM’s (UK)
Modular Vault Dry Storage (MVDS) system was selected, and a design contract was signed in
September, 1992 between the 2 companies. Licensing process for the Independent Spent Fuel
Storage Facility (ISFSF) took place between 1993 and 1995. As a basis for licensing, the
relevant US regulations were taken as a basis.
Construction of the facility started with the earthworks in 1995. Construction of the first
3 modules of the MVDS was finished early 1997, and the store was commissioned by the end
of 1997. Since 1998, extension works of the ISFSF are performed parallel with its operation.
3. Dry storage of spent fuel
3.1. Description of technology
The MVDS provides for 50 years of interim storage for VVER-440 fuel assemblies and
followers in a contained and shielded system. The fuel assemblies are stored vertically in
individual Fuel Storage Tubes, the Storage Tubes are housed within a concrete vault module
that provides shielding. To prevent the development of eventual corrosion processes, the fuel
assemblies are in an inert nitrogen environment inside the Storage Tubes. Decay heat is
removed by a once-through, buoyancy driven, ambient air flow across the exterior of the Fuel
Storage Tubes, through the vault and the outlet stack. There is no direct contact between the
fuel assemblies and the cooling airflow.
The storage facility functionally can be divided into three major structural units. The first one
is the storage vault, where the spent fuel assemblies are stored in vertical tubes. Each vault is
capable to accommodate 450 spent fuel assemblies. The second major structural unit is known
as charge hall, where the Fuel Handling Machine travels during the fuel handling operations.
The third major unit is the so-called transfer cask reception building in which the reception,
preparation, unloading and loading of the transfer cask takes place. The fuel handling system
and other auxiliary systems are installed in this building.
The fuel assemblies are transported to the MVDS from the AR pool using Paks’ C-30 transfer
cask and its railway wagon. The transfer cask is received in the transfer cask reception
building where it is removed from the railway wagon and prepared for fuel assembly
unloading. The fuel is raised into a drying tube directly above the cask where it is dried prior
to being lifted into the Fuel Handling Machine. The fuel assemblies are transferred, within the
Fuel Handling Machine, to the vertical Fuel Storage Tubes located in the vaults.
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Once the Fuel Handling Machine has moved away from the Storage Tube the air is evacuated
from the tube and replaced with nitrogen. After that operation the tube is connected to the
built-in nitrogen system monitoring the storage environment of the spent fuel assemblies. In
the first phase of construction, the transfer cask reception building and a vault module
including three vaults was erected.
3.2. Experience with operation
Originally, the organization in charge of constructing, licensing and operating the ISFSF, was
Paks NPP. A new organization, the Public Agency for Radioactive Waste Management
(PURAM), independent from Paks NPP, was created and took over first the responsibilities of
the extension, later became the licensee and operator of the facility.
Certain operational tasks at the ISFSF are performed by Paks NPP within the frame of a
contract with PURAM, such as operation of the Fuel Handling Machine, radiation protection
tasks, etc. This solution is more cost effective, because it helps to avoid duplication of
operating staff and provides full-time work for the operators of the ISFSF elsewhere.
After 6 years of operation, on 1 May 2003, there were 3 047 assemblies in the spent fuel store,
which corresponds to 356.5 t U heavy metal weight. The present total capacity of the ISFSF
allows storage of 4 950 assemblies, which, taking into account the NPP discharges, provides
enough storage space until the end of 2007.
One of the responsibilities of the Licensee is to collect the Annual Report dealing with
operation and safety aspects, and getting its approval. Based on these previous Reports, it can
be said, that radiation doses to personnel and releases to the environment are within the
regulatory limits. The total collective dose from operations in 2002 was 8 582 person×mSv,
which is sufficiently higher than those in 2001 and before. The reason for the increase is in
connection with filter replacements at the Fuel Handling Machine. Filter contamination and
replacement is an activity defined as normal operation. Replacement of the filters in 1999
resulted in a 0.283 person×mSv collective dose, while the same process in January 2002 alone
caused a 3.726 person×mSv collective dose as a result of handling assemblies with crud on
their outer surface.
In order to avoid similar events in the future, receipt of spent fuel from the Plant will be more
strict, all filters of the Fuel Handling Machine will be fitted with gamma dose meters, and in
the future, all filters will be replaced together with their housing. The level of environmental
releases is so low, that they can only be calculated. The total annual dose from all effluents
and airborne releases to an individual during any of the last years was calculated to be in the
range of 1-3×10-5 µSv, while the regulatory limit for the critical group of the population is 10
µSv. TLD dosimeters are mounted on the fence of the ISFSF, measuring the dose rate from
direct and reflected radiation as well, with account of the distance factor. Data from these dose
meters consistently showed dose levels, which are in the range of background radiation at the
site and its vicinity. Measured average for 2001 was 99 nSv/h, for 2002 106 nSv/h, while the
background varied between 70 and 100 nSv/h.
3.3. Future plans
During the decision process about the type of the storage facility – although dry storages
existed already – there was no design, which would have reference for the storage of spent
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VVER-440 fuel. This fact and the lack of information about the behaviour of irradiated
Zr1Nb clad fuel during long term dry storage were main factors affecting the choice. This
situation changed for the last 10 years, because new technologies came to the market, and
experience exists with the dry storage of this type of fuel in different systems, e.g. in casks.
Based on unit costs offered by the existing spent fuel storage technologies, it is without doubt
that cheaper solutions could be found, but taking into account the existing facility and the
specifics of Paks NPP, the overall situation is more complex. Therefore a complex review is
necessary to support the decision about the future extension of the dry store.
The decision about continuing construction of similar MVDS modules, or selecting a new
technology is being prepared through a multi-level process. As a first step, based on a request
for bids, the available storage technologies were selected, and after their evaluation, the real
alternatives to the existing technology were short-listed.
The final offers for the MVDS and for a concrete cask system (CONSTOR, GNB Germany)
were evaluated by PURAM and its experts. The technical content was found to be technically
feasible. The implementation costs showed no significant difference. It was concluded by the
review that licensing of the systems may raise additional issues, therefore the selection
process was terminated pending further investigations.
The accident with the spent fuel cleaning system at Unit 2, on 10 April 2003, puts the subject
of Paks dry storage technologies in a new perspective. PURAM management decided to
initiate actions in support of speeding up preparations for licensing of the 2 above mentioned
possible dry storage alternatives. A decision about the actual type of the store may be made at
a later stage.
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Abstract. India has gone for closed nuclear fuel cycle option to reprocess the spent fuel for recovery of uranium
and plutonium to meet energy demand. Wet storage of spent fuel has been the predominant mode of storage in
India pending reprocessing. Three regional spent fuel storage facilities are being constructed at different reactor
sites to meet the storage requirement. The paper describes important issues related to layout, design and
licensing in addition to operating experience.

1. Introduction
The Indian nuclear power programme has grown from twin BWR reactors at Tarapur to 12
PHWRs of 220 MW(e), each working at various locations. Additionally, 6 reactors having a
total installed capacity of 1 960 MW(e), 4 × 220 MW(e) and 2 × 540 MW(e) reactors, are in
an advanced stage of construction. It is necessary to augment the existing facilities/construct
new facilities for storage of spent fuel from these reactors, since there is a time gap between
generation of spent fuel from the reactors and their reprocessing. To meet this requirement,
three regional spent fuel storage facilities (SFSFs) are being constructed. This is being done
on an EPC (engineering, procurement and construction) mode as the technology is well
established and participation of Indian industry will help in speedy completion of the project.
2. Spent fuel storage practices followed
Wet storage of spent fuel has been the predominant mode of storage in India at various
nuclear reactors and reprocessing plants.
2.1. Research reactors
The fuel for CIRUS AND DHRUVA research reactors is aluminium clad, uranium metal rod.
The fuel storage facility is adjacent to the reactor. The fuel pool of CIRUS is epoxy painted
whereas the fuel pool of DHRUVA is stainless steel (SS) lined. The spent fuel rods are stored
vertically in SS racks. The pool water chemistry is maintained well within the specified limits.
The behaviour of fuel material and pool components during the storage period of 10-15 years
has been satisfactory. There have been few instances of pitting corrosion of aluminium
cladding in the storage environment for long term periods. The fuel from Fast Breeder Test
Reactor (SS clad, uranium carbide and plutonium carbide) at Kalpakkam is stored in air at a
dry storage vault.
2.2. BWRs
The fuel for TAPS-1 & TAPS-2 at Tarapur, is zircaloy clad uranium oxide, having an
enrichment of 2 to 2.4% in 6×6 array. The spent fuel is stored vertically at-reactor (AR) in a
wet storage facility in SS racks. This AR storage facility was originally designed for 528
spent fuel assemblies (SFAs). The capacity was augmented to 1 500 SFAs by re-racking using
high-density racks. A separate wet storage facility away-from-reactor (AFR) has been
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designed, constructed and made operational for storage of 2 000 fuel assemblies, extendable
to 3 200 fuel assemblies.
2.3. PHWRs
The fuel for PHWRs is zircaloy clad, natural uranium oxide in 19-pin bundle of size 82 mm
diameter × 495 mm length. The spent fuel is stored in AR fuel pools. An additional facility
has been constructed at RAPS, Kota for dry storage of spent fuel in concrete casks with
minimum 10 years cooling at AR. The latest PHWRs are being designed to have fuel pools
with storage capacity of 10 reactor-years.
2.3. Reprocessing plants
The spent fuel is stored in underground fuel pools lined with SS plates. Their engineering has
been on the line of PHWR fuel pools. Their storage capacity is much less as compared to fuel
pool of PHWRs since they are meant to meet operational requirement of reprocessing plant.
3. Design aspects of new independent SFSF
3.1. Capacity
The capacity of new SFSFs was decided based on generation of spent fuel from reactors vis-àvis take off for reprocessing and storage capacity at reactor.
3.2. Siting
The SFSFs are located at existing nuclear plant site to take maximum advantage of
infrastructure, nearness to operating reactor and the approved site for nuclear facility.
3.3. Plant layout
Various issues related to the fuel pool being underground or above ground, single wall or
double wall structure were considered before taking up a decision with respect to ease of
operation, time and cost of construction. The decision was made in favour of underground
fuel pool with single wall construction. See Fig. 1 for the layout of the new facility. The plant
layout is designed to take care of following aspects:
•
•
•
•

Separate vehicle air locks for trailer entry and exit;
Cask decontamination and cask storage facility;
Cask handling in the pool;
Separate zoning of active & inactive areas.

3.4. Seismic design criteria & civil structure design
3.4.1. Seismic design
Tarapur and Kalpakkam sites lie in the seismic zone III as per the latest Indian Standard (IS1893: 2002) for earthquake resistant design of structures, which is used for the design of
conventional civil structures. Entire India is divided into four seismic zones starting from
zone II (lowest seismicity) to zone V (highest seismicity) depending on the seismicity of
various areas. The independent SFSF are designed based on the guidelines given in IAEA
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TECDOC-1250 [1]. These guidelines are followed for various safety classifications of system
& components for Nuclear Fuel Cycle Facilities (NFCF). These facilities are designed for
OBE (Operating Basis Earthquake) level of earthquake. The design of pool building and other
associated building is performed by using the local soil/rock data obtained through a
geotechnical investigation. A weighted average of shear wave velocity up to a depth of 25 m
below the founding level has been considered for the purpose of seismic design and
qualification of civil structures. The soil-structure interaction has been considered as per
ASCE 4-98 standard. Two horizontal and one vertical component of the site-specific OBE
response spectra have been used for the design of civil structure.

FIG. 1. Layout of spent fuel storage facility
Single time history compatible to the ground response spectra is being used for the generation
of floor response spectra (FRS) that are used for the design of various systems and
components after peak broadening and flattening. The design of various mechanical system
and components is carried out as per the respective design codes and standards based on their
safety classification and seismic categorisation.
The pool structure has been designed for hydrodynamic response during seismic event to
check for the stability of the structure. Increase in the pool water pressure due to both
convective and impulsive modes has also been considered in the design of the fuel pool.
Sufficient free board height has been provided in the fuel pool so that the pool water does not
spill outside the pool due to sloshing effect during a seismic event.
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3.4.2. Civil structure design
The design of civil structure is carried out for a life span of 50 years. The design of the civil
structures would ensure that:
(i)

The applied bearing pressure under all load combination shall not exceed the safe
bearing pressure of the sub grade;
(ii) The total & differential settlements are of zero order;
(iii) No liquefaction for the sub grade below should be there under seismic condition;
(iv) Adequate factor of safety against overturning, sliding & flotation;
(v) Adequate structural integrity.
The design analysis is carried out by using thermal loading of pool in normal operating
condition (40°C) as well as in accidental condition (60°C) along with other loading like live
loads, dead loads, equipment loads, environmental loads such as thermal loads for building,
seismic load (OBE), fire load etc. A safety analysis is carried out for the buildings structure
for (i) natural events, like earthquake, wind, flood, solar radiation (ii) man induced events,
like fire, explosion, internal flooding, temperature rise of pool water for non-availability of
cooling system, etc.
3.5. Fuel pool
The fuel pool is designed as under ground structure on a foundation raft sitting on a hard rock
strata. The cask handling and seating zone of pool is located close to trailer receiving area so
that the cask is not moved over the stored fuel bundles. The pool walls and raft are made
using High Performance Concrete (HPC), added with micro silica for improved leak tightness
of the concrete. Additionally, waterproofing compound is provided on both sides of the wall
before lining.
3.5.1. Shielding
The depth of pool is based on minimum biological shielding of 3 meter above top most tray of
the stack and handling of cage during cask unloading. The radiation levels, estimated at water
surface and at working level are less than 1 µSv/hr. The shielding analysis is carried out by
using the ORIGIN–2 computer code for source estimation and using 2-D transport theory
code DOT–3 for dose rate calculation. The fuel bundles and pool water up to the tray height
are homogenized and 18-group gamma source obtainable from ORIGIN–2 is condensed in
3-group source.
3.5.2. Leak collection and detection system
The pool walls are lined with 3 mm thick SS plate and floor is lined with 6 mm thick SS plate
to avoid ingress/egress of pool water. The fuel pool is provided with an elaborate leak
collection/detection system. The leak collection channels on the backside of pool liners play
the dual role of supporting the liners and collection of any water leakage through the welding.
These channels are connected to pipe headers terminating at a deep leak detection and
collection pit. In addition to the above, there are infiltration bore wells/infiltration galleries
provided around the SFSF building to maintain the ground water below the pool raft.
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3.5.3. Pool water-cooling and polishing system
The maximum pool water temperature is limited to 40°C in normal condition and 60°C in
accidental conditions. Suitable plate type heat exchangers have been provided to remove the
heat generated for the spent fuel bundles. In the event of power failures, these cooling systems
shall run on Class-3 power supply.
The pumps, valves, heat exchangers, piping are made of SS 304 / 316 material to avoid
corrosion and ease of decontamination. There is 100% redundancy in the system. The inlet for
primary pool cooling system and polishing system is taken from top surface of the fuel pool
through a slotted pipe, which ensures that during accidental condition, pool water will not get
siphoned off below predetermined level. Other piping embedments are also taken above the
maximum water level to ensure that water does not leak from the fuel pool.
A polishing system for pool water clean up has been provided to remove the fission product
impurities like Cs137, Sr92 etc. for a turnover time of less than 72 hr. This is based on cat ion
unit followed up by mixed bed ion exchange unit. The cat ion unit has a disposable cartridge
and mixed bed is regenerative type. This system has been finalized taking into account long
experience with only regenerative type of cat ion and anion system. The liquid waste
generation has been considerably reduced.
A DM water plant is also provided to meet make up water requirement of pool due to
evaporation losses and for cask washings.
3.5.4. Fuel handling
Single failure proof EOT crane of 75 t capacity has been provided to handle 70 t shipping
casks. The crane has sufficient safety features like double wire rope system, two rope drums,
two independent brakes, VVF drive etc. The reach of the crane has been limited to cask
handling area of the pool by the proper layout. A pool bridge carries out the handling of fuel
storage trays and fuel bundle within the fuel pool. The pool bridge is equipped with suitable
electrical hoist and tong for handling of tray and fuel bundle. These cranes and bridge are also
designed to withstand OBE level of earthquake.
3.5.5. Impact absorber for pool
In addition to having single failure proof crane, it is planned to provide an impact absorber
inside the pool to take care of accidental fall of shipping cask in the pool while handling. The
impact absorber would absorb the bulk of the impact energy. The stresses developed in the
raft because of the residual energy of the fall of the cask would be well within the safe limits.
The impact absorber is made of pipe in pipe construction and shall get damaged during the
impact, but save the fuel pool structure.
3.5.6. Muck cleaning system
There is a compact filtration system, which operates under water for cleaning of pool floor for
muck/debris collected during cask handling and fuel storage. The filters are remotely handled
and disposed off through a lead shielded cask. The filters have 20-micron fine particles
capacity and made of cellulose fibre and layers of wire mesh and silicon paper.
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4. Other features
In addition to the above specified features, the SFSFs are also provided with following safety
systems:
i)
ii)
iii)
iv)
v)
vi)
vii)

Ventilation System;
Fire detection, fire alarms and fire mitigation system;
Access Control System and CCTV monitors;
Radiation monitoring/Radiation protection system;
Class-III and Class-II power supply;
Status and alarms of main systems in control room;
Air locks for tractor- trailer entry/exit.

5. Licensing of the facility
A systematic safety review and design review is carried out by the independent expert groups
and safety committees at local and national regulatory body levels. The licenses are given in
phases for carrying out construction, commissioning and operation of the facility.
6. Operation of spent fuel storage facilities
With the present experience of spent fuel storage of BWR & PHWR fuel over a period of
three decades, it has been found that wet storage is a safe method for storing zircaloy clad fuel
from BWRs and PHWRs as the integrity of zircaloy clad is intact in pool environment. Failed
fuel bundles account for the increase in pool water activity. The pool water chemistry is
maintained with pH of 6-8 and specific conductivity of less than 1 µS/cm. The specific
activity of pool water is maintained in the range of 1 000 - 5 000 µµCi/ml. There is a
temporary rise in activity levels during fuel loading and receipt operation due to crud
movement. There have been a few cases of drop of fuel bundle inside the fuel pool wherein
few fuel pins have been separated/damaged. However, this does not increase pool water
activity appreciably.
7. Research and development in the field
India has actively participated in two IAEA sponsored CRPs on “Irradiation Enhanced
Degradation of materials in Spent Fuel Storage Facilities” [2] and “Corrosion of Research
Reactor Al-clad Spent Fuel in Water” and has contributed significantly. The conclusion of the
study are quite encouraging and are confident of wet storage of zircaloy clad fuel for storage
period of even more than 100 years.
8. Conclusion
India has mastered the technology for design, construction and operation of spent fuel storage
facility (wet type) meeting all the international safety standards.
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Abstract. The Radwaste Management Strategy was issued and approved by the Lithuanian government in
February 2002. The Strategy defines a long term strategy for management of spent nuclear fuel. It is intended to
use storage facilities for spent nuclear fuel with dual purpose, which would be suitable both for long term storage
and transportation. At the moment, INPP does not have a disposal route for its spent nuclear fuel. A potential
alternative to the interim storage of the spent fuel is reprocessing. At present, there are no facilities for the
reprocessing of RBMK spent fuel. The existing interim spent fuel storage is about 75% filled. The storage will
be full before July 2004. The INPP wet storage pools will be able to accumulate spent fuel assemblies for about
2 years after the existing dry storage facility is full.

1. Introduction
The Ignalina nuclear power plant (INPP) is located in the northeast of Lithuania, closer to the
borders with Belarus and Latvia. There are 2 units, each of which is equipped with an RBMK1500. The RBMK-1500 is a graphite moderated, channel-type, boiling water reactor. Its
design thermal power is 4 800 MW. The maximum number of loaded fuel assemblies (FA)
into the nuclear core is 1 661. The operation lifetime of a nuclear fuel assembly in reactor
core is 4 – 6 years (it depends on the load place in reactor). For all reactor operation periods 4
different types of fuel enrichment have been used, i.e. 2.0%, 2.1% (from reprocessed U),
2.4% and 2.6% U 235 . In 2004, it is planned to use nuclear fuel with an enrichment of 2.8%
U 235 in reactor of Unit 2. Technical characteristics of the RBMK-1500 fuel assembly are
presented in Table I. The RBMK-1500 reactor is the most advanced version of the RBMK
designs and, as an example, the reactor hall and wet storage of spent fuel (cooling pools hall)
are in the same building. At present, about 12 500 fuel assemblies are stored in the cooling
pools. Each fuel assembly consist of 0.126 t of nuclear material. The on-site interim storage
facility has been built in 1997. It is a dry storage facility in which spent fuel assemblies
(SFAs) are stored in containers. The initial design was for 60 containers. Practically, it is
possible to increase the quantity of stored containers up to 80. To date, 56 containers
accommodate 2 856 fuel assemblies or ~360 t of nuclear material.
2. Brief description of nuclear fuel management at INPP
2.1. General description
Nuclear fuel management at INPP can be represented as several independent subsystems,
each performing its own function in a certain sequence. The system includes the following
subsystems:
•
•

transporting fresh and spent fuel within the INPP;
holding & storing spent fuel discharged from the reactor (prior to cutting process,
cooling period is at least for 1 year);
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•
•
•

cutting spent fuel assemblies into fuel bundles and placing them into 102-piece baskets;
holding 102-piece transport baskets with cut fuel assemblies in storage pools;
transporting spent fuel (after cooling in pools for at least 5 years) to the dry storage
facility.
Table I. Technical characteristics of RMBK-1500 fuel assemblies at INPP
Characteristics

Nominal mass fraction of
U235 in uranium, %
Mass fraction of mixture
U 234 + U 236 isotopes, %
Nominal mass fraction of
U235 in screen pellet, %
Mean mass fraction of burnt
erbium absorber (E2O3), %
Mass U235, kg
Uranium mass (isotope
composition), kg (±1,60 kg)
Screen pellets mass U, kg
Mass UO2, kg
Average density of fuel
pellet, g/m3
a

b

Initial enrichment fuel value
2.0%

2.1%a

2.4%

2.6%

2.8%

2.0

2.1

2.4

2.6

2.8

No

0.5

No

No

No

0.4

0.4

0.7

0.7

0.7b

No

No

0.41

0.50

0.60b

~2.20
111.20

~2.28
111.20

~2.65
111.20

~2.80
111.08

~3.00b
111.08

~1.02
~126.00

~1.02
~1.02
~1.02
~126.00
~126.00
~126.00
7
1.04×10 ÷1.07×10 7

~1.02
~126.00

reprocessed
insignificant changes are possible

2.2. Detailed description
2.2.1. The first step – fresh fuel supplied
Fresh fuel units have been supplied to the INPP fresh fuel storage from Russia. Fresh fuel has
been transportated by 10-piece shipping casks in a specially designed railway wagon. The
annual quantity of supply is approximately 900 units. Fig. 1 shows a view of the RBMK-1500
fuel assembly. An RBMK-1500 fuel assembly consists of two half-assemblies or bundles,
lower and upper caps, central rod with an extension tube, fasteners and retainers which
guarantee connection of bundles and correct positioning of fuel rods in the assembly. Each of
the bundles contains 18 fuel rods rigidly fixed by a framework.
2.2.2. The second step - fresh fuel assembling
For reasons of the radiation safety, the fresh fuel units are assembled with a hanger by
welding. Welding is performed in the vertical position using special equipment. The total
length of fuel assembly is ~ 17 m, the nuclear part is 3.6 m long.
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FIG. 1. RBMK-1500 fuel assembly.
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2.2.3. The third step - continuous refuelling
Now the fuel assembly can be loaded into the nuclear core by the refuelling machine. The
refuelling machine is positioned over the socket into which a fresh fuel assembly has
previously been loaded and retracts one inside. Then the refuelling machine is positioned over
the reactor channel, joins and seals it, unloads a spent fuel assembly and loads the fresh one.
Refuelling is usually performed during a steady-state reactor operation. The monthly
reloading rate is ~ 40 fuel assemblies.
2.2.4. The fourth step - 1-year cooling in the pools (or waiting for cutting)
After that the spent fuel is transported from the reactor hall to the pool hall (wet storage) in a
transport trolley. Fig. 2 shows a layout of the wet storage hall at INPP. The spent fuel storage
and handling system consists of 12 pools:
•
•
•
•

2 pools are used for cooling uncut spent fuel extracted from the reactor (they can
accumulate about 1 700 spent fuel assemblies);
5 pools are used for storing spent fuel in 102-piece baskets after cutting (they can
accumulate about 5 700 spent fuel assemblies in 111 baskets);
1 pool is used for collecting spent fuel assemblies prepared for cutting, cutting hanger
from fuel assembly; transporting spent fuel assembly to the hot cell and 102-piece
baskets in the hot cell and back to the pools;
2 pools and 4 transport corridors are used for handling 102- piece baskets and casks.

2.2.5. The fifth step - cutting in the hot cell
After 1-year cooling, the spent fuel assembly can be cut and loaded into the 102- piece
transport basket -32M (see Fig. 3) for further wet storage. Before that the hanger is removed.
The spent fuel assembly is transferred in a channel to the hot cell for cutting. The hot cell is
equipped with special facilities and tools, which perform such activities as cutting spent fuel
assemblies into the extension tube and two fuel bundles. This process is accomplished by an
abrasive milling and diamond-cutting machine. Then, the cut bundles are loaded into the
transport basket by the hot cell crane. Parts of the fuel assembly, such as central rod,
extension tube, lower and upper caps, are cut into smaller pieces, placed in containers and
taken away for disposal.
2.2.6. The fifth step - wet storage of filled baskets
The filled basket has been transferred into one of 5 pools for further storing. The filled
baskets can be stored in two tiers. The first tier is located at the bottom of the pool, while the
baskets of the second tier are placed on special metal beams equipped with stops to prevent
the casks from sliding down and falling (see Fig. 4).
2.2.7. The sixth step - dry storage in CASTOR/CONSTOR casks
After at least 5 years, the spent fuel bundles housed in baskets may be moved to the on-site
interim storage facility. Spent fuel assemblies are transported and stored in CASTOR-RBMK
(Fig. 5) and CONSTOR-RBMK (Fig. 6) containers supplied by GNB. The CASTOR-RBMK
cask body is made of ductile cast iron and casted in one piece. The cask has lids made of
corrosion protected carbon steel.
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FIG. 2. Layout of spent fuel pools hall.
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FIG. 3. Arrangement of 102-piece basket for fuel bundles.
The first lid is provided with a double-barrier sealing system to secure leak tightness. The
second lid (guard plate) minimizes radiation exposure and ensures weather and additional
corrosion protection.
The CONSTOR-RBMK cask body is a welded double shell construction made from grained
low temperature structural steel with an integrated reinforced heavy concrete shielding. The
cask has three lids. The first lid (primary) is bolted to the head ring of the cask body and
provided with an elastomer seal to ensure leak tightness after loading of the spent fuel. The
intermediate (seal) lid and the outer (secondary) lid are welded to the steel ring of the cask
body.
All actions with spent fuel have been performed at under water (excluding the actions in hot
cell) to prevent radiation exposure on operational personnel. The casks are filled with inert
gas (Helium), which ensures corrosion protection and improves the passive heat removal. At
the moment, the process of nuclear fuel management at the INPP and in Lithuania ends at the
existing ISFS site.
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FIG. 4. Arrangement of 102-piece baskets in storage pools.

3. Inventory of nuclear materials at INPP at final shut down date (on 31.12.2009)
At the moment, the inventory at the INPP consists of:
•
•
•
•

2 856 fuel assemblies stored in casks (dry storage);
9 698 fuel cut assemblies stored in baskets (wet storage);
2 712 uncut fuel assemblies stored in pools (wet storage);
3 307 fuel assemblies in the nuclear cores (in operation).

Approximately 4 000 fuel assemblies will be produced by 2010. The assumed total quantity
of spent fuel assemblies accumulated at INPP will be – 22 500 fuel assemblies or ~2 800 t of
high level spent nuclear material.The calculated average burnup of the spent fuel is 2 000
MW·d/FA. The burnup band of the SFAs stored at the INPP pools ranges from 1 500 to 2 000
MW·d/FA.
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FIG. 5. CASTOR RBMK-1500 cask.
4. Practical dry storage experience
The existing ISFS was put into operation in spring 1999 and on 12th of April, the first cask
was filled. 20 CASTOR casks and 34 CONSTOR casks were filled and put in the storage
facility. Along the whole perimeter of the storage there is a system providing the continuous
dose-rate control with the signal’s output to the INPP radiation control board. The casks
design provides the following storage criteria:
•
•
•
•
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Spent fuel residual heat per container - 1,6 kW (design maximum - 6,1 kW);
Cooling time of spent fuel – no less 10 years;
Storage period – at least 50 years;
Maximum cask surface temperature - 36°C;
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FIG. 6. CONSTOR RBMK-1500 cask.
•
•
•

Effective multiplication factor (keff) is below 0.95;
Removable surface contamination – maximum 300 Bq/m²;
Surface dose rate:
o of the CASTOR cask:
 maximum 90 µSv/h (γ) – (design maximum 727 µSv/h );
 maximum 200 µSv/h (n¹) – (design maximum 273 µSv/h);
o of the CONSTOR cask:
 maximum 110 µSv/h (γ);
 maximum 100 µSv/h (n¹);
 total design (γ + n¹) maximum 1 000 µSv/h.
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Also there is implemented a checking of sufficient Helium-pressure in the inner cavity
between CASTOR cask sealed lids each year. A checking of sufficient Helium-pressure in the
inner CONSTOR cavity is implemented before welding of lids. At the moment there were not
any failures.
5. National spent fuel storage strategy
The national spent fuel storage strategy [1] was developed to implement the provisions of the
Law of the Republic of Lithuania on Radioactive Waste Management and approved by the
Lithuanian government in February 2002.
5.1. Strategy objectives
The objectives of this strategy were to:
•
•
•
•

strive for implementation of proper radioactive waste management policy;
develop the radioactive waste management infrastructure based on modern
technologies;
create the effective financing system for radioactive waste management;
provide for the set of practical actions that shall bring management of radioactive waste
in the Republic of Lithuania in compliance with the radioactive waste management
principles of IAEA and with the good practices in force in EU Member States.

5.2. Strategy tasks
The tasks of this strategy were to:
•
•

•
•
•

improve the legal basis for radioactive waste management;
modernize a system of radioactive waste management at the INPP and to implement the
new radioactive waste classification system according to the “Requirements on the Predisposal Management of Radioactive Waste at Nuclear Power Plant” approved by the
order of the head of the State Nuclear Power Safety Inspectorate;
be ready for the management of radioactive waste, which will result from the INPP
decommissioning providing the plant with necessary radioactive waste management
facilities;
modernize the management infrastructure for radioactive waste generated by small
producers;
construct new repositories for radioactive waste in compliance with requirements of
legal documents.

5.3. Strategy concerning the management of spent nuclear fuel
The best case would be to store the spent nuclear fuel in the dual-purpose storage systems
applicable for both the long term storage and transport. Until 2011, it is foreseen to expand
the existing spent nuclear fuel dry long term storage facility at Ignalina NPP or to construct a
new facility in the vicinity. Ready for storage spent nuclear fuel shall be removed to the dry
storage facility in order that the Ignalina NPP decommissioning activities would be performed
effectively. Striving for the safe disposal of the spent nuclear fuel it is essential to:
•
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draft and implement the long term research programme “Possibilities to dispose of the
spent nuclear fuel and long-lived radioactive waste in Lithuania”;
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•
•
•
•

analyze the possibilities to have in Lithuania a deep geological repository for spent
nuclear fuel and long-lived radioactive waste;
analyze the possibilities to create a regional repository taking joint efforts of few
counties;
analyze the possibilities to dispose of the spent nuclear fuel in other countries, and
estimate the justification for a price of such disposal;
analyze the possibilities to prolong the storage period in interim storage facilities for up
to 100 and more years.

6. Technological requirements for new ISFS facility
After the above mentioned aspects had been studied and analyzed in accordance with the
indicated demands and taking into account references [2 to 5], the requirements for the new
ISFS facility at the INPP were developed. The new ISFSF at the INPP shall include the
following technologies and equipment:
•
•
•
•
•
•
•
•
•
•

to provide interim storage facilities for (approximately) 18 000 spent fuel assemblies;
to remove spent fuel half-assemblies stored in storage/transfer baskets from the cooling
ponds;
to remove damaged fuel assemblies (non-tight and mechanically) including fuel debris
from the full-assembly cooling ponds, arrange cutting of the damaged assemblies and
insertion of the cut assemblies and debris into suitable storage/transfer baskets;
to remove experimental fuel assemblies from the full-assembly cooling ponds, arrange
cutting and insertion of the cut assemblies into suitable storage/transfer baskets;
to provide a safe means of transport of the spent fuel and fuel debris to the interim
storage facility;
to provide effluent treatment equipment and systems for the treatment of contaminated
solid and liquid waste arising at the processing facility and to remove external
contamination from the surface of the equipment prior to storage;
to inspect and identify/record the assemblies prior to storage;
to monitor the storage conditions (including temperature, radiation, gas leakage from
the casks, drain water, environment conditions);
to provide security arrangements at the fuel store and connections to the existing
utilities, railways and roads including fences where necessary;
to place the spent fuel and fuel debris into safe and secure interim storage for a period of
at least 50 years.

7. Current status of project
The successful execution of contracts for large buildings, civil engineering, supply and
installation projects, and major custom-made equipment requires that contracts are awarded to
competent contractors, usually on the basis of competitive tendering procedures. Large
contracts financed under loans from the European Bank for Reconstruction and Development
are awarded, as a role, through open tendering.
Creation and construction of the new ISFS at the INPP is financed by the EBRD in the
framework of the INPP decommissioning programme. A consortium led by the British
company NNC Ltd. has won the tender and will be the main consultant for implementation of
the project. The Project Management Unit (PMU) is made up of representatives from the
INPP and from the consortium. In additional to the new ISFS at the INPP, the PMU, acting on
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behalf of the plant, will manage several other decommissioning projects. At the moment, the
following three main project documents are developed and issued:
•
•
•
•

Technical specification – a document produced in compliance with this procedure,
which specifies the engineering, quality assurance and documentation requirements for
the supply of equipment and services to INPP;
Pre-qualification process is one of parts of the tender process, which enables tenderers
who may be insufficiently qualified on their own to avoid the expense of tendering or to
enter into a joint venture, which may have a better chance of success;
The pre-qualification process should not be used to limit arbitrarily the number of
tenderers and all pre-qualified applicants must be permitted to tender;
Invitation to Tender should follow as soon as possible after pre-qualified tenders have
been notified. The tender documents should be issued only to pre-qualified firms, and
should refer to the need to provide specified updates information and pre-award
verification requirements.

The contract award is expected in spring 2004.
8. Conclusion
The implementation of the project “Interim Dry Spent Fuel Storage Facility at the INPP”
shows the following results:
•
•
•

All technical requirements for the new storage facility are developed and reflected in the
Technical Specification;
The pre-qualification process showed the potential Contractors, their abilities and
experience;
INPP personnel has gained experience and skills in the contracting process.
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Implementation of Romanian NPP spent fuel management strategy
A regulatory approach
L. Biro, A. Rodna
National Commission for Nuclear Activities Control,
Bucharest,
Romania
Abstract. The NPP Cernavoda Unit 1 started operation in 1996, producing around 100 t spent fuel per year. Unit
2 is under construction and restart of construction of Unit 3 is considered. After considering different options, it
was found that the best strategy for the management of the NPP spent fuel is the dry storage for at least 50 years,
with further possible extension of the dry storage period. This option allows for the time necessary for siting,
construction and commissioning of the Romanian geological disposal of the spent fuel, if another more
favourable option will not occur meantime. The paper describes the regulatory framework that governs the spent
fuel management and details the regulatory process, presenting the main requirements formulated by CNCAN,
by regulatory dispositions and authorization conditions, as well as the system of inspections at the site during the
construction phase. The last part of the paper presents some considerations related to geological disposal of spent
fuel. Romania is a relatively small country, and subject to earthquakes. Nevertheless, the Government considers
that siting a geological repository within the country is necessary for secure implementation of the nuclear
programme. However, considering the benefits that an international repository can present, Romania would like
to keep such an option open, under the condition that international safety and security standards are met and
regulatory control at the receiver country is established.

1. Introduction
NPP Cernavoda Unit 1, started to operate from 1996, producing around 100 t spent fuel/year.
The plant is of CANDU-6 type using natural uranium as fuel, at a mean burnup of the spent
fuel of around 7 800 MW·d/tU. The construction of Unit 2 was restarted, and commercial
operation of this unit is expected for 2006. Romania intends to restart also the construction of
Unit 3.
In establishing the NPP spent fuel strategy, the characteristics of the design of NPP, which
allows a capacity of safe storage of the spent fuel in the wet pond for around 7 years and 6
month of operation (i.e. more than 6 years of wet cooling), were also taken into consideration.
After considering different options, it was found that the best strategy for the management of
the NPP spent fuel is the dry storage for at least 50 years, with further possible extension of
the dry storage period. This option allows for the time necessary for siting, construction and
commissioning of the Romanian geological disposal of the spent fuel, if another more
favourable option will not occur meantime.
The selected solution for dry storage is the Canadian AECL “Monolithic Concrete Module”
type MACSTOR. The design of the dry storage covers 30 years of operation of 2 CANDU-6
units. If Unit 3 will enter into operation further capacity will be needed, and a supplementary
storage has to be added.
As Romania has not in place specific regulations for siting, construction and operation of
spent fuel storages, National Commission for Nuclear Activities Control (CNCAN) has
decided that the Initial Nuclear Safety Analysis required for the siting authorization, and the
Preliminary Nuclear Safety Report required for the construction authorization, shall observe
the structure and the requirements of U.S. Regulatory Guide 3.48 “Standard Format and
Content for the Safety Analysis Report (Dry Storage)” , with some modifications related to
the characteristics of the CANDU type spent fuel as well as of Romanian regulatory
framework. The assessment of the above documents shall be done by CNCAN according to

49

BIRO et al.

the applicable requirements of U.S. NUREG 1567 “Standard Review Plan for Spent Fuel
Storage Facilities” and to the regulatory dispositions issued by CNCAN.
After a relatively complex process, the siting authorization was issued on 12.08.2001,
followed by the construction authorization, issued on 05.06.2002.
The authorization for commissioning of the storage is expected in the first part of 2003. This
authorization will be followed by the test operation authorization and by the operation
authorization, to be renewed every 2 year.
2. Legislative and regulatory framework
According to Romanian policy, no reprocessing of spent fuel is foreseen, so spent fuel is
considered as radioactive waste. The Romanian legislative framework that governs safety of
spent fuel and radioactive waste management includes the following:
•
•
•
•
•
•
•
•
•

Law no. 111/1996 on safe conduct of nuclear activities (as amended); the last
amendment is in the final process of approval in the Parliament;
Law no. 137/1995 on environmental protection (as amended);
Law no. 98/1994 on public health;
Governmental Ordinance no. 47/1994 on defense against disasters, endorsed by the
Parliament by law no. 124/1995;
Law no. 106/1996 on civil protection;
Law no. 105/1999 on ratification of Joint Convention on the safety of spent fuel
management and on the safety of radioactive waste management [1];
Law no. 703/2001 on civil liability for nuclear damages;
Governmental Ordinance no. 11/2003 on the management of spent nuclear fuel and
radioactive waste, including final disposal;
Governmental Ordinance no. 7/2003 on the peaceful use of nuclear energy.

Law no.111/1996 (as amended) establishes the regulatory framework for nuclear activities.
According to this law the regulatory body, National Commission for Nuclear Activities
Control (CNCAN), under the coordination of the Ministry of Waters and Environmental
Protection is empowered with the regulation, authorization, and control of nuclear activities.
According to the law, any (no excepted) nuclear activity (including only possession) and any
(no excepted) radiation source within the nuclear activity shall be authorized.
Beside the general requirements for nuclear safety, radiation protection, quality assurance,
safeguards, physical protection, emergency planning, preparedness and implementation, Law
no.111/1996 (as amended) has also specific requirements regarding radioactive waste
management (as spent fuel is considered radioactive waste, these requirements apply also to
spent fuel):
•
•
•
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The holder of authorization is responsible for the management of radioactive waste
generated by his own activity;
The holder of authorization shall bear the expenses related to the collection, handling,
transport, treatment, conditioning, temporary storage and disposal of the waste
produced in its activity;
The holder of authorization shall pay the legal contribution to the Fund for management
of radioactive waste and decommissioning;
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•
•

•

On discontinuation of the activity or decommissioning of nuclear installation, as well as
in case of transfer of sources or installations, the holder of authorization shall obtain an
authorization to hold, decommission or transfer them, as applicable;
An authorization for a nuclear activity shall be granted only if the applicant disposes of
material and financial arrangements adequate and sufficient for the collection,
treatment, conditioning, and storage of radioactive waste generated from his own
activity, as well as for decommissioning the nuclear installation when it will cease its
authorized activity, and has paid his contribution to the Fund for management of
radioactive waste and decommissioning;
The import of radioactive waste shall be prohibited, except situations in which import
follows directly from processing outside Romanian territory of a previously authorized
export of radioactive waste, including spent nuclear fuel.

According to the provisions of Law no.111/1996 (as amended), CNCAN issued a set of
regulations and internal procedures regarding the regulation, authorization, control and
enforcement process. Till now, the following new regulations were issued:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Radiological Safety Fundamental Norms /2000 (transposing the Council Directive
96/29/EURATOM - the Romanian regulation has a supplementary chapter on the
transfer in environment of the radioactive waste);
Radiological Safety Norms on Operational Protection of Outside Workers /2001;
Radiological Safety Norms – Procedures for Agreement of External Undertaking /2003
Radiological Safety Norms –Authorization Procedures /2001;
Norms for Designation of Notified Bodies in Nuclear Field /2000;
Norms for Authorization of the Work with Radiation Sources Outside the Special
Designated Precinct /2002;
Individual Dosimetry Norms /2002;
Norms for Issuing the Work Permits for Nuclear Activities and Designation of
Radiological Protection Qualified Experts /2002;
Norms for Decommissioning of Nuclear Objectives and Installations /2002 (the
regulation does not refer to NPPs);
Radiological Safety Norms for Operational Radiation Protection for Uranium and
Thorium Mining and Milling /2002;
Radiological Safety Norms for Radioactive Waste Management from Uranium Mining
and Milling /2002;
Fundamental Norms for Safe Transport of Radioactive Materials /2002;
Norms for International Shipments of Radioactive Materials Involving Romanian
Territory /2002;
Norms for International Shipments of Radioactive Wastes Involving Romanian
Territory /2002;
Norms for Transport of Radioactive Material – Authorization Procedures /2003
Safeguards Norms for Nuclear Field /2001;
Detailed List of Materials, Devices, Equipment and Information Relevant for the
Proliferation of Nuclear Weapons and Other Explosive Nuclear Devices /2002;
Norms for Physical Protection in Nuclear Field /2001;
Norms on Requirements for Qualification of the Personnel that Ensures the Guarding
and the Protection of Protected Materials and Installations in Nuclear Field /2002;
Norms on Radiation Protection of the Persons in Case of Medical Exposures /2002;
Norms on Radioactively Contaminated Foodstuff and Feeding stuff after a Nuclear
accident or other Radiological Emergency /2002 (issued together with the Ministry of
Health and Family);
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•

Norms on Irradiated Foodstuff and Alimentary Additives /2002 (issued together with
the Ministry of Health and Family).

From the old regulations, still in force till the new regulations will be issued, we mention,
related to spent fuel and radioactive waste management:
•
•
•
•
•
•
•
•
•
•
•

Republican Nuclear Safety Norms for Nuclear Reactors and Nuclear Power Plants /
1975: part I: Safety Criteria for Nuclear Reactors and Nuclear Power Plants and part II:
Authorization of Operator Personnel for Nuclear Reactors and Nuclear Power Plants;
Republican Nuclear Safety Norms – Working Rules with Nuclear Radiation Sources /
1975;
Norms for Prevention and Extinguishing of Fire and for Providing Vehicles,
Installations, Devices, Apparatus, Protection Equipment and Chemical Substances for
Preventing and Extinguishing of Fires in Nuclear Field / 1978;
Republican Nuclear Safety Norms for Planning, Preparedness and Intervention for
Nuclear Accidents and Radiological Emergencies / 1993;
Republican Quality Assurance Norms: QA Requirements for the Project Management
of the Nuclear Objectives and Installations / 1991;
Republican Quality Assurance Norms: QA Requirements for the Design of the Nuclear
Objectives and Installations / 1991;
Republican Quality Assurance Norms: QA Requirements for the Procurement of the
Products and Services of the Nuclear Objectives and Installations / 1991;
Republican Quality Assurance Norms: QA Requirements for Manufacturing Products
and Providing Services for the Nuclear Objectives and Installations / 1984;
Republican Quality Assurance Norms: QA Requirements for Construction of the
Nuclear Objectives and Installations / 1991;
Republican Quality Assurance Norms: QA Requirements for the Commissioning of the
Nuclear Objectives and Installations / 1991;
Republican Quality Assurance Norms: QA Requirements for the Operation of the
Nuclear Objectives and Installations / 1991.

Other regulations are issued by the Ministry of Health and Family:
•
•

Norms for Medical Examination for Hiring Workers and for Periodical Medical
Examination / 2001;
Norms for medical surveillance radiation workers / 2001.

It has to be mentioned that till now CNCAN has not issued specific regulations for siting,
design, construction, operation, maintenance, inspection, and administration of spent fuel and
radioactive waste management facilities nor for waste classification, treatment and disposal.
In order to fill the gap, CNCAN intends to issue in 2003-2004 a set of norms for radioactive
waste management. For this purpose, in a PHARE project requested by Romania, was
proposed a task for preparing this set of documents.
Till this moment, international regulations are used (e.g. IAEA regulations, Canadian
Standards, and USNRC Regulatory Guides and NUREGs). In the recent case of licensing of
the siting and of the construction of NPP Cernavoda Spent Fuel Dry Storage (2001 and 2002),
the assessments and the review of the Initial Nuclear Safety Analysis (required for siting
authorization) and of the Preliminary Nuclear Safety Report (required for construction
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authorization) were performed using as a reference the applicable requirements of the
following documents:
•
•
•
•

Canadian Standard N292.2-96 Dry Storage of Irradiated Fuel [2];
10 CFR 72 Licensing Requirements for the Independent Storage of Spent Nuclear Fuel
and High Level Radioactive Waste [3];
Regulatory Guide 3.48 Standard Format Content for the Safety Analysis Report (Dry
Storage) [4];
NUREG -1567 Standard Review Plan for Spent Fuel Dry Storage Facilities [5].

The Final Nuclear Safety Report submitted to CNCAN for the commissioning authorization
was performed using the same requirements.
Taking into consideration the complexity of the problems, and the fact that there are only a
few spent fuel and radioactive waste disposal and treatment facilities, it is expected that even
after issuing the set of norms for radioactive waste management, for detailing of the
requirements, there will be used regulations of US and of other developed countries, as well
as IAEA safety requirements and guides. This will be particularly true for the spent fuel
management. Thus, in reviewing the Final Nuclear Safety Report revised for operation
authorization, CNCAN will carefully take into consideration also the following documents:
•
•
•

IAEA SS no. 116 “Design of spent fuel storage facilities”, 1994 [6];
IAEA SS no. 117 “Operation of spent fuel storage facilities”, 1994 [7];
IAEA SS no. 118 “Safety assessment for spent fuel storage facilities”, 1994 [8].

The Governmental Ordinance no. 11/2003 on the management of spent nuclear fuel and
radioactive waste, including final disposal (to be endorsed by the Parliament) establishes the
attributions of the National Agency for Radioactive Waste (ANDRAD).
The main tasks of ANDRAD are:
•
•
•
•
•
•
•
•
•

to elaborate the National Strategy on medium and long term for the management of
spent nuclear fuel and radioactive waste, including final disposal and decommissioning;
to elaborate the Yearly Activity Plan and to establish the financial resources necessary
for the coordination at national level of the management of spent fuel and radioactive
waste;
to create and maintain the national data base regarding the spent fuel and radioactive
waste;
to analyze the characteristics of spent fuel and radioactive waste in view of their
management;
to establish the spent fuel and radioactive waste inventory to be produced in each year,
in view of elaboration of the Yearly Activity Plan;
to elaborate technical standards and procedures for the management of the spent fuel
and of the radioactive waste, including disposal and decommissioning
to coordinate feasibility and siting studies, of design, construction, commissioning and
operation of final repositories for spent fuel and radioactive waste;
to coordinate the decommissioning process for the nuclear installations;
to cooperate with similar foreign organization to assure the use of the best available
technologies for spent fuel and radioactive waste disposal.
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The same ordinance establishes the following responsibilities of the holders of authorization:
•

•
•

•

to report every year to ANDRAD the quantities and types of spent nuclear fuel and
radioactive waste generated during the current year and those estimated to be produced
in the next year, in order to allow the actualization of the data base for coordination at
national level of the process of management of the spent nuclear fuel and of the
radioactive waste, including final disposal and decommissioning;
to bear (during entire lifetime and decommissioning of the installation) the direct
responsibility for the management of the spent nuclear fuel and radioactive waste in
view of their final disposal;
to finance the own activities of collection, segregation, treatment, conditioning,
intermediate storage and transport in view of final disposal of spent nuclear fuel and
radioactive waste generated during operation, maintenance and repairing activities,
including during decommissioning of the nuclear installation;
to finance the own research and development activities regarding the management of the
spent nuclear fuel and of the radioactive waste.

3. Short presentation of Cernavoda Spent Fuel Dry Storage
The CANDU-6 fuel bundle is composed by 37 elements of 495 mm length, containing natural
uranium, in zircaloy cladding. The nominal weight of the bundle is 23.7 kg. The burnup of
fuel is around 7 800 MW·d/tU. After 6 years of cooling, the mean residual decay heat is less
than 6.1 W/bundle.
The design of the storage is the Canadian AECL “Monolithic Concrete Module” type
MACSTOR. The spent fuel, after 6 years of cooling in the Spent Fuel Pond, is loaded, under
water, in stainless steel storage basket, and lifted in the Spent Fuel Loading Station. Here the
basket is dried and sealed by welding. The storage basket is then transferred in the transfer
container that is placed above the Spent Fuel Loading Station, and sent to the storage module.
The transfer container is placed above the storage module with a gantry crane, the provisional
protection plug of the storage cylinder is removed, and finally the storage basket is
downloaded in the storage cylinder. The provisional protection plug is than reinstalled. After
filling one cylinder, the provisional plug is replaced by the storage plug. The storage module
is monolithic structure of normal density reinforced concrete. Each module contains 20
storage cylinders arranged in 2 lines, each cylinder containing 10 storage baskets with 60 fuel
bundles. Thus the storage capacity is 12 000 bundles per module. In total, 27 modules have to
be constructed. The storage cylinders are suspended from the superior plate of the module in a
common cooling cavity. The passive cooling system of the cylinder is formed by this cavity,
having several air inlets placed at the lower part of the module and several air outlets placed at
the higher part of the module.
As CANDU reactors use natural uranium, there is no criticality issue in the dry storage of
spent fuel. Also it has to be noted that due to low decay heat, the temperature of the fuel is
much lower than in the case of PWR fuel, so the air is used as cooling agent inside the storage
basket (as oxidation of uranium dioxide is not an issue).
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4. Authorization process of the Cernavoda Spent Fuel Dry Storage
As already mentioned, USA and Canadian regulations were used for safety assessment and
authorization of the facility. According to Romanian legislation, the authorization process
includes the following phases: siting, construction, commissioning, test operation, operation.
The siting authorization is granted by CNCAN based on the Initial Nuclear Safety Analysis
and supporting documents, the construction authorization is granted based on Preliminary
Nuclear Safety Report, and supporting documents. Among the supporting documents are
included reports on various assessments, and the authorizations and agreements that are
requested by law (sanitary authorization, environment agreement that is issued based on
environmental impact assessment, etc.)
The Initial Nuclear Safety Analysis and the Preliminary Nuclear Safety Report were both
prepared taking into account the applicable requirements of U.S. Regulatory Guide 3.48
“Standard Format and Content for the Safety Analysis Report (Dry Storage)” , with some
modifications related to the characteristics of the CANDU type spent fuel as well as of
Romanian regulatory framework. These modifications were established or approved upon
utility request by CNCAN and transmitted through regulatory dispositions and licensing
conditions put into the authorizations.
It has to be mentioned that besides safety requirements, requirements related to physical
protection and safeguards were formulated according to Romanian legislation for siting and
construction authorization; and that in order to construct the storage the utility and contractors
needed quality assurance authorizations, issued by CNCAN.
For the commissioning authorization, the Final Nuclear Safety Report is requested. This
document is observing also the requirements of U.S. Regulatory Guide 3.48 “Standard Format
and Content for the Safety Analysis Report (Dry Storage)”. If for the previous stages part of
the requirements of the guide were not dealt in detail (for example the chapters on conduct of
operations and on operating controls and limits were not previously detailed) for the
commissioning authorization they shall be extensively presented.
Regarding the work performed at the spent fuel bay at adjacent areas, the regulatory approach
is to consider them as modifications under the operational authorization of Unit 1. CNCAN
requested, as a main condition for starting the work at spent fuel bay area, the demonstration
of assurance of the nuclear safety during the modification work as well as latter, during the
operation of the storage. At commissioning stage, once the preparatory and transfer operation
will start (loading of fuel in storage basket, drying, welding, and loading in transfer
container), the Cernavoda Unit 1 document “Operational Policies and Principles” shall take
into consideration the new operations. Also other documents of the station shall be revised or
completed: the emergency plan, training programmes, operation manuals. The operations
related to the transfer of fuel to the storage module will be covered at the beginning by the
commissioning authorization of the Spent Fuel Dry Storage, and letter by the test operation
and operation authorization of the Spent Fuel Dry Storage.
After a relatively complex process, the siting authorization was issued on 12.08.2001,
followed by the construction authorization, issued on 05.06.2002. The authorization for
commissioning of the storage is expected in the first part of 2003. Actually the Final Nuclear
Safety Report was submitted to CNCAN and is under review.
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It has to be mentioned that for the test operation authorization, CNCAN intends to require a
revision of the Final Nuclear Safety Report that needs to be improved related to some aspects
like the operating control and limits. With this occasion, it will be requested that the structure
of the revised document observe closer the structure of U.S. Regulatory Guide 3.48.
5. Main requirements formulated by CNCAN in the authorization process
As utility requested the regulatory body to establish requirements related to nuclear safety for
the design of the dry storage of spent fuel, CNCAN has formulated, by regulatory disposition
no. 96597/22.01.1999 the following conditions:
(a)
(b)

(c)

The structure of general requirements is according to the document 10 CFR 72
Licensing Requirements for the Independent Storage of Spent Nuclear Fuel and High
Level Radioactive Waste, 1998 edition;
The specific requirements and the acceptable values are the same as those for the siting
of Cernavoda NPP, as they were described by the Initial Nuclear Safety Analysis, (Units
1-5), the Preliminary Nuclear Safety Report and the Final Nuclear Safety Report (Unit
1) and approved by CNCAN, with a supplementary condition related to the effluent
releases that shall result in a dose for a member of critical group lower than 100
µSv/year pt (for Unit 1 and the dry storage together);
The general design criteria and the design basis accidents shall be in accordance with the
requirements of the Romanian regulations in force and of the authorizations for siting
and test operation of Cernavoda Unit 1, with the following interpretation: the exclusion
zone and low population zone calculated for the Spent Fuel Dry Storage shall be
included in those established for Cernavoda site (Units 1-5). In the case that this cannot
be achieved, any modification of such zones for Cenavoda site that includes areas of the
town Cernavoda will not be allowed.

By the regulatory disposition no. 10291/10.04.1999 CNCAN has transmitted a list of US
regulatory guides that are applicable for dry storage of spent fuel. It was stated that,
depending of the solution chosen, the applicable guide should be observed (together with all
the guides and standards referred in that document).
The Initial Nuclear Safety Analysis and the supporting documents submitted to CNCAN were
analyzed, and a set of requirements for revising the analysis were formulated by CNCAN by
letter 4941/LB/17.07.2001. The revised Initial Nuclear Safety Analysis and the supplementary
supporting documents were submitted to CNCAN, and based of them the siting authorization
no. CNE DICA-06/2001 was issued on 12.08.2001. The authorization had the following main
conditions:
•
•
•
•
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The foundation of the storage modules shall be realized exclusively on limestone;
The Preliminary Nuclear Safety Report of the Spent Fuel Dry Storage shall demonstrate
the fulfilment by the storage module buildings of the condition related to maximum
load;
The seismic entrance data shall be confirmed by the study regarding the seismic data of
the Cernavoda site that is undergoing (the data shall be presented in the Preliminary
Nuclear Safety Report of the Dry Storage);
The authorization is granted for siting a repository of not damaged fuel; storage of a
limited number of damaged fuel bundles requires special conditions that could be
established latter;
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•
•

•

The Preliminary Nuclear Safety Report shall demonstrate the completeness of the
Design Basis accidents and of Beyond Design Basis Accidents;
The Preliminary Nuclear Safety Report shall the observance of the dose constraint of
0.1 mSv/year for members of the public for normal evolution and of the requirements of
Romanian nuclear safety regulations in force regarding the maximum doses in case of
Design Basis Accidents; the support documentation for the Preliminary Nuclear Safety
Report shall precise the radionuclides releases and the maximum population doses for
all Beyond Design Basis Accidents;
The Preliminary Nuclear Safety Report and the supporting documentation shall analyze
the cross influences of the activities of the Cernavoda units (under operation or
construction) and the Spent Fuel Dry Storage.

The Preliminary Nuclear Safety Report and the supporting documents were submitted to
CNCAN, and based on them the construction authorization no. SNN DICA-02/2002 was
issued on 05.06.2002. In the letter no. 3022/LB/06.06.2002, CNCAN states the following
main conditions:
•
•

•

The Preliminary Nuclear Safety Report shall be revised in order to demonstrate the
assurance of nuclear safety in the area of the Spend Fuel Pond and in the Extension
Building of Spent Fuel Pond;
In the Final Nuclear Safety Report the severe accident scenario of airplane crash shall
be revised, justifying the source term, the emission height, and presenting the
calculations regarding activity concentrations, doses and dose rates for all
meteorological conditions and for all distances and heights relevant for emergency
planning;
The members of the public working inside the exclusion zone shall be taken into
consideration for dose assessments in the Final Nuclear Safety Report.

Based on the revision of the Preliminary Nuclear Safety Report and on supplementary support
documents, the work inside the area of Spent Fuel Pond and in the Extension Building of
Spent Fuel Pond could be started, as CNCAN gave the approval for this work to be performed
under the operation authorization of Unit 1.
During the construction stage, extensive inspection programme was performed by CNCAN,
both through site inspectors and through headquarters experts. The inspections covered
aspects related to nuclear safety, radiation protection, physical protection, safeguards and
quality assurance. For the main construction phases, hold points and witness points
established. The inspection reports have mentioned the findings, and corrective actions were
requested. The utility closely followed the requirements formulated by CNCAN inspectors.
At this moment, the construction is in final stage, and the Final Nuclear Safety Report was
submitted to CNCAN together with the supporting documents. CNCAN has asked for
clarifications, and the commissioning authorization will be issued after receiving them and
after the last construction stage issues will be closed. In the commissioning stage a similar
inspection programme, with hold points and witness points will be in place.
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6. Geological disposal of spent fuel
6.1. Spent fuel management strategy
Romania is a relatively small country, and subject to earthquakes. Nevertheless the
Government considers that siting a geological repository within the country is necessary for
secure implementation of the nuclear programme.
As presented above, the Governmental Ordinance no. 11/2003 on the management of spent
nuclear fuel and radioactive waste, including final disposal (to be endorsed by the Parliament)
establishes that the national strategy for radioactive waste and spent fuel management has to
be established by the new National Agency for Radioactive waste (ANDRAD). Till now, as
no specialised body was in place, CNCAN established a virtual strategy that was considered
valid in the process of authorization, for safety reasons. Main provisions of the spent fuel
management strategy are:
•
•
•

Transfer of TRIGA research reactor highly enriched fuel back to USA, and long term
wet storage of the low enriched fuel of the same reactor;
Transfer of the WWR-S research reactor spent fuel back to Russia and assure the
conditions for safe storage till the transfer will take place (alternatively, if the transfer
will not be possible, assurance of long term storage of WWR-S spent fuel);
Putting into operation the NPP Intermediate Spent Fuel Dry Storage (in 2003),
considering the possibility of extension of the designed storage period from 50 years
towards 80-100 years, and starting activities related to the geological disposal of NPP
spent fuel. The geological disposal will assure the solving of the situation of the spent
fuel from research reactors, if they will not be transferred outside Romania, and of spent
fuel fragments from post irradiation examination. The limited quantities of long lived
radioactive waste (except the uranium mining and milling waste) could be also disposed
together with the spent fuel.

6.2. Research activities related to geological disposal of spent fuel in Romania
Due to CNCAN requirements, the National Atomic Energy Agency (within the Ministry of
Education and Research, responsible for the promotion of nuclear activities), and the NPP and
the institutes that operate research reactors (SCN Pitesti and IFIN-HH Magurele), have started
to consider the spent fuel long term management issue. The foreseen strategy for siting a deep
geological repository for spent fuel considers the assessment of the possible host formations
(salt, granite, volcanic tuff, schist, may be even clay), the use of international underground
laboratories for developing the concept and finally, after the selection of the site, the
construction of an underground confirmatory laboratory on the selected site.
Studies were carried out and a set of general site selection criteria was developed for the NPP
spent fuel geological repository. The work was performed by the company GEOTEC with the
help of experts from other organizations, including the University of Bucharest. The results of
these studies show that for 4 widespread geological formations in Romania there are
candidate sites suitable to the developed criteria [9].
A Romanian MENER research contract co-coordinated by the Polytechnic University of
Bucharest, on researches for selection and preliminary characterization of the host geological
formation in view of the final disposal of irradiated spent fuel started in 2001.
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The first stage of the contract had the purpose: Determination of the technical requirements
and conditions for the final disposal of irradiated spent fuel. In this stage were realized the
following objectives:
•
•

Performance of comparative study related to the worldwide situation regarding the
disposal of spent fuel;
Establishing the technical requirements and conditions for the spent fuel disposal.

The second stage had the purpose: Analysis of geological host formations for spent fuel
disposal.
A long term safety assessment of a repository has been performed for spent CANDU and
spent LWR fuel elements in a salt formation. The work was performed by co-operation of
Nuclear Research Branch –SCN Pitesti and GRS- Germany, under the NATO contract LG972750/1998 [10, 11]. A hypothetical repository site has been considered, using data from the
EU project PAGIS. Three scenarios have been taken into account: subrosion as the normal
evolution of the salt dome, human intrusion into a cavern (representing future human actions)
and a combination of brine intrusion from the overburden and undetected brine pockets. Spent
fuel elements are assumed disposed off within large storage casks inside drifts. For the sake of
comparison, the same source-term model has been applied for both waste types, but with
different inventories of radionuclides and different heat productions. The key parameter for
assessing long term safety was the radiation effective dose to a member of the critical group.
The results of the calculations demonstrate that both types of waste can be disposed off safely.
Impact analyses of radionuclide waste on a hypothetical repository in granite were performed
by co-operation of Nuclear Research Branch –SCN Pitesti and DBE Institute-Germany, under
the NATO contract NATO ENVIR. LG 974513 [12, 13]. Thermal analyses for the spent
nuclear fuel underground hypothetical repository in granite, using TEMPROC code
(developed by SCN Pitesti) were performed within the contract. Also thermomechanical
analyses using ANSYS code were carried out to evaluate the stability of the rock mass in the
near-field of a spent fuel hypothetical repository in granite.
At the Nuclear Research Branch –SCN Pitesti, experimental research connected with future
possible disposal of spent fuel in salt rock were performed. Salt convergence experiments
were performed on rock salt samples and on cylindrical samples simulating the filling
material, resulted by crushed salt pressing. Radionuclide migration experiments for Co and U
were performed in rock salt samples and in salt compacts having different densities.
6.3. Implementation schedule for geological disposal in Romania
CNCAN, taking into account the complexity of the safety issues, and the needs for ensuring
flexibility in considering of other options feasible in the future, expects that the programme
for spent fuel and long lived radioactive waste management will be carried out considering
that spent nuclear fuel dry storage for 50 years is required to provide a necessary time for
implementing the final disposal programme.
We expect the siting of spent fuel disposal by 2030, and commissioning of the repository by
2050. The actual data shall be established soon by ANDRAD, and the provisions for the
collection and management of necessary funds shall be proposed to the Government.
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However, considering the benefits that an international repository can present, Romania
would like to keep such an option open, under the condition that international safety and
security standards are met and regulatory control at the receiver country is established.
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Power reactors spent fuel storage in Slovakia
J. Václav
Nuclear Regulatory Authority of the Slovak Republic (NRA SR),
Department of Nuclear Materials,
Trnava, Slovakia
Abstract. As the Slovak Republic has an open fuel cycle, it is necessary to store spent fuel. Legislative
requirements are given in Act No. 130/1998 Coll. and respective regulations. As help for operators Guide on
Construction and Operation of Spent Nuclear Fuel Storages was developed by NRA SR. There are two sites with
nuclear installations in the Slovak Republic. Spent fuel unloaded from reactor core is stored in at-reactor pools.
After three years storage is the spent fuel placed into interim spent fuel storage facility for approximately 50
years. During this period a deep geological repository should be build.

1. Role of the Nuclear Regulatory Authority of the Slovak Republic
Nuclear Regulatory Authority of the Slovak Republic, as a central body of the state
administration, performs the state supervision over nuclear safety of nuclear installations in
accordance with Act No. 130/1998 Coll. on peaceful use of nuclear energy. Based on its
commission, NRA SR supervises over nuclear safety in facilities for storage and
transportation of nuclear spent fuel. In accordance with above mentioned act and relevant
regulations NRA SR performs the state supervision during designing, construction,
commissioning, operation, and decommissioning of nuclear installations.
2. Legislation
The legislative framework in the Slovak Republic is based on acts and regulations. Acts are at
the highest legislative level. Based on general requirements described in the acts, the
regulations describe more detailed requirement. Several guides, who can be used as help for
operators were issued by NRA SR. Unlike acts and regulations, are guides for operators not
binding.
2.1. Acts
Act No. 130/1998 Coll. on Peaceful Use of Nuclear Energy regulates the conditions for use of
nuclear energy for peaceful purposes [1]; the obligations and rights of legal persons and
natural persons in the use of nuclear energy; the classification of nuclear materials, the
conditions for their production, processing, procurement, storage, transportation, use,
accounting and control; conditions for management of radioactive waste from nuclear
installations and of spent nuclear fuel and conditions for disposal of institutional radioactive
waste; nuclear safety conditions; compensation for nuclear damage; state supervision of
nuclear safety at nuclear installations, procurement and use of nuclear materials, management
of radioactive waste and management of spent nuclear fuel.
Act No. 254/1994 Coll. on National Fund of Nuclear Facility Decommissioning as amended
by later regulations establishes the respective state fund [2]. Management of spent fuel and
radioactive waste means their shipment, storage, treatment and disposal. The Fund being an
independent legal entity is managed by the Ministry of Economy and is funded from several
sources: contributions from nuclear power plant operators, banks, state and other entities.
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2.2. Regulations
Regulation No. 190/2000 Coll. on Radwaste and Spent Nuclear Fuel Management by which
details of radioactive waste management and spent fuel management are regulated [3]. This
regulation describes general requirements placed upon radioactive waste management and
spent fuel management. Radioactive waste and spent fuel shall be managed to as to:
a) Minimize the effect of ionizing radiation exerted upon operators, population and
environment;
b) To maintain subcriticality;
c) Remove residual heat;
d) Minimize generation of radioactive waste.
Regulation No. 284/1999 Coll. on the Details of Transport of Radioactive Materials and
Radioactive Waste [4]. By this decree the process and methods of road, rail, water and air
transport of radioactive material, radioactive waste from nuclear facilities and burnt-up
nuclear fuel and the scope and content of the documentation required for issuance of approval
for transport of radioactive material are regulated.
Other relevant regulations are Regulation No. 186/1999 Coll. on Physical protection of
nuclear installations, nuclear materials and radioactive wastes, Regulation No. 198/1999
Coll. on Accounting for and control of nuclear materials etc.
2.3. Guides
Guide of NRA SR on Construction and Operation of Spent Nuclear Fuel Storages. The
guide describes requirements for design and operation of spent nuclear fuel storage, especially
fulfilment of safety functions [5]. Guide provides detailed information on realization and
control of these functions during whole operating life. Guide is developed following IAEA
requirements for spent fuel handling and in accordance with Act No. 130/1998 and
Regulation No. 190/2000.
3. Spent fuel storage facilities in the Slovak Republic
3.1. Spent fuel storage pools adjacent to reactors
The spent fuel storage pools adjacent to reactors are used for temporary storage of the spent
fuel after its unloading from reactor core. V-1 and V-2 NPPs have the same spent fuel storage
pools. Each unit has one pool. The base grid of all units at SE-EBO was constructed to store
319 spent fuel assemblies and 60 hermetic casings for defective fuel assemblies. In Mochovce
nuclear power plant, the spent fuel storage pools adjacent to reactors were made more
compact, and the lower grate capacity is almost double compared to the V-1 or V-2 NPP. The
capacity of the pool is 603 fuel assemblies and 54 hermetic casings. Both Bohunice and
Mochovce NPPs have standby grate to store spent fuel from reactor during planned overhauls
or in emergency case.
3.2. Interim wet spent fuel storage facility Jaslovské Bohunice
The ISFSF Jaslovské Bohunice was commissioned in 1988. In this facility the spent fuel from
V-1 and V-2 nuclear power plants is stored. During 1997-2000, the ISFSF was subject to
a reconstruction and seismic upgrade. The original capacity was increased from 5 040 to
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14 112 spent fuel assemblies by replacement of the T-12 containers with the capacity of 30
fuel elements by the compact ones KZ48 with the capacity of 48 fuel elements.
3.3. Interim dry spent fuel storage facility Mochovce (project preparation)
In 2001, Slovak Electric joint stock company decided on the dry interim spent fuel storage
facility construction on Mochovce site. Spent fuel from 40 years of operation of two
Mochovce nuclear power plant reactor units will be stored in it. It represents 6 552 fuel
assemblies in total. The interim spent fuel storage facility shall be commissioned in 2009,
when the spent fuel storage pools adjacent to reactors will be full.
4. Future development
4.1. Burnup credit application in the criticality calculation of VVER-440 fuel
NRA SR warrants various research tasks under the R&D program. The Nuclear Materials
Division prepared a task of the burnup credit application in the criticality calculation of the
WWER-440 fuel assemblies in cooperation with Nuclear Power Plants Research Institute.
Nuclear Power Plants Research Institute will perform this task in 2003 through 2005.
4.2. Long term spent fuel storage facility development
Development of a deep geological repository (DGR) in Slovak Republic for permanent
disposal of spent fuel and high-level radwaste started to be dealt with systematically step-bystep in 1996. There were 5 sites selected in the process of the step-by-step assessment. Results
of work to be done shall demonstrate all necessary conditions of the DGR development and
implementation. The most important aspect of the above mentioned policy is the site
identification, including the public acceptance.
5. Conclusion
The existing legislation [6] is compliant with IAEA recommendations. Even when the Act
No. 130/1998 Coll. had entered into force in 1998 and relevant regulations in 1999 and 2000,
since the Slovak Republic became an accessing country to the European Union we had to start
amendment of our legislation to reflect European legislation. The new Atomic act will be
issued in 2004 followed by respective regulations. We have sufficient capacity to store all
spent fuel produced in our NPPs for at least 15 years. During this time period a new dry
interim spent fuel storage facility will be build at Mochovce site. At the end of this time
period a deep geological repository should have be put into operation.
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An update on spent fuel and HLW management in Spain
J.E. Martínez, J.A. Gago
ENRESA,
Madrid, Spain
Abstract. The Spanish nuclear waste policy is established in the General Radioactive Waste Management Plan
(currently in its 5th revision) issued by the Ministry of Economy. An overall amount of 6 800 tU of spent fuel
will have to be managed in the country along with other minor quantities of HLW. Pool reracking was carried
out in the nineties and dry storage technologies have been selected for implementing the next intermediate steps,
before taking the decision for a final repository.

1. The matter
The Spanish nuclear program consists of nine operating Light Water Reactors (LWR) and one
Gas Cooled Reactor (GCR), which was shutdown in 1990 and is currently in the end of its
Level 2 decommissioning phase.
ENRESA (Empresa Nacional de Residuos Radiactivos, S.A.) is a state owned company that is
responsible for managing all the nuclear wastes generated in Spain and also for the
decommissioning of the nuclear installations in the country. ENRESA’s main policy is stated
in the General Radioactive Waste Management Plan, currently its 5th revision is in force,
which is issued by the Ministry of Economy and is approved by the Cabinet. The main lines
of action indicated in this document are:
•
•
•
•

Forecast of the overall waste generation;
Establishment of strategies and technical activities;
Definition of the economic and financial aspects;
Deployment of R & D activities.

ENRESA’s role related to the spent fuel (SF) and high level waste (HLW) management has
three main tasks:
•
•
•

Designing, building and operating the facilities needed for interim storage and final
disposal of SF and HLW;
Conditioning and transporting of the wastes;
Managing the operations derived from the decommissioning of nuclear power plants
(NPP).

Since 1982, the strategy followed in the country for spent fuel management is the “open
cycle”, except for the Vandellós one, which was reprocessed. An amount of 6 800 tU will
have to be managed, assuming 40 years of operation of the NPPs. Limited quantities of MLW
and HLW (to be returned to Spain before 2010), from former reprocessing contracts will also
have to be managed.
Fuel elements come from different manufacturers. Their main characteristics are shown in
Table I.

64

GAGO et al.

Table I. Spanish fuel assembly main characteristics
FUEL ASSEMBLY
CHARACTERISTICS

14 × 14

17 × 17

16 × 16

BWR (8 × 8,
9 × 9, 10 × 10)

198 × 198

214 × 214

230 × 230

141 × 141

179

264

236

62

Maximum length (mm)

2 855

4 064

4 293

4 475

Active length (mm)

2 415

3 658

3 400

3 810

Rod pitch (mm)

14.1

12.6

14.3

16.25

Total weight (kg)

396

672

733

284

Uranium weight (kg)

266

465

480

190

Cross section (mm × mm)
Number of rods

2. The past
2.1. The reracking projects
The first step for increasing the original capacities of the spent fuel storage was to rerack the
NPP spent fuel pools. All pools were reracked between 1989 and 1998 using borated stainless
steel (BSS) high-density racks. Details of these projects were presented in the preceding
IAEA conference celebrated in 1998.
2.2. The dry storage programme
Dry storage was the technology selected for the pool supplementary SF storage. The needed
additional dry storage capacity is dictated by the Trillo NPP demand between 2002 and 2013,
and from 2013 onwards by the needs of several other plants and others that will be
decommissioned. The strategy adopted was directed towards At-Reactor (AR) storage in dualpurpose casks for the Trillo NPP spent fuel (using the DPT cask), and Away From Reactor
(AFR) Centralised Storage Facility by 2010.
The DPT cask is a dual-purpose cask with an overall heat dissipation capacity of 27.3 kW,
licensed in Spain for storage and transport (see Table II). It can allocate 21 SF assemblies of
the following characteristics:
•
•
•

Burnup: ..............................≤ 40 000 MW·d/tU;
Initial enrichment:...............≤ 4% U-235;
Minimum cooling time: .....5 years.

The cask has a multilayered body of SS-Lead-SS-NS4FR (a neutron shielding polymer) with
a basket of SS and aluminium disks and fuel tubes made of SS and borated aluminium as a
neutron absorber. It has 2 main lids and uses full sets of redundant metallic o-rings in all lids
and ports. Its overall length is 5 024 mm (without impact limiters in its storage condition) and
its external diameter is 2 368 mm.
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Table II. DPT cask data
MATERIALS

•
•
•
•
•

Multilayered body: SS - Lead - SS - NS4FR - SS
Basket: SS and Al disks. Fuel tubes made of SS y BAl
2 SS main lids
Metalic closure o-rings
Impact limiters: Wood - SS

DIMENSIONS

•
•

Outer: 5 024 mm in height and 2 368 mm diameter
Inner: 4 331 mm in height and 1 679 mm diameter

WEIGHTS

•
•
•
•
•
•

Body:
Basket:
Impact limiters:
Fuel assemblies:
Loaded in storage configuration:
Loaded in transport configuration:

CAPACITY

•

21 fuel assemblies KWU 16 × 16 - 20 used in Trillo NPP

FUEL ASSEMBLY
CHARACTERSITICS

•
•
•
•

Burnup:
~ 40 000 MW·d/tU
U-235 initial enrichment:
~ 4%
Cooling time:
~ 5 years
Overall heat dissipation capacity: 27.3 kW

LICENSING

•
•
•

Inital 1/4 scale model drop testing: March 1993
Storage license: July 1995, June 2001, June 2002
Transport license: December 1996, June 2001, June 2002

81.8 t
6.9 t
8.8 t
15.4 t
104.6 t
113.1 t

The DPT casks are stored in a dedicated Cask Store Building, built in 2000 at the NPP site,
like a temporary installation that can receive up to 80 casks. The store is a rectangular plan
(see Figs 1 and 2), all reinforced concrete building whose main outer dimensions are 80.8 m ×
43.5 m × 21.7 m. The store is divided in two main areas: the cask Store Area, where the casks
are being vertically stored, and the Access and Maintenance Area, where the casks are
unloaded from the transfer vehicle, by means of a 135 t bridge crane that crosses over the
entire building.
The building main design characteristics are:
•
•
•
•
•
•

Structural seismic design;
Passive heat removal system (natural convection);
Very low (< 1 µSv/h) dose rate outside the facility;
Any cask can be removed without reallocating the others;
Easy and safe cask handling operations by single failure proof crane;
Permanent cask leak control.

The cask store licensing process was initially seen as a design modification to the Trillo NPP.
The start up authorisation was requested in February 1996. The Consejo de Seguridad Nuclear
(CSN), which is the Spanish Regulatory Body, approved the design in 1997 based upon final
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resolution of the some issues like: structural design, external fire hydrant extinction, fire risk
analysis, measures to avoid oil spills from the crane, etc. All the questions were satisfactorily
answered in 1998. In June 2000, the Final Safety Analysis Report (FSAR) was finally issued.

FIG. 1. The Trillo cask store plan.

FIG. 2. The Trillo cask store cross section.
3. The present
The casks are being manufactured in Spain by the Spanish company ENSA and 2 units have
already been loaded in July 2002 and four or six more will be loaded in 2003.
The Cask Store Building is very close to the exit of the Containment Building of Trillo NPP
(around 200 m). After the casks are loaded in the spent fuel cask pit and prepared (drained,
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vacuumed and backfilled with helium) are taken outside trough the containment equipment
airlock using a dedicated cart. Once outside the containment, the gantry crane lifts the cask
and goes down it up to a special skid mounted over a lorry that transfers it to the Store
Building. There the building bridge crane lifts the cask again and transfers it to the assigned
storage position.
4. The near future
4.1. Trillo license for higher burnup
The current license conditions of the DPT cask allow to load as much as 320 SF assemblies of
the existing ones generated by the Trillo NPP. An ongoing effort is dedicated to extend this
license for higher burnup (up to 45 000 MW·d/tU without changing the design, just by
extending the cooling time to 6 years). This approach would allow the storage of up to 462
spent fuel assemblies or otherwise to save the low burnup fuel for future mixed loadings with
fuel with much higher burnup.
4.2. José Cabrera NPP dismantling
José Cabrera (Zorita) NPP will stop its operation by April 2006. The first activity that needs
to be made before decommissioning will be to unload from the pool the 377 spent fuel
assemblies that will remain in the plant by that time. The spent fuel from this Plant has
relatively low burnup (< 45 000 MW·d/tU) and low initial enrichment (<3.6% in U-235). The
main constraints for the design of the equipment to be used to support the storage system will
be related to the plant features: the limited plant crane capacity (70 t) and its old design, the
structural stresses of the floors and the small pool loading area.
The storage system to be used in the José Cabrera NPP is targeted to be ready by the time the
plant will be stopped. A vendors pre-selection process has been performed and ENRESA is
now requesting bids to the qualified vendors, for the design, licensing, manufacturing and
delivery of the storage and transportable system for the spent fuel from this NPP.
4.3. The ATC project
The “Almacén Temporal Centralizado” (ATC) is the name for the Away from Reactor Spent
Fuel Storage Centralised Installation, whose implementation is required by 2010, according
the General Radioactive Waste Management Plan.
The ATC should be able to accommodate 20 233 fuel assemblies (6 875 tU),
decommissioning wastes and should also receive minor quantities of reprocessing wastes
(HLW glasses and MLW). The design life of the facility has been set at 100 years.
To comply with these requirements, former studies on the different technologies and
alternatives (casks, pool, vaults, etc.) were performed in 1995 and 2002. As a result of these
studies, the vault technology was selected and a preliminary conceptual project was
performed in 1995. An ongoing effort consists in the development of the Generic design (site
independent) which was started in December 2002 and is expected to be presented for
Regulatory review by November 2003.
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5. The far future
Deep geological disposal is the preferred option as final solution for the Spanish spent fuel
and HLW. The following actions were undertaken up to now:
•
•
•

Conceptual designs for granite, salt and clay formations;
Performance Assessment (PA) exercises supporting these designs;
Catalogue of favourable formations in the country.

The final decision for the disposal strategy is currently postponed until year 2010 In the
meantime RTD studies on deep geological disposal and partitioning and transmutation will
continue to provide the Administration with the information required for decision making.
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National policy in the area of spent fuel management in Ukraine:
Current status and trends (prospective)
N. Steinberg, A.A. Afanasyev
Ministry of Fuel and Energy of Ukraine,
Kiev, Ukraine
Abstract. The closed fuel cycle concept in relation to the WWER was adopted in the former USSR. The
WWER-440 spent fuel assemblies (SFAs) were shipped to RT-1 plant (“Mayak” enterprise) for reprocessing.
WWER-1000 SFAs were shipped to Krasnoyarsk-26 (Zheleznogorsk) for storage in the wet away-from-reactor
(AFR) spent fuel storage facility (SFSF) of the prospective reprocessing plant. RBMK SFAs were transported to
the wet AFR storage located on the NPP site. Reprocessing of RBMK spent fuel was considered inexpedient
because of the low content of fissile nuclides. The closed fuel cycle for some countries at present and in the
nearest decades is evaluated as economically unprofitable. Presently, Ukraine continuing to ship spent fuel to
Russian reprocessing plants is developing the Intermediate Spent Fuel Dry Storage Programme (deferred
decision). The dry SFSF on the basis of VSC-24 casks designed by the American company Sierra Nuclear was
put into operation at Zaporizhzhya NPP in September 2001. The modular type SFSF is being constructed near
the Chornobyl NPP site and will be completed in the year 2004. The Ministry of Fuel and Energy of Ukraine and
the state nuclear utility “Energoatom” are performing preparation works for WWER SFAs storage during the
period up to 50 -100 years in the centralized dry SFSF.

1. Introduction
On 20 April 2000, the Parliament of Ukraine (Verkhovna Rada) adopted the Law of Ukraine
“About ratification of the joint convention about safety management of spent fuel and
radioactive wastes ” (Convention). Therefore, by joining the Convention Ukraine has
undertaken the obligations to respect its clauses during implementation of the state policy in
the field of nuclear energy. In order to implement the state policy in the field of spent nuclear
fuel management (the main principles of which fully conform with the principles of the
Convention) and to ensure the unified approach to its implementation the main activity
directions in the area of spent nuclear fuel management are defined. They are as follows:
•

•

•
•
•
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Provision of safe long term storage of spent fuel (SF) in Ukraine. Advance accelerated
investigation of spent fuel behaviour in hot cells are being performed (within 10 years)
for forecasting spent fuel behaviour and safety justification under a long dry storage
condition;
Creation of the legislative base and of the financial mechanism for assurance of spent
nuclear fuel reprocessing activity (in order to recycle valuable nuclear materials) and
high-level radioactive wastes disposal or deep geological disposal of spent nuclear fuel
after making an ultimate decision well-founded from economic and technical point of
view safeguarding the interests of the country and the future generations;
Allocations of duties, rights and responsibilities at all stages of the spent nuclear fuel
management to the subjects of legal partnership in this sphere;
Provision of scientific and technical support of the spent fuel management;
Promotion of international cooperation and international experience to make spent fuel
management practice in Ukraine conform to the world economic and technical
accomplishments and meet the international safety standards.
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2. General situation of nuclear energy in Ukraine
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There are thirteen power water-cooled reactors in operation (six WWER-1000 at
Zaporizhzhya NPP, three WWER-1000 at South Ukraine NPP, one WWER-1000 at Rivne
NPP, one WWER-1000 at Khmelnytskyy NPP, and two WWER-440 at Rivne NPP) with a
total installed capacity of 11 820 MW(e) in Ukraine. That is about 25% of the total installed
capacity of the electric power plants. Unit # 3 with RBMK-1000 of Chernobyl NPP was shut
down on 15 December 2000. One WWER-1000 unit at Rivne NPP and one WWER-1000 at
Khmelnytskyy NPP are under construction. Construction of two WWER-1000 units at
Khmelnytskyy NPP was suspended, but not cancelled. In 2002, the NPPs produced 78.0×109
kW·h of electricity (45.1% of electricity in the country). A forecast of the spent fuel
generation from the Ukrainian NPPs, within the 2002 - 2015 year period, is shown in Fig. 1.

T o ta l

FIG. 1. The estimated spent fuel arising.
3. Spent fuel management
3.1. Current status
RBMK spent fuel assemblies (SFAs) are stored in at-reactor (AR) spent fuel pools and in the
wet AFR storage located on the NPP site. WWER-440 SFAs are stored in AR spent fuel pools
and than are shipped to RT-1 plant (“Mayak” enterprise) for reprocessing. WWER-1000
SFAs are stored in AR spent fuel pools and than are transported to RT-2 complex site for
storage and reprocessing in future after completion of the fuel reprocessing plant construction.
AR spent fuel pools were re-racked at all WWER-1000 power units to increase their storage
capacity, except Zaporizhzhya -3, -4, -5. Since the year 2003, the WWER-1000 SFAs of
Zaporizhzhya NPP are not shipped to RT-2 complex site but are stored in the dry SFSF on the
design basis of VSC-24 casks of the American company Sierra Nuclear located at NPP site.
After the dissolution of the Soviet Union in 1991, spent fuel from Ukrainian WWERs was not
transported to reprocessing plants until 1995, follow-up the ban that was in force in Russia.
Since 1995, spent fuel from WWERs-1000 and WWERs-440 has been transferred to RT-1
and RT-2 plants, under the contracts. One of the conditions of the contracts is the return of
vitrified wastes to Ukraine after spent fuel reprocessing.
The annual amount of shipped SF will be determined by the costs of SF reprocessing services
and terms of dry storage commissioning. Spent fuel is shipped according to the Contracts
concluded between the national nuclear utility ”Energoatom” and reprocessing plants.General
data on the spent fuel balance is shown in Table I.
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Table I. General data on the balance of spent fuel of Ukrainian NPPs
(As of 01 January 2003)
Spent Fuel

Total, tU

WWER-1000,

WWER-440,

RBMK,

number FAs/tU

number FAs/tU

number FAs/tU

7 858/3 250

4 260/490

21 284/2 447

6 187

3 551/1 468
66/28

877/101

21 284/2 447

4 016
66/28

- during the whole period of NPP
operation

4 241/1754

3 383/389

-

2 143

- Including 1992-2001

3 408/1 400

1 767/204

-

1 604

Spent fuel generation:
- during the whole period of NPP
operation
Stored in spent fuel pools and in
the wet AFR storage
Stored in the dry AFR SFSF
Shipped to reprocessing plant:

3.2. Deferred decision rationale (justification)
The closed nuclear fuel cycle was evaluated as preferable for the option of large scale nuclear
industry development involving fast breeder reactors into the nuclear fuel cycle. Nuclear
energy has undergone essential changes during the last decades. The competitiveness of
nuclear energy (NPPs) under the increased safety requirements, reliability of operation, was
determined first of all by a nuclear fuel cycle cost reduction, NPPs construction terms
reduction, and units’ unification degree increase. Evolutionary water-cooled reactors
(including WWER) have appeared most adaptable and competitive under natural uranium
price reduction and enrichment capacities excess. The commercial use of fast reactors was
deferred.
The cost of spent fuel removal services is increasing. The problem of spent fuel dispatch to
Russian Federation needs consideration not only from the point of view of cost but also from
the point of view of reliable operation and prospects for nuclear energy in Ukraine.
Ukraine’s NPPs with WWER-1000 reliable operation assurance is a key component to
ensuring the country’s energy safety. The possibility of uninterrupted operation is mainly
determined by the spent fuel storage system which must ensure that SFAs are unloaded from
storage pools in time to provide for emergency FAs discharge conditions.
In accordance with the above it should be noted that the construction of RT-2 reprocessing
plant is not planned until 2020. The capacities of the existing wet SFSF at the RT-2 complex
are limited and will fill up by the year 2007 if the current rate of spent nuclear fuel intake
from Ukraine, Russia and Bulgaria is kept. The construction of additional dry storage facility
is planned but there is no guarantee that this work will be completed by the year 2007. Thus,
spent fuel dispatch to Russia even in the nearest future could be limited due to circumstances
beyond Ukraine’s control. The national nuclear utility ”Energoatom” advances payments for
spent fuel reprocessing the results of which it would probably never get because the strategic
decision on the structure of the national nuclear fuel cycle is not made. Several circumstances
hinder the decision-making:
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•
•
•

the programme of nuclear energy development after the year 2010 and the programme
of operating reactors life extension are not developed in Ukraine;
the possibility of the safe operation of WWER-1000 using MOX fuel is not
demonstrated and WWER-1000 necessary modernization programmes are not
developed;
WWER-1000 MOX fuel manufacturing is absent.

Since the nuclear fuel cycle strategy is not adopted in Ukraine a well-founded decision on
long term spent nuclear fuel storage is of paramount importance. The decision should give the
time for the country’s long term nuclear energy strategy development, appropriate nuclear
fuel cycle creation and adoption, and be competitive in comparison with the existing practice
of spent fuel dispatch to Russia.
3.3. RBMK-1000 spent fuel long term dry storage implementation
It was admitted that the wet AFR SFSF at the Chornobyl NPP site didn't meet the safety
requirements and has to be reconstructed or decommissioned. Further on, the existing storage
facility design lifetime expires in 2016. It was decided to construct the new dry storage "SF2" in the area of Chornobyl NPP site instead of the wet "SF-1". The project financial support
was provided by the Grant Agreement signed by the Ukrainian Government, EBRD and
Chornobyl NPP. The Grant would be available if Ukraine provides:
•
•
•
•
•

financing related to licensing;
construction site;
construction of roads;
power supply lines;
administrative office and so on.

The choice of the interim dry SFSF project was put out to the international tender (bid) in
1999. The modular type (horizontal concrete modules “NUHOMS” designed by the Pacific
Nuclear, USA and Framatome ATEA) SFSF is being constructed near the Chornobyl NPP
site and will be completed in the year 2004. The NUHOMS modules are being built in two
parallel lines of 116 modules. Each module contains 1 canister. Each canister contains 196
spent fuel bundle cartridges (98 RBMK FAs divided into halves).
The new storage capacity is planned for 21 356 RBMK SFAs and approximately for 2 000
discharged absorber rods for 100 years. According to the Programme, the transport of all
spent fuel from the wet SFSF to the dry SFSF should be completed by 2012. The basic
equipment for hot cells for dividing SFAs into two parts and their preparation for loading into
canisters as well as the considerable part of construction materials and components of the
reloading unit and modules are imported to Ukraine. Fig. 2 shows the Chornobyl NPP
modular type SFSF.
3.4. Interim dry SFSF implementation on Zaporizhzhya NPP site
It should be noted that the construction of the dry SFSF at the Zaporizhzhya NPP site was
foreseen by the design. It was understandable that, when the fifth and the sixth units of the
Zaporizhzhya NPP would be put into operation, the difficulty with spent fuel shipment would
arise. Primarily the spent fuel storage was planned at the NPP site in the TK-13 containers.
Spent fuel was not shipped to Russia from 1993 until 1995. Due to that, the situation became
complicated and the decision concerning the construction of dry SFSF, which is capable of
long term storage of all spent fuel from Zaporizhzhya NPP, was made.
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FIG. 2. Chernobyl spent fuel storage facility (general view).
After the proposals from different companies were addressed, the decision was made to build
the SFSF on the design basis of VSC-24 casks of the American company Sierra Nuclear.
Zaporizhzhya NPP signed an agreement with the engineering company Duke Engineering &
Services to perform the design of the container to store spent fuel from WWER-1000 and
escort the design of SFSF. The designing of the rest of the components was carried out by the
Kharkiv Design Institute “Energoproject”. The full design capacity of the SFSF of
Zaporizhzhya NPP is 380 containers. Each container can consist of 24 SFAs.
The VSC dry SFSF at Zaporizhzhya NPP was put into trial operation and the first three
containers were loaded in September 2001. The trial operation was completed successfully.
Three containers more (72 SFAs in total) were loaded in January 2003. Up to the end of 2003,
other 14 containers (336 SFAs in total) are planned to be loaded. The first 14 baskets,
equipment for container sealing-in and spent fuel transportation were manufactured and
procured by the company Duke Engineering & Services. The rest of the containers will be
manufactured in Ukraine.
The average capital component of the specific cost of spent fuel storage counting on the
complete storage facility fill up (380 containers) is estimated to be not more than 40 $/kg U.
The running costs of the container storage in the specific cost of spent fuel storage during 50
years will be insignificant because the NPP will be at the stage of operation and afterwards at
the stage of decommissioning and practically there won’t be any need in additional personnel.
Fig. 3 shows the Zaporizhzhya NPP dry SFSF.
3.5. Centralized dry WWER SFSF
Central dry SFSF is apparently the most economically viable decision for Ukraine [1]. The
Ministry of Fuel and Energy of Ukraine and the state nuclear utility “Energoatom” are
performing preparation works for WWER storage during the period up to 100 years. One of
the most important problems is spent fuel storage technology selection on the basis of option
assessment and based on the utilization experience.
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FIG. 3. Zaporizhzhye NPP spent fuel storage facility (general view).
On the basis of the preliminary assessments performed by Kyiv “Energoproject” Institute, the
following conclusions are suggested:
•
•
•

the preferable spent fuel management strategy for South Ukraine NPP, Rivne NPP,
Khmelnytskyy NPP is centralized storage;
the preferable technology for centralized spent fuel storage is modular or container
storage;
the preferable centralized SFSF site location is the exclusion area of Chornobyl NPP
adjacent to SF-2 of ChNPP.

The approximate capital component of the spent fuel storage specific cost in the centralized
SFSF of modular type with two barrier concept in the exclusion area of Chornobyl NPP
adjacent to SF-2 including transportation costs for shipment of SF from Rivne NPP,
Khmelnytskyy NPP and South Ukraine NPP equals 40 – 45 $/kg U.
Advantages of the centralized SFSF are:
•
•
•
•
•

centralization of nuclear materials monitoring and control;
simplification of IAEA safeguards procedures assurance and physical protection on
condition of one-site spent fuel storage;
licensing procedures quantity decrease;
relatively cheaper spent fuel storage in comparison with at-reactor spent fuel storage;
nuclear facilities quantity decrease.

The main problems of individual SFSF strategy implementation are:
•
•
•

For every individual (separated) SFSF individual licensing process, including site
selection should be provided (according to the Law of Ukraine not less than three sites
should be considered);
For every site engineering and investigative works complex is necessary;
For every NPP public hearings must be held, the results of which are hardly predictable
today;
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•
•
•

According to preliminary individual SFSF site option studies it is impossible to locate
such storage facility on any NPP industrial site, thus land allotment for SFSF would be
necessary as well as the security perimeter creation;
In connection with different NPP site geological conditions different engineering
solutions for SFSF sites organization would be necessary, i.e. it is impossible to unify
SFSF designs completely;
Reconstruction works at operational units would be necessary which could be
determined only after selection of definite storage technology;

Advantages of the site in Chornobyl exclusion area, in the SF-2 are:
•
•
•
•
•
•
•

the site has been planned, engineering investigations have been performed;
SF-2 infrastructure is created (technological environment provision, the viaduct and the
roads have been built);
there is a railroad from Yanov railroad station which is connected to state railroads;
there is no population in the exclusion area;
highly qualified personnel is available after Chornobyl NPP shut down (it will allow to
create jobs for Slavutych residents);
the cement plant is operating on the constructed SF-2 site;
on the SF-2 site auxiliary buildings are foreseen which could be used for centralized
SFSF.

Further centralized SFSF organization activities are:
•
•
•
•
•
•
•
•
•
•
•
•

Definition of the phases of centralized SFSF project development;
First stage performance of the technical and economic justification of centralized SFSF,
including site selection;
Solution of SFSF licensing organization problems taking into account normative
provisions and ecological justification taking into consideration public participation;
Solution of problems connected with the CFSF creation funding mechanisms;
Preparation of the bid (tender) on the best offer for the CFSF construction;
Putting SFSF construction out to the bid;
Signing the contract with a winner of the tender;
Technical and economic justification (rationale) of centralized SFSF second stage
performance;
Study of Ukrainian enterprises involvement in equipment manufacturing and supply;
Decision-making on the state level about the location, designing and construction of the
centralized SFSF for WWER NPPs in Chornobyl NPP exclusion area;
More precise definition of CFSF design normative base provisions;
designing and construction of the centralized SFSF.

In August of 2002, the state nuclear utility “Energoatom” sent letters to companies and
organizations owning technologies both for container and for modular storage with the
proposal of WWER spent fuel interim storage technologies implementation in Ukraine to
store 11 000 WWER-1000 SFAs and 3 300 WWER-440 SFAs. The tender is planned to be
conducted by October 2003. The second stage performance of the technical and economic
justification (rationale) of centralized SFSF is planned to be completed by October 2004.
According to the Plan the centralized SFSF construction may be realized during 2006- 2008.
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4. Advance investigation of spent fuel behaviour under a long dry storage condition
4.1. Research basis
Advance accelerated investigation of spent fuel behaviour in hot cells is required for
forecasting spent fuel behaviour under a long dry storage condition. In the State Scientific
Centre of Russia "Research Institute of Atomic Reactors" (RIAR, Dimitrovgrad, Russia) the
advance investigations of three fuel assemblies from Zaporizhzhya NPP are being performed
(within 10 years) under the contract between “Energoatom” and RIAR.
4.2. Main objective
The main objectives of the research are [2]:
•
•

To develop the safety criteria.
To evaluate optimum and ultimate storage terms (for the specified storage conditions)
by the calculating codes on the basis of research results.

4.3. Main specifications
Main specifications to the programme of the research are: The research of fuel rods and fuel
assemblies skeleton (structure) fragments behaviour under long term dry storage conditions is
performed with a special stand placed in the hot cell.
4.4. Research problems
The research problems/tasks are:
•
•
•
•
•
•
•

To evaluate the corrosion processes and their influence on properties of the fuel
cladding and FAs structure materials;
To develop the methodology of forecasting of WWER -1000 SFAs condition after long
term dry storage with the substantiation of safety criteria;
To define allowable fuel cladding temperatures in the beginning of storage;
To define allowable fuel cladding temperatures for emergency case and allowable time
of overheating;
To evaluate FA behavior as an integrity under long term dry storage with the calculated
codes;
To evaluate allowable term of spent fuel assemblies storage from the point of view of
ensuring the possibility in the future to unload FAs from the storage facility and to load
them in the transport container, then to transport, to reprocess or to dispose of;
To develop the recommendations for the option of the safe mode of spent FAs.
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The German policy and strategy on the storage of spent fuel
P.Ch. von Dobschütz, B. Fischer
BMU,
Bonn, Germany
Abstract. The German Government has decided, in accordance with the utilities, a phase out of nuclear power.
An "Agreement between the Federal Government and the Utility Companies" was initiated on 14 June 2000 and
finally signed on 11 June 2001. On the basis of this agreement the phasing out was fixed 2002 in the "Act for the
Regulated Termination of the Commercial Use of Nuclear Power" (Gesetz zur geordneten Beendigung der
Kernenergienutzung zur gewerblichen Erzeugung von Elektrizität - Atomgesetz). In this law, a remaining
operation time is fixed for each nuclear power plant. In context with the change in energy policy a new waste
management concept was developed. Concerning the spent fuel management the separation of uranium and
plutonium of the spent fuel was no longer desired politically with the consequence that only the direct disposal
of the spent fuel will be allowed. A sudden stop of reprocessing, however, was not possible because there have
been contracts between the operators of the nuclear power plants and the reprocessing plants in La Hague and
Sellafield being granted by changing of notes between the government of the Federal Republic of Germany and
the governments of the two reprocessing states. Taking this situation into consideration the abandoning of
reprocessing is demanded in the middle of 2005 by law. After this date no transports to the reprocessing plants
will be allowed with the consequence that beginning from this time only a direct disposal of the spent fuel
remaining or further arising in Germany will be accepted. As from 1 July 2005, transports to the reprocessing
plants at La Hague in France and Sellafield in the United Kingdom will be prohibited. The goal is to establish a
deep geological repository for radioactive waste starting operation by 2030. Until the commissioning of the
repository, the spent fuel has to be stored which has to be carried out at the site of its arising for reasons of
avoiding transports and of burden sharing. The Federal Government and the Utility Companies agreed, that the
utilities should set up interim storage facilities on the site or in the vicinity of the power plants as soon as
possible. The storage takes place in casks in a dry way. Both parties assume that the onsite interim storage
facilities will be ready for operation within a period of five years at the most. To avoid the transport of spent fuel
to the two central storage facilities in Gorleben and Ahaus the licence for 12 new onsite storage facilities for dry
storage has been granted or applied for. Until the commissioning of onsite storage facilities at five sites will be
completed, it is necessary to install five temporary storage facilities, where up to 28 dry transport/storage-casks
will be stored under prefabricated concrete elements. Apart from these five temporary storage facilities the spent
fuel will be stored in 18 storage facilities (including two wet storage facilities) up to the commissioning of a
repository.

1. Historical development of policy and strategy on the storage of spent fuel
Germany’s policy and strategy on the management and storage of spent fuel has undergone a
number of modifications and changes also with reaction upon the concepts of storage of spent
fuel.
•
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From the beginning of the commercial use of nuclear power up to 1994, the relevant
legislation, the Atomic Energy Act, included the requirement of reusing the fissile
material contained in the spent fuel elements. Thus, consequently leads to the necessity
of establishing a nuclear fuel cycle expressively with the installation of a reprocessing
facility. In Karlsruhe, a pilot plant started operation. All efforts to install an industrial
reprocessing facility integrated in a centre where all activities connected with the fuel
cycle and waste management would be concentrated on one site failed. Alternately, the
utilities turned instead to plans for abandoning this project and have concentrated their
attention on reprocessing abroad. Until today, German spent fuel elements are
reprocessed in France and the UK. Following the concept of reuse, the storage of spent
fuel took only place in the pools of the nuclear power plants (NPPs) or in the reception
pools of the reprocessing plants.
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•

•

•

•

At the end of the 70ties, there had been discussions between the government and the
utilities to open the way of direct disposal of the spent fuel. This discussion lead to a
decision of the heads of the governments of the federation and the states to examine the
technical and economical aspects of this way. In this decision, the installation of so
called central storage for spent fuel was agreed, which should be used as a buffer before
moving the spent fuel abroad in case of bottlenecks in the storage capacity of the NPP
pools or the reception pools of the reprocessing plants. This storage could be used as
well for storing the spent fuel destined for direct disposal if this way would be opened.
In 1994, the Atomic Energy Act was appropriate modified in a way that in this law both
options, either the reuse of the fissile material in the spent fuel or its direct disposal, is
regarded in the same ranking. The amendment of the law opened only the possibility of
following these two options, the decision to use one of these options or both rested
solely with the operators of nuclear power stations. Preparative to this situation, two
central storage facilities (Gorleben and Ahaus) were commissioned for dry storage of
casks for spent fuel elements and in addition of casks for vitrified HAWC (high active
waste concentration) repatriated from the reprocessing abroad.
After change of the federal government in 1998, the new German Government decided,
in accordance with the power utilities, to phase out nuclear power by limiting the
standard lifetime of the nuclear power plants to 32 years from the date of their
commissioning. With an agreement negotiated between the Federal Government and the
power utilities of 14 June 2000 [BUN 00] (ratified on 11 June 2001), in spite of the
prevailing differences of opinion on the use of nuclear power, the German power
industry has demonstrated that it respects the Federal Government’s decision to phase
out the production of electricity from nuclear energy in a carefully coordinated process
and to work towards implementation of the new energy policy. The key points of this
agreement relevant to the policy and strategy on the storage of spent fuel are as follows:
Reprocessing will be discontinued and replaced by the direct disposal of spent
fuel elements;
The delivery of spent fuel elements to La Hague and Sellafield for reprocessing
will be terminated by the middle of 2005. Thanks to this move, and by setting up
local interim storage facilities at the sites of the German nuclear power plants for
the remaining spent fuel elements generated until the time of closing operation,
the number of nuclear transports will be considerably reduced. In future, this
number will be reduced by up to two-thirds by storing the spent fuel elements at
interim storage facilities on the NPP site and only transporting them to the
repository;
The licensing procedure for a pilot facility for the disposal conditioning of spent
fuel elements currently under construction will be completed, but the use of the
facility will be restricted to the repair of defective casks;
The exploration of the Gorleben salt dome (started in 1979) as a repository for
heat generating wastes including spent fuel will be interrupted to allow sufficient
time in order to clarify conceptual and safety-related issues during a moratorium
period of up to 10 years. Until that date, the site will be preserved and made safe
in its current state.
As a result of this agreement an amendment of the German Atomic Energy Act was
decided by the German Parliament (Bundestag) on 14 December 2001 and entered into
force on 22 April 2002. This amendment of the Nuclear Atomic Energy Act has also
consequences on the German policy and strategy on the storage and disposal of spent
fuel and its implementation. The actual situation will be described in the following.
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2. Overview of the actual situation
As of 30 June 2005 transports to reprocessing will be prohibited in accordance with the
mentioned amendment to the Atomic Energy Act (AtG) of 22 April 2002. Until that date, the
quantities of spent fuel elements contractually agreed with the reprocessing facilities should
be shipped to these facilities by the nuclear power plant operators. For the rest of the spent
fuel then existing in Germany and that generated in the remaining lifetime of the NPPs, only
direct disposal will be possible.
As there is as yet no repository available for spent fuel elements, they will be stored
intermediately at the site where they were used until such time as the repository is
commissioned, in order to avoid the transportation of spent fuel and help spread the burden.
If, in exceptional cases, interim storage at the site of the nuclear power plants is not possible,
there are two central storage facilities available at Ahaus and Gorleben which are operational
and on stand-by.
Usually, the spent fuel elements from research reactors will be returned to their country of
origin for disposal. If that is not possible, these too will be intermediately stored until their
final transportation to the repository.
The Federal Government is aiming to establish a repository in deep geological formations for
the disposal of all kinds of waste including spent fuel elements by the year 2030. The
moratorium period for Gorleben of 3 to 10 years does not mean that this site will be
abandoned as a possible repository for spent nuclear fuel.
3. Interim storage facilities for spent fuel
The set up of interim storage capacity at the site of production of spent fuel results in a
minimization of the number of transports. When a repository will be available, the spent fuel
elements can be transported directly from the site of their production to the site of the final
repository. With central storage facilities, additional transports from the power plant to the
central storage facility and from there to the future repository site would be necessary. An
overview of storage facilities for spent fuel (interim storage, conditioning) can be found in
Table I. The storage facilities can be classified as follows:
•
•
•

the dry interim storage facilities at the reactor sites, including temporary storage
facilities (so-called Interimslager);
the central interim storage facilities at Gorleben (TBL-G) and Ahaus (BZA);
the interim storage facilities at Greifswald (ZAB, ZLN) for spent fuel from the nuclear
power plants at Rheinsberg and Greifswald, and the storage facility at Jülich for spent
fuel from the high-temperature reactor AVR.

The spent fuel elements unloaded from the reactor core are first placed in cooling ponds
within the reactor building. These pools allow the required decay in activity and heat
generation until the fuel is shipped for reprocessing or placed in a storage cask for interim
storage, and provides the operator with sufficient flexibility to operate the plant. The
additional wet storage facility outside the reactor building at Obrigheim is an exceptional
case. As this facility, like the cooling ponds inside the reactor buildings, is considered part of
the power plant operation from a licensing point of view, it will not be considered in any
further detail. It is, however, included in the tables for the sake of completeness.
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Table I. Storage facilities for spent fuel elements (March 2003)
Site

Storage capacity

Storage capacity

(number of storage
positions)

(t HM)

Status
Applied for

Licensed

Onsite storage facilities
Biblis

135 cask positions

1400 t HM

X

Brokdorf

100 cask positions

1000 t HM

X

Brunsbüttel

80 cask positions

300 t HM

X

Grafenrheinfeld

88 cask positions

800 t HM

X

Grohnde

100 cask positions

1000 t HM

X

Gundremmingen

192 cask positions

2250 t HM

X

Isar

152 cask positions

1500 t HM

X

Krümmel

80 cask positions

800 t HM

X

Lingen/Emsland

125 cask positions

1250 t HM

Neckarwestheim

151 cask positions

1600 t HM

980 fuel element positions

286 t HM

Philippsburg

152 cask positions

1600 t HM

X

Unterweser

80 cask positions

800 t HM

X

a

Obrigheim

X
X
X

Temporary storage facilities
Biblis

28 cask positions

300 t HM

X

Brunsbüttel

18 cask positions

140 t HM

X

Krümmel

12 cask positions

120 t HM

X

Neckarwestheim

24 cask positions

250 t HM

X

Philippsburg

24 cask positions

260 t HM

X

Central storage facilities
Gorleben

420 cask positionsb

3800 t HM

X

Ahaus

420 cask positions

3960 t HM

X

Local storage facilities outside the reactor sites
ZAB Greifswald

4680 fuel element positions

560 t HM

ZLN Greifswald

80 cask positions

585 t HM

Jülich

158 casks

X
X
c

0.225 t nuclear fuel

X

a

The storage facility at Obrigheim is a wet storage facility outside of the reactor building that was commissioned in 1999.
Consequently, an additional onsite temporary storage facility is not necessary.
b
Including the positions for HAW canisters
c
Excluding thorium

With regard to direct disposal, a remaining period of several decades still needs to be bridged,
depending on the availability of a repository and the length of time required for heat
generation to subside until disposal. The Federal Government’s concept envisages that in
future, spent fuel elements should be placed in interim storage at the reactor sites where they
are generated, and should remain there until duly conditioned and disposed of in a repository.
For casks, an application has been submitted for a maximum storage period of 40 years from
the date of loading. Interim storage at the site means that the number of fuel element
transportations will be reduced.
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For twelve reactor sites, licence applications for the interim storage of spent fuel elements
have been submitted to the authorities in accordance with Section 6 of the Atomic Energy Act
(AtG). The storage facilities are designed as dry storage facilities where with spent fuel
elements loaded casks are placed in new storage buildings to be constructed on site. The casks
are cooled by passive air convection, which removes the heat from the casks without any
active technical systems. The leak-proof and accident-resistant casks ensure safe enclosure as
well as the necessary degree of radiation shielding and criticality safety during both normal
operation and in the case of incidents. The heat is released from the outer surfaces of the casks
into the environment by means of cooling fins. Protection against external impacts, such
earthquakes, explosions and aircraft crashes, is ensured by the thick walls of the casks.
Basically, there are three design options for interim storage facilities:
•
•
•

Storage building;
Storage tunnel;
Temporary storage facilities.

In the first option with the WTI concept and the STEAG concept two different concepts are
available. In the WTI concept, the storage building consists of two parts being separated by a
wall in the middle of the building. The wall thickness is approximately 70 to 85 cm, and the
roof thickness approximately 55 cm. In the STEAG concept, the storage buildings have no
separating wall. The wall thickness is approximately 120 cm, and the roof thickness
approximately 130 cm. The individual storage facilities each have a capacity of between 80
and 192 storage positions for suitable storage casks. The design option storage tunnel at
Neckarwestheim, also a WTI concept, is a special case, where it is envisaged that the casks
will be stored in two tunnels lined with gunite. This special underground solution was
developed to accommodate the specific situation of the site. The Stade power plant has
withdrawn its application for the storage of spent fuel elements under Section 6 of the Atomic
Energy Act (AtG) because the reactor is due to be shut down in 2003 and the spent fuel
elements will be transported to reprocessing. In the Obrigheim plant, an increase of the wet
storage capacity was licensed in 1998, and this capacity be sufficient until the end of the
reactor’s operational life. Provided all the licences are granted, all nuclear power plants
currently in operation, with the exception of Stade and Obrigheim, will have dry interim
storage facilities at their sites in the future. If the licensing and subsequent construction
proceeds on schedule, all onsite storage facilities are expected to be commissioned by 2006.
As a transitional solution until the onsite storage facilities are complete, and in order to avoid
any disposal shortfalls, five nuclear power plant operators have applied for temporary storage
facilities (so-called Interimslager) under Section 6 of the Atomic Energy Act (AtG). These
installations have a capacity of up to 28 storage positions with a mobile concrete enclosure for
each cask. The intention is that the casks will be transferred to the respective onsite storage
facility within a limited period of time. The casks in the temporary storage facilities are
likewise cooled by passive air convection. The casks, combined with the concrete enclosures,
ensure compliance with the admissible dose limits stipulated by the Radiation Protection
Ordinance (StrlSchV). For three sites (Biblis, Neckarwestheim, Philippsburg), the licences for
the temporary storage facilities have already been granted, and a number of casks have
already been emplaced.
The interim storage facilities at Greifswald/Rubenow and Jülich should be considered as
special cases. Although constructed outside of the reactor sites, they are nevertheless closely
linked to certain nuclear reactors. The dry “Interim Storage Facility North” (ZLN) only
accepts fuel elements from the Soviet-type reactors at Rheinsberg and Greifswald, some of
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which are currently being stored in a nearby wet storage facility (ZAB). The storage facility at
Jülich contains spent fuel elements (spheres) from the prototype high-temperature reactor
AVR.
Central storage facilities containing fuel elements from various German nuclear power plants
have been licensed at Gorleben and Ahaus. The facilities are designed as dry storage facilities.
Here, too, the types of casks are in part identical with those already mentioned above in
conjunction with onsite storage facilities. The Ahaus facility is licensed for HTR and LWR
fuel elements, whilst the Gorleben facility is licensed for LWR fuel elements and HAW
canisters. A certain number of storage positions has been allocated to the respective utility
companies, but with the exception of the storage of HAW, only a small number of these are to
be used so as to avoid the need for transportation.
4. Regulatory framework for interim storage facilities
The basis for the licensing of decentralized and central interim storage facilities is § 6 Atomic
Energy Act. The license for the storage pursuant to § 6 Atomic Energy Act must be granted if
the licensing requirements are met. Such a license is a pure storage license. For the
construction of the storage facility a license pursuant to planning and building law according
to the respective federal state building regulations is required additionally. Both temporary
and onsite storage facilities undergo an environmental impact assessment (EIA) when applied
for after 15 March 1999. The course of the licensing procedure pursuant to § 6 Atomic Energy
Act is shown in Fig. 1. It mainly consists of:
•
•
•

Procedure for the involvement of the public;
Verification of the licensing requirements;
Issuing of the notice of approval.
Operator of Nuclear Power
Plant files application

Licensing
Procedure
Construction
to the Building Authority:
Construction of the Storage Facility

Building Authority:
Verification procedure with reagard to
the application for a building permit

Licensing Procedure
Atomic Energy Act

to the licensing Authority pursuant to
Atomic Law (BfS): Storage of Spent Fuel

BfS:
Verification of the prerequisites for a
license (Sect. 6 Atomic Energy Act)
• involving experts
• involving authorities
• taking into account the results of the
public hearing
• taking into account EIA

BfS checks the readiness of
documents for public disclosure
Involvement of the Public
Public Announcement of the
Project

Evaluation of building application in
view of Atomic Law

Public Disclosure: Application,
Short Description, Safety
Report, EIA-Document

Draft of Notice of Approval

Objections

Participation of Authorities

Public Hearing
Word-for-Word Record

Decision on the application for
Storage of Spent Fuel
Decision on the
application for construction

BfS delivers the Notice of Approval
to the Applicant and the Objectors,
Public Announcement and
Disclosure of the Approval

FIG. 1. Course of licensing procedure.
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4.1. Responsibilities in interim storage
The utilities as producers of radioactive waste are responsible for the development,
construction and operation of interim storage facilities. They decide and determine when, at
which site and with which concept they file an application for the licensing of an interim
storage facility to the competent authority.
The responsibility:
•
for the licensing of nuclear fuel storage rests with the Federal Office for Radiation
Protection (BfS);
•
for the licensing of construction of a facility (storage building, storage tunnel, storage
area and concrete encasements) rests with the respective federal state building authority;
•
for the supervision during operation rests with the supervisory authority of the
respective federal state.
4.2. Verification of the prerequisites for licensing
Pursuant to § 6 Atomic Energy Act a licence shall be granted if there is a need for such
storage and if
1.

2.
3.
4.

there are no known facts giving rise to doubts as to the reliability of the applicant or of
the persons responsible for the management and supervision of such storage, and the
persons responsible for such management and supervision have the requisite
qualification;
the necessary precautions have been taken in the light of the state of the art in science
and technology to prevent damage resulting from the storage of nuclear fuel;
the necessary financial security has been provided for covering the legal liability to pay
compensation for damage;
the necessary protection has been provided against disruptive action or other
interference by third parties.

The "precaution against damages according to the state-of-the-art" is the most extensive
complex to be verified. The following subjects have to be regarded, examined and verified:
•
•
•
•

Safe enclosure of the radioactive inventory;
Sufficient shielding;
Subcriticality;
Sufficient dissipation of decay heat.

Aircraft crashes and - following 11 September 2001 - attacks with a hijacked big passenger
plane are examined as well. Before 11 September 2001, only the crash of smaller military jets
with much less amounts of kerosene have been put into consideration.
4.3. Environmental impact assessment
The Act on the Assessment of Environmental Impacts (UVPG) and the EIA Amending
Guideline 97/11/EC are the legal bases for the implementation of the environmental impact
assessment. Possible effects of the project on man, animals, plants and their habitat as well as
on soil, water, air and climate are assessed. Possible effects on the scenery and cultural assets
as well as interactions are to be considered additionally.
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As already mentioned an interim storage facility requires a building permit pursuant to the
respective federal state planning and building regulations as well as a license to store nuclear
fuel pursuant to § 6 Atomic Energy Act. According to the European guidelines a standardized
environmental impact assessment is required in the licensing procedures. Since the duty to
perform an environmental impact assessment results from the storage of nuclear fuel and not
from the construction of a building, the Federal Office for Radiation Protection (BfS) acts in
overall charge pursuant to § 14 of the Act on the Assessment of Environmental Impacts. This
leads to a standardized consideration of environmental impacts in the various licensing
procedures.
Since only one environmental impact assessment has to be performed for the project as a
whole, and a unique decision (regarding the assessment of environmental impacts) has to be
made, both licensing procedures pursuant to Atomic Law and to Planning and Building Law
are linked and completed almost simultaneously.
4.4. Involvement of the public
The public is involved in the performance of licensing procedures for interim storage of spent
fuel on the basis of the Ordinance on Procedures under Atomic Law (AtVfV). The following
steps are required:
•
•

•

Announcement of the project in the Federal Gazette (Bundesanzeiger) and in local daily
papers;
Disclosure for public inspection: Certain documents concerning the project (application,
short description, safety report and the EIA-report) have to be disclosed for public
inspection for a period of two months. During the period of disclosure for public
inspection objections against the project can be raised;
Public hearing: The licensing authority must discuss the objections with the applicant
and the objectors. The objectors have the opportunity to extend their objections and to
explain them in greater detail. The discussion is not public.

The objections expressed and reinforced in the public hearing are considered by the Federal
Office for Radiation Protection (BfS) and taken into account for the examination of the
prerequisites and the decision expressed in the notice of approval.
4.5. Involvement of the Republic of Austria
A public participation for citizens of the Republic of Austria is carried out for the six interim
storage facilities located in the south of Germany with regard to transboundary environmental
impact assessment.
5. Conditioning of spent fuel for its disposal in a repository
The German reference concept for direct disposal envisages that the spent fuel elements
should be packaged in sealed thick-walled casks and emplaced in deep geological formations.
In order to demonstrate the conditioning technique, a pilot conditioning plant (PKA) has been
planned and constructed at Gorleben. Pursuant to the agreement between the Federal
Government and the utilities the licensing procedure is complete, but use of the facility is
restricted to the repair of defect casks. It is restricted to a maximum throughput of 35 tHM/a
and the handling of other radioactive materials. At present, the granted licence cannot be
utilised because a number of actions have been brought against it.
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6. Disposal in a repository
In the Federal Republic of Germany, the intention is that all types of radioactive waste should
be stored in deep geological formations. The intention to dispose of all types of radioactive
waste in deep geological formations also makes it unnecessary to differentiate between waste
containing radionuclides with comparatively short half-lives and waste containing
radionuclides with comparatively long half-lives. In accordance with the German approach to
disposal, the definition and categorisation of radioactive waste (i.e. its classification) must
therefore comply with the requirements for safety assessment of an underground repository.
In this respect, the effects of heat generation from radioactive waste on the design and
evaluation of a repository system are particularly important, since the natural temperature
conditions may be significantly altered by the deposited waste. In order to meet the
requirements concerning the registration and categorisation of radioactive waste from the
point of view of disposal, the authorities have chosen a basic subdivision into:
•
•

Heat-generating radioactive waste; and
Radioactive waste with negligible heat generation.

Examples of heat-generating radioactive wastes include the fission product concentrate,
shells, structural components and feed sludge from the reprocessing of spent fuel elements,
and the fuel elements themselves if there are no plans to reprocess them but instead to dispose
of them directly as radioactive waste.
Since 1979, the Gorleben salt dome has been explored for the disposal of heat-generating
radioactive waste. In the opinion of the Federal Government, there are doubts with regard to
its suitability as a final repository. In February 1999, the Federal Ministry for the
Environment, Nature Conservation and Nuclear Safety (BMU) established the Committee on
a Site Selection Procedure for Repository Sites (Arbeitskreis Auswahlverfahren
Endlagerstandorte AkEnd) (hereinafter referred to as “the Committee”) in order to lay down
criteria for the identification of sites that are both suitable for safe disposal and at the same
time accepted by the general public. Until planning and safety-related issues have been
clarified, the exploration of the Gorleben salt dome has been interrupted in October 2000 for
at least 3 years, at most however 10 years.
The Committee’s recommendations serve to provide the Federal Government with a proposal
on how the repository site selection procedure should be structured in accordance with the
coalition agreement of 2002, to enable the Federal Government to meet its responsibility to
establish facilities for the disposal of radioactive waste in accordance with Section 9a, para. 3
of the AtG.
7. Summary
In summary, it may be stated that the German policy and strategy on the storage and disposal
of spent fuel has changed over the last years and now encompasses the following key
elements:
•
•
•
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end of transports of German spent fuel elements to reprocessing facilities in 2005;
licensing and construction of interim storage facilities for spent fuel elements, until a
repository becomes available in order to minimise transports;
disposal of fuel elements in a deep geological repository.
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Spent fuel management strategy in Japan
E. Nishimura
Nuclear Fuel Cycle Division, Agency for Natural Resources and Energy
Ministry of Economy, Trade and Industry,
Tokyo,
Japan
Abstract. Japan has consistently based its policy on its nuclear fuel cycle option with only peaceful purposes, in
order to ensure a stable and reliable energy supply and to minimize environmental loads. Since the start of
operation of the first commercial nuclear power plant in 1966, nuclear power generation in Japan has steadily
increased. At present, 52 commercial nuclear power plants are in operation. Nearly 1 000 tU of spent fuel is
discharged annually by these plants. JNFL is constructing the RRP, planned to be commissioned in July 2005.
The reprocessing capacity is 800 tU/year. Therefore, more than 200 tU of surplus spent fuel will accumulate
every year. Building up the interim storage capability outside of nuclear plant sites is now a focal point for the
flexible, practical, and safe management of the surplus amount of spent fuel predicted to arise over the next
several decades. In February 1997, a Cabinet decision on “Policy to Promote Nuclear Fuel Cycle” was made and
the need to build more AFR interim storage capacity was acknowledged. A law concerning interim storage was
enacted in 1999. Thus, the spent fuel storage business has legally become possible in Japan. Since then, the
utilities have been endeavouring to site ARF storage facilities, with the goal of commencing operation around
2010. TEPCO is now preparing for the first AFR in Japan, Mutsu Recycle Fuel Storage Center, located at
Sekinehama in Mutsu City. In April 2003, TEPCO released a report on the site feasibility investigation, which
verified the suitability of the site for the AFR storage facility and also announced the framework of this project.

1. Fundamental policy for nuclear energy in Japan
Japan has consistently based its policy on its nuclear fuel cycle option with only peaceful
purposes, from the beginning of nuclear development in the 1950s [1]. Japan has been
pursuing the closed cycle to ensure a stable and reliable energy supply and to minimize
environmental loads. Our policy has been in compliance with the IAEA full-scope safeguard.
Figure 1 shows the nuclear fuel cycle in Japan in the near future. The completion of the
nuclear fuel cycle has been desired in Japan because the country is poor in energy resources,
with a national energy self-sufficiency ratio of only 4%. Three commercial facilities - a
reprocessing plant, a MOX fabrication plant, and an interim storage facility - are scheduled to
operate by 2005, 2009 and 2010 respectively, in order to make full use of uranium resources.
Interim storage of spent fuel provides an adjustable time period until the spent fuel is
reprocessed and thus enables the nuclear fuel cycle to flow flexibly. A law concerning interim
storage was enacted in 1999 and the private sector is now making preparations for
commercial operation of the storage facility by 2010.
2. Current status of spent fuel management in Japan
Since the start of operation of the first commercial nuclear power plant in 1966, nuclear
power generation in Japan has steadily increased. At present, 52 commercial nuclear power
plants are in operation. Their total installed capacity is 46 GW, about one third of the total
generated electric power. Nearly 1 000 tU of spent fuel is discharged annually by these plants.
The Tokai Reprocessing Plant (TRP) for research and development had reprocessed about
1 000 tU of spent fuel from nuclear power plants by the end of December 2002. A total of
7 100 tU of spent fuel has been shipped to reprocessing plants in France and the United
Kingdom.
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FIG. 1. Nuclear fuel cycle in Japan in the near future.
Japan Nuclear Fuel Limited (JNFL) is constructing the Rokkasho Reprocessing Plant (RRP),
planned to be commissioned in July 2005. The reprocessing capacity is 800 tU/year. As of
February 2003, 93%of the facility has been completed. The cold chemical check test is
currently in progress.
3. Spent fuel balance and demand for interim storage
A total of 18 800 tU in spent fuel from nuclear power plants in Japan had been discharged by
the end of September 2002. About 53% (10 000 tU) of the spent fuel is stored in nuclear
power plants, while 38% (7 100 tU) has been shipped to European reprocessing plants. The
rest (9%) has been shipped to TRP and RRP.
Now let’s look at the spent fuel balance in Japan in the future. The total storage capacity in
nuclear reactor sites is 16 000 tU. However, 10 000 tU of spent fuel has already been stored.
Therefore, the remaining storage capacity is 6 000 tU. The total storage capacity in RRP is
3 000 tU. Of this, the storage capacity remaining is about 2 000 tU, because 780 tU of spent
fuel has already been stored. About 1 000 tU of spent fuel is discharged annually at present.
The discharge rate is scheduled to increase, as shown in Figure 2 [2]. Meanwhile, the
reprocessing capacity of RRP is 800 tU/year, as described above. Therefore, more than 200 tU
of surplus spent fuel will accumulate every year. So measures will be needed to cope with the
increasing accumulation of surplus spent fuel. The following are measures that have been, or
will be, introduced to cope with the increasing spent fuel accumulation:
(1)
(2)

(3)
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Burnup extension;
Increase of reactor-site storage capacity by:
Re-racking;
Common use of pools (within the same site);
Expansion of pools;
Installation of on-site dry storage facilities;
Construction of away-from-reactor (AFR) interim storage facilities.
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An interim storage
facility needs to be
operating by 2010

Amount of
spent fuel
(tU/year)

Approx. 1,900 tU/year
Amount of
spent fuel
stored in
NPPs and
amount
required
for interim
storage

Approx. 1,400 tU/year
Approx. 900 tU/year

Generation of spent fuel
(Recyclable fuel)

Rokkasho
Reprocessing
Facility’s capacity
800 tU/year

Reprocessing
overseas
Tokai Reprocessing
(Year) Plant ( Japan Nuclear
Cycle Development
Institute)

Fig. 2. Projected spent fuel balance [2].
Fuel burnup is now being extended to achieve a maximum burn-up of as high as 55 000
MW·d/t in most BWRs and PWRs, resulting in a degree of suppression of the spent fuel
discharge rate. In many of the nuclear power stations, re-racking and common use of pools
have already been implemented, and in some of them, the pools have been expanded. At
present, dry cask storage facilities are in operation at only two sites: Fukushima Dai-ichi of
Tokyo Electric Power Company (TEPCO) and Tokai Dai-ni of Japan Atomic Power
Company (JAPCO). Moreover, the discharge rate is projected to increase as more nuclear
power plants are expected to come into operation in the near future. Under such
circumstances, thoroughly devised management of the back end of the fuel cycle constitutes
an essential part of the nation’s nuclear energy program, especially from the viewpoint of
assuring long term stability in the electricity supply [3].
Building up the interim storage capability outside of nuclear plant sites is now a focal point
for the flexible, practical, and safe management of the surplus amount of spent fuel predicted
to arise over the next several decades.
4. Preparation of the fundamental regulatory environment for AFR storage
In February 1997, a Cabinet decision on “Policy to Promote Nuclear Fuel Cycle” was made
and the need to build more away-from-reactor (AFR) interim storage capacity was
acknowledged. In June 1998, an advisory subcommittee of MITI (now METI, or the Ministry
of Economy, Trade and Industry) issued an interim report, “Towards Realization of Storage of
Recycle Fuel Resources” [4]. The report states: “the spent fuel (under long term storage)
should be regarded as a nuclear fuel reserve for future recycling.” The report also emphasized
the necessity for the establishment of AFR interim storage facilities by 2010 through the
coordinated efforts of the utilities and the government. The Law for the Regulation of Nuclear
Source Material, Nuclear Fuel Material and Reactors was partially amended to cope with the
need for AFR facilities in June 1999. Thus, the spent fuel storage business has legally become
possible in Japan. Since then, the utilities have been endeavouring to site ARF storage
facilities, with the goal of commencing operation around 2010. The Nuclear Safety
Commission (NSC) finalized the safety review guideline for interim storage facilities based
on dry metal casks in October 2002.
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5. Outline of the regulations for AFR storage
The regulations for AFR storage were enacted for the dry metal cask storage system as a
priority matter. The regulation policy requires that the safety of spent fuel be maintained
throughout the storing and that the regulations should be based on the safety inspections that
have already been carried out in dry cask storage facilities. The regulations concerning
storage operators require that storage operators intending to conduct spent fuel storage are
obliged to obtain a license, as power plant operators are. The Atomic Energy Commission and
the Nuclear Safety Commission will make a double-check on applicants for this license. The
licensing standards regulate the following, among other matters:
•
•

Not to be used for purposes other than peaceful ones;
Technical capability and financial basis are required.

The safety review guideline for AFR using dry metal casks for both transportation and storage
was established in October 2002 under the law enacted in 1999 [5]. The safety of the facility
is secured by the following four basic safety functions according to the safety review
guideline:
1.
2.
3.
4.

Confinement;
Radiation shielding;
Heat removal; and
Prevention of criticality.

The functions of confinement and prevention of criticality are assured by dry metal casks. The
safety review guideline also requires that the metal casks must have sufficient structural
strength to meet the regulation requirement for transportation outside nuclear facilities.
6. Mutsu Recycle Fuel Storage Center
TEPCO is now preparing for the first AFR in Japan, Mutsu Recycle Fuel Storage Center,
located at Sekinehama in Mutsu City, Aomori Prefecture in the northern part of Honshu
Island, Japan. Figure 3 shows an imaginary picture of the Center.

FIG. 3. An imaginary picture of Mutsu Recycle Fuel Storage Center.
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Mutsu City expressed interest in hosting an AFR storage facility at Sekinehama area and
requested TEPCO to initiate a feasibility investigation in November 2000. TEPCO conducted
a site feasibility investigation for two years starting from 1 April 2002.
In April 2003, TEPCO released a report on the site feasibility investigation, which verified the
suitability of the site for the AFR storage facility and also announced the framework of this
project as shown in Table I.
Table I. Framework of Mutsu Recycle Fuel Storage Center
Implementing entity
Beginning of storage
Storage system
Storage capacity
Storage period

New company established with
TEPCO & other electric power
companies
Around 2010
Dry metal cask storage system
Initially 3 000 tU
Finally 5 000 to 6 000 tU
50 years

7. Summary
Japan has consistently based its nuclear policy on the nuclear fuel cycle with only peaceful
purposes. As of February 2003, 93% of the Rokkasho Reprocessing Plant has been
completed. The fundamental regulatory environment for AFR storage has been prepared.
TEPCO conducted a site feasibility investigation for Mutsu Recycle Fuel Storage Center and
announced the framework of this project.
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Canada’s national policy on the long term management
of nuclear fuel waste
P.A. Brown
Natural Resources Canada (NRCan),
Ottawa,
Canada
Abstract. Nuclear energy is an important part of Canada’s diversified energy mix. There are 22 CANDU
reactors in Canada located in Ontario, New Brunswick, and Quebec. Like any other industry, nuclear fuel cycle
operations produce some waste, and for this paper, we will focus on nuclear fuel waste, i.e., the irradiated fuel
taken out of nuclear reactors at the end of their useful life. Canada has no plans to reprocess and recycle this fuel,
so current plans are based on direct long term management of the waste fuel. Although nuclear fuel waste is
currently in safe storage, steps are now underway to develop and proceed effectively with the implementation of
more long term management solutions. A deep geological disposal concept was developed by the federal crown
corporation Atomic Energy of Canada Limited (AECL) and Ontario Hydro, and, in October 1988, it was referred
for review by a federal independent environmental assessment panel. AECL submitted the Environmental
Impact Statement to the Panel in 1994. The Panel released its report with conclusions and recommendations on
the acceptability of the concept in March 1998. It found that “from a technical perspective, safety of the AECL
concept has been on balance adequately demonstrated for a conceptual stage of development, but from a social
perspective, it is not. As it stands, the AECL concept for deep geological disposal has not been demonstrated to
have broad public support. The concept in its current form does not have the required level of acceptability to be
adopted as Canada’s approach for managing nuclear fuel waste”. Thus it was clear that Canada should increase
public confidence before proceeding with any general approach on the long term management. With the Panel’s
recommendations in mind, and with further consultations with stakeholders, including the public, the
Government of Canada developed the Nuclear Fuel Waste Act (NFW), which came into force on 15 November
2002. The NFW Act is a stand-alone piece of legislation with some 30 articles and without regulations. The Act
deals essentially with social, financial and socio-economic considerations of the long term management of
nuclear fuel waste. It complements the health, environment, safety and security requirements under the Nuclear
Safety and Control Act. It provides for 1) the nuclear industry to set up a waste management organization to
manage the full long term waste management activities and to establish trust funds to finance long term waste
management responsibilities; and 2) the waste management organisation to submit for government decision long
term waste management options within three years of coming into force of the NFW Act. On 24 October 2002,
the nuclear industry formed the Nuclear Waste Management Organization (NWMO), which is now proceeding
with preparing the options study. On 25 November 2002, the nuclear industry deposited initial amounts into the
required trust funds. On 28 March 2003, the NWMO submitted to Government its first annual report.

1. Canadian context
Nuclear energy is an important part of Canada’s diversified energy mix. The nuclear fuel
cycle in Canada includes the mining and milling of uranium, the fabrication of fuel elements,
the use of that fuel in nuclear power plants, and the safe management of the radioactive waste
by-products. The development and control of the nuclear energy option falls within federal
jurisdiction and the Government of Canada wants to ensure that the public has confidence that
operations at each step of the nuclear fuel cycle are carried out in the best interest of
Canadians.
Canada is rich in uranium deposits mainly in the northern part of the province of
Saskatchewan. Uranium mined in Canada is used to fuel nuclear reactors around the world,
including the CANDU (CANada Deuterium Uranium) reactor. Canada is the world’s leading
producer of uranium, accounting for roughly one-third of total global output. The mining and
milling of uranium generated $500 million in revenues in 1998 and provided employment for
over 1 000 Canadians.
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There are 22 CANDU reactors in Canada located in Ontario (20), New Brunswick (1) and
Quebec (1). Canada also has a successful CANDU export industry led by Atomic Energy of
Canada Limited, a federal crown corporation. The nuclear industry contributes to the
Canadian economy by generating thousands of jobs in the uranium industry, in the three
provincial nuclear utilities and in approximately 150 Canadian manufacturing, supply and
services companies.
Like any other industry, nuclear fuel cycle operations produce some waste, and more
characteristically, radioactive waste. Concerns about radioactive waste increased sharply
during the 1970s, as did awareness of the environment of nuclear safety issues, and of the
hazards of radiation in particular. In the 1970s and 1980s, the Government recognized that the
management of these wastes to currently acceptable standards would involve considerable
scientific and engineering preparation, and extensive public review processes.
The Government also realized that past methods of dealing with radioactive wastes had not
been adequate in some cases by current environmental standards. Work was needed to resolve
historic waste situations and to ensure that future wastes would be adequately looked after
during their hazardous lifetime. It was also necessary to assign responsibility for both past and
future wastes, so that requirements could be established, preparations made and funding set
aside.
In general, federal policy is now to manage these wastes so that the health of people and the
environment is protected, as well as so that those who benefit from the wastes bear the costs
of long term management. The owners are responsible for establishing the waste management
organization, funding and carrying out acceptable waste management plans. However, where
no owner can be identified, or held responsible, the federal government recognizes its residual
responsibility.
Although Canada’s radioactive wastes are currently in safe storage, steps are now underway
to develop more permanent long term solutions for all types of radioactive waste, namely,
uranium mine and mill tailings, low-level radioactive waste and nuclear fuel waste.
2. The government of Canada radioactive waste policy framework
By the mid-1990s, progress was underway on a range of initiatives leading towards more
permanent solutions for the long term management of Canada’s radioactive wastes. Most of
those initiatives involved public or governmental processes, which tended to be somewhat
protracted. While there was progress on cleaning up some sites and putting the wastes in
storage, there was not much actual progress toward permanent solutions. In a number of
cases, it was still not clear who would actually pay for and carry out long term management of
radioactive waste and how the needed institutional structures would be organized.
Anticipating the conclusion of the various processes, and the need to move ahead with long
term solutions, the Auditor General of Canada in May 1995 concluded that Canada should get
on with the implementation of long term radioactive waste management, and ensure that
appropriate funding arrangements be put into place. It noted that Natural Resources Canada
(NRCan) should also reach an agreement with major stakeholders on their respective roles
and responsibilities.
NRCan embarked on a series of discussions with the major stakeholders, notably the owners
and producers of the wastes and the concerned federal and provincial departments and
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agencies. Some basic principles for radioactive waste management, and some proposed
assignments of responsibility were part of the basis for discussion. There was general
agreement on the principles and on the roles and responsibilities, and in 1996, the
Government of Canada announced the Radioactive Waste Policy Framework clearly
indicating that:
•
•

•

The federal government will ensure that radioactive waste disposal is carried out in a
safe, environmentally sound, comprehensive, cost-effective and integrated manner;
The federal government has the responsibility to develop policy, to regulate, and to
oversee producers and owners to ensure that they comply with legal requirements and
meet their funding and operational responsibilities in accordance with approved waste
disposal plans;
The waste owners and producers are responsible, in accordance with the principle of
“polluter pays”, for the funding, organization, management and operation of disposal
and other facilities required for their wastes. This recognises that arrangements may be
different for nuclear fuel waste, low-level radioactive waste and uranium mine and mill
tailings.

The Policy Framework is consistent with Canada’s traditional nuclear regulatory practice in
putting the onus of safe operations on the licensees or owners.
3. Nuclear fuel waste
In Canada, nuclear fuel waste is the irradiated fuel taken out of nuclear reactors at the end of
their useful life. There are no plans to reprocess and recycle this fuel, so current plans are
based on direct long term management of the used fuel.
The nuclear fuel waste refers to the irradiated fuel bundles that come from the twenty reactors
owned by Ontario Power Generation Inc (OPG), and the other two owned by Hydro-Québec
and New Brunswick Power. In addition, Atomic Energy of Canada Limited (AECL), a federal
Crown corporation, produces a small amount of waste from its prototype and research
reactors. OPG produces about 90 per cent of the total amount of waste, the other two nuclear
utilities about 4 per cent each, and AECL 2 per cent. Other waste owners, e.g., universities,
produce a much smaller quantity of nuclear fuel waste.
In total, about 1 million bundles of nuclear fuel waste are currently in safe storage at the
reactor sites, where it can be kept for decades, in pools or in dry concrete canisters. Canada’s
entire nuclear power programme produces about 60 000 bundles i.e. less than 2 000 tonnes of
nuclear fuel waste, annually.
As required by the federal government, a deep geological disposal concept for nuclear fuel
waste was developed by AECL and Ontario Hydro, and, in October 1988, was referred for
review by a federal independent Environmental Assessment Panel. Guidelines for the
Environmental Impact Statement (EIS) were published in 1992, and the EIS was submitted by
AECL in 1994. The Seaborn Panel, named after its Chairman, Blair Seaborn, released its
report with conclusions and recommendations on the acceptability of the concept in March
1998. The concept was found to be on balance acceptable technically but not socially, and
Panel proposed next steps to remedy the situation.
The 1998 Government of Canada response to the Seaborn Panel recommendations conformed
with the 1996 Policy Framework for Radioactive Waste and set the stage for developing
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institutional and financial arrangements to implement the long term management waste
management. The challenge was to ensure that the public would be confident that the next
steps for the long term management of nuclear fuel waste would be carried out in the best
interest of Canadians. An important part of the answer to this challenge was the development
of the Nuclear Fuel Waste Act which received Royal Assent on 13 June 2002, and which
entered into force on 15 November 2002.
4. The nuclear fuel waste act (NFW)
The NFW Act is a stand-alone piece of legislation with some 30 articles and without
regulations. The Act deals essentially with financial and socio-economic considerations of the
long term management of nuclear fuel waste and complements the health, environment, safety
and security requirements under the Nuclear Safety and Control Act. It provides the legal
framework to ensure that:
•
•
•
•

nuclear energy corporations set up a waste management organization as a separate legal
entity to manage the full range of long term waste management activities;
nuclear energy corporations establish trust funds with an independent third party trust
company to finance long term waste management responsibilities;
the waste management organization submit long term waste management options to
Government; and,
the Governor in Council select a long term management option from those proposed by
the waste management organization.

Under the NFW Act, waste owners will establish a waste management organization,
incorporated as a separate legal entity, with a mandate to manage and coordinate the full
range of activities relating to the long term management of nuclear fuel waste. The waste
management organization will:
•

•
•

within three years of coming into force of the Act (i.e. 15 November 2005), submit a
Study to the Government which includes:
o
practicable long term management options for Canada, including the following: a
modified concept for deep geological disposal; storage at reactor sites; and
centralized storage, either above or below ground;
o
a comparison of risks, costs and benefits of the options; these options would need
to be analysed within the context of proposed siting areas;
o
an analysis of ethical and social considerations;
o
an Aboriginal consultation plan;
o
a comprehensive public participation plan.
have an Advisory Council reflecting a broad range of scientific, technical, social
sciences disciplines as well as representatives from affected populations;
implement the government-approved long term waste management approach using
monies set aside in the trust funds.

On 24 October 2002, the nuclear industry announced that, as required under the NFW Act, it
had formed the Nuclear Waste Management Organization (NWMO). The NWMO is a new
organization created to recommend a long term approach for managing used nuclear fuel
produced by Canada’s electricity generators. “It is engaging stakeholders, the best experts in
the world and interested Canadians to develop a solution that safeguards the public in a way
that is sustainable, ethically and socially acceptable, and respectful of the environment now
and in the future”.
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On 28 March 2003, the NWMO submitted its 2002 Annual Report to the Honourable Herb
Dhaliwal, Minister of Natural Resources for Canada, “From Dialogue to Decision: Managing
Canada’s Nuclear Fuel Waste,” which is the first Annual Report prepared by NWMO,
covering the organization’s first three months of activity since its establishment in fall 2002.
One of the first accomplishments of the NWMO was the establishment, by the Board, of an
Advisory Council responsible for reviewing and providing written comments on the NWMO
study. Another early activity was the commissioning of public opinion research to benchmark
Canadian perspectives about nuclear waste. NWMO also gave priority to the design of an
interactive website to support the consultation process it will undertake over the next three
years. The NWMO Annual Report, which includes the organization’s financial statements for
2002, was made public simultaneous with its submission to the Minister of Natural
Resources. This report together with other information on the NWMO can be viewed at
www.NWMO.ca.
5. Federal oversight
The Government identified three key policy objectives for federal oversight:
•
•
•

to have waste owners establish a segregated fund for fully financing the long term
management of nuclear fuel waste;
to establish a reporting relationship between the federal government and the Waste
Management Organization for reviewing progress on a regular basis;
to establish a federal review and approval process including access to the segregated
fund.

The federal Minister of Natural Resources is designated under the NFW Act as the minister
responsible for its administration. The nuclear fuel waste bureau, a group within the
department of Natural Resources Canada, is charged with ensuring that ministerial
responsibilities are carried out appropriately. The NFW Act and other information related to
the long term management of nuclear fuel waste can be found on the Bureau’s web site at
www.nfwbureau.gc.ca.
One of the important aspects of this control and monitoring authority is the requirement that,
pursuant to the Act, the NWMO must take into account the social concerns created by the
project over its entire implementation period. Even before the Canadian government chooses
among the proposed management solutions, the NWMO is compelled to take into
consideration “the ethical, social and economic considerations associated with that approach”
and “avoiding or minimizing significant socio-economic effects on a community’s was of life
or on its social, cultural or economic aspirations”. In its triennial reports, the NWMO must
then assess serious socio-economic effects. The wording of the Act states that the social
effects of the project are a constant concern for the government - and, through the
government, for Canadian society - and one of the key components of its proper
implementation.
In this regard, the Act is innovative in that it compels, on the one hand, the NWMO to
determine the social and ethical consequences of each management proposal even before the
beginning of the environmental effects assessments resulting from the implementation of the
Canadian Environmental Assessment Act and, on the other hand, the Minister of Natural
Resources to take responsibility for the quality of the work done. Of note, the ethical
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dimension is an important one, and for the first time in Canadian legislation in the impacts
field an act recognizes it officially.
The entrenchment in the Act of such a social provision meets the concerns expressed by the
Nuclear Fuel Waste Management and Disposal Concept Environmental Assessment Panel in
its report (Seaborn Report). The “ethical and social assessment framework” that the Panel had
hoped for is in a way drafted into the obligations given to the Minister and to the NWMO in
their controller-controllee relationship.
6. Social and ethical concerns
The NFW Act incorporates, at the legislative level, requirements which establish a process for
due effort in addressing social impacts. What are the concerns and interests of an affected
population? How to mitigate effectively these concerns? How to respond to public interests?
These issues will be addressed on the same footing as technical matters both throughout the
development and also the implementation of a solution for the long term management of
nuclear fuel waste. Addressing these concerns is front and central in the Act.
In addition, the NFW Act specifically requires “taking into account ethical considerations” for
each of the options proposed by the NWMO. Because of the long term nature of the
management of nuclear fuel waste, one of the main “ethical” issues raised so far by the public
during the Seaborn Panel public hearings and in international fora, such as the Nuclear Energy
Agency (NEA), is that of generational fairness, both intragenerational (i.e., this current
generation’s interests versus those of the next) and intergenerational (i.e., interests among
different groups of the same generation). The outcome of this debate will have an important
impact on technical decisions, for example, whether to store or dispose of the waste, or
whether to permanently isolate the waste or store it in a ‘retrievable’ form.
Other ethical aspects such as the protection of humans versus the protection of other species,
the extent of protection required in the face of potential acts of terrorism will need to be
addressed. In addition, equity aspects such as individual interests versus society’s interests;
burden to existing generation versus future ones; impact on the host communities versus
impact on more distant ones; need to be examined, in the context of the societal principles of
the day such as the precautionary principle. These considerations will influence the decision
making process regarding storage or disposal.
7. Conclusion
The Nuclear Fuel Waste Act implements a key component of the Government of Canada’s
1996 Policy Framework for Radioactive Waste - that the federal government, through
effective oversight, would ensure that the long term management of radioactive waste is
carried out in a comprehensive, integrated and economically sound manner. The key elements
of the Act include:
a)

requiring the major owners of nuclear fuel waste to establish a waste management
organization to carry out the managerial, financial and operational activities to
implement the long term management of nuclear fuel waste;

b)

requiring the major owners of nuclear fuel waste to establish trust funds and to make
annual payments into those trust funds to finance the long term management of nuclear
fuel waste; and
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c)

authorizing the Governor in Council to make a decision on the choice of approach for
long term management of nuclear fuel waste for Canada to be implemented by the
WMO.

The Act also requires that the waste management organization carry out public consultations,
that it’s Study and reports (which are submitted to the Minister) be made public, that they
establish an Advisory Council, whose comments on the Study and reports are to be made
public, and that the Minister make public statements on all of the waste management
organization’s reports.
By 15 November 2005, the Nuclear Waste Management Organization (NWMO) will submit
its proposed options for long term management of nuclear fuel waste to the federal
government with social and ethical considerations as well as technical considerations. The
federal government will then choose from the proposed options, including: deep geological
disposal in the Canadian Shield; centralized storage, either above or below ground; and
surface storage at nuclear reactor sites.
With that decision, 3 years from now, the long term strategy for nuclear fuel waste
management in Canada will be made clear. What will also be made clear is that the need and
requirement for nuclear fuel waste storage will be delineated within the context of that
strategy.
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Some aspects of the Russian nuclear fuel cycle development
V.M. Korotkevich, E.G. Kudryavtsev
Ministry of Atomic Energy of the Russian Federation (Minatom),
Department of Nuclear Fuel Cycle,
Moscow,
Russian Federation
Abstract. The paper summarizes the status of spent fuel generated in the Russian Federation. It describes the
spent fuel management infrastructure, current legislation and projects of the industry. The role of enterprises
affiliated to Minatom’s Department of Nuclear Fuel Cycle is illustrated.

1. Management of spent nuclear fuel in Russia
The existing scheme for handling of different spent nuclear fuels (SNFs) from power reactors,
research and naval reactors in the Russian Federation, provide safe storage of irradiated fuels
and radiochemical reprocessing of some part of them. The report illustrates the role of
enterprises affiliated to Minatom’s Department of Nuclear Fuel Cycle:
•
•

The RT-1 complex of the “Mayak” Production Association carries out radiochemical
reprocessing of SNF from VVER-440 reactors in Russia and Ukraine, BN-600 reactor,
SNF from research reactors and nuclear power plants of sea vessels;
The Mining and Chemical Complex carries out centralized intermediate storage of SNF
from VVER-1000 reactors in Russia and Ukraine; some SNF from VVER-1000 and
RMBK-1000 is currently stored in water medium in on-site pools.

Therefore, we could state that the Russian Federation has actually implemented two nuclear
fuel cycles for different types of reactors:
•

•

Closed nuclear fuel cycle for SNF from VVER-440, BN-600, research and naval
reactors – the cycle includes radiochemical reprocessing of fuel and partial use of the
recovered products (uranium, plutonium and other nuclides) and different technologies
for waste treatment and storage;
Deferred decision for SNF from VVER-1000, RBMK-1000 and some other activities.

The annual volume of SNF unloaded from a single NPP unit and cumulative volume of SNF
generated by Russian NPPs are shown in Table I. Annual volume of SNF generated by
Russian NPPs is relatively small (below 10% of the world SNF discharge). The existing
capacity of AR and AFR storages for VVER-1000 spent fuel will be sufficient for up to 8
years, and the capacity of the storages for RBMK-1000 SNF will be exhausted in 3 to 5 years
depending on site.
Most part of fuels from research reactors and critical test facilities is in store at Russian
nuclear centres sites, e.g. Research Institute of Atomic Reactors (RIAR), Institute of Physics
and Power Energy (IPPE) and Kurchatov Institute (KI).
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Table I. SNF generated in the Russian Federation
Reactor type

a

BN-600
VVER-440
VVER-1000
RBMK-1000

Units in
operation
1
6
8
11

Total generation of SNF
t HM/year
16
70
170
450

Estimated SNF storage
t HM/yeara
Under reprocessing
Under reprocessing
~ 6 500
~ 10 000

early 2003

It is worthy to note that Minatom has created a reliable industrial framework for cost-effective
and environmentally safe implementation of the SNF management activities. All Minatom’s
enterprises involved in back-end nuclear cycle are licensed by the supervisory body – the
State Committee on Surveillance of Nuclear Safety (Gosatomnadzor) in compliance with the
Russian legislation.
“The Strategy of Nuclear Power Development in Russia in the first half of the 21st century”
approved by the RF Government in May 2001 and the “Concept for the nuclear sector
advancement up to the year 2010” stipulate development of enterprises for SNF management
on site and at fuel cycle facilities, a gradual transition to completely closed cycle is envisaged
in terms of recycled uranium and civil plutonium providing minor transmutation of minor
actinides and long-lived fission products in fast neutron reactors. Minatom carries out
preparatory work along various trends of promoting services and infrastructure related to
nuclear fuel cycle activities.
2. Priority targets for improving the SNF management system at Minatom’s enterprises
Since its creation in the 1970—1980s the Russian industrial infrastructure for SNF
transportation, storage and reprocessing was oriented on fresh and spent fuel management for
USSR (Russia) designed reactors (VVER-440, VVER-1000 and research reactors). Entering
the world market of storage and reprocessing of SNF from foreign NPPs will require
additional investments for development and improvement of industrial infrastructure of
Russian nuclear cycle back-end.
The Minatom’s concept of management of SNF in Russia stipulates:
•
•
•
•

Modernization of the existing RT-1 complex at the “Mayak” Production Association
and creation of a state-of-art scheme for management of all types of radioactive waste;
Increasing the capacity of the existing wet storage facility for VVER-1000 type fuel at
the Mining and Chemical Complex from 6 000 to 8 400 tHM;
Construction at the Mining and Chemical Complex of a vault-type dry long term store
for SNF from VVER-1000 and RBMK-1000 reactors with the design capacity of 33 000
t HM and manufacture of the necessary means for SNF transportation;
In the longer-term perspective – construction of RT-2 reprocessing complex at the MCC
for reprocessing of SNF from VVER-1000 with a set of installations for conditioning
and disposal of radioactive waste.

The first stage of implementing the concept of a closed fuel cycle (up to 2010) is related to
modernization of the existing RT-1 complex, expanding the capacity of “wet” repository of
SNF at the RT-2 and dry storage of SNF from RBMK-1000 reactors. It is considered
reasonable to postpone construction of the RT-2 complex till commissioning of the new
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generation fast breeders (estimated up to 2020). These trends for improving nuclear fuel cycle
are described in the “Sectorial concept for SNF management” approved by the Minatom’s
Board in January 2001.
3. Modernization of the SNF reprocessing plant at the “Mayak” Production Association
The first Russian plant on radiochemical reprocessing of SNF from NPPs – the RT-1 complex
at the “Mayak” Production Association - was based on the military facility with inadequate
scheme of waste management. Today Minatom takes extensive efforts to rehabilitate water
reservoirs in which large volumes of radioactive wastes were discharged (Karachay, Techa
river cascade). Similar to other radiochemical plants the RT-1 complex uses a kind of Purex
process that results in formation of large volumes of solid and liquid waste. Comparison with
foreign plants shows that the RT-1 complex is unique in terms of SNF variety as well as the
capacity for industrial-scale partitioning of nuclear fuel components for further use. The
extracted radionuclides are used for manufacturing of different sources of ionizing radiation at
the adjacent radioisotope plant.
Vitrification facility for treatment of liquid radioactive waste (EP-500/3 ceramic melter)
allows solidification of 300 to 310 litres of liquid radioactive waste per hour, the vitrified
waste are stored in a vault-type dry store. It should be noted that throughout the operation of
the RT-1 complex (over 25 years) not a single serious accident was reported at the “Mayak”
Production Association that was classified above one unit on the International Nuclear
Emergency Scale (INES).
Today the amount of fuel sent for reprocessing at the RT-1 complex of the “Mayak”
Production Association is considerably below the design output:
•
•
•

Design output of the RT-I plant: 400 t/year;
Limitation of SNF reprocessing volume by the local authorities: 250 t/year;
Actual reprocessing volume: 120-150 t/year.

In order to improve technical and economic performance of SNF regeneration at the RT-1
complex an integrated investment project has been prepared with the aim of partial
modernization of the production, particularly:
•
•
•

To create capabilities for reprocessing of SNF from VVER-1000 (and PWR) aimed at
increasing the load of the reprocessing complex;
To improve technological flowchart for reducing specific volume of the liquid
radioactive waste formation;
To construct installations for waste reprocessing and conditioning.

The current technological capabilities of the RT-1 complex are shown in Fig. 1. Following
modernization (by 2008) the plant will reprocess up to 300 t/year of SNF with
environmentally acceptable parameters of emissions and discharges.
4. Enrichment of recovered uranium
The “Mayak” Production Association carries out re-enrichment of recovered uranium up to
2.6% content of U-235 for fabrication of fuel for RBMK-1000 through mixing of solutions of
uranyl nitrate obtained through reprocessing of different types of irradiated fuel assemblies
including those filled with medium enriched uranium (~20%). No concentration of even
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uranium isotopes is performed. As is known, a higher burnup of SNF in the reactor lowers the
quality of unburnt uranium due to an increased content of U-232 and U-236 isotopes.
Given the planned increase of reprocessed SNF volume at the RT-1 complex and future
incorporation of recycled uranium in the VVER fuel, the Minatom enterprises are faced with
the target of elaborating a cost-effective technology for direct enrichment of recovered
uranium. The most suitable for this purpose is the Siberian Chemical Plant (Seversk, Tomsk
region) having the industrial potential for radiological purification, conversion of uranyl
nitrate into hexafluoride, state-of-art installations for isotope separation, and also a unique
geological repository for liquid waste disposal for hundreds of years.

SNF from VVER-440, BN-600, research and naval
reactors, other categories of SNF

Intermediate storage

End parts and
cladding, storage

Shearing of fuel assemblies

Insoluble residues,
storage

Dissolution of fuel
composition

Used extractant,
storage

Extraction and purification
of spent fuel components

Pu

Np

Storage

RepHEU

RepLEU

Fresh fuel
fabrication

Vitrification,
storage

Evaporation,
adjustment

HLLW
ILLW

Sr-Cs

Evaporation,
purification, storage

Manufacture of
radioactive
sources

FIG. 1. Principle technological flowchart and potential
capabilities of РТ-1 complex.
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On request by Cogema in the 1990-ties, the Siberian Chemical Plant successfully
implemented a classical scheme for direct enrichment of recycled uranium obtaining enriched
UF6 of the following composition: U-235 up to 4.95%; U-232 up to 10-6% and U-236 up to
1.4%. The plant has technological schemes that allow a substantial reduction of U-232 and U236 isotopes in the low-enriched marketable product. In our opinion these options are of
interest to foreign users having inventories of reprocessed uranium for use in nuclear power.
5. Construction of a dry storage facility at the Mining and Chemical Complex site
Russian planning and design organizations prepared a design of SNF repository in 2002.
Today the project documentation is at the stage of approval and expertise. Construction of
Stage 1 will start when the supervisory bodies finish the project expertise and issue a license
for construction. Commissioning of Stage 1 is expected in 2005-2006 together with auxiliary
structures and buildings, heat supply network and railroads.
During construction of Stage 1 it is planned to strengthen physical protection of the
repository, modernize the infrastructure (railroads and motorways, power supply, etc.) and
launch production of transportation means for delivery of SNF from RBMK-1000 at the NPP.
The investor in the repository construction is “Rosenergoatom” Concern responsible for
operation of all NPPs in the Russian Federation. With the total cost of the repository of ~12.5
billion rubles, the Concern’s investment in construction will amount to about 950 million
rubles (over US$ 30 million). The design capacity of the repository is slightly above the
requirements of the Russian NPPs (up to 38 000 tons of SNF) that would allow in perspective
to offer the interested foreign partners services related to SNF storage at the Mining and
Chemical Complex.
The above-described activities are supported by the Government of the Russian Federation
and included in the Federal Target Program “Energy Effective Economy” that envisages a
framework for the Government support of investment projects, particularly R&D. As a rule,
construction of new facilities is financed by profits of enterprises or target assignments
incorporated in product price.
6. Conclusion
•
•
•

Today the Russian nuclear industry is to a great extent adapted to the conditions of the
national market economy;
The Russian legislation allows offering foreign partners a broad spectrum of services in
back-end nuclear cycle and SNF management;
The Government of the Russian Federation supports the plan for development of the
infrastructure and technological potential of Minatom’s enterprises with the aim of
promoting to the world market of services related to the nuclear fuel cycle in
compliance with safety and environmental regulations.
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Abstract. The current international trend towards expanding Spent Fuel Interim Dry Storage capabilities goes
with an improvement of the performance of the proposed systems which have to accommodate Spent fuel
Assemblies characterized by ever increasing burn-up, fissile isotopes contents, thermal releases, and total
inventory. Due to heterogeneous worldwide reactor pools and specific local constraints the proposed solutions
have also to cope with a wide fuel design variety. Moreover, the Spent fuel Assemblies stored temporarily for
cooling may have to be transported either to reprocessing facilities or to interim storage facilities before direct
disposal; it is the reason why the retrievability, including or not transportability of the proposed systems, is often
specified by the Utilities for the design of their Storage systems and sometimes by law. This paper shows on
examples developed within companies of the AREVA Group the key parameters and elements that can direct
toward the selection of a technology in a user specific context. Some of the constraints are ability to dry store at
once a large number of spent fuel assemblies, readily available, on a given site. No urgent need for further move
of the fuel is foreseen.

1. Introduction
Defining a back end policy is a challenging question to which there can be a combined array
of answers depending on such basic questions like: Who are we? An electricity producer ? An
agency in charge of a country’s long term back end management policy? Are my goals short
or long term?
Clearly decision-makers in terms of back end policy for spent fuel, and more specifically in
term of interim storage, can work on the subject from many perspectives that will in their turn
evoke diverse choices or a combination of such choices. The Areva Group has the unique
feature of having developed techniques and solutions that cover the full spectrum of state of
the art interim storage technology:
•
•

Pool storage followed by reprocessing and recycling and immobilization of the long
lived actinides;
For dry storage of spent fuel:
vault type systems of the Cascad type;
dual purpose (i.e. transport and storage) metal casks of the TN 24 TM family;
concrete shielded welded canisters (NUHOMS ).

The present paper will not dwell on the well-known comprehensive and integrated system that
reprocessing offers, and rather concentrate on dry storage. After describing succinctly the
features of each system, we shall discuss approaches and reasoning that orient chosen
combination of storage systems. The main features of our dry storage systems:
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•
•
•
•
•
•

A multiple containment barrier;
Passive cooling, while the Fuel Assemblies are stored in an inert atmosphere and under
conditions of temperature preventing from the degradation of rod cladding;
Sub-criticality meeting ICPR 60 requirements as well as all applicable regulations
(including severe weather conditions and earthquake);
Safe handling operations;
Future decommissioning of the facility through design optimization;
Construction and operating cost-effectiveness.

The Vault Type Storage system developed and implemented by SGN is an excellent solution:
It combines passive safety with immediate large capacity, which allows quick amortization of
fuel receiving equipment. In addition the versatile storage position can easily accept in the
same facility different fuel types, and also intermediate and high level waste. This is the
reason why a vault system is often a preferred solution for a long term dry interim centralized
storage, for a multiplicity of spent fuel.
It can be also a choice solution when the ISFSI stands on a site that is dedicated permanently
to many different nuclear activities. In most cases, the producers of spent fuel require a large
capacity that is cumulated over many years, each reload at a time. Then the key criterion is
maximum modularity.
Furthermore, the upfront capital costs requirement for this type of solution is minimal, so
depending on the chosen discount rate of the investor, they have an additional attraction.
Those smaller modules allow changing course in back end policy more easily.
Priority of modularity yields two other solutions, dual-purpose metal casks of the TN24TM
family or dual purpose or single purpose concrete shielded welded canisters such as
NUHOMS®. These solutions, implemented by COGEMA LOGISTICS, TRANSNUCLEAR
Inc. and FRAMATOME-ANP, are very flexible and have been adapted also to quite different
fuels.
What influences the choice, we can consider:
•

•

In favour of metal casks:
Minimal ancillary equipment.
Ready to move to final or centralized repository or reprocessing or other ISFSI.
Compact systems.
Easy rearrangement.
Easy handling.
In favour of concrete shielded canisters based systems:
Economics when initial quantity is sufficient to spread out up front equipment.
Significant cost – Shielding advantage.
Easy local production of the relatively light canisters.

Both approaches, when transportable, are also a factor for public acceptance because of the
non-permanent characteristics and because transport licensing refers to internationally
recognized rules, standards and methods.
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2. The Cascad vault system
The design comprises 2 main facilities: The unloading unit and the interim storage modules,
see Fig. 1. Containment is ensured by a double barrier:
•
•

The first barrier is formed by the canister, in which the fuel elements are
accommodated. The canister is inerted, tightly sealed and checked for integrity;
The second barrier is made by the leaktight well into which the canisters are introduced.

FIG. 1. Cascad schematic.
2.1. The unloading unit
This unit offers maximum flexibility, accommodating all types of casks and fuel element and
HLW as well. The design of this unit is based on T0 spent fuel dry unloading facility of the
COGEMA-La Hague Plant. Since 1986, T0 has unloaded more than 13 000 tU of PWR and
BWR.
In the handling cell, spent fuel is inserted in canisters dimensioned and adapted to the fuel to
be stored, irrespective of their dimensions or nuclear properties -residual- power, enrichment,
etc.). After the interim storage period has elapsed, this unit also serves to remove the fuel
canisters to their final destination. This operation requires no complementary installation.
2.2. The interim storage modules
These modules are built and added as the need arises. The fuel canisters are transferred from
the unloading unit to the modules by means of a shielded transfer equipment or a crane. The
fuel canisters are stored in a concrete structure, which protects both personnel and the public
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against radiation, but also the fuel against external phenomena, such as earthquake, aircraft
crash explosion, etc.
3. Cascad vault technology worldwide
3.1. The reference facility: CASCAD, Cadarache, France
Cascad, located on the Cadarache site (France), has been operating since 1990, for a storage
period of 50 years. Fuel stored in this facility originates from the CEA (French Atomic
Energy Commission) research reactors and, in particular, from the Brennilis EL 4 Heavy
Water Reactor as well as spent fuel from the French Navy. The cooling air, which enters the
bottom of the wells is heated along the wells and discharged to the atmosphere through a
stack.
3.2. Other facilities: EVSE, R7, T7, AVM, TOR
On the COGEMA-La Hague site, the vitrification of fission products generated by
reprocessing and associated glass canister storage takes place in the R7 facility for the UP2
plant and in the T7 facility for the UP3 plant. These facilities were respectively put into
operation in 1989 and 1992.
To increase the overall storage capacity, the EVSE facility (extension of glass storage for T7)
was built and commissioned in 1995, see Fig. 2. In the EVSE facility, the released heat is
removed by natural convection. A liner around each well forms a double jacket and the
cooling air circulates in the annular space thus formed. The leaktight well in which canisters
are inserted provides the 2nd containment barrier.

FIG. 2. EVSE facility.
Like R7 and T7, AVM is a vitrification facility with an interim storage for canisters, located
at Marcoule (France). It has been commissioned in 1978. TOR Facility, also in Marcoule,
was commissioned in 1986 for the reprocessing of FBR fuel from Phenix. The fuel elements
is unloaded under dry conditions and transferred to storage pits, cooled by forced ventilation.
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3.3. The Habog facility, the Netherlands
Final waste resulting from reprocessing of Dutch fuel from Borssele and Dodewaard as well
as HEU reactor fuel (Petten and Delft) and research centre waste (Petten) will be stored for
100 years in Habog see Fig. 3, a facility built by SGN and based on the Cascad concept where
commissioning is underway. The design complies with the American standard ANSI-ANS
57-9 rules and specific events like flooding, earthquake, aircraft crash (F16-A Falcon fighter),
pressure wave resulting from external explosion and whirlwinds (velocity 125 m/s) have been
considered.

FIG. 3. Habog, a new multi-purpose storage facility is ready to start-up – 2002.
4. Dual purpose casks TNTM 24 Family
The TNTM 24 concept is precisely adapted to the Transport and Storage of a wide range of fuel
for both PWR and BWR types.
4.1. Design basis
The casks belonging to the TNTM 24 Family are basically constructed as follows, see Fig. 4:
•

•
•

the basic structure is a thick steel cylindrical forging with a welded on forged bottom
and one or two bolted forged steel lids equipped with metallic gaskets. These three main
components make up the containment. The thick steel forging provide the main gamma
shielding;
surrounding the cylindrical cavity, a resin layer encased in a smooth steel outer shell
acts as neutron shielding;
surrounding the cylindrical cavity, a resin layer encased in a smooth steel outer shell
acts as neutron shielding;
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•
•
•
•
•

inside the cylindrical cavity, a boron aluminum basket supports the Spent Fuel
Assemblies and guaranties their subcriticality; it consists of mechanically assembled
partitions in boronated aluminum defining an array of cells, one for each fuel assembly
trunnions are attached to this structure for handling, tilting and tie down;
a set of shock absorbing covers is fitted to the cask for transport operation, as well as
lateral impact limiters;
The possibility of easily adapting the boron content in the aluminum basket allows to
consider increasing U-235 initial enrichments (see Table I);
As shown in the Fig. 5, the TNTM 24 family covers a wide range of dimensional
characteristics coping with heterogeneous fuel types and different nuclear facilities.

FIG. 4. Transport configuration of cask.
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Table I. Cask characteristics of the TNTM 24 Family
Cask
TNTM 24 D
TNTM 24 DH
TNTM 24 XL
TNTM 24 XLH
TNTM 24 SH
TNTM 24 G
TN 52 L
TN 68
TN 97 L
TNTM 24 BH
TN 32
TN 40
TN 24 TM P

N° of assemblies

Max Burnup
(MW·d/tU)

Cooling time
(years)

Max. Enr. (%)

28 PWR
28 PWR
24 PWR
24 PWR
37 PWR
37 PWR
52 BWR
68 BWR
97 BWR
69 BWR
32 PWR
40 PWR
24 PWR

36 000
55 000
40 000
55 000
55 000
Average 42 000
53 000
40 000
Average 26 000
50 000
40 000
40 000
33 000

8
7
8
7
5
10
Min. 2.5
10
10
6
7
10
5

3.4
4.25
3.3
4.25
4.25
3.8
4.95
3.3
3.95
5
3.5
3.5
3.5

FIG. 5. Various designs of the TNTM 24 Family.
4.2. The TNTM 24 casks worldwide
Delivered 15 years ago, the TNTM 24 P is the “eldest” cask of the TNTM 24 family cask. This
cask has been used by USA Virginia Power and US DOE Idaho Falls National Laboratory.
Since then, more than 100 TNTM 24 units have been licensed for transport and storage in
Europe, the USA and Asia as shown in Table II.
Table II. Status of ordered and delivered casks
USA
BELGIUM
SWITZERLAND
JAPAN
TOTAL

ORDERED

DELIVERED

91
41
16
9
157

33
29
9
9
80
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5. NUHOMS® canister based system
5.1. Design basis
The NUHOMS® system provides a comprehensive technology to store and transport spent
nuclear fuel. It has been optimized by standardization of design, fabrication, and operation.
The NUHOMS® system is canister based, utilizing stainless steel canisters as spent fuel waste
package and horizontal concrete storage modules as storage overpacks. The canister is loaded,
transferred to the storage module, and ultimately transported to a repository or interim storage
facility by means of a transfer or transport cask (see Fig. 6).

FIG. 6. NUHOMS® canister based system.
5.2. Canister
The NUHOMS® dry shielded canister (DSC) consists of a stainless steel shell and end covers
with a basket assembly which provides structural support and criticality control of the spent
nuclear fuel assemblies.
The basket assembly design can be adapted to handle different types of spent nuclear fuel as
shown in Table III. Additionally, there are different basket designs for storage only and for
the dual purpose systems. While the basket assembly can be varied, each separate basket is
designed to fit into the standard canister configuration.
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Table III. Characteristics of the NUHOMS® canister
Cask

N° of assemblies

Max. Burnup
(MW·d/tU)

Cooling time
(years)

Max. Enr. (%)

NUHOMS® 24 P

24 PWR

40 000

5

4

®

32 PWR

40 000

5

4

®

52 BWR

35 000

5

4

®

61 BWR

45 000

5

4

®

NUHOMS 56 V

56 VVER

42 000

5

3.6 (U-235
equivalent)

NUHOMS® RBMK

95 RBMK

25 000

5

2,4

NUHOMS 32 P
NUHOMS 52 B
NUHOMS 61 B

5.3. Transfer equipment
Once the fuel is loaded and all draining, drying and sealing operations are completed, the cask
is placed on its skid in a horizontal orientation. When the cask and its canister waste package
is moved outside the reactor building there are no operations, which require a heavy lift of the
canister. The canister is transferred or retrieved from the cask to the storage module by means
of a hydraulic ram, which pushes or pulls the canister out of or into the cask. The operations
are simple and provide for an additional safety benefit by the exclusion of heavy lifts.
5.4. Storage module
The NUHOMS® storage overpacks are concrete horizontal storage modules (HSMs) which
provide the overpack for the canister in its storage mode. The storage module is designed to
handle the standardized diameter canister and has the flexibility to accommodate different
lengths. The HSM is designed as a stand-alone unit consisting of two prefabricated pieces – a
base unit (floor and walls) and a roof unit. These HSMs are transported to the site storage
location and set in place. They can be arranged in various configurations to minimize the
radiation dose associated with the site (Fig. 7).
5.5. Transport cask
The NUHOMS® dual-purpose storage and transportation cask utilizes the canister for its
operations. This cask is also designed to be compatible with all NUHOMS® storage system
components. This cask can be used for fuel loading and transfer operations, which places the
canister into the storage module. The cask mates up with the storage module to allow for
retrieval of the canister for shipment to another location – repository or interim storage
facility.
5.6. Standardization and flexibility
The NUHOMS® system uses standard product dimensions so that various spent fuel canister
waste packages can be designed using the same transfer and transport casks, auxiliary
equipment, and storage modules.
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5.7. The NUHOMS® technology worldwide
About 500 NUHOMS® systems have been ordered worldwide, see Table IV.

FIG. 7. Typical horizontal storage module configuration.
Table IV. Status of ordered NUHOMS® systems
Client

NPP

System

Loaded

Delivered

Ordered

CP&L

Robinson

NUHOMS®-7P

8

8

8

Duke

Oconee

NUHOMS®-24P

57

65

84

®

BG&E

Calverts Cliffs

NUHOMS -24P

33

34

56

Toledo Ed.

Davis-Besse

NUHOMS®-24P

3

3

3

GPUN

Oyster Creek

NUHOMS®-52B

SMUD

Rancho Seco

0

8

8

®

0

1

21

®

NUHOMS -24PT

SCE

SONGS1

NUHOMS -24PT1

0

0

17

PP&L

Susquehanna

NUHOMS®-52B

8

14

26

®

DOE INEEL

TMI-2

NUHOMS -12T

6

29

29

ARMATOMENERGO

Medzavior

NUHOMS®-56V

11

11

11

CH. NPP

CHERNOBYL

NUHOMS® RBMK

-

50

232

126

173

495

TOTAL
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6. The parameters and factors of choice
We shall first display important parameters, then come back to address each of them. The first
array of parameters is comprised of the legislative and regulatory context, its possible
foreseen evolution, and the identity of the decision-maker.
6.1. Key questions
Legislative and regulatory context
1. What may we do (reprocess, store at reactor, send to a centralized interim storage
facility)?
2. What can be licensed?
3. What is the timeframe involved from decision to commissioning?
Identity of the decision maker
4. What is my mission? What are my core competencies ?
5. What alternative do I possess?
6. Whence come my resources for that job ?
7. How does my choice influence my longer term costs?
8. Must my decision involve elements of local production?
The second array of parameters may be more site specific
9. Is changing course in the medium term valuable to me?
10. What quantities/qualities are involved?
11. How much space do I have?
12. What is my handling capability?
13. When is my need?
14. What is the quality of the relationship to the neighborhood?
6.2. Significance of the parameters for exercising a choice
Legislative and regulatory context
1.

2.

What may we do (reprocess, store at reactor, send to a centralized interim storage
facility)?
In some countries, like Germany, the recent evolution of the legislative context
makes it a priority to avoid transport of spent fuel and facilitates at reactor interim
storage. This means that the chosen system should be acceptable for storage on
site, consider future unavailability of the NPP for casks reopening, and therefore
leads to a dual purpose system such as the TN 24 TM E chosen by E.ON Kernkraft
and EnBW.
What can be licensed?
Depending on regulations, impositions such as aircraft crash impact, acceptability
of a mode of sub criticality justification or not can influence chosen technologies :
for instance the boron credit used in the USA to justify subcriticality upon
loading, plus moderator exclusion thereafter may create difficulties if one also
wishes to have the system licensed for transport.
Typically, some storage only systems that are presently implemented in the USA
may require substantial additional effort if they have to be moved off site. This is
why today, most procurement of NUHOMS® system chose to go for the
transportable version.
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3.

What is the timeframe involved from decision to commissioning?
Choosing a system that is already licensed (possibly with a different authorized
content) by the authority in charge means additional confidence on ability to be
licensed and timeliness of said license. This by no means precludes other choices,
but precautions must be taken when the licensing route is being chosen, so that
overall time schedules are compatible.

Identity of the decision maker
4.

5.

6.

7.
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What is my mission? What are my core competencies?
In the United States, responsibility for used fuel rests with the US DOE, who
collects $ 0.001 per produced kWh to cater to this responsibility. In other words,
US spent fuel producers are in the business of generating electricity or doing
research, and wish to go for interim storage only to be able to hold on their
operation until DOE does indeed take over the spent fuel.
Conversely in Switzerland the four operators of NPP have regrouped their effort
to create ZWILAG, a centralized interim storage facility, because it is their part to
cater to the fuel as long as the geological disposal (or another solution) is not
available. They combine this approach with reprocessing, for instance at the
COGEMA LA Hague plant, and receive in return dual-purpose casks loaded with
concentrated vitrified high level waste. So they chose to delegate the core
competency of dealing with dry storage on the operator they created.
In the HABOG facility, COVRA, based on its mission to cater to nuclear waste or
spent fuel generated in the Netherlands, has to be an operator of that facility that
can accept multiple shapes and forms of radioactive material in a very compact
format. That brought them to choose the flexibility of a vault system, able to take
in the same facility HLW, Spent Fuel from power and research reactor.
What alternative do I possess?
A multi NPP utility may want to combine flexibility of optimizing the occupation
ratio of their decay pool by performing transshipment between pools: in that case
it may be an adequate choice to have a fleet of dual purpose casks first used for
transport and then for interim storage.
In other cases, the alternative may be to combine reprocessing and at-reactor
interim storage.
In other cases again, time can be a leading concern, and short lead time items such
as NUHOMS® can be the solution.
Whence come my resources for that job?
The US utilities, for instance, just like the Spanish ones, have no real concern on
volume of spent fuel when considering back end solution, since a state entity is in
charge of taking over their spent fuel in exchange for a fee based upon energy
production. In that case, resources should be kept to the minimum necessary to
keep the fuel pool with full core reserve since disposal of fuel is already taken
core of . They generally chose the simplest equipment like NUHOMS®.
If conversely the utility pays in proportion of volumes of SF, then it has an
incentive of both raising burn-up and keeping a very dense interim storage
solution, such as metal casks, that also cater well to issues linked to high burn-up.
If large quantities of fuel are immediately available, choice of a vault system will
be the prime choice for scale savings.
How does my choice influence my longer term costs?
In line with the preceding point, the question of who is in charge and who is
bearing costs for the longer term may influence choices:
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8.

As long as the NPP is running, the additional operational costs and concerns about
operating an ISFSI are relatively small. Once no pool remains available, then
transportability becomes a question of prime importance, since remedying a
defect may involve shipping the system away. In addition, there may a significant
premium in making sure that fuel is removed then stored outside the NPP soon
after it reaches its final shutdown.
Must my decision involve elements of local production?
There are many advantages of producing elements of a dry interim storage system
locally.
•
Qualification of suppliers for the longer term;
•
Public acceptance aspect of having a benefit for local economy;
•
Easier follow up by local competent authorities.
For that purpose, a large part of the Cascad Vault system and of the NUHOMS®
system are easier to transfer to local industry than heavy casks.
The example of Chernobyl, where all production is made locally, is a strong point
of the world's largest dry ISFSI (Fig. 8).
The longer term also involves the decommissioning of NPP for at reactor storage,
and the question may be what of the costs of operation and back up solution once
the NPP pool is not available any more.
Vault systems and transportable systems are autonomous and provide solutions in
such case. Storage only casks or canister systems are more problematic.

FIG. 8. The alley of FRAMATOME’s Chernobyl NUHOMS®.
Site specific parameters:
9.

Is ability to change course in the medium term, valuable to me?
The modularity and up front investments associated with the system are a key
parameter to help answering that question:
With dual purpose metal casks, not only can the operator decide not to procure the
next one, it could also use those delivered to ship the fuel elsewhere. The impact
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10.

11.

12.
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of short term change is harder for canister systems, since up front equipment can
represent a sizable amount, unless it can be sold to another user.
Vaults are of course committing the operator for a longer period before it becomes
reasonable to change course.
One may also observe that this parameter may also point to the advantage of
choosing from day one a strategy involving transportable systems. This keeps
open at all times reprocessing options, or facilitate using them in parallel. The TN
52 L dual purpose cask was developed and used in order to perform routine
transport of BWR fuel to reprocessing plants then to store spent fuel at the Zwilag
facility.
What quantities /qualities are involved?
The inventory of spent fuel to be stored is of course another prime parameter in
choosing a system.
Large inventories make the up front investments for a vault system worthwhile:
the system initial units represent an relatively large percentage of the overall
costs, while actual storage space, especially for a large batch readily available,
does not represent such a high contribution, when expressed in kg of heavy metal
stored.
Diversity of material and medium quantities can also justify the vault systems,
that can offer different accommodation pits for different material under the same
roof.
The combination of distance and inventory is also to be pondered: investing in a
cask transport fleet in order to feed the vault if different sites are involved may
also be costly and involve issues of public acceptance.
Small inventories, or progressively increasing inventory (i.e. a batch every year or
so, corresponding to the reactor reload) may call for additional modularity such as
that of dual-purpose casks or concrete shielded canisters like NUHOMS®. Thus it
is possible to spread out the investment, and to profit from the financial
discounting rate that favor differed investments.
How much space do I have?
Footprint, space available are also influencing the choice of system : maximum
density can be achieved by metal casks, irregular shapes of sites can be best
occupied by casks and canisters systems, vaults prefer rectangular sites. The
South California Edison ISFSI choose NUHOMS® among other things because it
required a canistered system with strong seismic resistance combined with a small
footprint compatible with their available space.
What is my handling capability?
Metal casks are more competitive when they can maximize capacity and diameter,
that is also when they can be quite heavy: the TNTM 24 G casks weighs 135 tons.
The issue of handling and bearing capacity within the facilities where the system
will be loaded has therefore a strong influence. In the case of the TNTM 24 G, it is
the proper combination of size, mass and loading plans that authorized the loading
of 37 PWR SFA per casks.
In canister-based systems, the relative standardization of peripheral loading
equipment creates minimum and maximum performances for the systems in term
of capacity.
Vault systems are relatively independent from these considerations, because they
can always rely on a compatible transfer shuttle between NPP and storage.
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13.

14.

When is my need?
This parameter is connected to the question of ability to get a license on schedule,
of choosing or not to qualify a local fabricator, of operational issues linked with
the NPP such as core and decay pool management, burn-up, contingencies etc.
There are two reference times:
First is time to initial loading on a new ISFSI, and this is relatively long and
second is time to procure additional units.
These reference times are directly affected by necessity or not of new
developments on the storage system itself, whether the license is generic or not,
whether new investments for production are necessary or not.
The shorter possibility for initial loading is the dual-purpose metal cask. The
shorter renewal time is the canister system case.
What is the quality of the relationship to the neighborhood?
As our Czech friends know well, neighborhood can be extended to neighbor
countries, where any new development in the nuclear field is followed by intense
anti activity from Austrians.
Then choices pertaining to references that are internationally accepted such as the
IAEA recommendations for transportation of radioactive materials, may become
important:
they offer the fact that regulations are not a local choice, but the choice by
experts coming from all horizons;
they also pass the message that if the system is transportable, then it will not
stay there forever.
The ability also to choose systems that can be seen elsewhere, discussed with
other communities can be a parameter for choice.

6. Conclusion
Choosing a dry interim system technology is not an easy choice, it involves a combination of
technological, political, licensing, policies parameter for which the answer has to be carefully
built.
The ability to choose from organizations like AREVA that are able to display a complete
range of solutions and services guarantees:
•
•
•

that one or another important parameter is not discarded for wanting an adequate
answer;
that altering course may receive an adequate support for that;
that the long term maintenance of the chosen solution(s) in the medium long term is
provided for.
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Conceptual design for an intermediate dry storage facility
for Atucha spent fuel in Argentina
D.O. Brasnarof, J.E. Bergallo
Comisión Nacional de Energía Atómica,
Bariloche, Rio Negro,
Argentina
Abstract. Different types of fuel storage were evaluated to be used as interim storage of the spent fuel of
Atucha I for a life period of 30 years. The horizontal concrete superficial silo, with air natural convection cooling
system is the best cost effective solution for the requirements. A conceptual design of the Atucha I horizontal dry
storage silo is presented. Among others, the main characteritics are its modular building, each spent fuel element
is sealed inside a metallic canister, and it can be loaded into the silo individually enabling partial silo loading.

1. Introduction
Argentina National Atomic Energy Commission (CNEA) and Nucleoeléctirca Argentina S.A.
(NASA) are planning a new facility for the spent fuel of Atucha I, according with the national
policy to fulfill the requirements of the National Plan of Radioactive waste management at the
lowest cost, having the flexibility to evaluate the fuel back end strategy [1].
Nuclear power plants are typically designed to provide spent fuel storage capacity for 10
years, waiting the back-end steps. But many power plants have initiated dry fuel storage to
provide capacity during the remaining plant life [2]. Spent fuel elements can be stored
economically and safely in concrete for many decades as an intermediate step. This provides
time to develop an integrated fuel disposal system, and facilitates final disposal with less
residual heat. Moreover it allows to manage the time for different life periods of nuclear
power plants in order to have less final back-end processing batches.
Atucha I is a pressurized heavy water reactor (PHWR) having fuel elements with 37 rods in a
circular cluster geometry with an active length of 5.3 meters. Atucha I started at 1974 with
natural uranium fuel and it changed to slightly enriched uranium (SEU) fuel in 1998 and to
full core load in 2001. Nowadays the total life Atucha I spent fuels are in two wet pools, with
spent fuels of 28 years old. Atucha I is going to complete its cooling pools capacity by 2008,
and CNEA and the utility must find a place to store the cooled spent fuel to freeing up space
to the new ones up to 2014.
Embalse, the other Argentinean nuclear power plant (NPP) in operation (CANDU type), has
dry storage vertical concrete silos. It was successfully implemented for intermediate strategy
in 1993.
A centralized storage for NPP fuel elements (Embalse and Atucha I) with two very different
fuel elements and different enrichment was not considered. This was done in order to
minimize the spent fuel transportation. Having two NPPs in operation and another under
construction, the NPPs have different dates to shutdown. This spread time can be managed
with interim storage to have a whole back-end processing.

124

BRASNAROF et al.

2. Atucha I interim storage general requirement
The Argentinean National Plan of Radioactive waste management law gives to the CNEA the
responsibility of spent fuel elements (SFE) after NPP´s shut down. An interim spent fuel
storage strategy was selected. It will be the only step before final disposal according with
today expectations, and spent fuels must be retrieved from the storage to go to the final step.
The CNEA sets general design requirements for the Atucha I interim storage. Theses are:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Assurance fuel elements integrity for 30 year;
Ten years for the decay time in wet pool;
Allows NPP full decommissioning;
Modular building to avoid over dimension systems;
Additional isolation barriers;
Low cost radiation shield (concrete);
Leak Monitoring system for the fuel containment integrity;
Retrieve the fuel when the containment fails or at the end of the storage life;
Enable the re-encapsulation and the reentry for the fuel containment;
Transfer systems and hot cell facility near the pool storage to use the existing water
processing systems;
Minimize the auxiliary systems with high maintenance cost, selecting passive systems;
Compatible with the National Regulatory Authority (ARN) regulation with radiation
monitoring systems, similar with the implemented in our dry silos at Embalse;
Minimize secondary waste during wet pool transfer to the interim storage;
Minimize the land recovery cost;
Minimize spent fuel transportation.

An Independent Spent Fuel Storage Installation (ISFSI) for Atucha I has to be built in 2008,
with a whole capacity for more than 10000 fuel elements. It also has to be compatible with the
CANDU dry storage silos strategy. The ISFSI must store two different Atucha I fuel elements
(FE) type, one FE with natural uranium and the other with SEU (slight enrichment uranium),
having a fuel extraction burnup of 6 000 – 11 300 MW·d/tU respectively. It also must be
flexible enough to store different fuel designs, Atucha and CARA fuel. The last one has been
designed to reach a burnup of 14 000 MW·d/tU [3].
3. Storage type selection
Dry storage and wet storage of spent fuel depend on the capital and the operational costs
associated with the ISFSI strategy. Modifying the current spent fuel pool or constructing a
new pool is a major effort. This involves significant expenses including design, planning, and
it has high operational cost. It was dismissed because its cost is prohibitive. Different dry
storage systems for intermediate time were evaluated (cask, cavern and silos).
The cask is modular and doesn’t need additional systems, but the current designs were
approved for a period at least of 20 years, and the requirement (30 years) are beyond the
design base [2]. Moreover, to attain the licensing requirement for transportation, the resulting
device is very expensive [4], and it has over dimensioning to be used only as storage for long
times.
The cavern involves high infrastructure cost (on-site works) and it needs active auxiliary
systems for cooling and very complex fuel handling. These features do not fulfill the general
requirements.
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The silo is the best cost effective solution [4], compatible with the selected strategy for
CANDU fuel type. Its great flexibility allows modular construction and passive cooling
systems. A surface storage had been chosen to minimize on-site works. The fuel elements will
be placed horizontally in the silo instead of vertically in CANDU silos, in order to simplify
the silo loading system due to the Atucha I fuel length.
4. Dry storage design criteria
The design of the Atucha I spent fuel storage takes into account the following topics:
•
•
•
•
•
•
•

•
•

•
•
•
•

Five years for the decay time in wet pool for fuel element with 14000 MW·d/tU;
The fuel elements must to be moved individually to have great flexibility, enabling
partial vault filling;
The radiation shielding and the spent fuel isolation of contaminant are implemented by
different systems with standard materials. External concrete vault with steel gates for
shielding and a thin metallic walled canister for sealing the fuel element, are considered;
The canister material must be corrosion resistant, and its thickness is designed to
support mechanical transport requirement and to keep integrity for a 30 years period.
The isolation of encapsulated fuel element can be tested by helium leak;
Minimize internal silo volume using a square array of fuel canisters;
The decay heat is removed by natural convection with the surroundings. It was designed
to have the heat dissipation with a central pin sheath temperature up to 200 °C and
atmospheric inlet air at 40 °C [5];
Makes a common block of horizontal silos to minimize concrete cost and surface, by
sharing lateral walls and using common bases for transportation. The number of joined
silos in the block is set by economical optimization, taking into account the operational
needs in the time investment schedule;
The shielding width is designed with the ALARA (As Low As Reasonably Achievable)
to ensure personnel and public radiation dose bellow allowable limits according to
international standards;
The installation is not a permanent storage facility, thereby a special handling machine
is needed to insert and to remove each canister horizontally from the storage in a proper
array location. This system is placed with the special transportation system that enables
the load from conditioning hot cell of fuel elements. This systems also allows an easy
re-encapsulation movement via sending back the canister to the hot cell if this isolation
fails;
Dry-storage siting needs to be near of NPP to minimize spent fuel transportation;
Active systems only required for safeguard and for ensure leaking monitoring;
The conditioning of fuel element inside the canister and the QA tests are done in small
hot cell beside the wet pool;
Transference gate design take into account labyrinthine shape coupling to avoid straight
radiation beam to external operators.

5. Atucha I dry storage conceptual design
In accordance with the general requirements and the design criteria, a description of the main
characteristics of the conceptual design of the Atucha I spent fuel dry storage is presented.
The fuel canister has a special hook on one lid for the input-output of the silo. Elliptic rolling
pin supports are used to place and guide each canister in an array position inside the silo and
the cask. The decay heat is removed from the silo by a natural convection cooling system
(passive). The air comes into the fuel room by one air inlet near the floor, and goes out
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through two air outlets in the upper part of the silo. Two internal perforated plates serve as
flow distributors and increase the heat transfer area.
The silo allows regular inspection to monitor the integrity of the canister as well as
inspections of safeguards. The silo inlet has a steel gate and external labyrinthine shape for
coupling with cask for the canister transference. Making a common block of silos, the lateral
and the back concrete walls in each unit, have less width by sharing with the neighboring silos
the radiation shielding. A lateral cross section view of two horizontal natural convection silos
of a common block is showed in Fig. 1, having for example a 5×5 squared array of canisters.
Fig. 2 shows the frontal view of the block of silos.

FIG. 1. Lateral cross section view of Atucha I common block silos.

FIG. 2. Front cross section view of Atucha I common block.
Land surface and concrete road is minimized with the scheme showed in Fig. 3 using
common blocks silos. The spent fuel transport system is a special cask with steel radiation
shielding and it has a mechanical ram system to push and pull the fuel into the silo and hot
cell. This system enables the spent fuel recovery from the concrete silo to return to the hot cell
eventually for re-encapsulation, or for final spent-fuel treatment.
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.
FIG. 3. General plan view for 10000 spent fuel element dry-storage installation.
The requirements of the mechanical ram system are to move each canister individually in both
directions and the assuring of the ram position. The canister length and the array compactness
are the major constrains. The mechanical ram system designed is composed by gears and cog
rail with electrical drive for each canister position. Gears and cog-rails avoid direct outward
radiation beam. This transport can be done with a truck and 14 axle trailer of 110 t. Fig. 4
shows details of the Atucha I spent fuel cask transport .

FIG. 4. Lateral cross section of cask system.
In a hot cell designed for individual spent fuel element handling, the fuel element is loaded
inside a stainless steel canister, dried, backfilled with inert gas and hermetically sealed with a
welded lid. To minimize fuel movement the hot cell is placed near the wet storage pool. A
special cask is required for fuel element transportation from the wet pool to the hot cell. The
short distance between the hot cell and the wet pool enable the use of auxiliary systems (air
purification, water treatment). The cask can be drained before going to the hot cell.
The hot cell has a rolling cut machine (without small metal scarps) to remove Atucha I upper
structural fuel assembly. The remaining water in the canister is evacuated with a vacuum
dryer. The canister is pressurized with helium before welding the lid. This enables leakage
test to be performed before sending it to the silo. The fuel element movement inside the hot
cell is done by a remote handling system and a two dimension fuel position system, this one is
used to transfer the encapsulated fuel element to the special transport cask. The hot cell and
the transport cask allow the re-encapsulation of the canister failed. The final design will be
economically optimized. Final thermohydraulics and shielding design is still on work.
Preliminary evaluation gives a cost of 8 to 10 US$/kg HM.
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6. Conclusions
The horizontal natural convection dry storage is the best cost effective solution to store spent
fuel with prior decay in a wet pool for Atucha I spent fuels, compatible with the selected
strategy for CANDU fuel type. On-site modular superficial concrete silos near the NPP allow
great flexibility to build and fill them according with the demand.
The design can be implemented with standard materials and mechanical devices. Each spent
fuel element is sealed inside a stainless steel canister with QA test. The cask transport with
mechanical rams system can load and retrieve fuel element to/from the silo individually,
given the posibility of partial loading of the silo or canister re-encapsulation.
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Advanced spent fuel storage pools
B. Arndt, R. Klaus, K. Wasinger
Framatome ANP GmbH,
Offenbach, Germany
Abstract: Spent fuel from power reactors is currently stored either in at-reactor spent fuel storage pools or in
independent spent fuel storage installations using wet or dry storage technology. Most of the spent fuel generated
up to now is stored in spent fuel pools. The assumption that wet storage is expensive due to the need of active
cooling systems and generation of waste had caused vendors to look favorable at dry storage systems. One of the
latest achievements in wet storage technology is used in FRAMATOME ANP’s wet storage facility as currently
designed for the new spent fuel storage building at Goesgen Nuclear Power Station Switzerland. It provides a
passive cooling system which reliably removes the heat generated by the spent fuel by natural circulation
through air cooled heat exchanger. Due to the passive nature of the operating system, the number of active
components which require maintenance is substantially reduced. The frequency of maintenance activities can be
determined under consideration of actual usage due to advanced acquisition methodology of operational data.
This usually leads to a considerable reduction of human intervention and the time needed to act in radiation areas
reducing considerably waste generation and dose burden to personnel. Due to the fact that maintenance and
repair concepts are available, it can be predicted, if correctly applied, such pools to be operable for extended
periods of time.

1. Introduction
Spent fuel from power reactors is currently stored either in at-reactor pools or in independent
spent fuel storage installations (ISFSI) using wet or dry storage technology. During the past
15 years, storage capacity of at reactor pools was increased using high density spent fuel
storage technology. To achieve maximum capacity, storage racks were replaced in many of
the power reactors in operation at least once, some of them went through even various
reracking cycles.
Independent spent fuel storage installations were established either at the site of power
reactors of away from them. They use either wet or dry storage technology, the latter in form
of metal casks and concrete silos or vaults.
Storage of spent fuel from power reactors must be safe for the public and respective facilities
must be adequate to sufficiently protect the environment from its radioactive content. For this
purpose, adequate regulations were developed and are available to be applied. However,
advances in fuel and core design as well the need for extended storage periods require
frequent re-assessment of the available spent fuel storage technology.
2. Requirements
The design of a spent fuel storage facilities must, as this is the case for any other nuclear
facility, provide for sufficient means to maintain acceptable levels of safety under all feasible
normal and abnormal operating conditions. The main safety goals to achieve this objective
are:
•
•
•
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to remove of the decay heat generated by the spent fuel assemblies in storage safely;
to maintain the spent fuel assemblies reliably in a subcritical configuration;
to keep radioactive material sufficiently contained and separated from the biosphere.
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Minimum decay period (a)

To serve as a basis for such designs, there are three acceptance criteria which relay on the fuel
to be stored. These are the heat generation, γ-dose rate and neutron dose rate. All three depend
on the burn-up of the individual fuel assembly. Where the γ-dose rate increases moderate with
increasing burnup, the temperature increases with higher gradient and the neutron dose rate
increases sharply with burn-up. For dry storage casks for instance, this means the γ-dose rate
is the governing factor to store fuel with less burn-up, while for fuel with higher burn-up the
heat removal becomes the controlling design criterion (see Fig. 1). With further increase of
burn-up the neutron dose rate is the factor which decides how long the fuel has to be decayed
until it can be moved into dry storage. One can roughly say, each megawatt of additional
burn-up per kilogram of U-235 requires one additional year decay time or additional
shielding, exacerbating heat removal capability.

Acceptable

Acceptable
Area
Area

γ Flux
Decay Heat
Neutron Flux

Burnup
FIG. 1. Change of design parameter as a function of fuel burnup (schematic) [1].
Heat removal capability is of particular importance for the storage of spent MOX fuel as such
fuel generates considerable more decay heat and neutron dose rate than spent uranium fuel.
The difference in decay heat generation between uranium fuel and MOX fuel becomes more
important, especially after longer decay periods (see Fig. 2). Usually a minimum of 10 years
decay time is needed before spent MOX fuel can be loaded into dry storage.
As most of the mechanisms, which could endanger fuel integrity, are temperature dependent
[2, 3], effective and reliable heat removal is one of the most important design criteria spent
fuel storage systems have to comply with. Bearing these facts in mind, one has to consider
that the last fuel assembly unloaded from the core of a permanently shut down power reactor
may have to decay for another decade to be put into dry storage.
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FIG. 2. Decay heat of uranium and MOX fuel as a function of the decay period [1].
Safety against criticality is the other important design requirement. Safe subcritical
arrangement is either achieved by separating the fuel assemblies sufficiently from each other
or, by using sufficient neutron absorbing material to be located between them as so called
poisoned high-density storage facilities. In order to make most efficient use out of high
density storage equipment, designer want to take credit from the actual burn-up of the spent
fuel. Existing methodology to analyze burn-up credited spent fuel storage racks for criticality
safety is being further developed to be applied in the design of dual-purpose casks and multipurpose-canisters, respectively.
For poisoned high-density storage equipment, long term stability of the material as well as
efficient neutron absorption is required. Degrading absorbers which contaminate the coolant
of fuel pools and primary circuits and fuel assemblies getting stuck in swollen storage cells
are well known problems which already caused considerable headaches to many operators
and still continue to do so. Although limited in boron content, borated stainless steel has
extensively proved as sufficiently effective and extremely stable neutron poison material.
Over and above the basic requirements for maximum safety for operators and the public,
logistic in fuel reception is an important aspect to be addressed with the design of independent
spent fuel storage facilities. The aspect to keep the operators’ exposure to radiation as low as
reasonably achievable requires expeditious reception of spent fuel and its transfer to the
dedicated storage location.
3. Realization
Independent wet storage facilities are known for many years to comply best with most of the
expectations as described above. Despite the remarkable development achieved in dry storage
technology, most of the spent fuel generated up to now is stored in fuel pools, either at the
reactors or in independent installations.
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The advanced design of this independent spent fuel storage facility provides a passive cooling
system, which reliably removes the heat generated by the spent fuel by natural circulation
through air-cooled heat exchangers. This progressive design makes extensive use of wellbalanced safety technology with largely passive safety features. Passive safety features are
also used for the design of advanced nuclear power plants, e.g. as for Framatome ANP’s
Boiling Water Reactor SWR1000.
Due to the passive nature of the operating system, the number of active components, which
require maintenance, is substantially reduced. In addition, due to advanced acquisition
methodology of operational data, the frequency of maintenance activities can be determined
under consideration of the actual usage. This usually leads to a considerable reduction of
human intervention and the time needed to act in radiation areas reducing considerably waste
generation and dose burden to personnel.
As a facility dedicated to receive and to store fissionable material, regulatory requirements on
access controls as defined by the competent regulators are to be met. The advanced wet
storage facility design of Framatome ANP meets safely with all the requirements for
safeguards and physical protection, which may include protection against terrorist activities
and actions of sabotage.
3.1. Design
3.1.1. Safety requirements
The requirements defined by national and international standards applicable for the choosen
site have to be met. The three main targets are:
•
•
•

Maintain subcriticality of fuel assemblies.
Ensure sufficient cooling/water coverage of fuel assemblies.
Ensure Activity confinement.

Following the different operating conditions the wet storage facility is designed for:
•

Normal operation:
Normal operation
Inspection
Maintenance

•

Category 1 events:
Loss of one cooling loop or cooling tower fan
Loss of power
Operating Basis Earthquake (OBE)

•

Category 2 events:
Fuel handling accident

•

Category 3 events:
Safe Shutdown Earthquake (SSE)
Airplane crash
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•

Spent fuel pool integrity:
The conceptual principle of the fuel pool building allows for easy separation of the
storage pool walls from the outer walls of the storage building. Thus, the risk of an
direct impact to the pool structure caused by airplane crash is eliminated. As needed,
either military aircraft or the impact of commercial aircraft, respectively can be
considered with such design. Other credible scenarios for pool liner damage are
excluded through appropriate selection of material, methods and arrangement of
equipment and components. E.g. the fuel storage racks are arranged such that direct
impact between racks and pool liner remains impossible.

•

Accident management:
Special provisions are foreseen to allow for water makeup and to assure sufficient heat
removal after a reasonable grace period in case of accident conditions beyond design
basis. In such unlikely event, mobile supply units can be connected to the system to
resume removal of the decay heat from the fuel pool.

3.1.2. Fuel pool cooling system
The fuel pool cooling system is designed to remove all the heat generated by the stored fuel
assemblies from the fuel pool water under all normal and credible abnormal operating
conditions and to transfer it safely to the ambient air. It is based on the principle of natural
circulation, hence providing for inherent operational reliability and safety (see Fig. 3) [4, 5].

FIG. 3. Passive spent fuel pool cooling system (principle).
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For this purpose, the fuel pool cooling system consists of four loops, two of which sufficient
to provide 100% heat removal capacity in order to provide adequate redundancy. Each loop is
equipped with plate heat exchanger(s) installed inside the fuel pool and water/air heat
exchanger(s) installed in one of two cooling towers. No active components such as pumps are
needed in this system. Natural circulation transfers the heat from the pool to the cooling
towers (see Figs 4 and 5).

FIG. 4. Total view with highlighted cooling system.
Loop 3 and 4

Loop 1 and 2

FIG. 5. Principle drawing of pool cooling system.
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Natural air circulation ensures reliable heat transfer from the water/air heat exchanger to the
ambient air. In order to provide comfortable conditions for the operators at the operating floor
in case of high ambient temperatures during summer time simultaneous to maximum heat
load in the pool, electrical fans can be used to limit the pool water temperature to the desired
level. For normal operating conditions the pool water temperature is typically limited to 45°C.
In case of abnormal operating condition the electrical fans are not needed. The system is
designed for absolute passive operation. In case of category 1 events the maximum pool water
temperature is typically allowed to rise to a maximum of 60°C. In case of category 3 events,
the maximum coolant temperature is typically limited to 80°C.
In the unlikely event of a complete loss of cooling there is a grace period of 2 to 4 days to
initiate the accident management system for cooling and/or water make-up. For this purpose,
suitable connections are in place.
3.1.3. Pool water purification system
Pool water purification is needed firstly to achieve sufficient visibility and secondly, to reduce
as reasonably as achievable, the radiation level at the operating floor of the fuel pool. The use
of advanced equipment, recently developed from the submerged vacuum cleaner principle but
allowing the use of ion exchange filter separate from mechanical filters, enables the designer
to locate the fuel pool purification equipment inside the boundaries of the fuel pool, avoiding
such the need for pipe penetrations through the pool walls typically vulnerable to damage and
subsequent leakage. Loading of the mechanical filter module is monitored by separate
differential pressure measurement. If differential pressure indicates that the filter is exhausted,
it can be replaced underwater.
Consequently, the ion exchange unit is less affected by mechanical impurities and can be used
for considerably longer periods of time. Hence, the total amount of spent ion exchange resin
to be dealt with during the life of the fuel pool is considerably reduced.
3.1.4. Pool liner
Although different liner material such as epoxi coating or ceramic tiles were used as pool liner
material, stainless steel liner systems are well established world wide and have proven best
suitability for wet spent fuel storage pools. The stainless steel pool liner design allows ease
installation of leak detection systems, which enable to identify affected areas in case of
leakage.
Due to the selected arrangement of the components of the pool cooling and purification
system inside the boundaries of the fuel pool, no pipe penetrations below water level are
needed.
3.1.5. Fuel storage
A fuel pool storage facility can be designed to use any suitable type of fuel storage equipment.
Typically, poisoned high-density fuel storage racks are used identical with such actually used
in at-reactor storage pools. The use of neutron poison material allows optimizing the
building’s size versus storage capacity to achieve best economical benefit. Racks are typically
designed to be free standing and free sliding in order to reduce the impact of the dynamic
behavior of the racks when interacting with the fuel pool structure in case of seismic or other
external events.
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Depending on the result of respective economical studies, fuel racks can be designed either
taking credit from the actual burnup and hence, consider the residual fissionable amount and
certain fission products in the criticality analysis, or such to maintain the required
subcriticality criterion for fuel at the point of its maximum reactivity. For burnup credited
racks, the double contingency principle has to be maintained in order to safely comply with
the subcriticality requirement even in case of erroneous misplacement of fuel not complying
with the minimum burnup required. Soluble boron is typically used to provide the necessary
safety margin in such hypothetical incident. Opposite to existing pressurized water reactor
fuel pools, independent facilities would usually not use soluble boron in the coolant. Hence,
fuel racks in independent wet storage facilities will typically be designed to receive maximum
reactive fuel.
Neutron poison material used in many of the high-density fuel storage racks has caused
numerous headaches to operators up to now. We all are well familiar with shrinking or
swelling effects different materials used have experienced up to now. Fuel assemblies got
stuck in storage cells deformed from swollen poison panels and pool water gets contaminated
with silica from deteriorating Boraflex strips. As borated stainless steel has shown to be most
durable under all relevant operating conditions of fuel pools, this neutron absorbing material
is recommended to be used for poisoned high-density fuel storage racks.
3.1.6. Fuel reception and shipment
Operational efficiency of fuel reception is certainly important to a Spent Fuel Storage Facility
for a number of reasons. One of the most important is to keep the operators exposure to
radiation as low as reasonably achievable. It requires expeditious reception and transfer to the
dedicated storage location. For this purpose, different options are available (see Fig. 6).
Dry – Dry
Wet – Wet

Dry – Wet

FIG. 6. Fuel reception methods.
Cask reception at pool storage facilities usually follows the logic applied when loaded at the
Nuclear Power Station. Using the wet/wet loading process where casks are submerged into
the fuel pool or separate cask handling pools, the arriving cask is cooled down to be refilled
with water before opened. Then, unloading is performed by means of a similar fuel handling
crane than it was used in the nuclear power plant where this cask was loaded. Special
attention has to be paid to prevent the outer surface from becoming contaminated with
radioactive substances contained in the pool water since contamination in excess of limit
values found at some of the transport equipment demonstrated the need for improvement of
cleaning processes or better, improvement of respective protective measures.
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Prevention of surface contamination is certainly improved using the dry/wet method for cask
loading/unloading. In this case, the fuel shipping cask is placed underneath a usually separate
cask loading pool and sealed against the loading opening located at the floor of this pool.
Suitable sealing and respective flow condition of the ambient air during placement of the
secondary lid may prevent casks from becoming contaminated when carefully handled. A
third option is available with dry/dry cask loading systems where only airborne contamination
needs to be prevented from being transferred to the fuel cask [6].
3.1.7. Decommissioning
As no contaminated pool water is circulated through cooling or purification systems,
radioactive contamination remains limited to the fuel pool area itself and the fuel transfer
equipment in the fuel reception bay. Hence, the amount of radioactive material to be disposed
off remains extremely low. After shipment of the fuel to its final destination, the spent fuel
storage building can be decommissioned using available decommissioning techniques.
3.2. Economics
As a matter of fact, initial investment is somewhat higher for the construction of the fuel pool
storage facility. However, expenditure for storage racks and increasing cooling capacity can
be distributed over a longer period as the need for storage and consequently cooling capacity
arises.
The initial cost for a storage facility per fuel assembly decreases rapidly as the number of fuel
assemblies to be stored increases, where the costs per fuel assembly in dry storage remains
nearly constant with increasing number of fuel assemblies. Optimizing investment programs,
pool storage facilities may brake even with dual purpose cask storage facilities at total storage
capacity of less than 1 000 tU.
Wet storage facilities provide very high storage densities. Hence, land consumption is
considerable low, which makes it very attractive for on site storage where space might be
limited. Wet storage facilities require considerable less space then dry storage facility using
casks. This may be of particular importance in cases were the storage facility has to be built
on the site of a power reactor which might be desirable in order to avoid the licensing of a
new site away from the reactor.
As discussed in section 0 the need to store spent fuel assemblies in storage pools for longer
periods rises because of increased heat and neutron dose rate generation due to higher burnup. At the time the reactor is shut down at end of life, all systems like cooling, air
conditioning, water purification, demineralized water supply, radiation control, power supply
and power supply backup have to stay in operation for 5 to 10 years until the fuel assemblies
can be removed from the pool for dry storage. The costs for keeping the systems in operation
are substantial. Additionally the nuclear license has to be maintained valid for the whole
plant.
The operating costs for a passively cooled fuel pool facility system is considerably lower then
for the oversized systems of the complete power station. The major cost impact results from
security, an effort that does in fact not differ from dry storage facilities.
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3.3. Goesgen NPP
The latest achievements in wet storage technology as described above are used in
Framatome ANP’s wet storage facility design as currently being performed for the new spent
fuel pool building to be constructed at the Goesgen Nuclear Power Station in Switzerland [7].
In 2002 the Goesgen Nuclear Power Plant and Framatome ANP signed a contract to design
and construct an inherent safe, passive cooled spent fuel storage building (see Figs 7 and 8).
The storage capacity is defined as 1000 fuel assemblies. In the first step a storage capacity of
500 fuel assemblies will be installed. The main data are listed in Table I.
4. Conclusion
The advanced version of a pool storage facility provides best for safe and reliable storage of
spent uranium and MOX fuel. Maintenance and repair concepts are available which allow
predicting, if correctly applied, such fuel pools to be operable for extended periods of time. A
storage facility using the concept described above is an attractive alternative from technical
and financial point of view compared with dry storage facilities.

Cooling tower 2
Storage Building

Cooling tower 1

FIG. 7. Overview of the Goesgen NPP with the planned spent fuel storage building.
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Storage Building

FIG. 8. Detailed view of the Goesgen NPP with the planned spent fuel storage building.

Table I. Technical data
Building size

35.5 m × 17 m

Pool size

13.2 m × 8,2 m

Storage capacity

Step 1: 504 fuel assemblies
Step 2: 1 008 fuel assemblies

Enrichment

U-Fuel: max. 5% U-235
MOX-Fuel: max 4.8% Pufiss

Poison Material

Borated Stainless Steel (1.75 wt-% B)

Minimum decay time

U-fuel: 3 years
MOX-fuel: 5 years

Cooling capacity

Step 1: 0.5 MW
Step 2: 1.0 MW

Coolant

Demineralized water without soluble boron

140

ARNDT et al.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

[7]

PERSCHMANN, W.-D., FUCHS, H.-P., BANCK, J., “Impact of Extended Burnup of
Spent Fuel on Backend of Fuel Cycle. German Perspective”, IAEA, Vienna 8-11
July 2002.
PEEHS, M., BANCK, J., BOKELMANN, R., “Spent Fuel Storage Performance Data
and Storage Assessment”.
FLEISCH, J., PEEHS, M., „LWR Spent Fuel Storage Behavior”.
WASINGER, K., "Konzeptstudie zur Zwischenlagerung von KNK Brennelementen
unter Wasser" KfK Seminar: Technologische Fragen des Brüterbrennstoffkreislaufs,
Karlsruhe.
WASINGER, K., "Almacenamiento de elementos combustibles gastados,en húmedo,
una alternativa actual" (Wet storage of spent fuel assemblies, an up-to-date alternative),
Revista SNE Septiembre 1996.
WASINGER, K., "Fuel Reception at Regional Storage Facilities” Presented Paper at the
IAEA Technical Committee Meeting to "Collect and Evaluate Information on the
Technologies and Safety Aspects of a Regional Spent Fuel Storage Facility”, Vienna,
28 September to 1 October 1998.
KLAUS, R., “Ein passiv gekühltes Nasslager am Standort eines Kernkraftwerkes” (A
passively cooled wet storage facility at the site of an Nuclear Power Station) (2002).

141

IAEA-CN-102/20

Management of spent fuel from power and research reactors using
CASTOR® and CONSTOR® casks and licensing experience
in Germany
A. Vossnacke, V. Hoffmann, R. Nöring, W. Sowa
GNB Gesellschaft für Nuklear-Behälter mbH,
Essen,
Germany
Abstract. The German company GNB has developed, tested, licensed, fabricated, loaded and transported a large
number of casks for spent fuel and high-level waste. Meanwhile CASTOR casks are used at 19 sites on four
continents. Up to now, more than 680 CASTOR casks have been loaded for long term storage. The two
decades of storage have shown that the basic requirements, which are safe confinement, criticality safety,
sufficient shielding and appropriate heat transfer have been fulfilled in each case and, of course, the experience
of 20 years has resulted in improvements of the CASTOR cask design. Starting in the middle of the nineties, the
new GNB cask line CONSTOR was developed with special consideration to an economical and effective way
of manufacturing by using conventional technologies and common materials. The cask concept also fulfills all
design criteria for transport and storage given by the IAEA recommendations and national authorities. By the
end of 2002 forty CONSTOR casks have been delivered and 30 of them have successfully been loaded and
stored. In the past the German disposal concept was mainly related to reprocessing of the spent fuel in France
and UK and further storage of the high active waste (HAW) in the existing central intermediate storage facilities.
However, in the consensus with the German Government the German utilities declared a change in their spent
fuel policy from reprocessing to dry storage and direct disposal. For the intermediate on-site dry storage different
storage facility solutions are planed, mainly storage halls, but in one case a subsurface storage tunnel. To
overcome the time up to the erection of these long term storage facilities some utilities applied for and got shortterm storage licences. For this, horizontally stored casks are shielded by mobile concrete covers.

1. Introduction
During the seventies a first idea of dry storage of spent fuel in casks arose at the GNB mother
company GNS. The well-known CASTOR® cask design with ductile cast iron (DCI) as cask
body base material was developed for the dual purposes of storage and transport. After only
five years of developing and testing, the first storage license was granted for four types of
CASTOR® casks at the centralized storage facility Gorleben.
Meanwhile, spent fuel assemblies of the types PWR, BWR, VVER, RBMK, MTR and THTR
as well as vitrified high active waste containers (HAW) are stored in these kinds of casks. By
now more than 680 CASTOR® casks have been loaded and stored, more than 900 have been
delivered and more than 1 000 have been delivered and ordered.
2. GNB´s cask designs
2.1. General
In Europe, CASTOR® casks are used for transport and storage of spent fuel, as well as for the
return of residues from reprocessing. The contents include Western and Eastern European fuel
types. The largest number of one single cask type (459 CASTOR® THTR/AVR) is used for
storage of the whole fuel of two Thorium high temperature reactors.
Vitrified residues from reprocessing have to be returned from France to Germany
corresponding to about 2 500 high-level waste canisters or about 90 casks. At present, they
are transported with the CASTOR® HAW 20/28 CG. An additional 700 high-level waste
canisters will be returned from Great Britain.
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To reduce costs for the customer, GNB started the development of a CONSTOR® cask, using
steel and heavy concrete as basic material in the first half of the nineties.
2.2. Design characteristics of the CASTOR® casks
CASTOR® casks fulfill both the requirements for type B packages according to IAEA
regulations and the requirements covering different accident situations to be assumed at the
storage sites. The cask body is made of ductile cast iron. In order to improve the neutron
moderation axial boreholes are drilled into the cask wall which contain moderator rods made
of polyethylene (see Figure 1). As protection against corrosion, the inside surface of the cask
and the sealing surfaces are provided with a nickel coating. The outside surface is protected
by a coat of paint on an epoxy-resin basis. The basket for spent fuel assemblies basically
consists of tubes made partly of borated stainless steel or combinations of steel and
aluminium. On the outside wall of the cask, radial cooling fins can be machined to improve
the heat transfer from the cask to the environment. The inner cavity of the cask is closed by a
primary lid and by a secondary lid. The space between the lids will be filled by helium under
overpressure; the control of this pressure delivers the tightness information during storage.
Four trunnions are used for cask handling, fixing the cask in a transport frame. For transport
purposes shock absorbers are used.

FIG. 1. Design characteristics of the CASTOR® casks.

143

IAEA-CN-102/20

2.3. The CONSTOR® concept
The CONSTOR® concept was developed especially for an economical and effective way of
manufacturing by using conventional technologies and common materials. Nevertheless, the
CONSTOR® sandwich cask concept fulfills both the internationally valid IAEA criteria for
transportation and the criteria for long term intermediate storage.

FIG. 2. Design characteristics of the CONSTOR® casks.
The CONSTOR® concept consists of a sandwich design with an outer and inner shell made of
steel (see Figure 2). The space between the two shells is filled with heavy concrete for gamma
and neutron shielding. The design does not rely on the concrete for structural integrity. Inside
the concrete, steel reinforcement is arranged to improve strength and heat removal properties.
The cask bottom has the same sandwich design as the wall. At the upper end, the shells are
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welded to a ring made of forged steel. The lid system is designed as a multibarrier system.
The bolted and sealed primary lid fulfills strength, shielding and temporary sealing functions.
The sealing plate and the secondary lid are welded to the forged steel ring after loading of the
cask. These two welded lids together with the inner and outer shell constitute the double
barrier system. Alternatively it is possible to bolt the primary and secondary lid.
The analyses of nuclear and thermal behaviour as well as of strength according to IAEA
examination requirements (9 m drop, 1 m pin-drop, 800°C-fire test) and of the behaviour
during accident scenarios at the storage site (drop, fire, gas cloud explosion, side impact) were
carried out by means of validated calculational methods and programmes. In a special
experimental programme, the mechanical and thermo mechanical properties of heavy concrete
were verified and the reference values required for safety analyses were determined.
The results of the safety analysis after drop tests and the fire test according to IAEAregulations as well as after 1m-drops at the storage site were confirmed by means of an
extensive test programme using a 1:2 scale model. The post-test inspection programme of the
model cask has shown that the cask integrity and leak tightness were maintained after the
series of 6 drop tests.
2.4. Outlook on further development
The challenge for further development results from:
•
•
•

higher technical specification, particularly related to fuel (enrichment, burnup);
cost reduction;
increase of licensing requirements.

The first two aspects are a clear consequence of the market condition the utilities are faced
with worldwide. The latter aspect serves the need for keeping design and proof of the design
state-of-the-art.
Concerning technical specification increase in enrichment and higher burn up are the most
challenging issues along with disposal management of spent MOX assemblies in some
countries. As a consequence higher heat capacity and sophisticated shielding measures have
to be considered. Besides design and new materials even new methodologies for the proof of
the design have to be developed and applied.
In addition, defect fuel disposal is increasingly requested on the market, which has a clear
impact on design feature, not only of the cask internals, but also of handling equipment.
Related to cost an increase of the number of fuel assemblies per cask as well as a cost
optimized cask design are the most important approaches of the cask vendors. Validated
methodologies for the proof of the design during the licensing process is important even in
terms of cost.
3. Cask loading and storage experience
Loading performance is a key issue to establish Spent Nuclear Fuel (SNF) management. For
this, development of each GNB-cask includes the participation of plant operators and
experienced loading staff starting with the first conceptual design phase, e. g. by elaboration
of handling studies. Further verification is given by cold trials of both, casks and cask related
equipment as well as design reviews and/or prototype loadings with extensive measurement
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programmes. The cold trials, as an example, can be performed first outside the reactor, e.g. at
special test facilities available at the cask manufacturer’s shop under participation of the
relevant parties of the NPP operators and/or experts of the competent authority. This can be
followed by performing of the complete handling sequence of the cask and the correlating
equipment in the NPP for verification of proper function including fit of all plant specific
interfaces. Furthermore, review of cold trials and prototype loadings open potential for further
optimization of procedures e.g. with respect to minimization of collective dose per loading
(ALARA).
This way for establishing standard loading procedures has been already implemented for the
complete range of cask loading conditions, as there are:
•
•
•
•

Dry remote loading;
Wet loading / dry transport and storage with bolted and welded lid systems;
Fuel loading via locking gates;
Wet loading / wet transport.

In two decades CASTOR® and CONSTOR® casks have been successfully introduced for
spent fuel management at many NPP sites. In Figure 3 storage of CASTOR® casks in the
Gorleben storage facility is shown.

FIG. 3. CASTOR® casks in Intermediate Storage Gorleben/Germany.

Independent of the kind of storage there are general acceptance criteria, which have to be
fulfilled after loading:
•
•
•
•
•
•

Accordance of the loaded fuel with the licensed specifications;
Drying of the cask cavity to the specified moisture limits;
Testing of the primary and secondary lid with respect to specified tightness;
Determination of the outer radiation dose rates;
Determination of the contamination of the cask surface;
Determination of the surface temperature.

Presently, altogether more than 700 casks will be stored at 19 sites. This results in storage
experience of around 4 800 cask⋅years. Because there are two or three seals per lid (in
addition to the main seal there are seals for closure lids for dewatering, drying and gas filling
bore holes) GNB has acquired a seal experience of more than 24 000 seal⋅years.
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All this experience has shown that the safety requirements for the casks will be fulfilled
without any problems. Over the last two decades only one metallic seal lost the required
tightness. For such a case maintenance actions are prepared.
4. Licensing experience of CASTOR® casks in Germany
Since the federal election in 1998 the German energy policy has changed. For instance the
government and the operators of nuclear power plants reached a consensus regarding the
disposal of spent fuel elements of the NPP in Germany.
In the past the disposal concept was characterized by the reprocessing of the spent fuel in
France and UK and alternatively the storage of it in the existing central intermediate storage
facilities Ahaus and Gorleben. The storage in these central storage facilities always required
transports within Germany. Considering the fact that the transports were often a target of
violent resistance it became a policy of the government to avoid such transports. To minimize
the number of transports the operators of NPP declared in the consensus that they will build
decentralized, on-site intermediate dry storage facilities for spent fuel elements. To overcome
the time up to the erection of these long term (intermediate) storage facilities some utilities
applied for and got short-term (interim) storage licences. For this, horizontally stored casks
are shielded by mobile concrete covers. Seventeen storage facilities have been applied for.
The licensing procedure of a storage facility consists of 2 parts:
•
•

Licence (Operating permission) according to the atomic law (§ 6 Atomic Energy Act)
granted by the Federal Office of Radiation Protection (BfS);
Licence (Building permission) according to the respective federal state building
regulations granted by the local authorities.

The course for the licensing procedure pursuant to § 6 Atomic Energy Act includes the
following steps:
(1)

(2)
(3)
(4)
(5)
(6)

Application and submission of the required documents:
•
Safety analysis report;
•
Short description of the facility;
•
Environmental impact assessment documents;
•
Documents proving the fulfilment of the licence requirements including
supporting documents, plans and drawings of the cask and the building;
Public announcement and public hearing;
Check of all licence requirements by the competent authority and external experts;
Draft of licence;
Coordination with the supervision authority and final coordination with the Federal
Ministry of Environment, Nature Protection and Reactor Safety;
Granting of the licence.

Fig. 4 shows two types of the storage buildings, which have been applied for. In addition to
that one subsurface facility will be erected in a tunnel. The documents proving the fulfilment
of the licence requirements for the cask are grouped into three parts (Table I):
•
•
•

Cask description and safety analyses;
Construction;
Handling documents.
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FIG. 4. Concept of the storage building.
Table 1. Structure of application documents
Cask description and
safety analyses
Description of the cask, the
inventory and the handling

-

-

Structural analyses

Construction

Handling documents

-

Part list

-

Drawings

· Cask drying

-

Material specifications

· Protective coating

-

Work instructions

-

Thermal analyses

-

Description of containment and
release considerations

-

Cask shielding calculation

-

Subcriticality analyses

· Dose rate
measurement

-

Long term behaviour of
components

· Contamination
measurement

-

Safety analyses for normal
operation

· Temperature
measurement

-

Safety analyses for accident
conditions

· Tightness
measurement

-

Safety consideration for events
in the residual risk range
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· Contamination
protection
-

Test specifications

-

Assembly specifications

-

Operating plans
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With additional documents, the differences between the types of storages, e. g. with respect to
heat removal, will be taken into account. Since the consensus in 2000, three On-site Interim
Storage Facilities and three Intermediate Storage Facilities have been licensed. One Interim
Storage Facility got the 2nd partial licence. The licenses for the other facilities are expected in
2003, see Table II. Up to now three interim and one intermediate storage facilities have
started operation. In these 37 casks are stored now.
Table II. Application for on-site storage facilities
NPP

Date of
Application

23.12.1999
30.11.2000
Brokdorf
20.12.1999
30.11.1999
Brunsbüttel
15.08.2000
Grafenrheinfeld 23.02.2000
Grohnde
20.12.1999
Gundremminge 25.02.2000
Isar
23.02.2000
30.11.1999
Krümmel
15.08.200
Lingen
22.12.1998
Neckarwestheim 20.12.1999
20.12.1999
20.12.1999
Philippsburg
20.12.1999
Unterweser
20.12.1999
Biblis

Type of
Storage
Facility
Intermediate
Interim
Intermediate
Intermediate
Interim
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Interim
Intermediate
Intermediate
Interim
Intermediate
Interim
Intermediate

Number of
Storage
Positions
135
28
100
80
18
88
100
192
152
80
12
130
151
24
152
24
80

Licence
Date of Issue

20.12.2001

12.02.2003
20.12.2002

06.11.2002
10.04.2001/21.12.2002
31.07.2001/17.02.2003

5. Conclusion
GNB is one of the global leaders with a very large amount of worldwide experience with
casks for transport and storage of spent fuel and high level waste. Transport and dry storage of
spent fuel and high active waste in CASTOR and CONSTOR casks are a proven and
extensively applied technology. Experience over two decades with almost all types of fuel and
high active waste has been gained. GNB´s casks of CASTOR and CONSTOR type fulfil
highest safety requirements in terms of both transport and storage. The future challenges can
clearly be identified and will be coped by new designs of next generation of GNB´s casks.
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Verification of dual-purpose metal cask integrity:
Verification tests
S. Matsuoka, T. Yokoyama, M. Yasuda, N. Uchiyama, H. Kawakami
Plant Engineering Department,
Nuclear Power Engineering Corporation (NUPEC),
Minato-ku, Tokyo,
Japan
Abstract. The interim storage facilities planning in Japan will be off site of the reactors without hot-cell.
Therefore, it should be important to confirm integrity of cask during storage and transport after storage. NUPEC
has been conducting the dual-purpose metal cask verification test since 1999 under the sponsership of the
Ministry of Economic, Trade and Industry (METI). The purpose of this verification test is to verify and establish
the evaluation methods of structural integrity and safety functions of a dual-purpose cask during interim storage
and under transport conditions after the storage. This paper presents “tentative requirements to be satisfied under
the transport conditions after long term storage derived from the latest test data and the test contents to verify this
requirements, in addition to general plan and current status of the test.

1. Introduction
Spent fuel which is generated by nuclear power plants (NPP) is designated as useful recycled
resources and shall be properly stored until reprocessing according to the policy of Japan.
Recently, the quantity of spent fuel stored at each NPP site is going to be increased due to
finishing oversea reprocessing contract and delay of domestic reprocessing project.
Therefore, the long term interim dry storage facilities of spent fuels using dual-purpose metal
casks are expected to be early realized [1].
The interim storage facilities will be off site of NPP without hot-cell. After long term strage,
dual-purpose metal casks will be transported to the reprocessing facility directly. Therefore, it
is important to confirm integrity of casks during storage and transport.
NUPEC has been conducting the dual-purpose metal cask verification test project since 1999
Japanese fiscal year under the sponsorship of the Ministry of Economic, Trade and Industry
(METI). The purpose of this project is to verify and establish the evaluation methods of
structural integrity and safety functions of a dual-purpose cask during interim storage and
under transport conditions after the storage.
In order to achieve the above purposes, this project is composed of material property tests and
system verification tests. In this paper, verification test results and their evuluation methods
on seal integrity under the drop test conditions after the long term storage are mainly
focussed.
2. Material property tests
2.1. Outline
The purpose of these material property tests is to verify and establish the evaluation methods
about the degradation of materials of which cask consists. In these tests, the composition
materials of the cask were classified into body materials, basket materials, neutron shielding
materials, and seal boundary (a metallic gasket). The factors of aged degradation were
assumed to be three factors (decay heat, radiation, and ambiance).
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The factors and materials that it was possible to evaluate by published data were excluded
from material property tests by NUPEC. Test matrix is shown in Table I.
Table I. Composition materials - deterioration factors matrix
Decay Heat

Radiation

Ambiance

Body Metals

-

-

Corrosion & SCC

Basket Metals

Over Aging & Creep

-

Corrosion & SCC

Change of Composition

a

-

Corrosion & SCC

Neutron Shieldings Change of Composition
Seal Boundary
a

Relaxation

Not public information.

Each test with its objectives and current status is summarized in Table II. More detail
information was presented in [2]. Following disscussions are mainly focuused on tests of seal
boundary.
Table II. Objectives and current status of material property tests
TEST
Body &
Basket
metals

OBJECTIVES
To confirm the effects on the
strength due to corrosion and SCC
To confirm the effects on the
strength due to over ageing and
creep

CURRENT STATUS
No significant corrosion and SCC by
iodine compound in 60 year-storage.
No significant difference between
aluminum and borated aluminum alloy
for basket materials by over ageing
treatment
Neutron
To establish the evaluation method Regression equation for weight loss of
Shieldings for the degradation of shielding
epoxy resin predicted by LMP has
reasonable precision during long term
storage.
To confirm chemical changes due No significant weight loss for shielding
to heating and irradiation
due to heating and irradiation under
closed circumstances for epoxy resin
Seal
To establish the evaluation method Refer to clause 2.2.
Boundary for the degradation of sealing
To propose the requirements
2.2. Seal boundary (metallic gaskets)
2.2.1. Tentative requirements
The tests concerning the stress relaxation property of metallic gaskets and the followability to
the displacements of seal boundary assumed to be occurred under the drop and/or fire
conditions were performed. The tests concerning the followability were performed by both
dynamic and semi-static conditions. Detail description about these tests were presented in [3].
As a result, the tentative requirements under the drop and fire conditions were proposed in
Table III.
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3.2. Drop tests
3.2.1. Purposes and test contents
The purposes of the drop tests are the following two points for which the verification is
necessary for the safety evaluation of the dual-purpose metal casks:
1.
2.

To comfirm the applicablity of the tentative requirements o actual casks;
To comfirm the accuracy of analysis.

The tests are executed in the following steps, in order to comfirm the aboves:
1.
2.
3.
4.

1/3-scaled model drop tests;
Design and fabrication of a full-scaled model;
Full-scaled drop tests;
Analyses and evaluation.

Here, it is described 1/3-scale model drop tests executed in 2002 Japanese fiscal year.
3.2.2. 1/3-Scaled model drop tests
3.2.2.1. Purposes
1/3-scale model drop tests had been executed for the undermentioned purposes before the
full-scaled model drop tests:
1.
2.
3.

Accuracy of measurements: To confirm the accuracy of measurements about
displacements;
Accuracy of analysis: To confirm the accuracy of impact analysis for main parts;
Control of sliding: To verify the controllability of lid against sliding tightening by bolts.

3.2.2.2. Outline of 1/3-scale model drop tests
Using 1/3-scale model of typical dry cask, 9m drop tests were conducted. A top side vertical
drop test and two times horizontal drop tests were executed. Horizontal drop tests were
demonstrated under 2 different bolt tightening force conditions to verify the controllability by
bolt tightening. Sliding displacement (parallel direction) of the secondary lid and openings
(vertical direction) of the primary and the secondary lids, in addition to the accelerations and
the strains were measured. Items and positions of measurements are shown in Fig. 6.
3.2.2.3. Verification analyses
Verification analyses were performed by using analysis code LS-DYNA that was general
purpose nonlinear finite element program. Key characteristics of modeling are as follows. For
modeling of bolts, solids element is used. As lid and body contact conditions, “Slide & Void
(considering Friction Effect)” is selected. And also damping is considered in vibration of lids,
bolts and flange. Analysis model is shown in Fig. 7.
3.2.2.4. Results and evaluations of 1/3-scale model drop tests
Typical examples of verification results are shown in Figs 8 to 10. It was confirmed that
accuracy of measurements and analyses had enough accuracy about the parts measured by
1/3-scale model drop tests in order to evaluate the applicability of the tentative requirements.
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4. Conclusions
The following conclusions were obtained from the above-mentioned verification test results:
1.
2.

3.

The performance of metallic seals is degradated because of the stress relaxation by a
long term storage. However, if the one of the line diameter of φ10 is used, it is
confirmed that a necessary performance will be maintained after a long term storage;
For transportation after a long term storage, it is necessary to suppress opening and
sliding of the second lids taking into account of the performance degradation of the
metallic gasket seal. By 1/3-scaled model drop tests, it is confirmed that it will be
possible to satisfy the tentative requirements for opening and sliding behavior of lids.
And also it is confirmed that the analyses have a capability to estimate these various key
features;
The above-mentioned conclusions shall be finally confirmed by the full-scaled model
drop tests in the future.
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Abstract. The original Modular Vault Dry Storage (MVDS) technology was developed in the early 1980s
leading on from the experience gained with the magnox fuel dry storage facilities at the Wylfa power station in
Wales (UK). The Wylfa dry fuel stores were commissioned in 1969 and the MVDS can, therefore, rightly claim
to be the only dry fuel storage technology that has an operational and technological background of over thirty
years. The MVDS system was originally designed to store individual fuel assemblies within a Storage Canister.
This system ensures minimum fuel storage temperatures and provides maximum flexibility for future off-site
transportation. Individual fuel assemblies can be removed from their storage locations and placed into a
transportation cask for either road or rail off-site shipment. However, this requires each fuel assembly to be rehandled and transferred into the transportation cask. A vault storage system based on the proven MVDS
technology using a large Multi-Purpose Canister (MPC), is now being developed to provide a cost-effective
interim spent fuel storage system. Integrating the MVDS technology with a MPC and adapting the cooling,
shielding and handling systems, allows the new vault storage system to provide high storage efficiency in
compact storage buildings suitable for a large spent fuel interim storage facility. It has been possible to reconfigure the vault storage array from individual fuel assembly storage canisters to large diameter canisters, and
to re-configure the handling equipment to transfer large canisters. By modifying the design of the MVDS to
accept large, multiple fuel assembly, multi-purpose canisters, it has been possible to maintain the technical and
operational benefits of the original MVDS design, with the additional benefits of multi-purpose canisters.

1. Introduction
Dry storage of spent nuclear fuel utilizes two main types of technology: casks or vaults. Both
technologies are safe, proven and in commercial operation around the world. Vault storage
systems are suitable for at reactor storage or for away from reactor storage. Typically vaults
are able to store large amounts of spent nuclear fuel in a compact footprint and can be
operated all year round independent of outside weather conditions. Spent fuel is stored
securely within a vault, as access is security controlled into the facility, and specialized
equipment has to be used to move loaded fuel canisters. Fuel can be delivered to a vault by
use of an on-site transfer cask or by road/rail transportation cask, either as bare fuel
assemblies or canistered fuel. Similarly, fuel can be transported away from a vault by loading
the fuel from the vault storage locations into a road/rail transportation cask.
Examples of the Modular Vault Dry Store (MVDS) system are in commercial operation in
U.S.A., U.K., and Hungary. Spent nuclear fuels in these facilities are stored within small
diameter containers that are up to 0.61 metre diameter. The MVDS at Fort St Vrain in the
USA utilizes a transportable canister that can be placed directly into a transport cask when the
fuel is removed from the storage facility; while the MVDS at Paks, Hungary stores individual
fuel assemblies in storage canisters that are not transportable.
The MVDS technology is now being developed to enable high storage efficiency and compact
storage buildings with low building height, by using large Multi-Purpose Canister (MPC) and
improvement of handling system. The vault structure can be located above ground, or below
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ground. The use of a subterranean vault can also be used to provide additional shielding
benefit, as well as enhanced physical protection. The concept of a modular vault storage
system with large MPC has been studied, and it is concluded that the design ensures that
safety considerations for cooling, shielding, confinement, criticality and seismic are
maintained. The main characteristics of this system are as follows:
•
•
•
•
•

Cooling: Based on proven horizontal passive cooling system, the height of storage area
is lowered by improvement of the cooling system suitable for large MPC;
Shielding: Underground storage and radiation streaming reduction structures can reduce
the radiation dose at site boundary. Also, providing thick concrete shielding of the vault
roof above canisters minimizes expected dose of workers;
Confinement: A fully welded MPC is used to ensure confinement;
Canister Handling: Transfer operations use a seismically qualified Canister Handling
system. The facility building above ground is minimized by compact canister handling
system;
Seismic qualification: The storage facility building and canister handling equipment are
fully seismically qualified. For high seismic zones, the use of the subterranean vault
minimizes seismic accelerations that have to be accommodated by the building and
equipment design.

In recognition of the size of the canister that is stored within this style of Modular Vault Dry
Store, and its ability to potentially store very large amounts of spent nuclear fuel, the generic
name given to this style of vault is ‘Mega-Vault Dry Store’ (MVDS).
2. Design background to the Mega-Vault dry storage system
The original MVDS system as depicted in Figure 1 was designed to store individual fuel
assemblies within an array of canisters in a vault. This system provides maximum flexibility
for future off-site transportation as the individual fuel assemblies can be removed from their
storage locations and placed into a transportation cask for either road or rail off-site shipment.
Therefore, future changes or uncertainties in transportation requirements can be
accommodated at the time that fuel is removed from storage. However, the development of
multiple assembly, multi-purpose canisters, which can be designed for both storage and
transportation, has now reached the stage where there are additional benefits of integrating the
MVDS design with a MPC.
Figure 1 shows a cross section view through the MVDS vault and illustrates how the cooling
system works. Fuel decay heat removal is via a once through airflow system through the vault
structure as it passes around the canister arrays. The vault airflow results from a buoyancy
induced thermosyphon. The buoyancy head is created by the difference between the inlet and
outlet air densities together with the differential height between the inlet and outlet ducts. The
pressure drops that result from the rate of airflow and the flow resistances created by the vault
inlet duct arrangement, the canister bank array and the outlet duct arrangement balance this
buoyancy head. This passive system is capable of rejecting approximately 450kW of heat
from each vault module, before either the bulk air temperature causes the vault concrete
temperature or the fuel temperature to exceed an acceptable temperature limit.
It has been possible to re-configure the vault storage array from individual fuel assembly
storage canisters to accommodate multi-assembly large diameter canisters, and to re-configure
the handling equipment to transfer larger canisters. By modifying the design of the MVDS to
accept multiple assembly, multi-purpose canisters, it has been possible to maintain the
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technical and operational benefits of the original MVDS, with the additional benefits of multipurpose canisters.

FIG. 1. Cross section view through Modular Vault Dry Store.
The benefits of using a multi-purpose (storage and transport) canister in a vault storage
system are:
•

Reduced number of fuel assembly transfer and handling operations (compared to
individual fuel assembly handling) = lower dose uptake to operators, and lower
operating costs;
Confined transfer of fuel into and out of the facility = no bare fuel handling operations;
Fuel is packed ready for transportation direct out of the facility = no re-packing required
for transportation.

•
•

A storage canister for storing individual fuel assemblies is typically 0.2 to 0.4 metre outside
diameter, whereas a multiple assembly canister is typically 1.6 to 1.8 metres outside diameter.
The Mega-Vault Dry Storage system can be used to store a variety of MPC types that meet
the design basis requirements.
3. Mega-Vault dry storage system design parameters
The primary design parameters for the Mega-vault dry storage system are selected to be
suitable for a centralized storage facility that can be located in a high seismic area (Table I).
Table I. Primary design parameters for the Mega-vault dry storage system
MPC heat load:
Mean Fuel Irradiation:
Number of MPCs stored in each vault:
Design dose rate for operators:
Dose rate at the site boundary:
Seismic, Design Basis Earthquake:
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22kW (assumes that the canister has to be
transportable to bring it to the store)
45 GW·d/tU
15
< 5 µSv/h at a height of 1m above the charge face
< 100 µSv/year at 100 metres from facility
0.6g horizontal ground acceleration
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4. Description of the Mega-Vault dry storage system
The Mega-Vault dry storage facility consists of three main systems that are shown in
Figure 2:
•

•
•

The Cask Receipt Bay and Transfer Tunnel, where canistered spent fuel is received and
transferred to a port under the vault where it can be collected by the Canister Handling
Machine. The Transfer Tunnel and Cask Receipt Bay are also used to despatch fuel at
the end of storage life;
The Storage Vault Modules, where canistered spent fuel is stored. The cooling air inlet
duct and outlet duct are connected to the vault modules;
The Canister Handling Machine, which raises and transfers canisters from the cask in
the Transfer Tunnel to the storage position in the Storage Vault.

FIG. 2. Mega-Vault dry storage facility.
The Cask Receipt Bay is positioned at the inlet end of the Transfer Tunnel. The Cask Receipt
Bay is an enclosed structure where the incoming casks are removed from their transport
trailers and placed into the transfer trolley. A 150 tonne overhead crane fitted with a lifting
frame lifts the incoming cask into a vertical orientation from the back of the transfer vehicle
and lowers it into the transfer trolley that is positioned below grade. The construction of the
Transfer Tunnel ensures the canistered spent fuel is protected during transfer operations.
The transfer trolley runs inside the Transfer Tunnel between the Cask Receipt Bay and the
Storage Vault modules, as shown in Figure 3. The trolley is mounted on fixed floor rails and
moves the loaded Canisters within the cask from the receipt area to the load / unload ports that
are inside the vault buildings for access by the Canister Handling Machine. The transfer
trolley contains a jacking system that raises the transfer cask into a recess under the load /
unload port.
A vault module consists of inlet and outlet ducts, vault sidewalls, supporting foundation
structure and the charge face structure. Each row of vault modules is covered by a continuous
roof structure which provides a weather tight and illuminated enclosure for year round fuel
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loading, unloading and maintenance operations. The roof structure provides protection for the
Canister Handling Machine and charge face structure and gives operating flexibility during
adverse weather conditions and hours of darkness.

FIG. 3. Cask receipt bay and transfer tunnel.
Cooling air enters each vault through a louvered opening above ground level that is provided
with a mesh to prevent the ingress of birds, debris, vermin, etc. The concrete and labyrinth
arrangement of the inlet structure provides radiological shielding for the stored fuel. The
cooling air leaves the vault and is exhausted to atmosphere through a concrete outlet duct. A
steel canopy and mesh provided on the top of the outlet duct, prevents the ingress of rain,
snow, birds, etc. The ambient cooling air does not come into contact with the fuel assemblies,
which are sealed and confined inside the MPCs, ensuring the internal walls of the vault
remain radiologically clean. The MVDS cooling system is thermally very efficient and
designed to give acceptable concrete and fuel storage temperatures. The principle of operation
of the Mega-Vault cooling system is illustrated on Figure 4. This figure shows the passive
cooling air flow system, the vertical position of the canisters within the vault and the concrete
shield walls that surround the canisters to form the vault structure.
The base of the canister locates into a support plate that is fastened to the floor of the vault.
This plate is designed to withstand vertical and horizontal loads imposed by the Canister and
its contents. Dropping a canister within the vault is not considered a design basis accident as
single failure proof canister handling devices are used. The top of the Canister is located in
the charge face structure. A concrete filled shield plug sits above each Canister in the charge
face to complete the shielding of the charge face structure. The canister grapple and hoist of
the Canister Handling Machine handle the shield plug by a lifting ring that is bolted to the top
of the shield plug and which replicates the lifting feature on the Canisters.
The Canister Handling Machine (CHM) is a shielded cask assembly mounted on a bridge and
trolley that runs on rails above the storage vaults, as shown on Figure 4. The CHM lifts
loaded canisters from the cask and places them into the storage vaults. The CHM is designed
as a single failure proof crane with a dual load path, this configuration ensures that dropping a
canister is not a credible event.
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FIG. 4. Cross section view through Mega-Vault.
A wire rope hoist is used to raise and lower a power operated canister grapple. The canister
grapple jaws engage with the lifting ring that is bolted to the lid of the canister. The design of
the canister grapple ensures the grapple jaws cannot disengage from the canister lifting ring
until the weight of the canister is fully supported, i.e. sitting down. The jaws pivot outwards to
engage under the lifting ring, and as the canister is raised a mechanical lock prevents further
jaw movement, the lock can only be released by supporting the weight of the canister and
canister grapple.
The CHM is fitted with double shield gates, a retractable shield skirt and floating shielding
blocks to its base. The shield gate doors are electrically operated and retract via twin screw
drives. The lower shield gate is the charge face shield gate and is detachable from the CHM. It
is normally positioned above the chosen storage position for loading / unloading operations.
The charge face shield gate allows removal of the shield plug to prepare the storage position
for canister loading or unloading without compromising the overall shielding provided by the
charge face structure. The charge face shield gate is moved to the appropriate storage position
by the CHM.
The upper shield gate is the CHM shield gate and is permanently attached to the base of the
shielded body of the CHM. The CHM shield gate is used to close off the base of the CHM
when carrying canisters or shield plugs. The retractable shield skirt is lowered during fuel and
shield plug transfer operations to close the gap between the bottom of the CHM and the top of
the charge face shield gate. The skirt is raised during CHM travel movements to provide a
running clearance.

165

IAEA-CN-102/48

5. Loading a canister into a Mega-Vault storage position
Following the cross-site, or cross-country, transfer of the canistered fuel to the MVDS, the
cask is removed from its transport vehicle and placed into position on a trolley in the Receipt
Bay. Refer to Figure 3. After preparing the cask, the lid bolts are released to allow the
removal of the lid. The lid is removed and the cask is then moved along the Transfer Tunnel
to a position under the vault to allow access by the Canister Handling Machine.
In order to place a canister into the vault the charge face shield plug has to first be removed to
create a path for inserting the canister, see Figure 5. The charge face shield gate is lowered
onto the charge face using the CHM hoisting system. The CHM then lowers its shield skirt
onto the shield gate to complete the shielding path. The doors of the shield gate are opened
and the CHM lifts the shield plug from the charge face using its main hoist. The shield gate
doors are closed and the CHM shield skirt raised to allow the CHM to move clear of the
charge face shield gate. The shield plug that was removed from the charge face is transferred
to a stowage position over the transfer tunnel, so that the CHM can accept the canister from
the transfer tunnel.

FIG. 5. CHM preparing to remove a shield plug from the charge face.
With the cask positioned under the load/unload port, and the CHM docked over the port, the
canister is lifted by the CHM hoist system. The CHM is moved from the load/unload port
location and re-docks over the charge face shield gate. The shield gate doors are opened to
permit the CHM to lower the canister into its vault storage location. After the CHM hoist has
been fully retracted, then the charge face shield gate doors are closed, and the CHM shield
skirt is retracted. The CHM picks up the charge face shield gate from the charge face so that it
can be moved to the next storage location.
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6. Conclusion
The Mega-Vault design is a natural development of the Modular Vault Dry Storage system
design. An international patent has been applied for. The system is primarily being developed
for away-from-reactor sites for centralized storage of MPCs that may originate from several
different source sites. The security and safeguards features inherent within the Mega-Vault
system are an important aspect required by current spent fuel management systems.
The Mega-Vault system offers safe, secure and simple storage of spent nuclear fuel, in a
seismicaly qualified facility that can be operated all year round. Doses to the operators and
public are designed to be very low. Future transportation of the fuel away from the storage
facility is assured by the use of transportable canisters.
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Abstract. International experience in the design, licensing and operation of the NUHOMS® system shows it to
be a safe and reliable method for both the intermediate storage and off-site transportation of spent fuel. Its
flexibility enables a wide range of fuel types to be stored and transported. It is also readily adaptable to local
constraints such as handling weight limits, restricted access to fuel pool buildings and a wide range of
environmental conditions.

1. Introduction
The NUHOMS® system for spent fuel intermediate storage has two main components. The
spent fuel is contained in a stainless steel canister that is sealed by welding two stainless steel
lids. The canister is stored with its main axis horizontal in a concrete module (HSM). The
canister provides a containment boundary and includes an internal basket structure to ensure
criticality safety and good heat transfer. The HSM has an access door, an internal support
structure for the canister and air vents for the rejection of heat by natural convection. The
thick reinforced concrete walls offer excellent radiation shielding properties. After spent fuel
loading, canisters are transferred from the spent fuel pool to the storage site using a shielded
transfer cask with an integral hydraulic ram to facilitate canister loading into the concrete
module.
The first designs were conceived for US commercial light water reactor fuel, and the first
storage licenses were obtained from the US Nuclear Regulatory Commission. The initial
system for PWR fuel has a capacity of 7 spent fuel assemblies, but this was increased to 24 in
the next design. A canister for storing 52 BWR fuel assemblies was soon added to the fleet.
As the demand for dry storage systems in the US increased, Transnuclear, Inc identified a
market need for higher capacity systems and two further designs were added with capacities
of 32 PWR and 61 BWR assemblies. These designs are further evolving to match the trends
in increased fuel initial enrichment and burnup.
In addition to meeting the US regulatory requirements for storage, the latest systems are
designed to meet US NRC requirements for transportation. This latest development gives
NUHOMS® users the additional flexibility of a dual-purpose system. Another NUHOMS®
system was successfully developed to store fuel debris from the Three Mile Island reactor.
Solutions have also been developed for safely storing and transporting damaged fuel.
Outside the US, the NUHOMS® system has attracted considerable interest. As a licensee for
the NUHOMS® technology, Framatome has supplied a NUHOMS® system for storing VVER
fuel assemblies at Metzamor in Armenia. Framatome is also supplying a NUHOMS® system
for storing RBMK fuel at Chernobyl in the Ukraine.
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The worldwide popularity of the NUHOMS® system is due to a combination of economic and
technical factors. As a system for intermediate dry storage, the modular design allows owners
and operators to defer investment by increasing the installed capacity incrementally.
Relatively short fabrication times allow the installation to be timed to meet the operational
needs for spent fuel loadings. Local fabrication of the concrete module is another factor that
can influence system selection when the use of local labor is desirable. However, the
overriding technical advantage of the NUHOMS® system is the inherent flexibility of having
its two main components designed to fulfill specific technical functions. These components
can be individually adapted to suit a specific need without altering the overall system concept.
For example, reducing the external radiation dose rates at the storage site is a simple matter of
increasing the thickness of the concrete walls of the storage module and this has no direct
influence on the canister operations.
2. Nuhoms® system description and operational advantages
The canister consists of a stainless steel cylindrical shell, top and bottom shield plugs, inner
and outer bottom closure plates, inner and outer top cover plates, and the internal basket. A
typical DSC for PWR fuel assemblies is shown in Figure 1.
The fuel assemblies are supported by the stainless steel fuel compartments that extend through
the entire canister cavity. Criticality control is achieved by a combination of geometric
spacing of the fuel assemblies and a selective use of neutron poison material in the basket.
A typical NUHOMS canister (basket and shell) is fabricated primarily from high quality
stainless steel. All of the canister shell materials are ASME code materials and are used
consistent with code approved applications. The shell materials are resistant to corrosion and
are not susceptible to other galvanic reactions. The DSC internals are enveloped in a dry
helium inerted environment and are designed for all postulated environmental conditions.
The design of the NUHOMS® Horizontal Storage Module (HSM) allows the canister to be
transferred and stored without performing a single critical lift at the Independent Spent Fuel
Storage Installation (ISFSI) or anywhere outside the protected area. This design eliminates
entirely the risk associated with such critical lifts of canisters loaded with spent fuel or the
need for a heavy single failure proof crane at the ISFSI.
The NUHOMS® HSM design allows the highest shielding performance of any other system
offered in the industry. It accomplishes such performance by surrounding the canister with
massive concrete walls and by close packing the modules at the ISFSI, allowing adjacent
units to shield one another. Figure 2 shows how the NUHOMS footprint can save up to 33%
of the space needed for vertical systems.
The HSM is a reinforced concrete structure designed to shield and support the DSC while
providing passive heat removal. Ambient air enters the module through the bottom inlet vents,
circulates around the DSC and exits through the outlet vents at the top. The HSM is designed
to protect the DSC from extreme environmental and geological conditions including
tornadoes, earthquakes, and floods.
The HSM design uses passive ventilation for the removal of spent fuel decay heat from the
canister. The currently licensed storage module ventilation system has a heat removal capacity
of 24 kilowatts but new designs are under development to increase this capacity to around 34
kilowatts for extreme ambient temperatures ranging from –40°F to 117°F.
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FIG. 1. A typical DSC for storing and transporting PWR fuel.
Each module includes hard-faced steel support rails that allow the horizontal sliding insertion
and retrieval of the canister. The canister transfer operations at existing NUHOMS® ISFSIs
have been highly successful in demonstrating the safety and simplicity of the horizontal
sliding transfer technology.
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FIG. 2. NUHOMS® layout compared to vertical casks.
The NUHOMS® HSMs can either be cast in situ at the storage site or prefabricated off-site at
a qualified concrete fabrication facility. Prefabricated modules are constructed out of two
segments, a base unit and a roof slab, which are delivered separately and installed at the
ISFSI. By fabricating these components off-site, the NUHOMS® System minimizes the
impact on an operating facility. By delivering finished segments, and not requiring any major
construction or concrete placements at the ISFSI, each NUHOMS® HSM can be fully erected
and completed in approximately one day, using a crane and a 5-man crew (See Figs 3 and 4).
The NUHOMS® transfer cask incorporates gamma and neutron shielding materials. The
exterior shell has a surface finish to facilitate decontamination.
As shown in Figure 5, the transfer cask is constructed from two concentric cylindrical
stainless steel shells with a bolted top cover plate and a welded bottom end assembly. The
annulus formed by these two shells is filled with cast lead to provide gamma shielding. The
transfer cask also includes an outer steel jacket, which is filled with water for neutron
shielding. The top and bottom end assemblies incorporate a solid neutron shield material. The
transfer cask is designed to provide sufficient shielding to ensure that dose rates are ALARA.
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FIG. 3. HSM fabrication.

FIG. 4. HSM Installation at an ISFSI site.
NUHOMS transfer casks have been used successfully in PWR and BWR spent fuel pools
and have never exhibited an adverse interaction with the spent fuel pool water.
Canister loading includes physically placing the fuel assemblies into the canister,
decontamination, draining, drying, and seal welding. An automated welding system (AWS)
welds the DSC top closure plates to the DSC shell after fuel loading. The AWS is a fullyintegrated, remotely-operated automated welding system, including remote viewing and
motion control. Non-destructive examination of the closure welds is performed by Dye
Penetrant (PT) examination. The AWS is show in Figure 7.
Canister transfer operations include transferring the loaded cask to the on-site transporter,
transporting the cask/canister to the ISFSI, and inserting the canister into the storage module.
These operations are illustrated in Figure 8.
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FIG. 5. The NUHOMS® transfer cask.
The welded canister provides a leaktight containment during the storage period and there is no
need to perform any special monitoring or periodic leaktightness checks. Recovery of the fuel
from the HSM for transfer to another site is performed using the same system of horizontal
transfer but with a cask licensed for off site transport. Such a cask is shown in Figure 9. After
horizontal transfer, the cask lid is secured and the impact limiters are fitted so put the package
in its transport configuration for shipment either by rail, truck or ship.
3. Current development status
3.1. Nuhoms® in the USA
Since the USA adopted a ‘once through’ policy for spent fuel management, intermediate
storage has become a necessity for many of the US commercial nuclear power stations as they
reach the limit of their in poll storage capacity. 70% of fuel currently in intermediate dry
storage in the USA is stored in Transnuclear systems, either TN24 type metal casks or
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NUHOMS® systems. Up to March 2003, 258 NUHOMS® systems had been delivered to
customers and the successful operational experience has enabled Transnuclear to reduce the
lead time for new NUHOMS® systems to less than 24 months.
Licensing of NUHOMS® systems is under NRC certification, either on a site specific basis or
under a generic license. The licensing status in March 2003 is shown in Table I.

FIG. 6. The trailer and skid assembly.

FIG. 7. Automated welding system.
3.2. Nuhoms® in Armenia
The NUHOMS® system has been successfully implemented in Armenia by Framatome-ANP
under license from Transnuclear and is operational since 2000. 11 systems have been
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delivered and loaded with VVER 440 spent fuel at the Medzamor site, each having a capacity
for 56 spent fuel assemblies.

FIG. 8. Placing the canister in the HSM.

FIG. 9. MP 1197 transportation cask (shown without impact limiters).
3.3. Nuhoms® in Ukraine
The NUHOMS® system was chosen by Framatome-ANP to store 21355 RMBK fuel at
Chernobyl. A canister for 95 assemblies has been developed together with a fuel conditioning
system to prepare the fuel for loading. The 232 HSM fabrication has been fully completed on
site as well as the conditioning facility.
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The conditioning facility role is to provide two technological barriers. The first one is a
stainless steel cartridge to receive each single fuel assembly with an inert gas. The second
barrier is the canister itself where cartridges are inserted (both are manufactured in Ukraine).
The particularity of this installation is due to the design of RBMK fuel assembly (length, two
fuel bundles). Year 2003 will be dedicated to erection tasks of equipment manufacture in
France and Ukraine. The full commissioning is scheduled end of 2004.
Table I. NUHOMS® licensing status in the US
System

Fuel type

Transport license

Storage license

NUHOMS® 7 P
NUHOMS® 24
NUHOMS® 24 PHB
NUHOMS® 24 PT 1
NUHOMS® MP 187
NUHOMS® 24 PT 2
NUHOMS® 24 PT 4
NUHOMS® 32 PT
NUHOMS® 32PTH
NUHOMS® 24PTH
NUHOMS® 52 B
NUHOMS® 61 BT
NUHOMS® 12 T

PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
BWR
BWR
TMI debris

No
No
No
Yes
Yes
Yes
Under review
In preparation
In preparation
In preparation
No
Yes
No

Yes
Yes
Under review
Yes
Yes
Yes
Under review
Under review
In preparation
In preparation
Yes
Yes
Yes

4. Adapting Nuhoms® to specific customer needs
The NUHOMS® system is under continuous development to meet specific customer needs.
Specific components can be adjusted to increase performance levels without changing the
basic design concept. Examples of such developments are as follows:
4.1. Storage only and dual purpose systems
Early systems for customers in the US were conceived for on site storage because
transportation needs were not defined at that time. Today, most clients are opting for a storage
solution with transport capabilities and this can be easily achieved for the NUHOMS® system
by placing the canister in a transportation cask. This uses similar technology as employed in
on-site transfer casks to allow easy transfer of the canister from the HSM to the transportation
cask.
4.2. Increased fuel enrichments
Higher fuel enrichments can be safely added to the canister contents by adding neutron poison
material in the basket. Transnuclear uses a variety of poison materials and is able to optimize
the amount of poison to the particular fuel characteristics for specific clients. Even if a range
of enrichments exists for candidate fuel, the canister can be offered with a corresponding
range of poison loadings. This approach ensures that criticality safety is assured at all times
whilst minimizing the cost of specific canisters.
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4.3. Minimizing dose rates
As burnups increase, the need for greater shielding capacity becomes more important to keep
radiation doses as low as possible during interim storage. The NUHOMS® system has an
inherent high shielding capacity by using closely packed modules in storage. The concrete
walls of the HSM provide excellent shielding and thicknesses can readily be adapted to meet
any required doses rate in storage. This feature has already been implemented for the
advanced NUHOMS® system for San Onofre operated by Southern California Edison where
the site geometry required very challenging dose rate targets.
4.4. Short cooling times
Early dry storage needs in the US were typically for low burn up, long cooled fuel with
correspondingly low heat loads. At some dry storage sites, the ‘stock’ of such relatively cool
fuel is being used up and future needs will require a capability to safely store higher heat load
fuels. Current NUHOMS® systems are licensed for total heat loads of 24 kW but new systems
are under development to increase the heat load capacity to around 34 kW. This is achieved
by careful design of the basket to improve heat transfer within the canister and improved air
circulation systems within the HSM’s.
4.5. Maximizing payloads
The number of assemblies stored in a particular dry storage system plays a major role in the
overall economics. Higher capacity canisters can reduce the storage cost per assembly by
minimizing the number of storage units and reducing the total size of the interim storage
facility. Transnuclear has increased NUHOMS® systems capacities from 24 to 32 PWR
assemblies and from 52 to 61 BWR assemblies. This was achieved by making full use of the
high performance basket design technology available within the COGEMA LOGISTICS
group of companies.
4.6. International fabrication
HSM fabrication uses industry standard concrete technology which can easily be applied
close to the storage site. This allows HSM fabrication to be performed either directly on the
site using cast in place methods or at a local concrete fabricator using performs. NUHOMS®
system components have successfully been fabricated in the USA, Japan and Europe. This
proven reliable suite of high quality international fabricators allows COGEMA LOGISTICS
and Transnuclear, Inc. to fully optimize customer needs in terms of localization, scheduling
and optimizing costs.
5. Nuhoms® international statistics
The NUHOMS® system is well established in the US and Europe and is currently under
consideration by other countries who are approaching the time to introduce dry storage
capacities. Table II shows current worldwide order and delivery status for NUHOMS®
systems.
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Table II. NUHOMS® Worldwide Distribution
COUNTRY

SYSTEM

USA
USA
USA
ARMENIA
UKRAINE

BWR
PWR
Others
VVER
RBMK
TOTAL

ORDERED
67
270
29
11
232
609

DELIVERED
36
193
29
11
269

6. Conclusions and future development plans
NUHOMS® systems are well established in the USA and Europe as a reliable, safe and well
proven option for dry storage of spent fuel.
NUHOMS® systems can be used for either on-site storage or away from reactor storage
because the canisters can be transported in a B(U) packaging.
The proven NUHOMS® flexibility can readily be adapted to meet new customer needs in
terms of handling limitations (size and weight), fuel characteristics, local regulations etc.
Transnuclear, Inc and Cogema Logistics are continually looking for worldwide opportunities
for the NUHOMS® system.
Discussions with potential clients are in progress and new design concepts are in preparation,
including a vertical version of the NUHOMS® system.

178

IAEA-CN-102/30

Current status of R&D programme of
spent fuel storage technology in CRIEPI
K. Shiraia, M. Watarub, H. Takedab, T. Saegusab
a

Abiko Research Laboratory

b

Central Research Institute of Electric Power Industry
Abiko, CHIBA, Japan

Abstract. In 1997, a new research programme of demonstrative tests for interim storage of spent fuel had been
started, which is mainly related to concrete cask storage technology, particularly aiming at the realization of dry
storage away-from-reactor in 2010. Concrete cask storage system is considered to essentially have an
economical advantage. To propose safety standards for concrete cask structures, systems, components, the
demonstration programme for qualification of concrete cask performance, such as heat removal tests under the
normal, abnormal and accidental events with the full-scale casks, impact tests with the full-scale canisters and
seismic tests with scale-model cask are in progress. This paper introduces the current status of CRIEPI’s R&D
programme on concrete cask technology for spent fuel storage.

1. Introduction
Spent fuel generated by nuclear power plants (NPP) is designated as a useful resource and
shall be properly stored, according to the policy of Japan, until the time of reprocessing and
recycling. Recently, the quantity of spent fuel stored at each NPP site will increase, due to
concluding overseas reprocessing contracts and delay in the domestic reprocessing project.
Therefore, the construction of spent fuel interim storage facilities on- or off-site of the NPP is
envisaged. The dual-purpose metal cask that can be used for storage and transportation has
been receiving highest priority in implementing storage facilities for the short and medium
term, with its superb economics compared to water pool facilities. In Japan, two dry storage
facilities using metal casks are being operated at the Fukushima-Dai-Ichi site of the Tokyo
Electric Power Company and the Tokai-Dai-Ni site of the Japan Atomic Power Company.
With a longer term perspective, research on the concrete modular dry storage technology is
continuing, aiming at better economic performance. Key issues of this research include safety
standards in operation and maintenance during storage and loading/unloading for
transportation, long term integrity of metal canister and concrete materials, and so on. In 1997,
a new research programme for demonstration tests of interim storage of spent fuel
commenced, mainly involving concrete cask storage technologies, with the aim of obtaining
basic data for regulating safety1 [1, 2].
2. Demonstration programme for qualification of concrete cask performance
In the demonstration programme, the following studies (see Fig. 1) are currently in progress:
a.

1

For concrete material and structures:
i.
Long term durability of concrete material (carbonation and salt damage);
ii.
Dynamic strength of concrete materials under high temperature and in the event of
an accident;

This work has been being executed under contract with Ministry of Economy and Trade Industry.
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b.
c.
d.

iii. Characteristics of heat transfer and cracking due to thermal stress;
iv. Shielding performance of concrete structures;
For metal canisters:
i.
Impact and corrosion resistance of multipurpose canister with welded
components;
For spent fuel:
i.
Development of non-destructive monitoring method;
ii.
Characteristics and long term performance of high burnup and MOX spent fuel;
Programme of demonstrations for determining concrete cask performance (a schedule
of this demonstration programme is shown in Fig. 2):
i.
Basic design of Japanese concrete cask:
Two types of concrete cask, a reinforced-concrete cask (RC cask) and
concrete-filled-steel cask (CFS cask) to store the high burn-up spent fuel, were
designed.
ii.
Manufacture:
Two types of full-size concrete cask and multi-purpose canister were
manufactured.
iii. Demonstration tests:
Heat removal tests of the concrete cask are in execution taking into consideration
normal, off-normal and accidental events, and well as impact tests on the metal
canister. Seismic tests using a scale-model cask and streaming tests with the air
inlet components were carried out;
iv. Safety analysis:
Safety analysis will be performed using the information obtained in the
demonstration tests, to contribute to safety standards for concrete modular
structures, systems, components.

FIG. 1. Schematic showing performance of reinforced concrete components in dry storage.
3. Programme of demonstration tests for determining concrete cask performance
3.1. Demonstration test facility in Akagi Test Center
The demonstration test facility as shown in Fig. 3 was constructed in the Akagi Test Center of
CRIEPI, located in the north of about 130 km from the centre of Tokyo. In this facility, there
are heat removal test area and drop test area.
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Item in Programme

2000

2001

2002

2003

(i) Basic design
(ii) Manufacture
(iii) Demonstration tests
Heat removal test (full-scale cask)
Drop test (full-scale canister)
Seismic Tests (1/3scale model cask)
(iv) Safety Analysis

FIG. 2. Schedule of demonstration programme for concrete cask.
Inner wall with insulator

Ventilator (Natural Circulation Type)

Outer wall

Ventilator (Forced Type)

Cask

Window with Louvers

Crevice

FIG. 3. Overview of the demonstration test facility in Akagi Test Center of CRIEPI.
In the heat removal test area, there are two movable tents on the rail. One tent is used for
avoiding wind and rain for the preparation of the test and the other is used for the heat
removal test. The heat removal test tent has the outer wall and insulated inner wall to decrease
the influence of fluctuation of ambient temperature. During the heat removal test, the concrete
cask is located in the middle, and the cooling air goes inside through the four windows with
louvers and the crevice between the base concrete and the wall and goes outside through the
ventilators attached on the roof as shown in Fig. 3. The horizontal and vertical distances
between the cask surface and the inner wall are about 2 m and 4 m, respectively. In the drop
test area, a steel plate is fixed on the base concrete. Size of the steel plate is 7.5 m length, 4.5
m width and 50 mm thickness. Thickness of the base concrete is 2 m and its weight 400 t.
3.2. Basic design of Japanese type concrete cask
Strength and safety must be maintained to the load when considering the conditions under
which casks are used (size of the site, installation on the shoreline, seismic factors) which is
peculiar to our country about the structure and the use material of the cask and to be assumed
during the design storage period. Preliminary design items and parameters are shown in
Table I. The concrete cask was assumed to be for indoor use.
Preliminary designs for two types of cask, an RC cask and CFS cask were employed as the
basic structure as shown in Fig. 4. The RC cask is made from reinforced concrete storage
container and the reinforced concrete becomes a structure strength part to the assumed load.
On the other hand, at the CFS cask, concrete storage container consists of concrete covered
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with a steel sheet, creating a steel structure; concrete is not a structure strength part and is a
radiation shielding material.
Table I. Preliminary design item and parameter
Design Item

Containment

Condition
Normal
Off-Normal
Normal

Evaluation Item
Heat generation rate, Air flow rate
Integrity of the fuel cladding, Temperature
Quality assurance of the welded structure of the canister

Shielding

Normal

Dose rates, Cooling air activation

Criticality

Normal

Wet condition, dry condition

Normal

Durability, Thermal stress, Internal pressure, Seismic ability

Off-Normal

Drop of canister, Tumble of cask, Blockage of air inlet

Thermal

Structural strength
Design storage period

40~60 years
Fuel type

17 × 17 array for PWR
235

Design parameter

Enrichment (wt % U )

4.9

Burnup (MW·d/kgHM) (Max)

55

Cooling time (year)

10

Environmental temperature

33

[RC (Reinforced Concrete) cask]

[CFS (Concrete filled steel) cask]

FIG. 4. Outline of the concrete cask.
Two types of canister were designed as shown in Fig. 5. Each canister can store 21 PWR
spent fuels, and for each canister body, high corrosion-resistant material is used. The basket of
type I consists of guide tubes and stainless steel plates. The stainless steel plate fixed at
constant intervals of distance by steel rod has 21 square holes for the guide tube. The guide
tubes are placed in the hole and fixed to the plate. To increase thermal conduction, aluminium
plate is fixed to the stainless steel plate. The basket of type II is the assembly of rectangular
hollow block made of aluminium alloy.
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For these casks, preliminary safety evaluation of thermal, confinement, shielding, noncriticality and structural strength properties was conducted. Tables II and III shows the
summaries of the thermal and shielding evaluation. A thermal analysis was conducted under
normal and off-normal (half air inlets blocked) conditions and the temperature of the concrete
cask and air flow rate calculated. The temperature of each section fell below the allowable
value confirming thermal safety. Moreover, the dose rate of each section also fell below the
allowable value confirming occupational exposure safety.

[Type I]

[Type II]

FIG. 5. Outline of the canister.
Table II. Summery of thermal evaluation
Cask type
Item
Air flow rate
Outlet air temperature
Concrete temperature (Max)
Canister surface temperature (Max)
Fuel clad temperature (Max)

RC cask
Normal
Off-normal
3
0.29 m /s
0.25 m3/s
92.5 oC
100 oC
74 oC
79 oC
o
190 C
199 oC
318 oC
326 oC

CFS cask
Normal
Off-normal
3
0.289 m /s 0.208 m3/s
81 oC
100 oC
72 oC
85 oC
o
216 C
233 oC
315 oC
322 oC

Table III. Summery of shielding analysis (Max. dose rates at 1 m, µSv/h)

Body Center
Lid Center
Air Inlet
Air Outlet

RC cask
71.3
80.9
189
336.0

CFS cask
28.4
79.5
28.3
1.9

Occupational Exposure
200
(provisional limit value)
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3.3. Fabrication of full-scale concrete cask
Based on the design, two types of full-scale concrete container and canister were fabricated
for the demonstration tests. Main specifications of these casks are shown in Table IV.
The ratio of reinforcement for the RC cask was 1.7% from the point of view of ensuring good
durability for the long term storage. We used high quality concrete (water cement ratio is
smaller than 50 %) including a highly efficient AE water reducing agent for the casks.
Concrete container was fabricated without the placing joint. For the CFS storage container,
the studs are welded on the inner surface of the outer shell of the cask and we used the same
high quality concrete as described above.
Fig. 6 shows the arrangement of reinforcing bar of RC storage container, the RC storage
container and the SC storage container. Fig. 7 shows the basket and canister body for each
cask.
Table IV. Specifications of the concrete cask
Type of storage Container
Height
Storage Container Outside diameter
Inside diameter
Weight (without canister)
Type of canister
Height
Outside diameter
Canister
Weight (with spent fuels)
Body
Basket

[Arrangement of reinforced bar]

RC
5 787 mm
3 940 mm
1 850 mm
150 t
Type I
4 630 mm
1 676 mm
35 t

CFS
6 120 mm
3 800 mm
1 838 mm
154 t
Type II
4 470 mm
1 640 mm
30 t
Austenitic-ferritic
Super stainless steel
stainless steel
Stainless steel
Aluminium alloy

[RC cask]

FIG. 6. RC and CFS cask.
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[Basket for Type I]

[Canister body for Type I]

[Basket for Type II]

FIG. 7. Baskets and canister body.
3.4. Heat removal test using the full-scale RC cask
Two types of concrete cask have been fabricated and the heat removal tests using the RC cask
have been finished. The contents obtained in this test are summarized as follows.
3.4.1. Test cask
During actual storage, two lids are welded to
the canister body to maintain the confinement.
However, during the thermal tests, only one
lid is welded to the body taking account of the
opening of the lid after the test.
In the canister lids, there are 21 holes for
heaters and 3 holes for measurements as
shown in Fig. 8. The heater was inserted to
dummy weight steel structure and fixed on
the top of the secondary lid by the flange
consists of a sheath heater, and generates heat
in the same length as the spent fuel.

Cables
Flange

Lid of the cask

Tube for vacuum
and helium filling

Welded part

Dummy weight

Heater

FIG. 8. Schematic of the RC test cask.

3.4.2. Test condition
Table V shows the test condition. Test parameters are heater power, closure rate of air inlet
and cask position. The canister is sealed and filled with helium gas at 0.1MPa approximately
in the ambient temperature. In the beginning, the tests were performed in the vertical position
and then the cask position was changed to the horizontal position. During the tests, the
ventilator of the tent was in operation so that the stratification boundary does not go down to
the level at the air outlet.
3.4.3. Measurement
Table VI shows the items of measurement and Fig. 9 shows the measuring points of
temperature and strain in the representative cross sections. The cooling air removes the most
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part of the heat energy discharged from the spent fuel in the concrete. As it is important to
evaluate the heat balance, the air velocity and the flow rate at the air inlet were measured
precisely. During measuring the air inlet flow with the anemometer, a rectangular pipe with
bell-mouth structure was used to regulate three-dimensional air inlet flow to one-dimensional
flow. As the temperature exhausting from the outlet duct is very high, the air velocity at the
outlet duct is measured with the propeller flow sensor.
Table V. Test condition
No. Cask position

a

1
8
2
3
4
5
6
7

Vertical
Vertical
Vertical
Vertical
Vertical
Vertical
Horizontal
Horizontal

Cavity gas
He
He
He
He
He
Leak condition
He
He

Total heat
Power (kW)
22.6
16.0
10.0
22.6
22.6
22.6
22.6
22.6

Closure rate of
the air inlet (%)
0
0
0
50
100
0
0
100a

Situation
Steady state
Steady state
Steady state
Steady state
Transient
Transient
Steady state
Transient

In this case, all the inlet and outlet are closed.

Table VI. Items of measurement
Item

Temperature

Air velocity

Thermocouple
(Sheath type)

Subject and number
Inside of the cask: 134
Surface of the cask: 158
Inside of the canister: 118
Surface of the canister: 54
Heater: 25
Cooling air: 67
Tent and ambient t: 23
Inside of the base concrete: 9

Anemometer flow sensor Inlet of the cask: 4
Propeller flow sensor

Flow pattern

Smoke and Laser sheet

Strain

Strain gauge

Crack Width

Contact gauge
Microscope

Acoustic Emission

AE sensor

Pressure

Pressure gauge

Heater power

Wattmeter

a
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Sensor

Outlet of the cask: 16
Outlet of the cask
Inside of the cask: 74×2 (direction)
Surface of the cask: 55×2 (direction)
Reinforced bar: 121×2(direction)
Surface of the cask
Inside of the cask: 10
Inner pressure of the canister: 1
Heater: 2a

21 heaters are divided in two regions for the electrical control.
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FIG. 9. Measuring points (temperature and strain).
3.4.4. Test results
3.4.4.1. Case 1
(a) Flow velocity and temperature
In case 1, the normal storage condition corresponding to the initial state during the storage is
considered. The inlet air temperature was 23°C in the steady state. Fig. 10 shows the velocity
distribution in the cross section of the 180°-inlet duct. Average velocity is 0.84 m/s, and there
is not so much difference in the velocity distribution. The total flow rate of the cooling air is
0.28 m3/sec.
Fig. 11 shows the velocity distribution in the cross section of the 90°-outlet duct. Steel plates
for radiation shielding are welded near the exit of the outlet duct and divided into four areas.
The velocity is measured in the centre of each area.

FIG. 10. Velocity distribution in the cross section of the 180° inlet duct.
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FIG. 11. Velocity distribution in the cross section of the 90° outlet duct.
Fig. 12 shows the air temperature measured at the each outlet duct. There is a large
temperature difference between the upper and lower parts at the inside of the outlet duct. The
air temperature of the upper part is considerably affected by the hot air going along the
canister surface by buoyancy force. The air temperature of the lower part is only affected by
the air going up through the flow area between the thermal shielding plate and the inner liner.
On the other hand, at the outside of the outlet duct, the air temperature is almost the same
because the exhausted air is highly mixed throughout the outlet duct. Temperature increase of
the bulk air is about 65°C.

FIG. 12. Air temperature measured at the each outlet duct.
(b) Concrete temperature
Fig. 13 and Fig. 14 shows the temperature distribution of the concrete container and the
picture measured by the thermo-viewer. The temperature distribution along the radial
direction is almost linear and the maximum concrete temperature around the outlet duct is
about 81°C. As this value seems to exceed the estimated value obtained in the pre-thermal
evaluation, it is necessary to modify the evaluation method and preliminary design.
(c) Canister temperature
Fig. 15 shows the circumferential surface temperature of the canister comparing with the
pre-calculation value. The circumferential surface temperature in the 45° direction is lower
than that in the other direction because of the contact between the canister and the guide rail,
and furthermore, the basket may also contact with the canister body in the 180° direction.
Concerning to the longitudinal distribution of the surface temperature, there is not so good
agreement between the experimental value and the pre-calculation results, especially in the
upper part of the canister. Because of this temperature difference, the temperature of the
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concrete container (around the outlet duct and the bottom part of the lid) obtained in the
pre-calculation value is considerably smaller than the test data. Therefore, it is very important
to take account of the contact condition and the longitudinal heat conduction model in the
preliminary design and evaluation.

FIG. 13. Temperature distribution of the concrete container.

FIG. 14. Picture measured
by the thermo-viewer.

FIG. 15. Temperature distribution of the canister surface.

Fig. 16 shows the temperature distribution inside of the canister in the radial direction. As the
shape of distribution is almost symmetry, the temperature of distribution in the canister is not
affected to the contact condition as mentioned above. Moreover, maximum temperature of the
canister surface, basket and so on is lower than the allowable value.
(d) Heat balance
The heat discharged from the concrete cask to the environment is attained by the cooling air
and heat transfer on the cask surface. In order to obtain the heat balance, the amount of heat
removed by the air and heat transfer on the cask surface is calculated using air and
temperature distribution data in the inlet and outlet ducts and temperature gradient in the
concrete container. Fig. 17 shows the ratio of the heat balance, 80 % of the heat is removed by
the cooling air.
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(e) Strain and crack
During the test, the crack of the concrete surface is occurred. In the upper part of the cask,
number of crack and its width are larger than that in the lower part. Fig. 18 and Fig. 19 shows
the crack on the top surface of the cask and the relationship between the temperature
difference and the crack width. The crack occurs and the crack width increases as the
temperature difference between inside and outside of the concrete container increases, and
moreover tension stress is appeared on the outside region, and compression stress on the
inside region.

FIG. 16. Temperature distribution inside
of the canister.

FIG. 18. Crack on the top of the cask.

Fig. 17. Schematic diagram of the heat
balance.

FIG. 19. Relation between the temperature
difference and the width of the crack.

3.4.4.2. Case 3
This case is the condition of 50 % blockage of the inlet. After closing the inlet, the condition
reaches the steady state as shown in Fig. 20. In this case, air flow rate decreases and air
temperature of the outlet increases compared with the case 1. Judging from the temperature
distribution, drift flow in the flow area which effects upon the temperature of the cask has not
been observed. As the temperature increase is only 5°C, the influence of the 50 % blockage
on the temperature seems to be small. Fig. 21 shows the temperature distribution of the
canister and the cask body in the axial direction by comparing the test results between case 1
and 3.
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3.4.4.3. Case 4
In this case, after the steady state of
normal condition (case 1), all inlets
were closed. The test was continued
for 48 hours, but the condition does
not reach the steady state. For the
test period, cooling air does not go
out from the outlet. The temperature
of the canister and the cask
continues to increase. Fig. 22 shows
the temperature distribution of the
center of the guide tube.

FIG. 20. Temperature distribution of the cask body.

3.4.4.4. Cases 2 and 8
For test cases 1, 2 and 8, the heat
power is considered as a test
parameter. Data with small heat
power is necessary to evaluate the
condition in the middle and final
state of the storage. Especially, as
the temperature of the canister
surface goes down by the heat power
decrease, it is important to evaluate
the cold part of the canister surface
from the point of view of stress
corrosion cracking.
Fig. 23 shows the temperature
distribution of the canister surface
among test cases 1, 2, and 8.
According to these test results, it is
found that temperature of lower and
upper part of the canister is
relatively low.
3.5. Seismic test
The concrete cask will be preferable
to be oriented vertically in the
freestanding condition [3]. In order
to
evaluate
the
tipping-over
phenomena under strong earthquake
motion, the excitation tests were
performed with a scale model
concrete cask using two-dimensional
shaking table test, and the
applicability of the energy spectrum
approach was discussed.

FIG. 21. Comparison of temperature distribution
in the axial direction between Case 1 and 3.

FIG. 22. Temperature distribution of the guide tube
(Center of the guide tube).

FIG. 23. Temperature distribution of the canister
surface (Comparison among Cases 1, 2 and 8).
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3.5.1. Scale model cask
The scale model cask and model floor were set on a two-dimensional (horizontal and vertical)
shaking table as shown in Fig. 24. A scale model cask including the canister model was
fabricated based on the similarity law referring the configuration of the RC type to simulate
the effect of the gravitational acceleration on the tipping-over condition of the cask. The
scaling ratios for acceleration, geometry and bottom stress were set to 1, 1/3, 0.95,
respectively. A 30 cm thick reinforced concrete slab was used as the floor model. During the
seismic excitation test, the angle, angular velocity, acceleration and displacement of the cask
body and the canister were measured.

FIG. 24. Scale model cask.
3.5.2. Test condition
For input of the seismic excitation test, recorded waves during typical natural earthquake
waves and artificial seismic waves were employed. Time duration of the input wave was
scaled (1/1.73) according to a similarity law and the acceleration levels were varied according
to the test conditions. Test condition includes the cases considering horizontal and vertical
motions simultaneously. Moreover, the effect of the gap distance between the canister model
and the cask body on the overall response of the scale model cask was also investigated.
3.5.3. Test results
3.5.3.1. Rocking response
Before the test, the damping ratio for the rocking vibration and kinetic coefficient friction
between the scale model cask and the model floor were measured and set to 0.066 and 0.7,
respectively.
During seismic response of the scale model, three-dimensional behavior like top-spinning was
observed. However, the residual sliding displacements were very small. Fig. 25 shows the
example of the test results using the wave recorded during Hyogo-ken Nanbu earthquake
occurred in 1995.
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The increase of maximum response angle by
the effect of the vertical motion was up to
20%. It is also found that the existence of
the gap between cask body and canister
decreases the rotational angle response of
the model cask.
3.5.3.2. Tipping-over criteria by energy
spectrum
Akiyama et al. [4] proposed the estimation
method
for
tipping-over
of
the
two-dimensional rigid rectangular body
based on the energy spectrum approach. If
VEreq and ouVE are defined as the equivalent
velocity calculated from the critical potential
energy of the rigid body and the equivalent
velocity calculated from input energy to
rigid body, respectively, the criteria for the
tipping-over of the rigid body with energy
spectrum is defined by equation (1).
ouVE ( a )

< VEreq

FIG. 25. Maximum rotational angle response
of a scale model cask for excitation tests.

(1)

Fig. 26 shows the relationship between the
equivalent velocities for input energy and
for potential energy necessary for uplifting
the scale model cask during the excitation
tests with the Hyogo-ken Nanbu recorded
wave. As the input acceleration level
increases, the experimental value is
approaching to “ouVE=VEresp-line”, and all of
the energy accumulated to the model cask
by the earthquake wave are consumed for FIG. 26. Relationship between the equivalent
uplifting the model cask. Therefore, it seems velocities for input energy and potential energy.
that the energy spectrum criteria is very
useful and practical to estimate the
possibility of the tipping-over of the real
cask during the storage subjected to the
strong earthquake motions.
4. Conclusion
The demonstration tests with the full-scale concrete cask are successfully in progress. The
heat removal test using the full-scale RC type cask and the excitation tests using the 1/3
model have been carried out and evaluated.
Until the end of 2003, also the heat removal test using the full-scale CFS type cask and two
drop tests with full-scale Type I and Type II canisters in horizontal and vertical orientations
will be implemented.
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Abstract. Within the framework of the IAEA Subprogramme of Spent Fuel Management, a new project was
conceived, focusing on issues associated with the optimization of cask/container loading (capacity) with respect
to long term storage and the related integrity of fuel. An initial Consultants Meeting held in November 2002
identified and discussed principal issues regarding the optimization of cask/container assembly capacity and
burnup/age capability in the design of systems for long term spent fuel storage and the related integrity of fuel.
Based on resulting working materials, a Technical Meeting was held in March 2003 to obtain country-specific
views from both regulators and implementers on this topic. Discussions focused on the following issues relevant
to cask loading optimization: fuel integrity, retrievability, zoning, burnup credit, damaged fuel, computer code
verification, life of cask components, cask maintenance, performance confirmation, and records management.
Follow-on actions and meetings will be pursued to develop a TECDOC on this subject.

1. Introduction
Long term storage of spent fuel is a priority topic within the Member States of the IAEA.
Technical meetings held by the Agency in 1999 and 2000 resulted in TECDOC-1293 [1],
which focused on the challenges to extending the life of existing and new storage facilities for
much longer periods of time. In addition, TECDOC-1343 published earlier this year [2]
reported on the Co-ordinated Research Project on Spent Fuel Performance Assessment and
Research conducted from 1997 to 2001. That report identified areas of technical interest as
storage durations extend, while noting that dry cask storage of spent fuel is playing a steadily
increasing role. In this context and within the framework of the IAEA subprogramme on spent
fuel management, a new project was conceived, focusing on issues associated with the
optimization of cask/container loading (capacity) with respect to long term storage and the
related integrity of fuel [3].
An initial Consultants Meeting held in November 2002 identified and discussed principal
issues regarding the optimization of cask/container assembly capacity and burnup/age
capability in the design of systems for long term spent fuel storage and the related integrity of
fuel. Working materials developed during that meeting noted that cask designers currently
face a number of new challenges including storage of high burnup fuel with correspondingly
higher enrichments, the use of mixed oxide (MOX) fuel, and obtaining regulatory approval
for the use of burnup credit. Optimization might have different meanings for the cask vendor,
the cask owner, the cask operators, and the institution having the ultimate responsibility for
the storage, the Licensing and Supervisory Authority.
The working materials resulting from that consultancy were then provided to participants in a
Technical Meeting held in March 2003 to obtain country-specific views from both regulators
and implementers on this topic. Participants in the technical meeting reviewed the results of
the consultancy and then provided country-specific perspectives on the topic. Thereafter,
participants formed two working groups to focus on implementer/regulator views of the role
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of optimization in cask design and open issues identified both during the consultancy and
during the technical meeting.
2. The role of optimization in cask design
The purpose of this section is to describe the optimization process within the context of cask
design, in general, and storage cask design, in particular. The general objective of cask design
is to provide a cask with the largest possible capacity of spent nuclear fuel (SNF) assemblies
with the largest burnups and shortest cooling times that are practicable. The cask must also
meet the weight and dimensional limitations defined by the application, and must meet
regulatory requirements with appropriate design margins. Optimization occurs because many
of the cask safety limits such as dose and fuel temperature limits can be met only by imposing
limits on the various cask performance measures such as assembly capacity or burnup/age
capability. Optimization is thus the part of the design process in which the combination of
application objectives, regulatory limits and design margins are innovatively addressed and
judiciously balanced in the final design. A primary result of a successful design optimization
is a cask of superior assembly and burnup/age capacity that minimizes the total number of
required cask loadings. An equally important and parallel benefit is that this process also
results in reduced overall radiation exposure, thereby contributing significantly to ALARA
objectives [4]. In this sense, both cask designers and regulators have the common ultimate
goal of improving cask performance within regulatory limits, and thus of facilitating the
optimization process.
There is an additional optimization consideration that is specific to storage casks: assurance of
the integrity of the fuel cladding and assembly structural components. This is required both to
validate intact configurations used in criticality analyses and to assure subsequent
retrievability. In many storage applications, this issue is complicated by uncertainty as to the
duration of the storage period that will be required prior to the ultimate disposition of the
stored SNF. The expected useful life of the fabricated materials that make up the physical
cask components is generally expected to be more than 100 years, assuming reasonable
monitoring, care, and maintenance. However, the general requirement for storage is that the
SNF contents of the cask remain isolated from the environment and maintain their cladding
integrity, and as a minimum be mechanically removable from storage without significant
complication. In the latter regard, the experience with dry storage is not long but gives
encouragement that extended periods of dry cask storage are a realistic expectation. However,
extrapolation of current data on storage performance to longer storage periods and higher
burnups must include an uncertainty that increases with the degree of extrapolation. In that
regard, the concept of “long term storage” can be defined by the following time periods:




Initial period with little uncertainty as to storage safety. Design basis conditions would
fall within this period;
An intermediate period during which the predictability of performance has larger, but
reasonable uncertainty;
The subsequent period during which the predictability of performance is much less
certain, requiring greater analysis and more data.

It is noted that storage monitoring programmes can be used in conjunction with “long term
storage” to provide the basis for continued storage, or remediation, if necessary.
Optimization has always been a part of the design process for storage and transport casks.
However, prior designs were frequently for the storage of long-cooled, lower-burnup fuels.
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Test casks were also loaded with these fuels and periodically checked as a part of
government-funded national programmes, resulting in much of the data currently available on
fuel performance. The situation is now progressively changing:





fuel burnups are steadily increasing and will continue to do so;
storage requirements for spent MOX fuels are developing;
the available storage performance data applies principally to the lower-burnup fuels;
as more cool fuel is moved into dry storage, shorter-cooled fuel may be transported first
since the fuel in dry storage tends to be less resource-intensive.

These factors increase the challenges of cask design, demanding innovation in cask
technology and requiring better analytic methods and benchmarking data to reduce
uncertainty in design margins as regulatory limits are approached.
3. Methods for achieving optimization
Taking into account the storage cask design issues and the sometimes-conflicting
requirements raised by the above analysis of the cask design requirements, it becomes evident
that there is both a strong need and a significant benefit to be realized by designing to achieve
improvements in cask performance.
These improvement could be realised in different ways:




improvement in terms of assembly capacity of the cask and meeting all weight and
interface requirements for loading at the nuclear power plant (NPP). This could result
from reduced assembly spacing within the cask basket, and/or improved burnup/age
capability;
increased material performance of the cask or use of new package materials (e.g.
shielding, structural, thermal), including the qualification of these materials at high
ranges of temperature and radiation.

An approach to reach these goals may consist of reducing uncertainty in design margins using
more calculations of greater precision. This would take advantage of additional benchmarking
performed so as to improve the qualification of codes and calculation methodology.
Once identified, the reduced design margin uncertainty can be achieved via increased
sophistication of both cask design and content definition (inventory list) in the areas of
shielding, structural, thermal and criticality design. This increased sophistication can occur in
both the software and hardware areas, with software referring to the methodology of analysis
(e.g., assumptions, definition of the content) and hardware referring to the tangible design
itself (e.g. physical properties of the design).
Several of the design methods that illustrate the increased level of design sophistication are
discussed in the following paragraphs.
The first optimization method involves a zoning approach in which defined zones of the cask
radial cross section are loaded with spent fuel of different characteristics, with the objective of
increasing the burnup/age capability of the cask. It could be implemented by the definition of
loading patterns in the design license that contain fuel of defined characteristics, achieved and
verified during the loading of the fuel elements into the cask. This approach could be
simultaneously used for:
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increasing shielding effectiveness, with fuel elements with higher source term in the
central area of the cavity so as to use the self-shielding properties of fuel elements;
criticality analysis;
thermal analysis.

In implementing the zoning approach, a balance should be made between the advantages (in
term of capacity) given by the zoned loading pattern and the flexibility needed by utilities for
loading the cask with a large variety of fuel elements. The difficulties raised by a potential
lack of flexibility are avoided in the case of a fuel inventory that is known and fixed prior to
cask design. Cask optimization in this particular case could be very efficient in term of an
increase of cask capacity.
With regard to thermal optimization of the cask, a primary goal is to improve heat transfer so
as to decrease the temperature of the cladding as much as possible, thereby avoiding or
reducing the risk of cladding degradation due to high temperature. Particular attention should
be paid to:




the reduction of gaps and interfaces in heat conduction;
the choice of adequate material;
the adaptation of the external shape of the cask for thermal control.

For thermal optimization of the cask, full advantage should be taken of all cask material
properties including materials designed for other primary functions. For example, take
advantage of thermal and mechanical benefits by considering material designed for criticality
control.
The concept of loading patterns could be extended to storage site management. A dynamic
site emplacement pattern for cask storage could be developed to maximize heat removal from
recently-loaded casks, with subsequent repositioning of casks so as to maximize site cask
storage capability within thermal and radiation dose limits.
A second general optimization method focuses on refinement of regulatory practices. The
impacts of increases in the fuel initial enrichment could be counteracted by:




reducing the stack-up of conservative assumptions in the analysis;
validating and implementing burnup credit in a qualitative way;
validating and implementing burnup credit in a quantitative way (such as actinide and
fission product approachs). The individual fuel assembly characteristics must be
confirmed within the established quality assurance system, with the possibility of
additional controls at the time of loading (i.e. confirmatory burnup measurement).

Current regulatory practice for cask storage does not generally account for transport occuring
many years into the future, and that heat and source term decay could be significant. There are
potential benefits in cask performance if regulatory review accommodates such decay in
design concepts.
Refinement of regulatory practice can also result in realistic long term dose rate management
on the site. If there is a deliberate bias in favour of neutron shielding relative to gamma
shielding in the original design, the subsequent slower decrease of neutron sources relative to
gamma sources will result in lower total long term doses than if the normal neutron/gamma
shielding tradeoff had been made in the original design. Ultimately, the foregoing approaches
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open the possibility to admit more casks over the storage period without increasing dose rates
or total thermal power allowed in the facility.
Additional possible solutions in particular circumstances are:







Any physical limits on the cask (overall dimensions and weight) that are imposed by the
required compatibility with nuclear power plant (NPP) interfaces could be bypassed by
not loading the cask in the NPP. A dedicated smaller cask and additional cask handling
operations could be used to transfer the fuel from the NPP pool to the storage cask in a
controlled loading area;
The use of qualified internal criticality control material in pressurized water reactor fuel
elements might be a cost-effective way to accommodate outlier assemblies with
insufficient burnup relative to initial enrichment;
Typical approaches for dealing with damaged fuel are the use of a sealed bottle, or the
use of a vented canister. These choices may affect the cask design with respect to heat
transfer and mechanical design, as well as the handling and drying procedures. Since
experience with storage of damaged fuel is limited, the need to store damaged fuel
elements could have an impact on cask and basket design and on loading patterns;
There are tradeoffs to be made in selecting between welded and bolted lid systems for
long term containment. In the case of welded lid system, more initial effort has to be
spent on quality control during welding and periodic inspection of weld integrity is
needed. In the case of bolted lid systems, specific monitoring systems and operational
monitoring programmes are needed to ensure uninterrupted control of the tightness of
containment barrier.

It is clear from the foregoing that the cask design optimization process requires increased
sophistication in both the software and hardware aspects of design. Because the potential
benefits from reductions in design margin uncertainty on material performance are not
unlimited, a current focus of optimization is on software developments. The ultimate limit on
design optimization is likely to have been achieved by reducing design margin uncertainty to
the point beyond which there are increased operational controls at loading, and increased
restrictions on utility flexibility with respect to the selection of assemblies for cask loading.
4. Open issues
1)

Fuel Integrity: As the design/manufacturing of fuel assemblies (and in-reactor
conditions they experience) evolve, further research and development is needed to
assure fuel integrity during storage, specifically dry storage. Since the requirements for
cladding features for long term dry storage are evolving, cladding features unique to
long term storage are not specified in fuel designs, and the predictions of the long term
behaviour of cladding may have significant uncertainties. For example, work related to
the following parameters is required: creep, cladding absorption of hydrogen, stress
corrosion cracking, oxidation, internal gas pressure (helium build up).

2)

Retrievability: Retrievability requirements must be defined in national contexts with
specific requirements defined as early as possible in any project. Depending on national
policy, retrievability requirements could vary significantly. As storage durations
lengthen and fuel designs/conditions evolve as noted above, subsequent retrievability
involves more uncertainty. Accordingly, appropriately targeted monitoring programmes
may help address related concerns.
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3)

Zoning: While the potential benefits of zoned cask loading should be investigated with
respect to criticality, shielding and heat removal, meeting representatives noted that
there needs to be a balance between the potential advantages of zoning and operator
flexibility in dealing with a variety of fuel assembly characteristics. They further noted
that zoning must consider the total cask system and related requirements (e.g. both
storage and transportation if dual-purpose).

4)

Burnup Credit: Burnup credit is an important consideration in this optimization process.
In order to pursue the storage-related advantages of burnup credit, it is necessary to
have good knowledge of spent nuclear fuel characteristics, from both measurement and
calculations. Quality assurance associated with supporting data remains a key
prerequisite to burnup credit implementation. In parallel, the methodology for the
measurement
and
confirmation
of
assembly
burnup
will
require
development/refinement. Both meetings endorsed the importance of considering burnup
credit, with national representatives noting that related costs and benefits must be
evaluated in specific national contexts.

5)

Damaged Fuel: Regulatory conditions for storage of damaged fuel, including
containment, should be established in a clear, consistent context (i.e., no “universal”
definition exists). Regulatory representatives noted “tightness” of potentially damaged
(mechanically) fuel rods required further definition

6)

Internal Moderator: The use of internal criticality control was identified in November as
an optimization aid. Technical meeting representatives concluded that further
development of this topic should be in the context of specific concepts.

7)

Computer Code Verification: Additional qualification of codes may be needed for
specific designs, with increased detail and precision based on appropriate additional
benchmarks. As an example, improved data for source term definition is needed for use
at higher burnups and enrichments.

8)

Life of cask components: Specific cask components critical to extended storage life
should be identified, with a view to reducing needed maintenance. Components of
interest include e.g., lifting trunnions, seals, neutron moderator, monitoring equipment.

9)

Long term cask maintenance: It is necessary to evaluate cask design implications to
ensure appropriate maintenance during the extended storage period.

10)

Long term performance confirmation: To assure that facilities and components operate
as expected, monitoring programmes for radiation, temperature, etc. may be carried out.

11)

Long term records management: Effective management and protection of storagerelated data is a key condition for long term spent fuel management in general and for
optimization efforts in particular. As data storage technologies evolve and as personnel
rotate, continuity of knowledge will require continuing attention.

5. Conclusions
The above meetings served as key steps toward developing a technical resource available to
IAEA Member States on this subject. Follow-on actions and meetings will be pursued to
develop a TECDOC on this subject.
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Selection of AFR facilities for spent fuel storage
J.S. Lee
International International Atomic Energy Agency,
Vienna
Abstract. With the current trends toward extended storage of spent fuel in most countries, the demands for AFR
facilities for interim storage of spent fuel is to continue to increase in the future. In addition to the classical
method of storing spent fuel in water pool which has been reliably used for many decades, the successful
development and commercialisation of dry storage methods by the industry in the past couple of decades has
brought some powerful options for AFR storage, with particular advantage for long term storage, among others.
The dry storage technology has begun to dominate recent market for new builds of spent fuel storage systems.
Although it can be said with confidence that competitive services and products are currently available for a
variety of technical options from the globalized market, it is often not evident how to choose the best option
because of the complex factors to be considered in the decision. Whereas there are some given requirements
imposed to all options, some other criteria are open to the choice of customers. It should be noted that the
surrounding issues at local, national or international dimensions are dynamically changing in the present world
of globalization, which might emanate some overriding impacts to the choice of option and implementation
strategy. All those important factors will have to be systematically assessed and taken into account in the
selection of a best option for AFR facilities for spent fuel storage.

1. Introduction
In the past, the shortfall in temporary pool storage capacity at a number of nuclear power
plant (NPP) sites have been mitigated by increasing storage densities with such methods as reracking of fuel in the pools or trans-shipment of fuel among pools. These temporary measures
taken at reactor (AR) pools have substantially contributed to the efficiency improvement of
storage and prolongation of the need to build additional facilities. Since a couple of decades
ago, however, those easier methods have begun to be used up requiring additional storage by
AFR type of facilities, often in response to capacity building measures for lifetime operation
of the reactors. The successes in increasing the nuclear capacity factor and reactor life
extension initiatives in several countries have further increased the need for storage.
Furthermore, as more and more reactors get decommissioned in the future, the spent fuel
currently stored at these reactors would also require to be removed from the NPP sites to AFR
storage. In countries that do not intend to remove the spent fuel from storage until definitive
plans are firmed up, an adequate AFR storage facility would be required to provide for
interim storage until the future destination of the spent fuel in the fuel cycle is known [1].
In the light of these global factors, it can be predicted that the extent and duration of spent
fuel storage will likely increase in this century, increasing in turn the need for AFR storage. It
is also recognized that current trends to privatisation and globalisation of the nuclear power
sector are likely to further spread with dynamic impacts on spent fuel management. Political,
socio-economic and public acceptance factors are known to play a significant role.
Competitiveness and economic factors would influence AFR storage to be brought into
service where needed safely, economically and in a timely manner. As a result of these
factors, there have been significant developments recently in the spent fuel storage business.
Of importance among these developments are:
•
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•

•

Maturing of technology and competitive markets have positioned dry storage
technologies for accelerated growth in the coming years;
Public involvement as a criterion in the selection process has been given higher
priorities in many Member States. There has been increasing public input in many
countries into decision-making, and particularly in areas such as legislative bases and
policies, site selection, assessment of impacts, and their relation to decision-making;
Trend towards bid competition due to globalization of the market economy now
requires greater effort towards evaluation of alternatives and preparation and evaluation
of bids in line with modern contract management methods. Project and contract
management have therefore become a major task in the efforts for selection and
implementation of cost-effective AFR storage for majority of projects today.

The selection of AFR storage facilities is in fact a very critical step for successful
implementation of a spent fuel storage project, due to the subsequent penalties involved in
changing the option especially after the construction of facility. It should be noted that the
focal issues in selecting an AFR storage facility can be shifted from time to time as spent fuel
management strategies and technologies advance and can differ from one country to another
due to considerations particular to those countries. Many of the issues that may arise in the
process of acquiring AFR spent fuel storage relate to a variety of areas, such as need
assessment, feasibility studies, design, licensing, environmental assessment, public
consultation and contract management [2].
When considering the AFR storage as a solution to manage spent fuel, it must be recognised
that this is not a final solution. Spent fuel would have to be eventually retrieved from AFR
storage. The ultimate solution for the spent fuel would either be direct disposal or
reprocessing (or perhaps other emerging options like transmutation). In instances where these
solutions have not yet been put in place, there will likely be requirements to foresee these
needs at the time the AFR facility is being designed or licensed and have necessary
arrangements in place in order to cope with this future situation. Plans may also be required
for extended management of the spent fuel when a decision is made to retire the AFR storage
facility in circumstances where ultimate solution (disposal) may entail a very long wait period
(a number of decades). An interesting question in this regard is the technical option for
developing dual or multiple purpose cask or container. In spite of the significant benefits
anticipated by standarization of container design for dual multiple purposes, the absence of
disposal package design and its compatibility with existing systems is a pending issue to be
resolved in the future.
2. Selection process
The procurement cycle for the AFR storage is initiated generally by the nuclear power plant
(NPP) owner (or operator), who recognizes the existence of the need and has the authority and
resources to fulfil such a need. Because of the long-range system planning and strategic
studies normally carried out by most NPPs on a continuing basis, the need for AFR storage is
well foreseen in most of these organizations, and assessment studies for AFR storage are
often initiated well in advance of the project. The nuclear power plants take the necessary
steps to meet the need and generally become the project sponsors or proponents for AFR
storage as well as its ultimate customers and operators. Key resources required to put in place
an AFR storage system relate to various project activities such as technical studies, licensing,
design, construction and commissioning. In some other countries, some public or private
service organizations are designated for the management of spent fuel and often together with
other types of radioactive waste.
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A project management organization could be hired to carry out the initial planning process.
Alternately, key individuals could be brought together to form a team and a project manager
appointed. The project manager in turn will act on behalf of the NPP or the waste
management organization and establish a project delivery strategy identifying the key
components such as a project plan, technology selection, regulatory approvals, bids invitation
and evaluation, awarding the contract, detailed design, procurement, construction,
commissioning including training of staff for operating the AFR storage system, and turning
over the system once completed to the organization charged with the task of operating the
AFR storage system. The project manager could also establish expert advisory groups to
advise the project organization in various specialized areas.
The steps involved in AFR storage implementation can be broadly divided in two phases: one,
the technology selection phase which focuses on the selection of the appropriate conceptual
alternative and its use in an AFR storage facility leading to a contract award, and the other,
engineering and construction phase which focuses on the implementation of the physical
systems by the contractor. The general process of selection includes the following steps:
1)
2)

3)
4)
5)

Defining the need and scope;
Selecting the technology:
a.
Clarifying what is needed;
b.
Identifying technology options;
c.
Identifying criteria and methodology for the evaluation of options;
d.
Preparing a feasibility assessment and identifying feasible options;
e.
Selecting site;
f.
Selecting transportation system;
g.
Obtaining regulatory approvals;
h. Making the business decision and assessing risks;
i.
Preparing Functional Specification;
Inviting bids;
Evaluation of bids;
Awarding the contract.

3. Technical options
The technologies currently available for spent fuel storage fall into two categories so
distinguished according to cooling medium used. The technologies are distinguishable by
their major characteristics, namely, the predominant heat transfer methods, type of shielding,
transportability, location with regards to the geological surface, degree of independence of the
individual storage units, and the storage structure [3].
3.1. Wet storage
Water pools are the most common option for storage of spent fuel immediately upon
discharge from reactors, since they provide excellent heat transfer essential in the early phase
of cooling. At the nuclear plants, these pools are generally integrated with the plant design
and spent fuel management in these pools is part of the plant operation. For a long period, the
wet storage of spent fuel using water pools was the predominant storage method. As an
established practice since the early days of nuclear power, water filled pools have been used
almost exclusively for initial shielding and cooling of spent fuel discharged from reactors for
some technical and economical features. Water pool storage is however also being considered
for AFR storage facilities by virtue of the large amount of experience available with this
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technology in addition to some inherent merits of water as a medium for spent fuel storage.
Water pool storage, however, requires active process systems to ensure satisfactory
performance and continuous attention to preserve water purity. Protection against the
possibility of air crash from the sky is a newly raised issue, to which some studies on storage
systems have been conducted. A new design of water pool with such advanced features as
passive cooling and protective roof against airplane crash, with a view to amend the
drawbacks of water pools has recently appeared [4].
3.2. Dry storage
The spent fuel assembles become suitable for naturally cooled dry storage after a few years of
initial cooling in the water pool. The minimum required time of initial cooling in pools is
mainly related to the burn-up and the irradiation history. Taking into consideration the 20-50
years or even longer period required of storage, it is obvious that the naturally cooled dry
storage facilities could be an attractive alternative to water pools.
A review of spent fuel storage facilities implemented during the last 10 years show that the
storage in a dry environment is becoming more common. There are several generic types of
these technologies available from vendors on the international market. There are also a large
number of facility designs based on these generic technologies that are now available. These
technologies differ largely in terms of materials of construction, size, modularity, spent fuel
configuration, layout of the storage containers (horizontal, vertical etc) and methods for fuel
handling. Multi-purpose technologies (i.e. a single technology for storage, transportation and
disposal) have also been studied in some countries [5]. Further differences could be in terms
of their placement above or under the earth’s surface. An increasing number of storage
facilities are coming into operation in each of these types. Although there is no clear favourite
technology world-wide, dry storage of spent fuel in casks is being particularly recognized as a
flexible option with the advantages of transportability in case of future need, and the option of
leasing of casks from vendors.
4. Requirements
Any plan to acquire AFR facilities for spent fuel storage should be based on feasibility study
by looking at the associated constraints including the given requirements to which the facility
is subject. The key among these requirements are the functional ones from which a variety of
associated requirements are derived.
It is important in the feasibility study to develop the practice of documenting all the
assumptions made in the formulation of requirements such that there is a clear understanding
of how the requirements were arrived at during the early stages of the project. The listing of
assumptions allows the project staff to review the requirements during the project if necessary
and also helps the bidders at a later stage to understand the requirements and propose changes
if they find themselves unable to meet them.
The functional requirements would have to be based on the information on the spent fuel
including its characteristics, amount to be stored, with which the facility in need can be
designed in consideration of other associated requirements such as site and infrastructure,
transportation, resources, project management. These are conditions requiring considerations
in the development of the project. There are another categories of requirements set up by
institutional decision: safety and licensing, environmental impacts, public involvement.
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4.1. Spent fuel information
As a first step in the above process, it is necessary to identify general requirements
determined by the quantity and the characteristics of the spent fuel. It may not be possible or
necessary to foresee fully the envisaged AFR spent fuel storage capacity since nuclear
programs in most countries are continuously changing. Decision will have to be made
according to available projections of spent fuel arising and remaining pool capacity at the
nuclear plants. Allowance would be required at the at-reactor pools for contingencies such as
removal of reactor fuel load in emergencies (referred to as core discharge) and pool
operational contingencies. Allowances would also be required to deal with potential project
delays in planning AFR storage. A staged, modular approach may well be more appropriate to
satisfy immediate needs (i.e. several years of storage) of capacity building and for planning
provisions for future extensions. Future requirements could be included at the initial design
stage at a preliminary conceptual level and refined at the time of modular expansion of the
AFR storage systems.
It is important to recognise that spent fuel is made of reactive materials and will be subject to
physical and chemical changes over time. These changes may affect the integrity of the spent
fuel in storage and there from the overall safety of system. Therefore, adequate provisions
must be made to take account of these changes that may arise both during irradiation and
following discharge from a reactor. Defective fuel may require special attention in terms of
canning them prior to storage in an AFR (if it is not done already at the reactor pools). This
may require special size containers for storage as well as transportation if they do not fit into
standard containers. An agreed upon determinant or criterion (usually based on sipping
procedures) would be required to control the identification and canning of defective fuel.
There may also be plans to consolidate the fuel (i.e. remove non-fuel components and
increase storage density) for which canning is also required at the time of AFR storage or
after for disposal purpose (encapsulation).
Nuclear fuel designs have been changing over time in attempts to improve their
characteristics. Utilities have been increasing their use of higher burnup fuels, a trend that is
likely to increase and envelope different types of fuel such as MOX fuel. Based on the
characteristics of the spent fuel existing at the time of the selection of the AFR storage
facility, some allowance may have to be made to make room for the future development of
the fuel used in the reactors. The modular approach for AFR storage will allow the required
flexibility to take into consideration any unforeseen changes that could take place in the future
including changes to fuel characteristics, containers, regulatory requirements, and the
knowledge base of storage systems. A modular approach will also allow future improvements
in storage systems themselves to be accommodated based on lessons learned in the initial
stages and from feedback from storage operations.
Overall, some effort may be required to define acceptance conditions for spent fuel in the
AFR storage such that AFR storage design requirements can be developed such that they are
compatible with the received spent fuel. This will require cooperation between the NPPs and
the project staff such that any extraordinary technical difficulties can be identified in advance
and resolved in the best possible manner.
4.2. Siting and transport conditions
Any design and construction of AFR storage is closely tied to the site where the facility is to
be located. Consideration to siting options is therefore an important part of any AFR storage
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selection. Site conditions must fit the initial intent for the AFR storage facility that may
consist of alternatives such as a single national facility, several facilities at various local sites
or even regional locations shared between two or more countries. Preference may be given to
on-site storage at sites already involved in nuclear activities (such as NPPs) for the reasons of
sharing existing infrastructure. Moreover, local communities at such sites may already be
familiar with nuclear undertakings and may be more favourable to hosting an AFR storage
facility than communities at non-nuclear sites. Some countries may have other preferences,
such as collocation with an eventual disposal site or reprocessing sites. In the case of regional
locations, it is important to recognise and give proper attention to the international obligations
that may apply to such locations.
Site characteristics are essential features that may take considerable attention in making a
proper decision on an AFR storage selection especially in case of a greenfield facility. These
are not only important for engineering design of an AFR storage facility, but also for safety
assessments and environmental impact assessments. Of importance are site data that are
required for constructing a facility, site-related natural phenomena pertaining to storage safety
(such as earthquakes, floodplains etc), and environmental and social factors. Site selection
and decisions could involve in most cases a range of stakeholders, particularly local
governments (municipalities) and affected communities.
Transportation of spent nuclear fuel may require considerable attention in any AFR storage
project since the storage facility may be hundreds of kilometres away from the nuclear plant
site. Discussion may be required with the shipping agents to ensure that transportation plans
are practical and logistics are implementable. On-site operations for preparation of
transportation containers, loading and unloading, contamination control and inspection would
require significant effort both at the AFR storage site and the NPPs. Degree of attention
required may differ from country to country depending on its familiarity with this technology
and public acceptance factors. Transportation regulations may be different from one country
to another, although with respect to transportation containers, Member States have generally
adopted IAEA regulations. Details of transportation regulations are beyond the scope of this
document. The reader may take advantage of existing IAEA literature in this regard [6.7].
The general requirements of transportation and handling should be identified at the beginning
of the selection process including the accessibility for rail/road/water transport from the NPP
to the AFR storage site. If there is any preference related to the fuel handling and preparation
before storing the fuel in the AFR facility (such as spent fuel drying, inert gas filling and
sealing of containers before placing in dry storage), it should be defined. Such preferences
may also relate to the location where such activities are carried out, i.e., NPPs versus AFR
storage site. Licensed transportation containers are usually readily available from a variety of
suppliers or can be readily developed to meet specific requirements if necessary. However,
one will have to pay attention to docking arrangements and systems for handling of fuel from
transportation containers. Depending on the type of fuel involved, containers may have to be
customized in some cases. Leasing of these containers and subcontracting of transportation
services are also available options for consideration. It appears that transportation
requirements can be met after either 20 or 100 years as long as galvanic action, which would
take place only in the case of an incomplete cask drying, does not significantly deteriorate the
condition of the basket.
With regard to transportation, considering public protection and safety, readily available
measures must be in place to take into account any off-site transportation emergencies that
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may arise. These could include off-site emergency organizations and staff, such as police,
fire, environment and public health emergency personnel [8].
In either case, it would be necessary to identify the type of emergencies that can occur,
methods to identify and mitigate their consequences, and appropriately trained personnel and
organizational systems to deal with such emergencies.
4.3. National policy and future strategy
The lifetime of the AFR storage facility should be determined based on the necessary interim
storage period prior to any future treatment, be it reprocessing or direct disposal. In cases
where such period is indefinite or very long, one may be constrained by the achievable design
life of the facility, in which case the spent fuel may have to be transferred from one facility to
another during the storage period. Transferring of stored spent fuel from one facility to
another may take several years, even decades, depending on the amount of fuel and loading
and handling constraints at the facility. Such limitations would have to be given consideration
in developing AFR storage, particularly in terms of facility durability, licensing conditions
with regard to facility design life, and any licensing agreements with respect to extended use
of the storage facility beyond the licensed period.
One must take into account the ageing mechanisms of the facility and its equipment. In cases
where it is planned to retrieve the fuel from storage containers, the integrity of the fuel during
storage conditions will also be an important consideration. It may be necessary to implement
storage and spent fuel monitoring plans to provide ongoing information on the structures and
the fuel. Although it is usual practice to consider lifetime of a few decades for storage (and
perhaps 50 to 100 years), longer periods might require caution because of uncertainties
involved. Extended storage periods may also augment the need for a carefully designed
monitoring plan and proper provisions to handle possible contingencies. Although behaviour
of spent fuel during storage has been studied to some extent, experience with long term
integrity of storage structures is generally not available in the nuclear industry. For instance,
consideration should be given to having readily usable extra capacity for spent fuel should an
emergency occur within the facility that may require the removal of some spent fuel.
4.4. Regulatory and licensing
Some countries, having been engaged in spent fuel management for many years, have set up
comprehensive national standards, safety regulations, emergency response and licensing
procedures, etc. for activities involving spent fuel. These systems can serve as a model in
countries where the relevant national regulations are not yet fully developed. However, a
careful analysis has to be made in order to identify the limitations of such practice in meeting
particular national expediency for putting regulations in place.
Licensing requirements should be identified in the beginning of any project to ensure timely
compliance and to take this factor into account in selecting technologies. Licensing could
involve several regulatory authorities, and the extent of licensing, agencies involved and the
coordination effort required will have to be clearly known. Licensing of an AFR spent fuel
storage facility encompasses many aspects involving:
•
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The nuclear power plant site where necessary modifications may be required to support
the AFR storage (such as changes to reactor pools and transportation access). Changes
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required are often complex due to the reason that these involve an operating facility and
require additional licensing effort that involves the operating nuclear power plant.
•

The spent fuel transport system, including interfacing systems at the nuclear plant and
the AFR storage site, and along the transportation route, which may need to take into
account appropriate risk assessments and the involvement of all affected stakeholders
(transportation workers, communities along the transportation route, etc).

•

The AFR storage facility itself, including siting, design, construction, commissioning,
and operation.

Each of the licensing stages requires preparation of an appropriate Safety Analysis Report to
support the application for the relevant stage. The content will reflect the particular stage of
licensing, gradually increasing in scope to support an application to operate a constructed
facility. Licensing is often a time-consuming activity due to the extensive analysis required
for supporting safety design of the facility. Some planning may be required to assess the
timelines and ensure that licensing activities are taken up sufficiently in advance and in
parallel with other project activities, where feasible, such that any negative impact on project
schedule is minimized.
4.5. Other considerations
4.5.1. Safeguards
The objective of the safeguards is the timely detection of diversion of nuclear material for
non-declared purposes and deterrence of such diversion by early detection. The IAEA
safeguards system is based primarily on the use of materials accountancy as a safeguards
measure, with containment and surveillance as major complementary measures. In the context
of AFR storage operations, arrangements shall be made to ensure that the facility operator is
aware at all times of the location and quantities of nuclear materials in storage and to provide
the necessary reports defined within the particular Safeguards Agreement between the
Member State and the IAEA.
4.5.2. Physical Protection
Physical protection of AFR storage must comply with the needs of safeguards provisions and
provisions for physical security of the storage system with associated spent fuel. Physical
protection measures not only include designed features but also various administrative
controls in the facility such as on-site security staff and procedures. Physical protection of
spent fuel storage facilities has recently become an issue of mounting concern due to the
possibility of becoming a target of terrorism.
4.5.3. Environmental assessment
In many Member States, a decision to build AFR storage would trigger an environmental
assessment process legislated by the government. Environmental assessment is a focused
response to the protection of the human and natural environment. It is a process that may
differ among countries in its details if not in intent. Due to the long term nature of the AFR
storage system, environmental stewardship requirements over the storage period would be a
key consideration. An environmental assessment process would generally include assessments
of environmental impacts of the facility over its life cycle from the range of activities
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involved, primarily construction, operation and decommissioning. The process would be
designed to provide opportunities for the public and affected communities to participate in the
decision-making processes through consultation, which may include public hearing. It could
include elements of other assessments such as feasibility and licensing assessments, but
would be in response to different legislative requirement stipulated by the countries. The
environmental decisions to proceed with the project are given by the regulatory bodies in
charge of the environmental assessment process.
4.5.4. Stakeholder involvement
Decision to construct an AFR spent fuel storage facility cannot be made without the full
participation of all relevant stakeholders. Depending on the intent, this could include the need
to meet local community concerns, concerns of the general public, or concerns expressed at
national or even regional levels (if bi-national or international facilities are considered).
Implication of stakeholder involvement must be envisaged at a very early stage as it could
deeply influence storage plans, degree of regulatory and political support to storage plans,
public and community support, etc. Therefore it is important to identify early who might be
the stakeholders involved, and design a process to involve all stakeholders in order to reduce
risks related to stakeholder acceptance in various stages of the project life cycle.
It might be a daunting task to obtain public participation where needed if proper attention is
not given to public involvement. Lack of public support could delay or even prevent the
implementation of any AFR storage solution. There may be specific requirements to
involving the public in necessary consultation activities and decision-making. This area is
currently subject to many discussions at various local, national and international levels that
could result in evolving future requirements
4.5.5. Quality assurance
All activities related to an AFR storage facility shall be subject to a quality assurance
programme encompassing the entire procurement cycle including the selection process and
the various stages such as the detailed design, construction and the operation. The objective of
the quality assurance is to ensure with confidence that the storage system will perform
satisfactorily during service. To that end, quality assurance will include all planned and
systematic actions necessary to assure that all aspects of the project, covering activities,
systems, components and materials meet the quality requirement. The quality assurance
requirement shall always be commensurate with the safety and licensing requirements. There
are relevant IAEA publications elaborating quality assurance needs in nuclear projects that
may be taken into account in developing a quality assurance program [9].
4.5.6. Project management
An AFR spent fuel storage project requires proper management. Since the main
responsibilities of the utilities are the operation and the maintenance of the nuclear power
plants to generate electricity, project management capability may not already exist within
such organisations to handle such large projects as the AFR storage. This situation may also
exist in the case of waste management organizations (WMOs) charged with the task of
providing AFR storage. These organizations may acquire such expertise through the hiring of
project management resources. The project management organization, so appointed, will be
generally responsible to carry out the initial feasibility studies, technology selection, and
selection of suppliers/contractors to design, procure, construct, commission, and train staff for
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the AFR storage. This organization may include on its staff experienced consultants and
architect/engineers (A/Es) integrated in its structure so as to provide appropriate support to
the overall project contract strategy [10].
Successful AFR storage projects are also successful partnerships between the project and its
stakeholders. The stakeholders include project staff, NPP management and plant engineers,
WMO senior management, regulatory authorities for licensing and environmental assessment,
various government agencies that may have a stake in the project, site communities and the
general public, vendors and suppliers and their subcontractors. Nurturing these partnerships
would be an important consideration for a project and a criterion for success.
4.5.7. Risk management
Exposure to risk is a natural consequence in AFR storage projects as in the case of any other
industrial projects. The project sponsor and project management organizations are
accountable to their stakeholders, and have a range of obligations to be met, such as in terms
of cost, quality, legislative compliance, safety and environmental protection, and political
support. A mature organization would have a risk management strategy fully integrated into
its procurement cycle.
Risks could arise both due to external factors (legal challenges, environmental causes) and
internal factors (cost, schedule, safety, quality). A good strategy will have a continuous
process to identify, assess and respond to risks during the entire project. Risks are generally
the greatest in the early stages of the project and should diminish as the project evolves
towards completion. Early risk assessments provide opportunities to take mid-course
corrections and allow the project staff to change risk-causing uncertainties into opportunities.
Risk assessment carried out prior to award of contract permits the project manager to
recognize business and financial risks, and put in place measures to avoid, reduce or absorb
such risks.
In an AFR storage project, unmitigated risks could lead, in the extreme, to unacceptable
situations such as: inability to store the fuel making continued operation of the NPP difficult;
serious challenges from the public or other stakeholder groups; inability to finance the project
due to cost over-runs; unmanageable safety and environmental issues, or similar
contingencies. Without consideration to avoidance strategies, alternatives and fallback
positions, risks could have disastrous consequences on the project as well as the NPP. At the
simplest level, risk assessment is carried out by the project staff through structured
discussions about potential pitfalls and unusual occurrences that can be expected in the course
of the project. Steps are taken to screen risk situations, quantify identified risks, mitigate, and
apply the lessons learned to future risk situations. At a detailed level, a variety of
comprehensive risk assessment and management methods including statistical and
computerized techniques can be used. These techniques help the project team to reduce the
drudgery and time required in handling large amount of risk scenarios and data, and to carry
out “what if” risk modelling assessments.
4.5.8. International obligations
There are a number of existing international obligations that need to be considered which may
vary from one Member State to another. These become particularly important in the case of
bi-lateral or multi-lateral arrangements for AFR storage. Examples of various obligations are:
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•
•
•
•
•
•

IAEA Safeguards,
EU requirements (in Europe),
Bilateral agreements,
Joint conventions
Trans-boundary issues
International treaties, etc.

International agreements are legally binding and can directly influence the project direction
and technological choices to be made. With increasing private sector involvement and with
globalisation of the nuclear industry, AFR storage industry is showing signs of increased
international activity and may require greater attention in the years to come.
5. Selection criteria
From the various general requirements that need to be identified in the beginning of a project,
the project organization can then identify the technology options that are available and
generally develop some preliminary ideas as to how they can be incorporated into an AFR
storage facility design or adapted to conform to the requirements. However, to make a
selection, it becomes essential to carry out a feasibility assessment the aim of which is to
narrow down the choices available to a few most suited choices (about 1-3 options). Final
selection of the technology option is often left to a later stage, i.e. to the time of selecting a
supplier. Taking more than one technology to the bidding stage facilitates larger participation
from the bidding community, often beneficial to the project in terms of supplier selection.
The feasibility assessment usually tends to become a comprehensive study of the options
available and an evaluation and screening of these options using a consistent set of criteria. In
cases where the initial choices are many and somewhat poorly defined to start with, the
feasibility assessment is carried out in stages such that the large number of choices is initially
screened with a preliminary set of selection criteria at a conceptual level to yield a smaller set
of alternatives. These are then further narrowed down with criteria specifically fine-tuned
towards the final selection. To acquire an AFR storage system that is most appropriate for a
given situation and that will interface best with the customer needs and requirement, the
selection criteria for the AFR storage must be carefully established. The range of criteria must
be broad enough to be of use not only in the comparison of technologies, but also in the
selection of the AFR storage facility which includes besides technology, site, transportation
and various infrastructure which are sometimes critical to successful implementation of the
spent fuel storage project in question.
The selection criteria need to be effective and pertinent to the selection process. These indeed
are detailed requirements with which one should be able to discriminate various options and
be able to rank them after evaluating their merits and demerits. The key selection criteria
relate to the acquisition of the site and transportation routes, overall system performance,
licensing, facility construction, operation and maintenance, environmental impacts,
decommissioning and of course associated cost which is determinant criterion in nornmal
cases. All factors affecting these items must be identified and described to such a level where
the different storage system alternatives could be compared on a common reference.
5.1. Site
Irrespective of the fact whether the site for the AFR storage has been selected or not,
sufficient site investigation and assessment work requires to be carried out to quantify the
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characteristics of the site. The site information can then be used to compare the technology
options available in terms of their siting advantages. If the site has already been selected then
the site-related factors affecting the storage technology selection must be identified. If the site
has not been selected, a selection process could be developed incorporating potential
technology constraints and the site selection carried out with such a ‘technology-based’
selection process.
Traditional approaches of siting which rely heavily on scientific and technical criteria are now
yielding to co-operative approaches where sites are sought in cooperation with volunteering
host communities. In cooperative approaches, regional information meetings are first held to
inform communities about the proposed facility. Those communities that show an interest in
hosting the facility enter into consultation with the project organization. Screening of
potential sites is then carried out and a site selected with community involvement throughout
the screening process. Traditional approaches may suffice in instances where suitable sites
already exist and community involvement is generally not required. In most instances where
new sites have to be acquired, however, the cooperative approaches are preferred or
mandatory. These approaches are suitable not only for the AFR storage site but also for
making decisions on acceptable transportation routes for the spent fuel. Transportation is
often a formidable task in terms of public acceptance, and requires considerable public and
community interaction.
The accessibility of the site, availability of routes and selection of modes of transportation,
availability of the infrastructure, and various other site characteristics of importance to AFR
storage design shall be considered in the screening process. In the case of an existing site
(such as a nuclear power plant site), locating a facility shall take into account existing site
layout and any interference with the existing facilities and ongoing operation. In the case of a
new site, additional factors such as community and public preferences have to be taken into
account. Suitable modes of transportation (e.g. by road, rail or water) would have to chosen.
Appropriate transportation corridor may have to be developed in either case if there is none
available.
The area selected for the storage facility shall be sufficiently large to accommodate the
anticipated amount of fuel storage and all ancillary equipment and facilities. Provision shall
be made for any planned expansion. Some exclusion area, as determined by nuclear
regulations in the Member States, may be required to meet safety requirements. For the study
of public safety and environmental impact of the facility, knowledge of the basic site design
factors is required. It should include site characteristics related to the geology, soil bearing
capability, topography, hydrology, hydrogeology, meteorology, demography and civil design,
including potential external hazards particular to the site. External hazards to be considered
should include both natural phenomena (e.g. earthquake, floods, winds, snow, ice and
lightning) and man-made hazards (e.g. aircraft crash and explosions).
Site conditions, processes and events described above will impose certain constraints and
design requirements on the AFR storage system. The objective is to establish the normal or
average situation and to identify the credible extreme events to be considered.
5.2. Safety/Licensing
The main nuclear safety issues of an AFR storage facility are: protection of fuel integrity; heat
removal; radiological shielding; containment; environmental protection; prevention of
criticality; and safe management of radioactive waste. The underlying policy is to reduce
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radiation exposures as low as reasonably achievable (ALARA) and take measures to avoid,
reduce or eliminate any adverse effects on the environment and the public as well as to the
workers of the facility from the storage activities during the storage timeframe. The layout
and arrangement of the storage facility shall be such that inadvertent criticality is prevented
by the use of geometrically safe configuration, sustained even under accident conditions.
Requirement for licensing differ from country to country and provide specific criteria for the
selection of the storage system. Key regulations in most countries deal with allowable doses
to the public and workers generally based on internationally accepted information of radiation
effects such as the ICRP recommendations. A storage concept that has already been licensed,
for example in the country of origin, would make the licensing procedure easier, since
compliance against regulatory criteria has already been tested in the original country.
Existence of an operating prototype or demonstration facility or facilities could also be
desirable, since prototypes provide an opportunity to observe actual effectiveness of the
design in meeting safety objectives.
5.3. Monitoring and inspection
The design of storage and handling facilities and equipment shall provide for adequate access
in order to facilitate inspection, testing and maintenance of the equipment and to facilitate
radiation monitoring and contamination control. Integrity of the storage and handling systems
should be monitored and inspected. Such monitoring should include testing of seals,
monitoring of dose rates, temperatures and contamination in the facility. Storage system
should be designed such that the fuel integrity is not compromised during handling and
storage.
Where the fuel integrity is not monitored within the separate storage units during operation,
the system should include appropriate features for safe unloading of the fuel. Ageing of fuel
cladding and structural material should be considered for monitoring over the design life of
the facility.
5.4. Environmental impacts
Environmental impacts could influence the selection process. Effects during the construction,
operation and decommissioning phases should be evaluated and checked against the
established criteria such as radioactive releases, dose rates, heat emission etc. and various
environmental regulations. Environmental regulations generally deal with a range of issues,
such as biophysical impacts on biota, socio-economic impacts, and environmental quality
(such as of air and water). Environmental assessment requirements differ from country to
country and it would be necessary to review these requirements such that necessary
environmental criteria for the selection process can be developed.
5.5. Criteria associated with facility
•
•
•

Design, engineering, construction / fabrication;
Operation & Maintenance [11];
Decommissioning [12].

5.6. Cost and financing considerations
A proper cost analysis of the various options requires identification of the detailed costs.
These costs may be grouped into different categories and described in such a way that they
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can be applied to all the options. The main cost categories are: capital investment cost,
operation and maintenance (O&M) cost and decommissioning cost:
•
•
•
•

Development Costs (not required in case of purchase);
Capital Cost (purchase of vendor supplied storage systems, customer supplied premise
and support systems, infrastructural construction, feasibility and engineering studies,
licensing fees, etc.);
O&M Cost (labour costs, material supplies, tax/insurances, administrative services,
overhead, etc.);
Decommissioning.

The assessment of costs required for an option and comparison of costs between different
options are usually done by analysis based on life cycle costs ( LCC) taking time value of
monet into account by discounted cash flows, rather than by overnight costs. A convenient
metric method for cost comparison is net present value (NPV), defined as the sum of a time
series of discounted costs each of which occurs at the time of actual spending to the
expenditure profile of each option. For the comparative purpose, it is essential to calculate the
NPV on a basis of consistent time frame for the options to be compared. The LCC based on
NPV is particularly important in cases of long time span involved in the project and at high
discount rate [13]. The inflation rate can also be accounted for in the LCC based on
discounted cash flow.
Another convenient method of cost comparison is to use unit costs, rather than total costs, as a
measure of characteristic parameter. The levelized unit cost (LUC) is defined as the total cost
divided by the total quantity (of spent fuel stored), both side of which are discounted over the
same period of time.
From the NPV or LUC calculation, it is possible to analyze the sensitivity and uncertainties
with various assumptions on the parameters including discount rate which is variable
depending on the funding source.
6. Methodologies for selection
While the purpose of the selection method is to find the most suitable solution, there is no
single rationale to select the best option for a storage concept. There are many factors and
issues that significantly influence selection of a storage concept that are not directly related to
its technical merit or its cost, and often, stakeholder groups could unduly sway the decision
based on considerations other than these factors.
During the project-planning phase, the project organization will identify general technical
requirements, technological options available, scope and schedules, and various management
processes (such as stakeholder involvement, public consultation, regulatory processes, quality
and risk management) required for the successful completion of the project. The role of the
project management organization is to apply the appropriate knowledge, skills, tools and
techniques to the AFR storage project in order to meet or exceed customer and stakeholder
needs and expectations. By the end of the project planning phase, the project organization
would have integrated schedule, budget and a comprehensive work description for the
proposed AFR storage, all of which would continue to be updated and elaborated as the
project moves forward, increasing the overall level of understanding of the project.
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Following the completion of the technology selection phase, the project is taken to the
tendering phase. A Functional Specification document, based on the outcome of the
technological selection process, provides a contractual basis for the potential bidders.
The last stage in the AFR storage selection is a process that involves pre-qualification of
suppliers, bid invitation and receipt, and evaluation of bids leading to the selection of a
supplier and a technology. The selection concludes with the award of a contract.
7. Summary
The measures taken by each countries for interim storage of spent fuel (and for spent fuel
management options in that context) are driven by a variety of complex factors, both technical
and non-technical ones. While the decisions made are specific to national policies and
regulatory constraints, some tendencies are notable in the approaches to implementations due
to some common factors and issues visible. On the one hand, most countries with nuclear
power production are involved in, or preparing for, interim storage of spent fuel of AFR type
which can be stretched in some cases beyond a century, as a fallback for uncertainties in the
future of fuel cycle backend. It is therefore predictable that a large inventory of spent fuel is
likely to continue to accumulate calling for new builds of AFR facilities around the world in
the foreseeable future. On the other hand, the technology for spent fuel storage has well
matured in general and in particular the dry storage options developed in the past couple of
decades are now available to offer reliable and competitive products and services required for
long term storage.
In view of the current market circumstance of competitive supply and offers for more
advanced products, it is customary for customers to select the attractive system market that
would best fit in the AFR storage requirements based on the criteria of preference. Whereas it
is obvious that the selection of the best system is critical for implementation of AFR storage
of spent fuel, it is often not evident which option to choose due to the complex factors to be
considered in the decision. The selection process involves a series of steps toward contractual
award, taking into account those requirements and criteria applicable to the AFR storage, with
a rational approach to the project goal.
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Abstract. The Department of Energy awarded a privatized contract to Foster Wheeler Environmental
Corporation in May 2000 for the design, licensing, construction and operation of a spent nuclear fuel
repackaging and storage facility. The Foster Wheeler Environmental Team consists of Foster Wheeler
Environmental Corp. (the primary contractor), Alstec, RWE-Nukem, RIO Technical Services, Winston and
Strawn, and Utility Engineering. The Idaho Spent Fuel (ISF) facility is an integral part of the DOE-EM approach
to accelerating SNF disposition at the Idaho National Engineering and Environmental Laboratory (INEEL).
Construction of this facility is also important in helping DOE to meet the provisions of the Idaho Settlement
Agreement. The ISF Facility is a substantial facility with heavy shielding walls in the repackaging and storage
bays and state-of-the-art features required to meet the provisions of 10 CFR 72 requirements. The facility is
designed for a 40-year life.

1. Introduction
During the last 40 years, the United States Department of Energy (DOE) and its predecessor
agencies have generated, transported, received, stored, and reprocessed spent nuclear fuel at
several facilities in the DOE’s nationwide complex. This spent fuel was generated from
various sources, including production reactors; research and test reactors; special-case
commercial power reactors; and foreign research reactors. Some of the DOE’s spent fuel is in
storage at the Idaho National Engineering and Environmental Laboratory (INEEL).
The DOE ended reprocessing of spent nuclear fuel in the USA in 1992. Partly due to this
decision, 235 metric tons of heavy metal (tHM) spent fuel is still stored at the INEEL in
pools, dry wells and above ground storage pending disposal in a geologic repository. The
current storage facilities are located over the Snake River aquifer, a major water source for the
region. In addition, the INEEL is currently planning to receive an additional 70 tHM of spent
fuel from sources including foreign and domestic research reactor programmes.
A Settlement Agreement signed on 17 October 1995 by the DOE, the U.S. Navy and the State
of Idaho requires that all INEEL spent fuels be transferred to dry storage by 31 December
2023; and removed from Idaho by 1 January 2035. The agreement includes fuel from Peach
Bottom and Shippingport reactors, and TRIGA fuel from various sources. Current spent fuel
storage and handling facility capability is not considered adequate to meet this mission need
for the next twenty to thirty years. The current contract scope includes the repackaging and
storage of 20 tHM of spent fuel. With future facility modifications, enhancements, and
appropriate license amendments, the DOE is planning on handling the majority of the ultimate
INEEL spent fuel inventory through the core capability provided by the ISF Project including
load-out for shipment to the geologic repository.
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2. The Idaho spent fuel project
The contract for an additional interim handling and dry storage facility at the INEEL was
awarded to TTFWI (Tetra Tech Foster Wheeler Inc.) on 19 May 2000. The contract is for the
design, licensing, construction and operation of an Independent Spent Fuel Storage
Installation (ISFSI) that will repackage and store Peach Bottom, TRIGA and Shippingport
fuels. The project is known as the Idaho Spent Fuel (ISF) Project and the interior of the
planned storage facility is shown in Figure 1.
The ISF facility is being licensed for interim storage by Nuclear Regulatory Commission
(NRC) to 10CFR72 requirements. In addition the fuel storage canisters and baskets are being
designed for transportation to 10CFR71 requirements and also to meet repository
requirements. The facility design is based around the TTFWI/ALSTEC Modular Vault Dry
Storage technology.

FIG. 1. The Idaho spent fuel project storage vault.
The ISF facility consists of three main functional areas: the Cask Receipt Area, the Transfer
Area and the Fuel Storage Area. The Transfer Area consists of two main sub-areas: the Fuel
Packaging Area and the Canister Closure Area. Fuel is delivered to the facility at the Cask
Receipt Area and is repackaged into canisters within the Fuel Packaging Area. The canisters
are then welded closed and inerted within the Canister Closure Area, and then placed into
storage in the Storage Area.
The ISF facility uses the DOE standardized spent fuel storage canisters that are compatible
with the requirements of the proposed national high level waste repository as currently
defined in repository waste acceptance criteria. The preliminary canister specifications were
designed by DOE and its contractors to accommodate a wide range of fuels currently being
stored by DOE. The ISF will use two different diameter storage canisters, 18 inch and 24
inch. The 24 inch canisters are required to accommodate the Shippingport fuel assemblies,
while the 18 inch canisters will be used for the remaining fuel types. The facility is designed
to easily retrieve standard canisters from the storage area and deliver them to the load-out
point for shipment to the geologic repository.
As part of the contract, TTFWI also provided a conceptual transportation system design
compatible with the ISF facility and standard canisters. This provides a conceptual design of
an NRC licensable shipping package for eventual offsite rail or road shipment to the geologic
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repository. Neither the detailed design nor manufacture of this shipping package nor retrieval
of canisters and/or shipment to the geologic repository is in the scope of this project.
3. Current status of the ISF project
The ISF project contract has now completed the licensing design phase. The license
application was submitted to the NRC on 19 November 2001, and after a pre-acceptance
review of the license application the NRC formally accepted the documentation for licensing
review in March 2002. The NRC issued their first Request for Additional Information (RAI)
to TTFWI on 25 October 2002 and these were returned to NRC for continuing review on 24
January 2003. A second round of RAIs will be issued in May 2003 if required. Detail design
and preparation of fabrication information is currently underway in parallel with the NRC
review of the license application.
Key dates for the project are:
•
•
•
•
•
•
•
•
•
•
•

Contract Award:
License Application submitted to NRC:
Part 72 license approval:
NRC issue first round technical RAIs:
First round technical RAI responses to NRC:
NRC issue first round of Environmental RAIs
First round of Environmental RAI responses to NRC
NRC issue second round of technical RAIs (If required):
Second round of technical RAI responses to NRC:
NRC issues SER and Part 72 License
Start operations:

19 May 2000
19 November 2001
Nov. 2001 through June 2004
25 October 2002
24 January 2003
29 January 2003
14 March 2003
30 May 2003
29 August 2003
31 March 2004
June 2005

4. The Modular Vault Dry Store System
The ISF facility utilizes the TTFWI/ALSTEC Modular Vault Dry Storage (MVDS) system to
provide interim storage for approximately 220 canisters. The current status of
TTFWI/ALSTEC’s MVDS facilities are shown in the Table I. The MVDS has had an NRC
Topical Report approved status since 1988. The Topical Report covers the interim storage of
Light Water Reactor fuels, including both PWR and BWR, at any reactor sites in the USA.
The MVDS provides a simple passive design for dry fuel storage. The fuel assemblies are
cooled by natural circulation, a self-regulating system in which higher spent fuel temperatures
prompt increased airflow and thus heat removal. Criticality control is provided by the
geometrical array of storage tubes within the vault array.
The MVDS was employed for the first time in the U.S. at the Fort St. Vrain plant for the
storage of High Temperature Gas Reactor fuel elements (Fig. 2). The Fort St Vrain ISFSI was
licensed under 10CFR72 and the unit went into operation in 1991.
In 1998, ownership of the Fort St. Vrain MVDS was transferred from Public Service
Company of Colorado to DOE. DOE manages Fort St. Vrain ISFSI under NRC regulatory
authority.
The Paks MVDS went into operation in December 1997 (Fig. 3). This facility is in Hungary
and is designed for the storage of VVER 440 fuel elements. The Paks MVDS was built with
an initial storage capacity for 1 350 fuel assemblies. In 1999 and 2002, two additional

220

ROBERTS et al.

construction phases increased the Paks MVDS capacity by a further 3 600 assemblies. This
brings the existing capacity of the Paks MVDS up to 4 950 assemblies and there are future
plans to increase the storage capacity up to 15 000 assemblies.

FIG. 2. Fort St. Vrain MVDS.

FIG. 3. Paks MVDS – shown in 2000 after first extension vaults were added.

5. Description of the ISF facility
The storage design of the ISF facility is based on a vault storage system. The vault design
provides radiation shielding as well as a passive cooling system where spent nuclear fuel
assemblies are cooled with natural circulation. This is a self-regulating system in which
higher spent fuel temperatures prompt faster air flow and thus heat is removed within
established design parameters. Criticality control is provided by the geometry of the storage
canisters and vault array. The ISF facility provides for year round operations. Due to the
weather extremes in Idaho, all operations occur inside the facility. The ISF facility design
provides for specific operations to occur within discrete areas of the facility. These areas
include the Receipt Area, Fuel Packaging Area, and Storage Area.
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Table I. Current status of TTFWI/ALSTEC MVDS facility
Facility

Type of Reactor/Fuel

Dry Storage
Method

Licensing Authority
and Date of License
Approval

Date of
Operation

MVDS Topical
SAR

PWR and BWR,
anywhere in USA

Concrete vault –
MVDS

USA NRC 1988

n/a

Wylfa dry fuel cells
1 to 3
Anglesey, UK

Gas Cooled Reactor
Magnox fuel

Concrete vault,
tube storage

UK NII 1969

1969

Wylfa dry fuel cells
4 to 5
Anglesey, UK

Gas Cooled Reactor
Magnox fuel

Concrete vault,
tube storage

UK NII 1979 and
1980

Cell 4: 1979

Fort St Vrain
MVDS
Colorado, USA

High temperature gas
reactor
HTGR fuel blocks

Concrete vault –
MVDS

USA NRC 1991

1991

Paks MVDS
Paks, Hungary

VVER 440
VVER 440 fuel

Concrete vault –
MVDS

Hungary OAH
Feb 1997

December
1997

Idaho Spent Fuel
Facility
Idaho, USA

DOE owned fuels:
Peach Bottom Core 1
Peach Bottom Core 2
TRIGA aluminum
clad
TRIGA stainless clad
Shippingport modules

Concrete vault –
MVDS

USA NRC
Planned 2003

Planned
2005

Cell 5: 1980

The spent fuel storage canisters are shown in Fig. 4. The design is compatible with the
requirements of the proposed national high level waste repository. The ISF will use two
different diameter storage canisters, 18 inch and 24 inch. The 24 inch canisters are required to
accommodate the Shippingport modules, while the 18 inch canisters will be used for the
remaining fuel types. After loading with spent nuclear fuel, the ISF Canisters are placed into
sealed storage tubes within the vault. The vault storage tubes provide a secondary
confinement boundary around the stored fuel, and also ensure future recoverability of the
canisters for off-site transportation. The canisters and storage tubes will be designed and
fabricated to ASME Section III, Division 1; and N-stamped accordingly.
6. Fuel type summary
The fuel to be stored in the ISF facility consist of the following types:
•
•
•

Peach Bottom Core 1 and Core 2 Fuel Assemblies;
TRIGA Fuel elements;
Shippingport Modules.

Each of the three fuel types has different physical, chemical and radiological characteristics
that have been addressed in the facility design and license application (see Table II).

222

ROBERTS et al.

FIG. 4. ISF canister.

7. Fuel handling process flow
The ISF Facility is laid out to efficiently transfer incoming fuel to the Fuel Packaging Area, Canister

Closure Area and into the Storage Area. This is achieved by a transfer tunnel that inter-
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connects these areas. In the future the ISF canisters will be transported offsite using a
10CFR71 licensed transport handled within the existing structure. The process flow in Fig. 5
depicts the typical evolution through the facility.
Table II. Fuel Cladding Material
Fuel Type

Clad Material

Peach Bottom Core 1 and 2

Graphite

TRIGA

Aluminum or Stainless Steel

Shippingport Module

Zircalloy

FIG. 5. Fuel handling process flow.
8. Cask receipt area
The Cask Receipt Area houses the equipment necessary to receive shipments of spent fuel
from DOE. The major equipment in this facility consists of an overhead hoist and a cask
transfer trolley. The fuel arrives at the ISF facility in a transfer cask, which was formerly
designed for transportation of Peach Bottom fuel. The transfer of the fuel to the ISF facility
does not traverse public roadways since the transfer is from an adjacent DOE facility.
The Cask Receipt Area hoist is a single failure proof hoist in order to minimize the probability
of drop accidents associated with cask handling. The transfer cask is lifted from the transport
vehicle and placed in a rail-mounted trolley, which will restrain the cask from tipping even in
the unlikely event of an earthquake. The transfer cask provides radiation shielding for the fuel
to reduce personnel exposure. The cask trolley moves the cask from the Receipt Area down a
tunnel to the Fuel Packaging Area.
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9. Transfer area
The Fuel Packaging Area within the Transfer Area is designed to allow remote handling and
unloading of the transfer casks containing the spent fuel. The fuel will be remotely handled
during inspection and repackaging into the storage canisters. The process involves removing
the cask lid and removing the inner canister containing the spent fuel. This canister is placed
in a port located in the floor of the fuel packaging area. The canister lid is removed to allow
access to the spent fuel. The spent fuel assemblies are removed, inspected, and placed in a
basket, which is designed to hold the fuel within a fixed configuration when placed inside an
ISF canister.
The loaded storage canister is then transferred to the Canister Closure Area adjacent to the
Fuel Packaging Area where a lid is welded to the canister. Once the canister lid is welded, an
access port allows the interior volume of the canister to be evacuated. This vacuum drying
process removes any residual moisture and air from the canister interior. The canister is then
back-filled with helium to provide an inert atmosphere, which minimizes corrosion and
improves heat transfer. Once the canister closure and inerting operations are complete, the
canister is ready for storage.
10. Storage area
The canister is transferred to the Storage Area in the canister trolley. This trolley is moved to
the Storage Area and located underneath the Canister Handling Machine (CHM). The CHM
provides shielding and remote handling of the canister to minimize personnel radiation
exposure. The CHM is also designed to preclude credible drop accidents, as it is designed as a
single failure proof crane in accordance with NRC guidance.
The ISF facility CHM is a close copy of the MCO Handling Machine (MHM) that was
supplied by Foster Wheeler/ALSTEC for the Hanford Canister Storage Building project. The
Hanford MHM has a bridge span of 126 feet 6 inches, while the ISF Project CHM has a
bridge span of 73 feet (Fig. 6).
The storage canister is placed within a mechanically sealed storage tube whose primary
purpose is to provide a redundant confinement barrier for the stored fuel. The vault system
provides for a self-regulating passive cooling of the fuel canisters as well as shielding to limit
personnel exposure, and protection of the fuel canister confinement boundaries from all credible
accident scenarios.

11. Off-site transport of casks
To prepare for the eventual transport of the fuel canisters to a national repository or other
storage location outside the state of Idaho, TTFWI has prepared a conceptual design for a
transport system. This conceptual design is compatible with the storage canisters and
integrated with the ISF facility operations and equipment. The conceptual transport cask
design will provide for off-site shipment of the packaged spent fuel in accordance with the
requirements of 10CFR71. To accommodate the transport system, the ISF facility has a
staging area for loading off-site transportation casks onto either a truck or rail car. It is
contractually designed to handle a cask envelope 128 inches in diameter, 308 inches long, and
weighing up to 300 000 pounds. These parameters will accommodate all known shipping
packages that are anticipated to be used to ship INEEL spent fuel to the geologic repository.
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FIG. 6. Hanford MHM
12. Summary
TTFWI is contracted to design, license, construct and operate an Independent Spent Fuel
Storage Installation adjacent to INTEC within the INEEL, approximately 50 miles west of
Idaho Falls, Idaho. The ISF facility will receive, repackage, and store spent nuclear fuel
provided by DOE. The ISF facility will be licensed and operated under NRC jurisdiction in
accordance with 10 CFR 72.
TTFWI will own and operate the ISF until the end of the contract when, in the absence of a
contract extension, the facility and NRC license would be transferred to the DOE or its
designated successor contractor. The ISF facility is being designed to provide for the interim
storage of the spent fuel for a minimum of 40 years and accordingly will be NRC licensed for
20 years (with a 20 year license extension option).
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Abstract. The United States Nuclear Regulatory Commission (NRC) regulations for dry storage of spent nuclear
fuel require that the fuel be readily retrievable from a storage cask system and that the cladding be protected
from degradation that may lead to gross ruptures during the 20 or more years of storage. Historically, the NRC
staff has interpreted the regulation to mean that the integrity of the cladding should be preserved under storage
conditions. The intent of these regulations is to assure the spent fuel can be handled safely as it is moved through
the various stages of the back end of the fuel cycle (i.e., wet or dry storage, transportation, waste disposal). NRC
staff has recently revised two staff guidance documents to assure that the geometry of the spent fuel is
maintained in the configuration that is analyzed in the licensing documentation for storage and transportation
casks. These guidance documents focus on maintaining cladding integrity by imposing temperature limits or by
requiring the use of specially designed damaged fuel canisters in special situations. One of the guidance
documents describes the technical justification for prescribing the temperature limits that assure cladding
integrity of the spent fuel during storage. The other provides a means to assure that the geometry of damaged
spent fuel is controlled in the storage and transportation casks. This paper will describe the guidance, including
the acceptance criteria, contained in those two documents as they pertain to the storage of high burnup and
damaged fuel along with the justifications for implementing the guidance.

1. Introduction
The NRC has been focusing on the storage and transportation of high burnup fuel over the last
few years because high burnup fuel is thought to have degraded mechanical properties as
compared to lower burnup fuel. The staff has also become more aware of the various types of
fuel assembly damage that may exist. The NRC views the spent fuel cladding is the primary
structural component that is used to ensure that the spent fuel is contained in a known
geometric configuration in storage and transportation casks. Intact, or undamaged, fuel
cladding is also being considered as an important barrier to retard radionuclide migration in
the proposed Yucca Mountain high-level waste repository.
To maintain the configuration of the spent fuel as described in the licensing documentation,
NRC staff has recently revised two guidance documents. One of these documents, entitled
Interim Staff Guidance No. 11, Revision 2, “Cladding Considerations for the Transportation
and Storage of Spent Fuel” (ISG-11, Rev. 2) [1], provides the rationale for establishing
temperature limits to minimize cladding degradation under normal and off-normal conditions
of dry storage. The other document, entitled Interim Staff Guidance No. 1, Revision 1,
“Damaged Fuel” (ISG-1, Rev. 1) [2], provides an expanded definition for damaged fuel and a
methodology to classify and prepare damaged fuel for storage and/or transportation. Both
documents were developed to resolve emerging technical issues associated with the overall
performance of spent fuel under storage and transportation conditions. While the focus of
both documents is to maintain fuel geometry during storage and transportation, the guidance
also supports a desire to use the cladding as one of the multiple engineered barriers to retard
radionuclide migration in Yucca Mountain high-level waste repository.
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2. Regulatory requirements
The regulations for storage of spent fuel are contained in Title 10 of the Code of Federal
Regulations, Part 72 (10 CFR Part 72) [3]. The regulations for the transportation of spent fuel
can be found in Title 10 of the Code of Federal Regulations, Part 71 (10 CFR Part 71) [4].
Both sets of regulations have the following common safety objectives: (1) ensure that the
doses are less than the limits prescribed in the regulations; (2) maintain subcriticality under all
credible conditions of storage and transportation; and (3) ensure there is adequate
confinement and containment of the spent fuel under all credible conditions of storage and
transportation.
The requirements of 10 CFR 72.122 (h)(1) seek to ensure safe fuel storage and handling and
to minimize post-operational safety problems with respect to the removal of the fuel from
storage. To accomplish this, the spent fuel cladding must be protected during storage against
degradation that leads to gross rupture of the fuel. Additionally, the fuel must be otherwise
confined such that degradation of the fuel during storage will not pose operational problems
with respect to its removal from storage. This requirement also assures that the fuel will
remain in a known configuration, one that used for the criticality, shielding and other analyses
contained in the licensing documentation.
The regulations contained in 10 CFR 72.122 (h)(1), 72.122(l) and 72.236(m) seek to ensure
safe fuel storage and handling and to minimize post-operational safety problems with respect
to retrievability of the fuel from the storage system. From a practical perspective, these
regulations assure that the spent fuel can be retrieved from the storage systems and placed into
transportation and/or waste disposal casks in such a way as to minimize occupational
exposures. Additionally, the regulations in 10 CFR 72.124 and 72.236(c) require that the
configuration of the spent fuel geometry be maintained when feasible to assure subcriticality
under all credible normal and design basis events of storage.
In accordance with the transportation regulations in 10 CFR Part 71, the geometric form of
the spent fuel should not become substantially altered under normal conditions of transport as
analyzed and specified in the SAR. Additionally, 10 CFR 71.43(f) specifies that the licensee
must assure that there will be no loss or dispersal of spent fuel, no significant increase in
external surface radiation levels, and no substantial reduction in the effectiveness of the spent
fuel.
For hypothetical, credible, accident conditions of transportation, the licensee must assure that
any damage to the cladding does not lead to a failure to meet the criticality requirements of
10 CFR 71.55 and the shielding and containment requirements of 10 CFR 71.51. Full reliance
on cladding integrity during hypothetical, credible accident conditions of transport will
require further information on the impact properties of high burnup cladding material.
Therefore, until further guidance is developed, reviews of the transportation of high burnup
commercial and noncommercial spent fuels will be handled on a case-by-case basis.
The US high-level waste disposal strategy incorporates the philosophy of using the cladding
as a waste isolation barrier for high-level waste disposal. There are no specific regulatory
requirements to maintain cladding integrity for spent fuel placed in a high-level waste
disposal repository [5]. However, from a defense-in-depth perspective, it is desirable to
maintain cladding integrity while the fuel is in the repository for as long as possible because it
is one of the many waste isolation barriers that will be relied upon to retard radionuclide
migration.
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3. Acceptance criteria for high burnup fuel
As the burnup level of the fuel increases beyond 45 GW·d/tU, the oxide layer thickness on the
exterior of Zircaloy cladding increases at a faster rate than at lower burnup levels. Under
certain reactor conditions, this increase in the oxide thickness has been shown to cause
localized degradation of the cladding material. Additionally, as burnup levels increase, the
cladding absorbs more hydrogen which affects the mechanical properties of the cladding and,
depending on the environmental conditions of the cladding, can affect the mode of cladding
failure.
The staff believed that it was necessary to develop criteria to minimize further degradation of
the cladding during storage and transportation and prevent rupture of the cladding. One type
degradation, as discussed below, may occur by exposure of the irradiated cladding to the
relatively high temperatures encountered during the storage cask loading operations (i.e.,
vacuum drying and backfilling the cask with inert gas). To address these concerns, the staff
developed the guidance and acceptance criteria contained in ISG-11, Rev. 2 [1] to be used by
the NRC staff when reviewing analyses of the potential for spent fuel reconfiguration during
storage operations which is presented below. The guidance document describes the technical
justification for prescribing the temperature limits that assure cladding integrity of the spent
fuel during storage and is discussed below.
3.1. Dry cask storage
With regard to the storage of spent fuel, creep is the dominant mechanism for cladding
deformation under normal conditions of storage. The relatively high temperatures, differential
pressures, and corresponding hoop stress on the cladding will result in permanent creep
deformation of the cladding over time. Several laboratory programs have demonstrated that
spent fuel has significant residual creep capacity even after 15 years of dry cask storage. A
summary of the results from these programs can be found in Reference [6]. In general, these
data and analyses support the conclusions that: (1) deformation caused by creep will proceed
slowly over time and will decrease the rod pressure; (2) the decreasing cladding temperature
also decreases the hoop stress, and this too will slow the creep rate so that during later stages
of dry storage, further creep deformation will become exceedingly small; and (3) in the
unlikely event that a breach of the cladding due to creep occurs, it is believed that this will not
result in gross rupture. From these data and conclusions, the NRC staff has reasonable
assurance that creep under normal conditions of storage will not lead to geometric
reconfiguration of the spent fuel provided that the maximum cladding temperature does not
exceed 400°C (752°F). As discussed below, this temperature will also limit the amount of
radially oriented hydrides that may form under normal conditions of storage.
The staff recognizes that creep is not the only degradation mechanism that could affect
cladding integrity during storage. Technical information and data in the literature show that
zirconium hydrides may play a significant role. The effects of normal conditions of storage
(i.e., the decaying temperature and hoop stress on the cladding with time) can affect the
metallurgical condition of spent fuel cladding containing significant amounts of hydrogen
(e.g., spent fuel with high burnup levels). With increasing reactor operation, the cladding
absorbs more hydrogen. The hydrogen is present in the cladding predominantly as zirconium
hydride precipitates, or particles. After the fuel is removed from the reactor, the zirconium
hydrides are generally elongated and oriented circumferentially. At elevated temperatures, a
percentage of the zirconium hydrides will dissolve, and under decreasing temperatures,
zirconium hydrides will precipitate, or re-form.
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The materials phenomenon of hydride reorientation in zirconium-based alloys usually
involves the dissolution of circumferential hydrides and the formation of zirconium-hydrides
oriented perpendicular to the hoop stress (also referred to as radially oriented or radial
hydrides) [7]. This occurs under sufficiently high hoop stresses along with the decrease in
solubility of hydrogen that accompanies decreasing temperatures. The extent of the formation
of radially oriented hydrides is a function of many parameters including the solubility of
hydrogen in irradiated cladding material, cladding temperature, hoop stress, cooling rate,
hydrogen concentration, thermal cycling, and materials characteristics. Among these
parameters, the formation of radial hydrides is highly dependent on the hoop stress in the
cladding. Data obtained from irradiated cladding [8-10] indicate that stresses greater than 120
MPa (17.4 ksi) are required to initiate the formation of radial hydrides. Other data obtained
from unirradiated zirconium-based cladding materials [11] indicate that radial hydrides can
form at stresses as low as 90 MPa. Therefore, until the conditions that contribute to
reorientation are better understood, the NRC staff believes the hoop stress on the cladding
should be controlled to preclude the formation of radially oriented hydrides.
In general, a temperature limit of 400°C will minimize creep deformation that occurs during
normal conditions of storage and for short-term fuel loading and storage operations (which
includes drying, backfilling with inert gas, and transfer of the cask to the storage pad). This
temperature will also limit cladding hoop stresses and limit the amount of soluble hydrogen
available to form radial hydrides. The use of a 400°C temperature limit for normal conditions
of storage and for short-term fuel loading and storage operations simplifies the licensing
conditions while assuring that hydride reorientation will be minimized. Alternatively, a higher
temperature limit may be used for short-term fuel loading and storage operations ONLY, as
long as the applicant can demonstrate that the best estimate cladding hoop stresses are equal
to or less than 90 MPa during the higher temperature excursion.
During licensing reviews, NRC staff ensures that either of the following criteria are used: (1)
the maximum calculated temperatures for normal conditions of storage and for fuel loading
operations do not exceed 400°C, or (2) the maximum calculated temperatures for normal
conditions of storage do not exceed 400°C and the best estimate cladding hoop stress is less
than 90 MPa for the maximum allowable short-term temperature excursion specified by the
applicant for short-term fuel loading.
It should be noted that during normal conditions of storage there will be a distribution of
cladding temperatures less than the maximum allowable cladding temperature resulting in
distributions in the rod internal pressures and the cladding hoop stresses in any one storage
cask. In general, the maximum allowable temperature will be 400°C or the maximum
allowable temperature specified by the applicant. It is expected that due to these distributions
only a small fraction of the rods will experience the temperature and stress conditions that
could lead to the formation of radial hydrides during normal conditions of storage.
Thermal cycling has also been shown to enhance the formation of radial hydrides in Zircaloy4 under applied stresses [12]. The extent of the formation of radial hydrides during thermal
cycling is dependent on many factors. These include the maximum temperature, change in
temperature, number of thermal cycles, applied stress, hydrogen concentration, solubility of
hydrogen in the material, etc. The literature [12] indicates that the formation of radial
hydrides in spent fuel cladding can be minimized by restricting the change in cladding
temperatures to less than 65°C and minimizing the number of cycles to less than 10.
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During licensing reviews, NRC staff assures that thermal cycling of cladding temperatures
with differences greater than 65°C are not an inherent part of the drying, backfilling and cask
transferring procedures. Additionally, the staff will assure that the number of thermal cycles
that the cladding experience is less than 10 to minimize hydride reorientation. As reported in
the literature [12], a minimum of 10 cycles were required before an enhancement in hydride
reorientation was observed. The intent of the thermal cycling acceptance criteria is to prevent
licensees from using cask drying, loading and transfer operations that could inadvertently
enhance hydride reorientation. Accordingly, these criteria pertain only to the time during fuel
loading operations and transfer of the casks to the storage pads.
High burnup fuel may experience wall thinning from increased oxidation or the formation of a
layer of zirconium hydride. For design basis accidents where the structural integrity of the
cladding is evaluated, the applicant should specify the maximum cladding oxide thickness and
the expected thickness of the hydride layer (or rim) and use an effective cladding thickness
that is reduced by those amounts in the analysis. The reviewer should verify that the applicant
has used a value of cladding oxide thickness that is justified by using oxide thickness
measurements, computer codes validated to experimentally measured oxide thickness data, or
other means that the staff finds appropriate. Note that oxidation will not be of a uniform
thickness along the axial length of the fuel rods.
For accidents and short-term off-normal conditions that lead to an increase in temperatures of
the cladding, the dominant cladding failure mechanism is expected to be rupture of the
cladding due to excessive creep. To limit the amount of spent fuel that could be released from
the cladding under off-normal conditions or accidents, the maximum calculated cladding
temperatures are maintained below 570°C (1058°F). The basis for using 570°C is established
by the creep tests conducted on irradiated Zircaloy-4 rods [13]. The results from these
experiments indicated that, for two spent fuel rods, no cladding ruptures were observed for
test times of 30 and 73 days at 570°C.
3.2. Transportation
NRC reviews of the transportation of commercial spent fuel are being handled on a case-bycase basis. The general effects of irradiation on the mechanical properties and fracture
toughness of spent fuel cladding are well understood for cladding temperatures that are likely
to be encountered under normal conditions of storage and short-term fuel loading and storage
operations. However, the effects of high hydrogen concentrations (such as in high burnup
fuel) combined with high strain rate loading conditions (such as under transportation accident
conditions) on the mechanical properties and fracture toughness (including the characteristics
of flaws in the cladding) are not as well understood. Depending on the concentration of
hydrogen in the cladding and the size, distribution, orientation, and location of zirconium
hydrides, the spent fuel cladding could become less ductile with decreasing storage
temperatures such that the stresses on the cladding when applied at high strain rates could
cause fracture of the cladding under transportation accident conditions. The NRC and industry
groups are engaged in an open dialogue to obtain the necessary materials property data and
resolve the remaining technical issues.
The staff has recently developed new guidance [14] to address these issues. Specifically, the
provisions of 10 CFR 71.55(e) [4] require subcriticality of a single damaged package. Using
the new guidance, NRC applicants may choose one of two different approaches to address the
requirements: (1) show that reconfigured fuel is subcritical even with water inleakage, or (2)
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show that the package excludes water under hypothetical accident conditions. The details of
these requirements can be found in Reference [14] and will be the subject of future papers.
4. Acceptance criteria for damaged fuel
There is no definition of damaged fuel in NRC’s storage or transportation regulations. In
1998, the staff formalized the definition for damaged fuel by developing guidance to assure
subcriticality during off-normal and accident conditions of storage and transportation in
accordance with 10 CFR Parts 71 and 72. In accordance with the 1998 Interim Staff Guidance
No. 1, “Damaged Fuel” (ISG-1, Rev. 0) [15], damaged fuel was defined as spent nuclear fuel
with known or suspected cladding defects greater than a hairline crack or a pinhole leak. Any
fuel that met this criteria was required to be placed into specially designed canisters prior to
being loaded into a storage or transportation cask. The purpose for “canning” the damaged
fuel was to confine large fuel particles to a known, subcritical volume during off-normal and
accident conditions, and to facilitate handling and retrievability. In general, canning damaged
fuel facilitates retrieval operations by minimizing doses to the workers and facilitates
analytical calculations to demonstrate nuclear criticality safety, adequate heat removal,
sufficient shielding, etc.
The guidance in ISG-1, Rev. 0 [15] was limited in scope and focused only on defects of the
cladding. While the staff anticipates that the majority of the spent fuel inventory will consist
of fuel with intact or undamaged cladding (these terms will be used interchangeably in this
paper), the staff recognized that the existing cladding-defect-based definition of damaged fuel
failed to address other degraded fuel conditions such as axial splits, missing parts/portions of
rods, and/or missing grid spacers. More significantly, it failed to address fuel assembly
structural performance under certain design conditions, especially during the hypothetical
accident conditions of transportation.
In 2002, ISG-1, Rev. 0 [15] was revised and expanded to not only give a broader definition of
damaged fuel but also to provide guidance to NRC licensees on acceptable methods to
classify fuel as damaged or undamaged and alternatives for handling damaged fuel. In
general, the new revision of the guidance, ISG-1, Rev. 1 [2] was developed to reflect the
staff's present understanding of the broad range of conditions of the spent fuel discharged
from the reactors. NRC staff is participating in on-going efforts to develop a consensus
national standard for the classification of damaged spent fuel. This effort is being conducted
by the American National Standards Institute (ANSI) N14.33 "Damaged Fuel" committee. In
the interim, guidance from ISG-1, Rev. 1 will be used to classify damaged fuel. The guidance
contained in ISG-1, Rev. 1:






expands the definition of damaged spent fuel beyond the confinement-based definition
of ISG-1, Rev. 0;
provides a definition for a damaged fuel can;
provides guidance for a licensee to classify spent fuel as either damaged or undamaged
(or intact);
allows for an alternative to placing some forms of damaged fuel into a damaged fuel can
if it can be shown through analysis that the assembly in question is capable of
withstanding all design loads without reconfiguring; and
clarifies when criticality analyses are required of damaged fuel assemblies.

The structural performance of the cladding and the entire spent fuel assembly is related to the
structural loads and design conditions of the storage and transportation casks. This revised
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guidance recognizes that the 10 CFR Part 72 normal and design basis accidents place entirely
different stresses upon the spent fuel than those in the 10 CFR Part 71 normal and
hypothetical accident conditions. These differing design conditions require a damaged fuel
definition that is based upon whether the fuel is being prepared for storage or for
transportation. This differentiation addresses the immediate needs of licensees’ who are using
storage-only casks1 by allowing them to classify and move fuel from their spent fuel pools
into dry casks. It also provides licensees with a means to defer classification and structural
analyses of the response of the fuel to normal and hypothetical accident conditions of
transportation until the time when the need arises (e.g., licensing of the transportation cask or
actual shipment of spent fuel).
In addition to the differences in the loading conditions for storage and transportation, the staff
recognizes that some high burnup fuel which could be classified as intact for storage-only
casks may not have sufficient cladding or structural integrity to withstand the more severe
stresses of a hypothetical transportation accident. Consequently, some “intact” high burnup
fuel placed in storage-only casks may need to be re-evaluated in the future against the more
severe loading conditions inherent to the hypothetical accident conditions of transportation
when such fuel is to be transported. As discussed earlier, the emphasis on preservation of
cladding integrity stems not only from handling and retrievability perspective to meet the
storage and transportation regulations but also from a desire to use the cladding as a waste
isolation barrier for high-level waste disposal.
4.1. Definitions
The NRC staff has adopted the following definitions for damaged fuel and damaged fuel can.
Spent fuel is classified as either damaged or intact in accordance with the following
definitions.
Damaged fuel – Spent nuclear fuel is considered damaged for storage or transportation
purposes if it manifests any of the following conditions that result in either compromise of
cladding confinement integrity or rearrangement (reconfiguration) of fuel bundle geometry
during storage or transportation operations and accidents:
1) The fuel contains known or suspected cladding defects greater than a pinhole leak or
hairline crack that have the potential for release of significant amounts of fuel particles
into the cask.
2) The fuel assembly is damaged in such a manner as to impair its structural integrity;
has missing or displaced structural components, such as grid spacers; is missing fuel
pins which have not been replaced by dummy rods which displace a volume equal to
or greater than the original fuel rod; or, cannot be handled using normal (i.e., crane
and grapple) handling methods. As an exception to this last criteria, fuel assemblies
with repaired lifting bails, support caps, or support tubes, etc., which permit normal
handling may be classified as undamaged fuel.

1

In the US, there are two approaches that are commonly used for the interim storage and transportation of spent
fuel. One approach utilizes a separate storage cask (often referred to as a storage-only cask) and a separate cask
for transportation. When the spent fuel is ready to be shipped, it must be transferred from the storage cask to the
transportation cask using either a wet pool or a dry transfer facility. The other approach utilizes a weld-sealed
canister, which contains the spent fuel, and separate overpacks (or casks) for storage and transportation. In this
case, the canister is placed into a storage overpack until the fuel is ready to be shipped. At that time, the canister
is placed into a transportation cask prior to shipment.
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3) The fuel is no longer in the form of an intact fuel bundle and consists of, or contains,
debris such as loose fuel pellets, rod segments, etc.
4) The fuel assembly structural hardware or cladding material properties are in a
degraded condition such that its ability to withstand the normal and design basis
accidents of storage (for storage-only casks), or the normal and hypothetical accident
conditions of transport as intact fuel is questionable. This condition could apply to
some high burn-up assemblies.
5) The fuel exhibits any other condition that is judged to be adverse to the criteria of
confining radioactive material, controlling criticality, maintaining shielding, dose, or
thermal limits or is adverse to the design conditions of the cask (which includes
accident conditions).
Damaged Fuel Can – A damaged fuel can is a metal enclosure sized to contain one fuel
assembly. Damaged fuel is placed inside a damaged fuel can (“canned”) prior to loading it
into a dry storage or transportation cask. The can must be individually removable from the
cask using normal fuel handling methods (e.g., crane and grapple). The can may use a mesh
screen to achieve gross particulate confinement, but it must allow water drainage during wet
loading operations. The purpose of a damaged fuel can is to confine gross fuel particles,
debris, or damaged assemblies to a known volume within the cask to facilitate criticality,
shielding, and thermal requirements and permit normal handling and retrieval from the cask.
The damaged fuel can may need to contain neutron absorbing materials to prevent criticality
if many damaged assemblies are co-located in a single storage or transporation cask.
A detailed description of the methodology that can be used to classify the spent fuel as
damaged or undamaged according to these definitions can be found in Reference [2]. The
methodology addresses consideration of: power plant records (e.g., plant operating histories,
fuel handling and examination records); mechanical properties of fuel assembly structural
components; and modifications and repairs to assemblies (e.g., replacement of fuel rods,
reconstituted assemblies, lifting bail replacement). Since the guidance contained in ISG-1,
Rev. 1 [2] does not attempt to envision all possible circumstances, the licensee has the
responsibility to develop a logically supported inspection plan that is appropriate for the fuel
assembly(ies) in question.
4.2. Guidance and acceptance criteria
The use of the above definitions and the methodology to classify fuel as either damaged or
intact will reasonably assure that the fuel is properly identified and handled so as to meet the
safety and regulatory requirements for storage and transportation of spent fuel. If the
condition of the spent fuel assembly does not meet any of the definitions for damaged fuel, it
can be considered intact and may be placed directly into the basket of a storage or
transporatation cask. If the condition of the spent fuel does meet one of the definitions above,
it must be into a damaged fuel can prior to being loaded into a storage or transportation cask.
The exception to these requirements is that, if additional structural analyses can show that no
reconfiguration of the fuel assembly or no gross failure of the cladding will be caused by
stresses generated from the various loading conditions of storage and transportation of
concern, then the assembly can be loaded directly into the basket of the cask. The loading
conditions of concern include normal, off-normal and any credible accident condititions of
storage and/or normal and hypothetical accident conditions of transportation. As discussed in
Interim Staff Guidance No. 3 [16], the regulatory requirements of 10 CFR 72.122(l) apply to
normal and off-normal design conditions. However, in accordance with other regulations (10
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CFR 72.106), the staff is required to evaluate the consequences from all credible accidents,
focusing its review on those accidents having the potential to cause a failure of the
confinement boundary. A structural analysis of the spent fuel shall include a fuel assembly
buckling analysis for credible end-drop accidents and a bending analyses for credible tip-over
or side-drop accidents. Consideration of defects such as loss of cladding thickness due to
oxidation should be included in the analyses. Fuel assemblies that do not fail under these
loads are considered structurally intact and can be classified as undamaged (i.e., they can be
directly loaded into the cask).
The approach discussed above could allow the licensee to avoid the requirement for using
damaged fuel cans in some cases. Specific evaluation methods have not defined by the staff
but, in general, should include a structural integrity or flaw tolerance analysis to assess fuel
assembly performance under the appropriate storage or transportation conditions. Such
analyses must demonstrate with reasonable assurance that the damaged assembly can
withstand those conditions without loss of cladding confinement capability and fuel
reconfiguration in the cask. Since there is no staff-approved methodology for performing such
evaluations, they must be reviewed and approved on a case-by-case basis by the NRC staff.
When an evaluation is used to justify not canning a damaged fuel, then it shall be documented
and retained as part of the record for each fuel assembly.
If the potential for reconfiguration of any damaged fuel within the damaged fuel can exists
(i.e., dispersal of loose fuel pellets or pieces within the damaged fuel can), the configuration
must be analyzed with respect to criticality, shielding, and thermal performance of the storage
and/or transportation casks. Bounding analyses may be performed. A criticality analysis for
canned damaged fuel is typically performed by assuming a non-mechanistic redistribution of
the fuel pellets into the most reactive geometry and assessing against the staff accepted keffective limit of 0.95. Shielding and thermal analyses should similarly assume a worst case
or bounding configuration (not necessarily the same for each analysis) of the canned fuel.
5. Conclusions
NRC staff has recently revised two staff guidance documents to assure that the geometry of
the spent fuel is in the configuration that is analyzed in the licensing documentation for
storage and transportation casks. These guidance documents focus on maintaining cladding
integrity by imposing temperature limits or by requiring the use of specially designed
damaged fuel canisters in special situations.
ISG-11, Rev. 2 describes the technical justification for prescribing the temperature limits that
assure cladding integrity of the spent fuel during storage. The staff identified a need to control
creep and hydride reorientation in the cladding during the 20-40 years of dry cask storage by
assuring the cladding temperatures are controlled. The guidance prescribes cladding
temperature limits of 400˚C for normal conditions of storage and vacuum drying and 570˚C
for off-normal and accident conditions. The 400˚C limit will allow licensees to safely store all
spent fuel that is currently licensed by the NRC for commercial power plant operations
without the use of specially designed equipment (e.g., damaged fuel cans). The use of a single
temperature limit for all spent fuel eliminates the need for cask vendors to perform detailed
calculations of cladding hoop stress and creep deformation (strains). For the transportation of
high burnup fuel, the staff has recently developed new guidance that will allow licensees to
choose between to options to demonstrate compliance with the regulations. The details of
those requirements will be the subject of future papers.
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ISG-1, Rev. 1 provides a means to assure that the geometry of damaged spent fuel is
controlled in the storage and transportation casks. It expands on a previous definition of
damaged fuel, provides guidance to NRC licensees on acceptable methods to classify fuel as
damaged or undamaged, and discusses alternatives for handling damaged fuel. The new
revision of this guidance was developed to reflect the staff’s present understanding of the
broad range of conditions of the spent fuel discharged from the reactors. This guidance
emphasizes the importance of knowing and maintaining control of the fuel geometry to
facilitate handling and retrievability for storage and transportation operations.
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Regulatory approval of used fuel dry storage facilities in Canada
An Ontario Power Generation case study
A. Khan, F. King
Ontario Power Generation,
Toronto, Canada
Abstract. In Canada all used nuclear fuel from commercial power-producing reactors is currently stored at the
reactor sites, either in wet storage pools or in dry storage facilities. The resolution of long term management of
used nuclear fuel in Canada is designed to be addressed by the Nuclear Fuel Waste Act which came into force on
November 15, 2002. In compliance with this Act, a utility-organized, separately-incorporated Nuclear Waste
Management Organization (WMO) has been established and has initiated a three-year study of possible long
term management approaches, including continued reactor site storage, centralized storage and geologic disposal
in the Canadian Shield. Following completion of the study, the federal government will select an approach which
the WMO will then implement. Until such time as an alternative management approach becomes available,
reactor site storage will continue, and thus, dry storage facilities will need to be constructed and expanded.
Additional wet storage facilities are not envisaged. This paper presents, as a case study, the details of the
licensing process for the Western Used Fuel Dry Storage Facility (WUFDSF). The WUFDSF, which is located
near Tiverton, Ontario, is designed to provide interim storage for up to 1940 DSCs (containing up to 14300
tonne U). The facility was subjected to an environmental assessment, which was approved in April 1999.
Regulatory approval to construct was given in January 2000, and the approval to operate in August 2002. Each
approval was granted by the Canadian Nuclear Safety Commission (CNSC) as an amendment to the licence for
the existing Western Waste Management Facility, which had previously only allowed storage and processing of
Low and Intermediate Level Waste. This paper presents: the regulatory requirements for licensing; an overview
of the submissions to CNSC; the significant milestones; the technical (licensing) issues encountered and their
resolution; and the challenges, some predictable and some unforeseen.

1. Introduction
Used nuclear fuel from commercial power-producing reactors in Canada is currently in
interim storage at the reactor sites, either in water-filled storage pools or in dry storage
facilities. Long term management of used nuclear fuel in Canada is the prime focus of the
Nuclear Fuel Waste Act which came into force on November 15, 2002. In compliance with
this Act, a utility-organized, separately-incorporated Nuclear Waste Management
Organization has been established and has initiated a three-year study of possible long term
management approaches, including continued reactor site storage, centralized storage and
geologic disposal in the Canadian Shield. Following completion of the study, the federal
government will select an approach which the Nuclear Waste Management Organization will
then implement.
Reactor site storage of used fuel will continue until an alternative used fuel management
approach becomes available. Dry storage facilities will meet the need for additional interim
storage.
Since 1996, Ontario Power Generation (OPG) has been storing used fuel from the eightreactor Pickering Nuclear Generating Station at the Pickering Used Fuel Dry Storage Facility
(PUFDSF), which is located within the station site. At the end of 2002, the Pickering facility
had 260 dry storage containers in storage, containing about 2 000 tonnes U. A similar facility
has recently become operational at OPG’s Western Waste Management Facility site to
provide additional storage for used fuel discharged from the eight reactors at Bruce Nuclear
Generating Stations A and B. A dry storage facility for the four Darlington reactors is
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currently undergoing an Environmental Assessment (EA) and has a targetted in-service date
of 2007.
This paper presents the regulatory approval process for the recently-licensed Western Used
Fuel Dry Storage Facility (WUFDSF) as a case study.
2. Western used fuel dry storage facility
OPG’s WUFDSF, designed to provide interim storage for up to 1940 DSCs (containing up to
14 300 tonne U), is located within the boundaries of OPG’s Western Waste Management
Facility (WWMF) near Tiverton, Ontario. The WWMF has been in operation since 1972
providing processing and interim storage for low and intermediate level waste for the
Pickering, Bruce and Darlington reactors.
The Atomic Energy Control Board1 (AECB) gave regulatory approval to construct the
WUFDSF in January 2000, and the approval to operate in August 2002. Each approval was
granted by the Regulator as an amendment to the WWMF licence. The approvals
encompassed a Dry Storage Container (DSC) processing building and four DSC storage
buildings. The processing building and one of the four approved storage buildings have been
constructed and became operational in February 2003. Three more storage buildings will be
constructed as they are needed.
3. Originally proposed conceptual design
The original conceptual design was based on a dry transfer system to place used fuel stored in
the irradiated fuel bays in trays holding 24 used fuel bundles each, into a newly designed
Bruce Dry Storage Container (BDSC) that could accommodate 25 trays containing 600 fuel
bundles. In Bruce Nuclear Generating Station (NGS) fuel bays, used fuel is stored in trays,
which could be directly loaded into a BDSC.
The BDSC was a rectangular container made of 52 cm thick reinforced concrete sandwiched
between inner and outer 13 mm thick carbon steel liners. The container had two cylindrical
lids, as primary and secondary lids, mounted one above the other. A BDSC would weigh 74
Mg empty and 90 Mg loaded. The container was assessed for design basis thermal load,
seismic load, wind load and tornado-generated missiles.
The dry transfer system was designed to load used fuel from Irradiated Fuel Bays (IFBs) into
the BDSC, with no requirement to put the container into the fuel bay. This system consisted
of a transfer chamber for the used fuel trays and a shielded enclosure for the BDSC, with a
transportation platform from where the transporter would lift the BDSC for transfer to
storage. The transfer chamber contained a tray conveyor and handling mechanism, a hoist, a
traversing mechanism and a provision to scan the radiation level of each tray before loading.
The BDSC enclosure contained lid removal equipment and a mechanism to seal the BDSC
onto the end of the transfer chamber. The BDSC enclosure had a removable section on top
which allowed the welding equipment to be lowered in position to weld the lid. Processing of
the container, including welding, vacuum drying, back-filling with helium and leak-testing,

1

The name for Canada’s nuclear regulatory body was changed to Canadian Nuclear Safety Commission (CNSC)
in May 2000 after the Nuclear Safety and Control Act came into force.
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was to be carried out at each station. A welded BDSC was to be transported to an outdoor
secured, fenced and monitored storage facility designed to accommodate 1240 BDSCs.
4. First phase of licensing
The licensing process was initiated by OPG in 1996 with submission of a Letter of Intent to
the AECB that outlined OPG’s intent to construct and operate a dry storage facility to dry
store used fuel from the Nuclear Generating Stations (operated by OPG at that time) located
within the Bruce Nuclear Power Development (BNPD) site. After a kick-off meeting for
project licensing with AECB staff, the expected licensing process and a timeline for project
licensing were established. The licensing process had additional complexities compared to the
previous PUFDSF licensing, as the conceptual design for the WUFDSF required significant
in-station modifications. A formal request for construction approval was made to the AECB
in October 1996, followed by submission to the AECB of a Project Safety Report in January
1997. The Safety Report included a description of the dry transfer equipment, the proposed
BDSC, the on-site transporter, the proposed 4.5 hectares dry storage facility, and a safety
assessment of the proposed Project for normal and abnormal operation and accident
conditions. The conclusion of the safety assessment was that operation of the facility would
be safe from a radiological and environmental perspective, with a conservatively estimated
maximum additional dose of only 2x10-5 µSv per year to the nearest resident at 2.5 km from
the facility.
5. System design review
Due to lay-up of Bruce NGS-A in 1997, which was the station that first needed additional
storage for used fuel, the required in-service date of the WUFDSF could be deferred. Since
Bruce NGS-B fuel bays were not projected to be full until 2003, a window of opportunity
opened for OPG to take a closer look at other alternatives. This initiative was justified by the
many technical challenges presented by the complex design of the dry transfer equipment and
the excessive weight of the BDSC. A system design study was, therefore, undertaken by OPG
in 1997. The AECB was requested in September 1997 to put the construction approval
process on hold due to the Bruce NGS-A lay up and OPG’s review of additional options for
system design. The result of this review was that the tried and tested system design in use at
Pickering emerged from the system design study as the preferred design. A decision was
made to adopt the system design based on OPG-designed DSCs for Pickering (Figure 1) for
use at the Bruce site. The AECB was informed about resuming the contruction approval
process in October 1998. A new Preliminary Project Safety Report was later prepared and
submitted to the AECB in June 1999 in support of the revived construction approval request.
6. WUFDSF design description
The WUFDSF system design is based on wet-loading of a DSC in a new loading bay adjacent
to the fuel bays. The DSCs are transported to the WUFDSF after draining, decontaminating
and vacuum drying using a specially designed transfer clamp to secure the lid to the DSC base
during transport by a specially designed transporter (Figure 2). The facility (Figure 3) consists
of a processing building equipped with welding equipment to weld the lid to the base. An Xray facility is provided to inspect the weld by radiography. Helium backfilling is carried out
through the drain port, which is then welded and inspected with dye-peneterant inspection
method. A large vacuum chamber (bell jar) is used to conduct a final leak test of the
containment boundary. The DSC processing building is equipped with active ventilation.
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IAEA cameras are installed for safeguards purposes. Four storage buildings have been
planned to store 1940 DSCs, with one storage building currently constructed and operational.
7. Preliminary project safety report
The Preliminary Project Safety Report provided an assessment of worker and public dose
during normal operation and during malfunctions and accidents. The following postulated
accidents were addressed in the safety assessment:

FIG. 1. DSC design.
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FIG. 2. The transporter carrying a DSC.

1. Processing Building 2. Storage Building

FIG. 3. Western Used Fuel Dry Storage Facility.
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Drop of a tray in the IFB;
Damage to fuel bundles during tray-to-module transfer;
Drop of a fuel module in the IFB;
Drop of a fuel module into the DSC;
Drop of a loaded DSC in the loading bay;
Drop of a DSC on the concrete floor adjacent to the loading bay;
Slapdown impact (tipover) of a DSC;
Criticality;
Accidents during on-site transfer of DSCs;
DSC processing building fire;
Externally originating fires and explosions;
Small aircraft crash;
Earthquakes;
Tornadoes and tornado-generated missiles;
Thunderstorms;
Floods.

The key requirements for acceptable thermal loads are as follows:
1.
2.

Ambient temperature in the Storage Facility to remain below 38°C in the vicinity of
DSCs;
Fuel cladding temperature in the the DSC cavity to remain below 300°C during storage.

The DSC is designed for off-site transportability, and a transport package design certificate
has been obtained from the CNSC. The licence for each dry storage facility at Pickering and
Western allows only for storage of used fuel generated by the reactors on site. The DSC is
designed for a minimum 50-year design life but will likely last much longer.
8. Environmental assessment approval process
OPG was advised by the AECB in the early stages of the licensing process that a Screening
Environmental Assessment (EA) under the Canadian Environmental Assessment Act (CEAA)
would be a pre-requisite to the Construction Approval. Based on Screening requirements
under CEAA, an Environmental Assessment Report based on the original design concept was
submitted to the AECB in January 1997.
The Environmental Assessment Report included description of the Project, the existing
environment, the potential environmental effects, and environmental mitigation and
monitoring measures. The assessment included a screening level assessment of cumulative
effects and accident scenarios with reference to the Project Safety Report. The EA Report also
provided a determination of significance of residual environmental effects, a description of
the public outreach program and sustainable development considerations. The conclusion of
the Environmental Assessment was that taking the proposed mitigation measures into
account, the Project was not likely to result in adverse environmental effects. Although not
required by CEAA at the screening level, the Environmental Assessment included a
comparison of different alternatives considered for the Project, including evaluation of the
option using the dry storage system design at Pickering, which is based on wet-loading and
storage of fuel in four modules in a DSC, with each module containing up to 96 used fuel
bundles. A tray-to-module transfer tool was needed for using this option at the Bruce site,
because fuel was stored in trays in the Bruce IFBs. Also, a new loading bay was needed
adjacent to the IFBs. However, because the DSC can only accommodate 384 bundles

245

IAEA-CN-102/6

compared with the 600 bundles that the BDSC could accommodate, 1940 DSCs were required
to meet the storage needs of the Bruce NGS.
The Environmental Assessment process continued in spite of a major change in the EA
requirements after the EA Report had been submitted. OPG was informed by AECB in
February 1997, that the Project would require a Comprehensive Study and not a Screening
EA, as originally directed. To meet the additional information to fulfil the requirements of a
Comprehensive Study, an Addendum to the EA Report was prepared and submitted to the
AECB in April 1997. By summer of 1997, before the regulatory and public review of this
augmented EA submission was completed, the system design review was undertaken by OPG.
To reflect the system design review and other developments which had occurred since the
initial EA submission, OPG submitted a revised EA Report in December 1997, including
assessment of the possible changes within the scope of the planned system design study.
Finally, OPG submitted another Addendum in July 1998, updating the assessment based on
progress of the design study and other developments. After public consultation and EA
reviews by several federal agencies, the federal Minister of Environment gave EA approval in
April 1999. A formal public hearing process was not required prior to this approval.
Although the Project had wide general support from local elected representatives,
representatives of one local group who were opposed to the Project from its inception
challenged the EA approval in court in 1999. They claimed that the environmental assessment
process was flawed because the design that was studied and put out for public comment was
not the one approved. They also argued that uncertainty over whether the project will cause
significant adverse environmental effects required the Environment Minister to refer the
matter to a mediator. This prolonged process ultimately concluded in January 2000 with a
court outcome favourable to OPG. The judge ruled that the Environment Minister and those
advising her “had made no finding of significant environmental effects and it is not the court's
function to substitute its opinion for the Minister's”. The judge noted that Ontario Hydro (now
Ontario Power Generation) expects the projected site radiation level will continue to be well
below AECB's regulatory limits. Later, an appeal against the decision filed with the Supreme
Court by representatives of the same group was also rejected.
9. Licensing process – second phase
With the system design change in place, the licensing process was revived in October 1998
and a schedule for submissions to support the construction approval request was prepared.
The pre-requisites, contents and schedules were discussed and confirmed with the AECB as
adequate to meet the requirements for construction approval. A request for Approval-inPrinciple was made in September 1999 to the AECB’s Reactor Power Division to allow the
in-station modifications to proceed. This Approval-in-Principle was required by the AECB as
a measure to ensure that the AECB Project Officer (from the Wastes and Decommissioning
Division), responsible to recommend Construction Approval to the Board, had assurance that
the proposed station modifications did not present any serious licensing problems to the
station.
10. Submissions to support the request for construction approval
The following submissions were made to fulfil the regulatory requirements for construction
approval:

246

KHAN et al.

1.
2.
3.
4.
5.
6.
7.
8.
9.

Regulatory Approval Basis – April 1999;
Concept Design Summary – April 1999;
Preliminary Safety Report – June 1999;
Preliminary Safeguards Design Information Package – June 1999;
Preliminary Security Report – July 1999;
Design Requirements for Out-of-Station Portion of the Project – August 1999;
Occupational (Radiological and Conventional) Safety Assessment Report – August
1999;
EA Follow-Up Program – August 1999;
Project Schedule– August 1999.

The submissions made to support the request for Approval-in-Principle for In-Station
modifications were as follows:
1.
2.
3.

Preliminary Safety Report – July 1999;
Review of In-Station Modifications Impact on the Station Licence – July 1999;
Project Design Requirements – September 1999.

These submissions were reviewed by the AECB and comments were dispositioned either
through correspondence or through technical meetings between OPG and AECB staff.
11. Construction approval
An Initial Consideration AECB meeting for the Construction Approval was held on
November 4, 1999, followed by a Decision Meeting on January 20, 2000. During the
Decision Meeting, a commitment was made by OPG to conduct soil testing prior to facility
construction as a result of some concerns expressed by the Board members. The AECB
granted Construction Approval for the then-named Bruce Used Fuel Dry Storage Facility to
OPG as an amendment to the WWMF licence on 25 January 2000. The Approval-in-Principle
for In-Station modifications was granted on 26 January 2000.
The challenges faced during the construction approval process were many, including a major
change in the regulatory regime. The new Nuclear Safety and Control Act (NSCA), replacing
the Atomic Energy Control Act, came into force on 31 May 2000, bringing with it new
regulations. The Regulator was given new powers. Under the new Act, any decision or order
of the Commission may, for the purpose of enforcement, be made a rule, order or decree of
the federal court or of a superior court of a province and may be enforced in like manner.
Among other powers, the Commission was given powers to summon witnesses, and offences
under the Act were rendered punishable with a wide range of punishments including fines,
imprisonment or both. The Regulator’s name also was changed from the “Atomic Energy
Control Board” to the “Canadian Nuclear Safety Commission”.
Key changes due to the NSCA applicable to the Bruce Used Fuel Dry Storage Project were as
follows:
•
•
•

Annual public dose rate limit lowered from 5 mSv per year to 1 mSv under the
Radiation Protection Regulations;
New requirement of an on-site transportation (security) licence under the Nuclear
Security Regulations and the Packaging & Transportation Regulations;
New requirement for Action Levels under the Radiation Protection Regulations;
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•
•

New requirement for financial guarantees for decommissioning to be included with each
licence application under General Nuclear Safety and Control Regulations;
Specific information requirements for licence applications under the Class 1 Facility
Regulations.

Based on draft Regulations out for public review and comments in 1999, most of these new
regulatory requirements were kept in perspective for the submissions in support of the
construction approval request, made prior to the Act coming into force.
Many technical issues were raised by the AECB during their review of documents based on
the BDSC. Criticality was one issue that took substantial effort to resolve. Two independent
analyses were eventually performed to show that plutonium from 6 assumed defective
elements in a BDSC would not cause criticality in light water even if it was rolled into a
perfect sphere. There were a large number of AECB comments on the thermal analysis of the
BDSC, which had to be dispositioned through a technical meeting. An analysis of the effect
of air gaps between concrete and carbon steel liners (inner and outer) was analyzed to satisfy
the AECB. Few technical issues were raised by the AECB during the construction approval
process after the system design change, mainly because of a proven system design in use at
Pickering. When a decision was made in October 1998 to use the DSC, licensing issues
associated with the container were greatly reduced.
12. Operating approval
An application for Operating Approval was made to the CNSC on 31 October 2000,
supported with a Final Safety Report for the Western Used Fuel Dry Storage Facility. The
application committed to submission of the following documents:
1.
2.
3.
4.
5.
6.
7.

Occupational (Radiological and Conventional) Safety Assessment;
Final Security Report;
Approved for Construction Drawings;
Final Safeguards Design Information Questionnaire;
Commissioning Plans;
Revised Operating Policies and Principles for the WWMF; and
Preliminary Decommissioning Plan.

Most of these documents were submitted in 2001/2002, with few comments received from the
CNSC. Issues raised by the CNSC were in the areas of fire protection, codes and standards,
doses to workers from malfunctions and accidents, and criticality. In each case, comment
disposition was carried out successfully by correspondence.
In April 2001, operational responsibilities for Bruce NGS A and B were transferred to Bruce
Power under a lease agreement. The name of the Bruce Used Fuel Dry Storage Facility was
changed to the Western Used Fuel Dry Storage Facility as the result of the agreement. All
licensing activities on in-station modifications subsequent to this arrangement were carried
out by Bruce Power, with minimal involvement of OPG staff. Those activities are, therefore,
not included in this paper. The Operating Approval activities revolved around the out-ofstation activities including on-site transportation of loaded DSCs to the WUFDSF, and
operation of the WUFDSF. The CNSC was provided a copy of the used fuel agreement
between OPG and Bruce Power under the lease, and a copy of the Waste Acceptance Criteria
for Used Fuel Dry Storage. The latter document was reviewed by the CNSC with an intent to
include it as a reference in the WWMF licence amendment for WUFDSF operating approval.

248

KHAN et al.

Another approval necessary for the project licensing, under the NSCA and its Regulations,
was the one for on-site transport of loaded DSCs from the station fuel bays to the WUFDSF
(a distance of about 2 km). This was the first such approval required by OPG, and a new
approval requirement even for the CNSC, so it took a few rounds of correspondence to
determine the submission requirements to gain this approval. A request for this approval was
made in November 2001 including a detailed (confidential) Transportation Security Plan.
Two follow-up submissions were made in May and June 2002 to fulfil all information
requirements to obtain the authorization to transport Category II Nuclear materials in DSCs
from Bruce Power NGS-A and B to the WUFDSF. After review of this information, the
CNSC informed OPG in July 2002 that the submitted information was adequate and that the
authorization will be included in the licence amendment for WWMF to allow operation of the
WUFDSF.
Security and safeguards approvals were also required by the respective CNSC Divisions
before the WUFDSF could be allowed to operate. Obtaining the security approval became
especially challenging in view of the numerous stringent security requirements implemented
by the CNSC following the September 11 events. Safeguards approval was also obtained after
considerable effort involving various discussions with the IAEA through the CNSC.
It was decided by the CNSC that a public hearing was not required for the operating approval
as the Project had gone through adequate public scrutiny during the EA and the Construction
Approval processes. Information on the WUFDSF was included in the February and April
2002 public hearings for the WWMF licence renewals, where the Commission indicated that
a designated officer approval for operation of the WUFDSF would be acceptable. The
Commission requested to have a status update of the WUFDSF performance 1-year after the
licence amendment. The Operating Approval was subsequently granted by the CNSC
designated officer on 31 August 2002, marking the final milestone in a long and sometimes
unpredictable path towards getting the WUFDSF licensed. This success was further
sweetened by the fact that the duration for the WWMF licence was revised in its May 2002
renewal to 5 years from a previous 2-year licence period, which made the approval for the
WUFDSF effective until May 2007.
13. Conclusion
Although the licensing process for the WUFDSF was a uniquely cumbersome process due to
an unforeseen system design change, unexpected change in EA requirements, a legal
challenge by a local group, a major change in the regulatory regime, and the unforeseen
security measures after the events of September 11, the outcome was successful.
The key ingredients in the recipe for this success story were mainly: mutual understanding of
pre-requisites with the CNSC for all necessary approvals leading to the Operating approval;
open and honest communications and building of trust with the public and the regulator; high
quality of submissions on schedules pre-agreed with the regulator; and timely resolution of
technical issues through meetings with the regulator’s technical experts.
The WUFDSF is currently fully operational.
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Abstract. The paper describes the current situation in the spent fuel (SF) management in the Czech Republic
focussed on the licensing and operational experience: (1) experience of national regulatory body (SÚJB) gained
during the licensing procedures of existing and planned spent fuel storage facilities; (2) operational experience
with dry spent fuel storage in NPP Dukovany. SÚJB gained in recent years extensive experience in the field of
the licensing of dry SF storage facilities. The only operational SF storage facility – the Interim Spent Fuel
Storage Facility (ISFSF) at NPP Dukovany was commissioned in January 1997. Since mid 90’s of last century it
became obvious, that due to the limited capacity of ISFSF (600 tHM) it will be necessary to ensure additional
storage capacity for the SF generated during the operation of NPP Dukovany no later than in 2005. After the
evaluation of several SF storage strategies it has been decided to build an additional Spent Fuel Storage Facility
(SFSF) with capacity of 1 340 tHM next to the existing ISFSF at the Dukovany site. The second part of the
presentation deals with the operational experience of ISFSF owner – ČEZ, a. s., NPP Dukovany. Brief
description of procedures from cask preparation in reactor hall to the cask placement in storage hall of ISFSF
Dukovany and monitoring of stored SF is provided. The experiences with storage of leaky and/or damaged fuel
assemblies and with the monitoring of ISFSF Dukovany are briefly described as well.

1. Introduction
The Czech Republic is a country with developed nuclear industry having at its territory some
crucial nuclear facilities starting from uranium mining and milling facilities and ending with
the radioactive waste disposal facilities. One of these facilities is also the interim spent fuel
storage facility (ISFSF) Dukovany, which uses dry cask technology for the storage of spent
fuel (SF) from NPP Dukovany.
Nuclear power plant (NPP) Dukovany represents the main source of SF in the Czech
Republic. NPP Temelin, which first unit is in trial operation and the second one in the stage of
power start-up (May 2003), will be the other significant source of SF. After discharge from
the reactors the SF is stored in reactor pools at NPPs either for about five to six years for
WWER-440 SF or for approximately ten years for WWER-1000 SF. The interim storage and
consecutive final disposal at the territory of the Czech Republic follows or will follow this
period.
The ČEZ company, faced with no possibility of export or reprocessing, decided in 1991 to
construct an interim spent fuel storage facility at the site of NPP Dukovany. The capacity of
the ISFSF Dukovany has been limited to 600 t heavy metal (by political decision), which
covers SF arising from the operation of the NPP Dukovany only until the year 2005. The
ISFSF Dukovany has a planned capacity of 60 CASTOR 440/84-type casks. The storage hall
(see Fig. 1) makes the main part of the ISFSF Dukovany building with 60 positions for
CASTOR 440/84 casks.
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The ČEZ company has originally evaluated ten possible locations for planned central interim
storage. Finally it has been decided to build an independent storage facility for each operating
NPP. At the Dukovany site the new spent fuel storage facility (SFSF) Dukovany with
capacity of 1 340 tHM in 133 CASTOR casks should be put into the operation in 2006 and
will be placed next to the existing ISFSF. Both buildings will be connected by transport
corridor and from operational point of view they will make one facility (see Fig. 2).
Shortly after 2010 it will be also necessary to store SF generated from two WWER-1000 units
at the NPP Temelin. The capacity of SF pools cover approximately 10 years of operation.
Consequently, a storage facility will be needed in the Czech Republic not only for NPP
Dukovany, but for the NPP Temelin as well.

FIG. 1. Arrangement of ISFSF Dukovany (May 2003).

FIG. 2. Planned interconnection of existing ISFSF Dukovany with new SFSF Dukovany [1].
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2. Licensing of existing and planned SF storage facilities [1]
The basic legal regulations governing the licensing and approval process for all nuclear
installations including SF storage facilities are covered by Building Act (No. 50/1976 Coll.)
and Atomic Act (No. 18/1997 Coll.). From the viewpoint of the Building Act, there are four
fundamental decisions for any construction with a nuclear installation:
•
•
•
•

Zoning and planning decision;
Building permit decision;
Building inspectors approval (for permanent operation); and
Decision on construction removal.

If the approval procedure affects the interests protected by special regulations, such as nuclear
safety or radiation protection, the locally responsible building department shall decide in
agreement with or based on a decision from relevant state regulatory bodies which defend
such interests. The relevant state regulatory body may make its approval conditional upon
meeting of specific conditions.
The Atomic Act specifies activities requiring a licence from the State Office for Nuclear
Safety (SÚJB). Apart from the zoning and planning decision, building permit and approval to
operate, many other activities require the approval e.g. individual stages of nuclear installation
commissioning, refurbishment or other changes affecting nuclear safety, radiation protection,
physical protection and emergency preparedness, introduction of radionuclides into the
environment etc.
According to the Atomic Act the state regulatory body shall approve any handling or
transportation and storage of SF in the Czech Republic. SÚJB is the competent authority in
the Czech Republic, supervising the nuclear safety of all activities concerning SF. There are
three stages in the licensing process for construction of a nuclear facility including SF storage
facilities in the Czech Republic:
•
•
•

Siting decision (needed for the issue of zoning and planning decision);
Construction permit (needed for the issue of building permit decision);
Operations permit (needed for the approval of permanent operation).

2.1. ISFSF Dukovany [2]
A pre-siting safety report prepared by the ČEZ in May 1991 still considered two possible
storage technologies: “wet” and “dry”. The regulatory body, after evaluation of the submitted
safety report and especially after discussions concerning beyond design basis accidents,
issued Decision No. 30/1992 - agreement for siting the ISFSF at Dukovany, and set an
obligatory condition for the licensee to utilise dry technology. In October 1992 a public
hearing took place to discuss the environmental impact of the ISFSF based on an EIA study.
In December 1992, after evaluation of the results of the public hearing, a positive judgement
from the Ministry of the Environment was issued recommending site approval, which was
issued by the Department of Regional Development of the district authority in April 1993.
Because an appeal against this decision (by the movement Duha-Rainbow and the
neighbouring village of Dukovany) was raised, final approval of the siting was issued in
August 1993. In November 1993, following the evaluation of a Preliminary Safety Report,
SÚJB issued Decision No. 158/1993 (agreement for issuing a construction permit) for dry
type storage. Final approval of the construction permit by the Ministry of the Economy was
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issued in June 1994. On 23 January 1997 SÚJB issued its Decision No. 29/97 - approval for
10 year operation of the ISFSF Dukovany. Before issuing this approval some major steps in
commissioning had to be taken:
•
•

Evaluations of the final Safety Assessment Report of ISFSF Dukovany had to be carried
out;
Evaluations of results of more than one-year trial operation represented other significant
resource for assessing the safety of this storage. During this period every month the
SÚJB watched the results of monitoring of various parameters. Monitoring of
temperatures of casks and of cooling air, gamma and neutron dose rates in the storage
hall and its vicinity and He pressures between lids of the casks were the most important
parameters tracked during the inspections and evaluations.

Inspection activity of the SÚJB was foregoing the issuing of the operational licence - during
more than 12 month of the trial operation inspections were focused especially on the
implementation of the operational limits and conditions and operational reliability of the
monitoring systems.
2.2. SFSF Dukovany
2.2.1. Siting
The preparation for construction of SFSF Dukovany follows the Government Decree No.
121/1997 dated from 5 March 1997 in which the Czech Government recommended to build
SF storage facilities on the NPP sites. The proven method of storage using dual-purpose casks
was chosen for the new storage facility. The following aspects were taken into account when
considering the type and location for the new SFSF Dukovany:
•
•
•

•
•

NPP Dukovany has gained enough experience in the process of dry storage of SF using
cask in the existing ISFSF Dukovany;
In terms of radionuclide releases into the atmosphere, the new SFSF Dukovany is not
another source that might increase the existing NPP effect on the vicinity;
In terms of radionuclide releases into the waters, SFSF Dukovany is not another source
that might increase the existing NPP effect on the vicinity because all rinsing water used
for decontamination will be returned to the relevant NPP systems containing only
radionuclides originated from operation of the NPP;
Locating the SFSF at the NPP site will not create the need for transport of SF into
longer distances, thus considerably reducing the risk associated with transport of SF;
Locating SFSF Dukovany at the NPP site gives a prerequisite for use of both technical
and human resources of NPP to handle extraordinary events.

The siting process has started in summer 1998 by the receiving of the request to issue the
siting decision of SFSF Dukovany. In respect to selection and approval of a siting location for
the planned SFSF Dukovany the major role was played by the Initial Safety Report and
results of the entire process of review concerning the environmental effects of the facility
(SFSF Dukovany EIA Documentation, independent documentation review, comments by the
affected bodies, or public discussion results, etc.) A number of negotiations and public
hearings have already passed, where difficult discussions about the new project were held.
The public discussion of environmental effects caused by SFSF Dukovany was even
witnessed by the Austrian Government Commissioner and by some representatives of the
Austrian environmental organisations. The EIA process was successfully finished in
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November 1999 and the national regulatory body has issued the siting decision in December
1999. Based on this approval the Department of Regional Development issued the final
permit of SFSF Dukovany siting in May 2000. In May 2001 it has been decided to use the
new advanced CASTOR 440/84M cask for new SFSF Dukovany.
2.2.2. Construction
At the end of 2002 ČEZ company submitted to the SÚJB request for the issue of construction
permit for new SFSF Dukovany. As a part of this request several documents required by the
Atomic Act were delivered to the national regulatory authority, namely Preliminary Safety
Report together with the List of Selected Equipment and Proposal of Physical Protection. The
staff of SÚJB together with several external contractors evaluated these documents. The main
attention has been paid to the Preliminary Safety Report [3] which structure is as follows:
•
•
•
•
•
•
•
•
•
•
•
•
•
•

General description of SFSF;
Natural conditions, population, industry and its distribution in the storage location area;
Major design criteria;
Design description;
Operational safety;
Safety analyses;
Nuclear material record and control system;
Physical protection;
Radiation monitoring system;
RAW management;
Commissioning;
Operation;
Safe decommissioning concept;
Quality assurance system.

As already mentioned in Chapter 1, the new SFSF Dukovany will be erected next to the
operating ISFSF Dukovany and will be interconnected with it by a corridor. Together 133
dual-purpose casks will be placed into the storage hall of SFSF Dukovany and at least for the
first years of operation modified CASTOR 440/84M casks will be used for the storage of SF
assemblies. These casks are able to accommodate new fuel used in NPP Dukovany since 1998
with average initial enrichment of 3.82 % wt. 235U and burnup up to 50 MW·d/kgU. It is
expected that the storage capacity of both new SFSF Dukovany and existing ISFSF Dukovany
is sufficient for storage of all SF assemblies produced by NPP Dukovany during its 40 years
operation.
The main safety functions as the control of reactivity, removal of decay heat, confinement of
SF, continuous monitoring of cask tightness and radiation protection of personnel and the
public will be ensured in all operational stages of SFSF Dukovany by the design of cask itself.
Therefore in the SFSF Dukovany only casks with a B(U) or S type approval will be used in
accordance with the Atomic Act, and the successive SÚJB Decree No. 317/2002 Coll. The
building will provide more favourable working and storage environment. By the design of
SFSF Dukovany following requirements were applied:
•
•
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long period (6 – 7.5 years) can be placed to casks and stored in SFSF Dukovany;
Mechanical load – the SFSF Dukovany building is designed to withstand:
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o
o
o
o

•
•

•

•
•
•
•

•

an extreme wind of 60.6 m/s (probability 10-4 1/y);
extreme snow pack of 1.94 kN/m2 (probability 10-4 1/y);
design basis explosion with maximal overpressure of pressure wave equal to 4 kPa and
velocity of 345.7 m/s;
crash of aircraft with maximum takeoff weight of 450 kg (even if it was showed that the
probability of aircraft crash is lower than 10-7 1/y);

Decay heat removal – the cladding temperature by the transport and storage must not
exceed 350oC by the external temperature of 38°C and the total thermal output of all SF
assemblies in one cask must not exceed 25 kW;
Control of reactivity – in agreement with Article 47 of Decree No. 195/1999 Coll. on
requirements for nuclear installations to assure nuclear safety, radiation protection and
emergency preparedness it has to be proved, that the SFSF Dukovany “shall be
designed in a such way, in order that it may be possible to prevent with margin the
achievement of criticality even under conditions of the most effective deceleration of
neutrons (optimum moderation) by area arrangement or by other physical means and
procedures, and by this to prevent the exceeding the 0.95 value of effective neutron
multiplication coefficient under the assumed accident situations (including the flooding
by water), the exceeding the 0.98 value of effective neutron multiplication coefficient
under the conditions of optimum moderation and to assure the adequate residual heat
removal under normal and abnormal operations and under accident conditions“;
Radiation protection – as defined by Decree No. 184/1997 Coll. on the radiation
protection (currently replaced by Decree No. 307/2002 Coll.), e.g. the basic general
limit for the sum of effective doses of the external exposure and the committed effective
doses of internal exposure the value of 1 mSv per a calendar year, for exposed workers
the sum of effective doses from the external exposure and the committed effective doses
of internal exposure the value of 100 mSv for the period of five successive years, the
sum of effective doses from the external exposure and the committed effective doses of
internal exposure the value of 50 mSv per a calendar year, etc.;
Fire protection – for storage of SF only licensed casks capable to withstand the external
fire with temperature of 800°C during 30 minutes can be used;
Control and operating systems – these systems has to be able to monitor and record
important physical parameters and signalise defined limits of these parameters;
Electrotechnical equipment – the loss of power supply must not have any negative
impact on the nuclear safety of SFSF Dukovany;
Radiation monitoring – as defined by the Atomic Act, Decree No. 184/1997 Coll. on the
radiation protection (currently replaced by Decree No. 307/2002 Coll.) and Decree No.
195/1999 Coll. on requirements for nuclear installations to assure nuclear safety,
radiation protection and emergency preparedness;
Storage period – is controlled by the expected lifetime of used casks, which is 60 years
and which is sufficient long for the storage of SF until the deep geologic disposal
facility will be put into the operation (around 2065).

The layout of the new SFSF Dukovany (Fig. 3) shows, that except the storage hall equipped
with 130 t gantry crane consist of receipt sector for direct access to the ISFSF Dukovany and
SFSF Dukovany and for the manipulation with transported casks. The maintenance area,
which is a part of receipt sector, contains maintenance workshop, monitoring and storage
rooms, entrance corridors, etc. The access to the controlled area is possible only through
hygienic loop. The storage and receipt sectors are separated by shielding wall with
manipulation opening used for the transport of loaded cask to its storage position. The storage
hall is also equipped with bottom ventilation openings and with the ventilation skylight placed
on the roof of the building. The dimensions of openings needed for heat removal from storage

255

IAEA-CN-102/11

area were calculated based on the initial assumption, that the casks will be loaded with SF
burned up to the level of 42 MW·d/kgU-50 MW·d/kgU. The calculation showed, that the
passive ventilation system will be capable to maintain the indoor temperature below 40oC also
in case of maximal outdoor temperature of 35.6°C and for the case of peak value of thermal
output of stored casks (achieved in year 2032 - 1.9 MW). Around the storage hall itself there
is a 4.8 m tall and 0.5 m thick shielding reinforced concrete wall.

FIG. 3. Layout of new SFSF Dukovany [3].
Safety assessment has been performed for operation conditions (normal and abnormal),
design basis accidents and for beyond design basis accidents. The normal operation
conditions include reception of cask to the SFSF Dukovany, storage of loaded casks and
transport of cask from SFSF Dukovany to the disposal facility.
The abnormal operation conditions, which were taken in account:
•
•
•
•
•
•
•
•

Transport of cask with surface contamination exceeding the operational limits to the
SFSF Dukovany;
Impact of transported cask into another stored cask;
Dropping of a cask from crane;
Untightness of primary lid;
Untightness of secondary lid;
Malfunction of pressure sensor unit measuring the He pressure in gap between the lids;
No power supply;
Fire in SFSF Dukovany.

In agreement with [4] the initial events leading to the abnormal or accidental situations were
divided into four categories and quantitatively evaluated:
•
•
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External natural events (earthquakes, high winds, extreme rainfall, snow pack and
temperatures as defined in [5]);
External man-made events (crash of aircraft, shock waves caused by explosions as
defined in [6]);
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•
•

Internal man-made events (insufficient decontamination of cask surface, impact of
transported cask into another stored cask and dropping of a cask from gantry crane); and
Malfunction of equipment or its components (untightness of primary or secondary lid,
malfunction of pressure sensor unit measuring the He pressure in gap between the lids,
no power supply, fire).

The results of the safety assessment showed, that the building of SFSF Dukovany will not
negatively affect the safety functions of used casks and that the facility complies with all
nuclear safety and radiation protection criteria. Even for beyond design basis accidents (crash
of aircraft with maximum takeoff weight of 2 000 kg, dropping of a cask from crane from
maximal height of 8.4 m, leakage of loaded cask) it has been proved that they do not pose
significant risk to the workers, population and environment and that no additional
countermeasures are needed to suppress their consequences.
On 31 October 2002, SÚJB issued a permit for SFSF Dukovany construction whereas this
SÚJB decision considered two separately approved documents – Proposal of Physical
Protection Assurance for the Nuclear Installation of SFSF on the NPP Dukovany Site and the
List of Selected Equipment. It is expected that after the locally responsible building
department issues the building permit the construction of SFSF Dukovany will start in the
second half of 2003.
3. Operational experience with ISFSF Dukovany [2]
The empty CASTOR 440/84 cask is shipped from the manufacturer’s facility by railway to
the corridor of the reactor building. After rotation from horizontal to vertical position, it is
lifted up to the reactor hall to its service place using a special lifting beam. There several
operations starting from the disassembly of the lids and ending with the check of cleanness
are performed. Subsequently the cask is transported again using a lifting beam into the
loading pit near the reactor and the storage pool. Then the refuelling machine loads the cask
with 84 fuel assemblies, inspections including inspection with participation of IAEA
inspectors are carried out and the cask is covered under water level with its primary lid. Cask
is then lifted from the pit and its surface is fully decontaminated. The cask is transported back
to the service (repository) place in the reactor hall where all tests of its leaktightness and other
control operations are carried out. After completion of all checks, the cask is fully assembled
including its protective lid and it is secured using IAEA's seals. In such a configuration and
following the dosimetry measurement and appropriate decontamination, the cask is
transported on railway wagon into the ISFSF. Following the transport to the entrance corridor,
the cask is rotated into vertical position and then it is transported directly to its storage
position. At this place it is connected to the pressure and surface temperature monitoring
system.
During the trial operation it was showed, that the process of watering of fully or partly filled
cask has to be solved. This situation occurs when e.g. the primary lid of cask is not leaktight
and a dried and heated-up cask has to be transported for the repair works back from ISFSF
Dukovany to reactor hall and immersed into reactor pool filled with cold water (temperature
about 25°C). It was evident that a simple insertion of the dried cask into the pool could be
crucial. That is why cask designer – GNB company, developed the equipment for controlled
water filling of the dried cask. This process is performed at the service place in the reactor
hall. The process was tested using not only the simulation equipment but also cask partly
loaded with spent fuel in connection with transports of spent fuel from wet storage facility
placed at the site of NPP Jaslovske Bohunice in the Slovak Republic. In January 1997 the trial
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operation was successfully completed and the normal operation of the ISFSF Dukovany
began.
During the operation, the greatest importance is laid on leaktigthness and surface temperature
monitoring of the casks and on measurements of the radiation situation inside the storage hall
and in its vicinity.
3.1. Storage of leaky and/or damaged SF assemblies
So far only 5 fuel assemblies are declared as leaky with damaged fuel cladding. Therefore on
the basis of economical reasons it has been decided, that they will be stored only in the reactor
pools. Naturally it is assumed that these assemblies will be later stored in the last CASTOR
cask with modified internal basket. In addition it should by noted that the damage of these SF
assemblies is very low. The value of only about the 1/10 of the limit (3,7.106 Bq/l) for
assemblies of WWER 440 type was reached, so they cannot be reclaimed. It concerns the
assemblies after three years of operation (the fuel cycle with period of 4 and now 5 years is
applied in the NPP Dukovany) so these assemblies were removed in order to maintain
cleanness of the primary circuit.
In spite of these facts for new SFSF it is prepared so-called AAM (Air Activity Monitoring)
system. In the period of cask drying the activity of gas will be monitored. This system is
capable automatically to interrupt the drying procedure if the activity of gas exceeds limiting
values.
3.2. Pressure measurement for CASTOR 440/84 cask
The CASTOR 440/84 cask is monitored by a system, which measures the pressure in the gap
between the primary and secondary lid. This void space is filled during the cask assembly
with He gas with the pressure of 0.6 MPa. Obviously the pressure varies with the temperature
of the ambient atmosphere. Especially the lowering of the pressure below the lower limit 0.45
MPa is a signal for NPP staff to begin with checking whether the cask lids have any leakage.
The identification of a leakage is solved simply and smartly. The distribution of pressures for
a cask is the following:
•
•
•

Underpressure in the cask cavity (0.08 MPa);
Overpressure in gap between the primary and secondary lids (0.6 MPa);
Atmospheric pressure all around the cask, i.e. above the secondary lid (0.1 MPa).

In case of a pressure change in the monitored void space, the following possibilities are
investigated:
•
•
•

Failure of the pressure sensors (checking of electric circuits);
Leakage of the secondary lid (indication of He leakage above the secondary lid);
Leakage of the primary lid (evaluation of all verifications leading to this conclusion).

In the latter case (with lowest occurrence probability) transport into the reactor unit follows,
the cask is filled with water by a special procedure and then it is unloaded in the pool at the
reactor.
The values from all the casks are led into measuring unit, which evaluates these values.
Further it is also able to analyse failures of the routes, ensure auxiliary power supply and the
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like. As the ISFSF Dukovany building has no permanent operational staff, the personnel of
the Central Dosimetric Control Room (CDCR) is responsible for the supervision of this
system. The data from ISFSF Dukovany are led via the computer network of the power plant
to a panel in CDCR inclusive of signalling. In case of an off-normal situation, the chief
worker of CDCR reports non-complying parameters to the plant shift supervisor who starts
remedial measures in accordance with the procedures.
According to the Metrology Act and related regulations, the He pressure sensor between two
lids of the cask is considered as a working measuring device. Such a working device shall be
subject to periodic inspections. The inspection period for pressure sensors on casks has been
established at 6 years.
3.3. Cask surface temperature monitoring
Originally, the German project considered only pressure monitoring (leaktightness).
Immediately at the beginning of the storage operation the NPP Dukovany started
measurements of the casks surface temperature. The measurements were carried out once per
week and the temperature was measured in the middle height of cask’s surface. Upon the
SÚJB request continual measurements of three hottest casks (those with the spent fuel having
the highest residual heat) have been introduced later. The operator mounted special
thermometers on the surface of each CASTOR cask, in order to introduce the possibility to
collect and analyse their data in electronic form. The records of the continuous temperature
measurements are also included in the monthly report about the ISFSF operation, prepared by
the NPP Dukovany. Recently, the temperature of each cask is monitored and recorded. The
highest cask surface temperature, which has been registered until now was 61.6°C in the
summer 1997. The standard uncertainty of the temperature measurements represents ±0.5°C.
The highest value of the individual cask thermal output was upon its delivery to the storage
hall 16.47 kW (cask No. 216).
3.4. Radiation monitoring
Systematic monitoring of the radiation situation in the ISFSF Dukovany and its
neighbourhood belongs among the most serious tasks of the operator. The extent of the
monitoring is as follows:
•

•

•

Radiation monitoring inside the storage building:
o
o
o
o
o
o

equivalent dose rate gamma;
equivalent dose rate neutrons;
volume activity of noble gases;
aerosol activity (51Cr, 54Mn, 60Co, 110mAg, 134Cs, 137Cs and others);
dose rate on the cask surface, non-fixed contamination of the cask surface;
non-fixed contamination of the place in selected areas of ISFSF building;

The gamma and neutron dose rates are measured with two sets of four detectors, which
are placed in the middle of the ISFSF building wall, in the height of 5 meters. The
measurement is carried out every 60 seconds. If the approved limit is overrun the alarm
in the storage building is activated and the information is parallel transferred to the
CDCR;
Volume activity of noble gases is monitored under the roof of the storage building.
There are six measurement points (collectors), which are continually assessed by the
help of special electronic device. The filters placed in the collector captures the aerosols
and are every week analysed in the laboratory of the NPP;
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•

•

•

Radiation monitoring on the boundary of the ISFSF building controlled area:
o
o
o
o

radiation monitoring of personnel, collective equivalent dose, individual equivalent dose;
checking of material transfer from the controlled area;
checking of solid wastes transport from ISFSF;
checking of liquid wastes discharges;

o
o
o
o
o
o

equivalent dose rate in the near surrounding of the ISFSF – at four stable points;
equivalent dose rate in the near surrounding of the ISFSF – with hand held device;
equivalent dose rate in the distance surrounding of the ISFSF – at seven chosen points;
soil activity (51Cr, 54Mn, 51Cr, 54Mn, 60Co, 110mAg, 134Cs, 137Cs and others);
volume activity in groundwater (3H, 51Cr, 54Mn, 60Co, 110mAg, 134Cs, 137Cs and others);
six wells in the near surrounding of the ISFSF;

Radiation monitoring on the of ISFSF surroundings (NPP´s area):

Radiation monitoring of neighbouring villages (equivalent dose).

4. Conclusions
Since the early 90’s of the last century, the operators and regulators in the Czech Republic
gained extensive experience with dry cask storage of SF generated by the operation of NPP.
Current licensing procedures are in compliance not only with national, but also international
recommendations, guidelines and laws. The licensing practice based on close co-operation
between regulators, operators and other institutions involved in the licensing process made the
basis for successful licensing of all stages of lifetime and for operation of all existing and
planned SF storage facilities.
Looking back to the operation of ISFSF Dukovany, it can be said that it is safe and with no
abnormal events. In fact, the ISFSF Dukovany belongs to the best practices at NPP Dukovany
and as such, it became part of all programmes of professional as well as common visits. It can
be noted, that the public opinion also transferred from initially a strictly adverse to an
understanding attitude and this attitude has positively influenced the licensing process of the
new SFSF Dukovany as well.
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Interim storage and transport casks in Switzerland
Cogema logistics experience
A. Verdier, V. Roland, M. Lebrun
COGEMA Logistics,
Saint Quentin en Yvelines,
France
Abstract. The Swiss utilities have chosen two different ways for the management of their spent fuel after initial
on-site cooling: (1) reprocessing at La Hague plant (COGEMA) and Sellafield plant (BNFL); (2) interim storage
at the Central Interim Storage Facility called « Zwischenlager Würenlingen AG » ( ZWILAG). Following
international call for tenders by Swiss utilities, COGEMA LOGISTICS has been awarded several contracts for
the supply of dual-purpose transport and storage casks for the interim storage of various spent fuel assemblies.
All these casks belong to the family of the TN TM 24 dual purpose spent fuel storage casks in operation in the
USA and in Belgium as well. They offer utilities a modular solution for the interim storage of spent fuel in robust
metal casks which are fully suitable for off site transports. This flexible product can be readily adapted to suit
individual user needs. The Leibstadt Nuclear Power Plant (KKL) has purchased nine licensed dual-purpose TN
TM
97L spent fuel casks (97 BWR type fuel assemblies capacity). Three of them are already in operation at
ZWILAG. COGEMA LOGISTICS has also delivered a dual-purpose TN TM 52L spent fuel casks (52 BWR type
fuel assemblies capacity) presently used for transport of spent fuel for reprocessing. The Goesgen Nuclear Power
Plant (KKG) has purchased four licensed dual-purpose TN TM 24G spent fuel casks (37 PWR type fuel
assemblies capacity). They are all in operation at ZWILAG. The Mühleberg Nuclear Power Plant (BKW/KKM)
has purchased two TN TM 24BH spent fuel casks (69 BWR type fuel assemblies capacity). At the time of this
abstract, cold trials are carried out involving the shuttle transport cask TN TM 9/4 procured by COGEMA
LOGISTICS as well.

1. Introduction
Switzerland has four nuclear power plants (NPPs). The first of these NPPs began operation in
1969. Together they produce approximately 26 billion kilowatt-hours annually, thus
accounting for about 40% of the electricity generated in Switzerland.
Nowadays, the spent fuel assemblies evacuated from the pools of the 4 Swiss nuclear power
plants are either send to reprocessing at COGEMA plant (La Hague) or BNFL plant
(Sellafield), or stored temporarily without any specific treatment allowing to send them later
on to a final repository or for reprocessing. They are stored in dual-purpose transport/storage
casks located at the Central Interim Storage Facility called “Zwischenlager Würenlingen AG”
(ZWILAG).
ZWILAG is dedicated for the storage of spent fuel assemblies and of all forms of radioactive
waste as well as for the treatment (decontamination, incineration, melting, conditioning) of
low and medium level waste. The Swiss nuclear power plant operator companies are the
ZWILAG shareholders.
ZWILAG is equipped with different storage halls, a hot cell, a conditioning plant and a waste
treatment plant. The cask storage hall has a capacity to store a total of about 200 spent fuel
and vitrified residue casks. It also has a hot-cell, which can carry out cask related activities,
including the transfer of fuel assemblies from one cask into another. The permit allowing cask
storage has been granted in 2001. Since then, numerous casks have been delivered to
ZWILAG. Most of them are metal casks of the TN TM 24 family.
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2. TN TM 24 spent fuel transport and storage cask design
The TN TM 24 transport/storage cask complies with the international transport regulation and
with the domestic storage regulation. The main requirements for the storage are:
•

•

Normal conditions:
o
Two lids with one metallic gasket for each lid;
o
Permanent monitoring of the pressurized space between the two lids;
o
Duration of the interim storage : 40 years;
o
Transfer of the cask to a hot cell , located on the storage site in case of leak;
Accidental conditions:
o
Aircraft crash (Fighter F18);
o
Fire of 800°C during 30 minutes;
o
Flask burial during a limited period of time;
o
No tip-over or domino effect for earthquake.

The typical design features of a TNTM 24 transport/storage cask (Figure 1) are the following:
•
•

•
•

•
•
•
•

The basic structure is a thick forged steel shell welded on forged bottom. This strong
metallic structure also provides an excellent gamma shielding;
Surrounding the metallic shell, there is a neutron shielding generally composed of resin
(different types of resins can be used depending on the required performance: maximum
allowable temperature, efficiency of the shielding, etc.). Through the resin, heat
conductors ensure the thermal evacuation of the remaining heat power of the spent fuels;
An outer shell, generally painted, may be finned in order to optimise the transfer of heat
to the atmosphere;
One or two lids, mainly made of forged steel, ensure the confinement of the body of the
cask. These lids are equipped with metal gaskets, especially developed for long term use
and offering an excellent leak tightness rate for several decades. For transport, an
elastomer gasket may be also used. The lids are also equipped with orifices (generally
one per lid), which allow emptying and drying the cavity of the cask after the loading in
the pond of the nuclear reactor. Specific tools have been developed to make easy this
operation and minimise its duration. This allows working normal shifts and results in
minimal doses to operators;
Inside the cask, the fuels are stored in a basket, which maintains the subcriticality of the
fissile material. It features a strong metallic structure containing poison material such as
boron. The basket should also allows to dissipate the heat power of the fuels;
Trunnions (generally 4 or 6) are attached to the body and used for handling, tilting and
tie down during the transfer and the transport of the cask;
During the storage phase, the cask can be equipped with a special aircraft crash
protective cover and with a monitoring system for leaktightness;
During the transport operation, shock-absorbing devices protect the cask. Different types
of devices are existing depending on the dimensions and weight of the packaging:
covers and/or rings. Materials such as wood or aluminium or foam compose the shock
absorber.

The TNTM 24 transport/storage cask designs used in Switzerland are licensed for the transport
and for the storage. All the licenses have been obtained based on many tests performed on
different scaled models.
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FIG. 1. TNTM 24 transport/storage cask.
3. Tests for transport licensing
For the transport conditions, the regulatory tests consist mainly in drops from 9 meters on an
unyielding metal plate and from 1 meter on a punch. Generally, the same model is tested
several times, beyond the sequence of two tests required by the regulation. This guarantees
that the most favourable orientations are covered. During the drop test, the model is monitored
in order to measure acceleration and after the test, the leaktightness is controlled.
Most of the tests are carried out by COGEMA LOGISTICS on its own test facility located in
the south east of France, shown on the Figure 2.

FIG. 2. Drop test of cask.
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4. Tests for storage licensing
For the storage, some tests are also performed in order to simulate some accidental conditions
such as drop test on concrete floor or aircraft crash. COGEMA LOGISTICS has developed a
forged steel cover, which enhances resistance to crashes of military planes. These ones are
considered as the worst case because a maximum energy, due to their shape, their mass and
their speed, can be concentrated on the cask; for big commercial aircraft, the size of the cask
is always small in comparison and it cannot receive all the energy.
A special methodology has been developed for simulating the crash of an aircraft: many
numerical calculations have been performed in order to determine the worst impact (direction
and position on the cask) and to design a missile which shall reproduce the same effect as the
real impact of an aircraft. Several tests have been performed by impacting a 1/3 scale cask
model with a missile sent by an air gun at a speed of 150 m/s (see Figure 3). After the test,
leak tightness controls have demonstrated no adverse effect on the confinement level.

FIG. 3. Missile test.
COGEMA LOGISTICS Group does not own manufacturing means but all the designs issued
from the TNTM 24 family are based on standard manufacturing processes and fabrication
codes (such as ASME) which allow to supply casks from manufacturers all over the world
with consistent quality.
5. TN

24 operational experience in Switzerland

For the Swiss Utilities, four different types of transport/storage casks have been developed by
COGEMA LOGISTICS. COGEMA LOGISTICS has been awarded contracts for the supply of
dual purpose transport and storage TNTM 24 casks for both PWR and BWR fuel types for the
nuclear power plants of Gösgen, Leibstadt and Mühleberg.
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The first of these casks was the TNTM 24 G cask developed for the PWR nuclear power plant
of Gösgen. In 1995, Gösgen decided to purchase four casks of this type. This cask has been
fully designed for the existing spent fuels stored in the pool: in order to optimise the capacity,
the dimension and the weight of the casks regarding the interfaces inside the reactor, the
envelope of the fuel characteristics has not been considered as usually but the real
characteristics of each fuel. For the loading operation, each fuel has a specific position in the
basket of each TNTM 24G cask. All four casks have been presently delivered and transported
to ZWILAG by COGEMA LOGISTICS after loading at the plant. Figure 4 gives a view of the
four TNTM 24 G casks in the storage hall of ZWILAG.

FIG. 4. TNTM 24 G casks at ZWILAG.
The TNTM 24 G has a B(U)F license in France in accordance with IAEA regulations, with a
validation of the packaging approval license in Switzerland. The allowable content is given in
Table I.
The TNTM 24 G is so far the heaviest and largest TNTM 24 cask for PWR fuel constructed
by COGEMA LOGISTICS in Europe with a total weight in transport configuration of 135
tons and a maximum diameter in transport configuration of 2 990 mm. As a consequence,
several cold trials have been performed with this cask in order to validate all interfaces and
operations, among them:
•

a cold transport between Gösgen NPP and ZWILAG was realized in year 2000 with the
new COGEMA LOGISTICS wagon Q76 specifically designed to transport heavy casks
up to 140 tons such as the TNTM 24G. All handling and transport operations of the cask
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•

from the nuclear power station to the interim storage facility (approximately 50 km far)
were performed successfully;
a cold loading simulation of the cask was realised in the nuclear power station in Spring
2001. Again, all handling and loading operations of the cask were performed
successfully. These operations were the most critical ones as the TNTM 24 G was
tailored to the need of Gösgen NPP so that its weight and dimensions were very close to
the plant limits.
Table I. Allowable contents of various casks

Cask

N° of assemblies
fuel type

Max. Burnup
(MW·d/tU)

Cooling time
(years)

Max. Enrichment
(% U5)

10

3.8

TNTM 24 G

37 PWR

TNTM 52 L

52 BWR

53 000

Min. 2.5

4.95

TNTM 97 L

97 BWR

Average 26 000

10

3.95

TNTM 24BH

69 BWR

50 000

6

5

Average 42 000

In 1996, the BWR nuclear power station of Leibstadt decided to purchase the TNTM 52 L cask.
This TNTM 24 dual purpose transport and storage cask was designed to answer to the needs of
Leibstadt NPP to first perform routine transport of spent fuel from the nuclear power station to
the European reprocessing facilities of La Hague or Sellafield, and next to store spent fuel at
the ZWILAG interim storage facility. The TNTM 52 L was then designed to comply with all
the associated handling, transport and storage requirements. Figure 5 gives a view of the
TNTM 52 L cask in during transport. Like the TNTM 24 G, the TNTM 52 L is B(U)F licensed in
France with a validation of the packaging approval license in Switzerland. The allowable
content is given in Table I.
The TNTM 52 L cask was actually the first TNTM 24 cask used for routine transport. The cask
was delivered in 1999. Cold trials were performed subsequently at COGEMA La Hague
reprocessing facility and Leibstadt NPP. Following the completion of these cold trials, several
transports have taken place from the Leibstadt NPP to the COGEMA La Hague reprocessing
facility. All loading, transport and unloading operations were realized without any technical
problem. The TNTM 52 L thus demonstrated the true dual purpose capability of the TNTM 24
design casks. Especially, the following new operations for a TNTM 24 design cask were
performed : cask handling with shock absorbing covers and impact limiters, water refilling of
the cavity and unloading of spent fuel assembly.
In 1997, COGEMA LOGISTICS started to develop another TNTM 24 cask design to cover the
Leibstadt NPP needs of spent fuel storage at ZWILAG: the TNTM97 L cask. Nine TNTM97L
casks have been ordered and six are already loaded and stored at ZWILAG. With a capacity of
97 spent fuel assemblies compared to the capacity of 52 for the TNTM52 L, the TNTM 97 L was
a true optimisation of the payload for fuel assemblies to be stored. The TNTM97L is so far the
heaviest and largest TNTM24 cask for BWR spent fuel constructed by COGEMA
LOGISTICS with a total weight of 134.5 tons and a maximum diameter of 2 990 mm.
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FIG. 5. Transport of the TNTM 52 L cask.
As all TNTM 24 casks designed for Switzerland, the TNTM 97 L has to be transported to
ZWILAG and is B(U)F licensed in France with a validation of the packaging approval license
in Switzerland. The allowable content is given in Table I.
Figure 6 shows the loaded TNTM 97 L cask on its way from Leibstadt NPP to ZWILAG. The
TNTM 97 L was the first cask shipped to ZWILAG so that the interim spent fuel storage
facility was successfully put into operation. The storage of this cask followed several cold
trials which validated all operations: cask loading at Leibstadt nuclear power station, transport
from Leibstadt to ZWILAG, preparation of the cask for storage at ZWILAG. Again, all these
tests led to positive operational feedback of the cask.
The Mühleberg NPP does not allow to receive heavy casks. Therefore, the spent fuels are
transported in a light transport cask and then transferred in a heavy transport/storage cask in
the hot cell located on the ZWILAG site. Based on this principle, COGEMA LOGISTICS has
designed and supplied two shuttle casks, the TNTM9/4 with a capacity of 7 BWR fuel
assemblies. For the storage, two TNTM 24BH are now available and shall be soon loaded at
ZWILAG. Figure 7 shows the TNTM9/4 and TNTM 24BH casks. As all TNTM 24 casks
designed for Switzerland, the TNTM 24BH is B(U)F licensed in France with a validation of the
packaging approval license in Switzerland. The allowable content is given in Table I.
The overall transport and storage system (TNTM 9/4 shuttle and TNTM 24BH transport/storage
cask) is presently under cold trials at the power plants and at ZWILAG. The first transfer is
scheduled end of May 2003. The TNTM 24BH has a total weight of 135 tons and a maximum
diameter of 2 653 mm.
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FIG. 6. Loaded TNTM 97 L cask.

FIG. 7. TNTM9/4 and TNTM 24BH casks.
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6. Conclusion
So far, twelve casks of 3 different types based on the TNTM 24 design have been delivered and
either already loaded or about to be loaded and stored at ZWILAG without any technical
problem. It proves the adequate approach for the optimisation of this technology by
COGEMA LOGISTICS: based on a basic design, specific packagings are adapted to:
•
•
•

national regulation;
spent fuel characteristics;
interfaces of the power plant and the storage building.

This also includes a commitment and involvement of plant operators to work with the cask
designer on their fuel management plans well ahead of time.
To anticipate the future needs of the customers, COGEMA LOGISTICS is preparing to take
into account high burn-up fuel and MOX fuel while taking benefit of the feedback of the
loading of the first casks.
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Comparison of the main characteristics for CASTOR® and
CONSTOR® casks loaded with spent RBMK-1500 nuclear fuel
P. Poskas, V. Simonis, A. Smaizys
Lithuanian Energy Institute,
Nuclear Engineering Laboratory,
Kaunas,
Lithuania
Abstract. The paper presents calculation results of the main characteristics, such as temperatures of the fuel rod
cladding and cask surface, dose rates at the surface and at the some distance, and effective neutron multiplication
factor for CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks loaded with RBMK-1500 spent nuclear
fuel (SNF). These casks are used for an interim dry storage of SNF at Ignalina nuclear power plant. Calculations
of the temperature and dose rate were performed for two cases – when the cask is just loaded with SNF and after
50 years of storage. The calculations showed that the maximum fuel rod cladding temperature is higher for the
CONSTOR RBMK-1500 cask, but cask surface temperatures are similar for both casks. After 50-year storage in
wintertime, the surface temperature can reach values below zero. Analysis of radiation characteristics showed
that the CONSTOR RBMK-1500 cask has better shielding characteristics than the CASTOR RBMK-1500 cask.
During 50 years of interim storage, the total dose rate decreases 5 to 20 times dependent on the location of the
point-detector and the cask type. Criticality analyses of CASTOR RBMK-1500 and CONSTOR RBMK-1500
casks demonstrated the effect of the geometrical configuration of fissile material and its distance to the wall of
the cask on the value of the effective neutron multiplication factor keff for different densities of the water. It was
demonstrated that the effective neutron multiplication factor keff for an unfavourable operational and hypothetical
accident condition is less then the allowable value 0.95.

1. Introduction
There is only one nuclear power plant in Lithuania - the Ignalina nuclear power plant (INPP).
INPP contains two RBMK-1500 water-cooled graphite-moderated channel-type power
reactors. The first Unit was commissioned in December 1983 and the second in August 1987.
After final shutdown of INPP Unit 1 in 2004 and Unit 2 in 2009 total amount of spent nuclear
fuel (SNF) will be approximately 22 thousand of fuel assemblies (FA). All these assemblies
should be stored about 50-100 years and after that disposed of. At present, unloaded FA from
the reactor are stored in the water pools at least for 5 years. In 1992, it was decided to use dry
storage technology for interim storage of SNF at the INPP. GNB dual-purpose storage casks
have been chosen. Part of them (twenty casks) is ductile cast iron CASTOR RBMK-1500
casks and the remaining ones are metal-concrete CONSTOR RBMK-1500 casks. Both type
casks are designed to load 102 half-assemblies, which are placed in the basket of special
configuration. The capacity of the existing SNF dry storage facility at the INPP is 72 casks. A
new storage facility is planned to accommodate the remaining more than 18 thousand SNF
assemblies.
For safe storage of SNF it is necessary to have good understanding about different processes
that take place in the cask and its interaction with environment. Also it is necessary to fulfil a
lot of requirements for fuel half-assemblies themselves, as well as for casks and storage
facility, where casks are stored.
The CASTOR RBMK-1500 (Fig. 1) has a cylindrical body made of ductile cast iron with a
height of more than 4 m, diameter - about 2 m and the wall thickness about 0.3 m. Special
cylindrical basket with spent nuclear fuel half-assemblies, which were stored in water pools
for at least 5 years, is placed in the cask. This internal basket contains 102 stainless steel tubes
each with fuel half-assembly inside. The cask is tightly closed with a lid, then is covered by
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guard plate and, after pumping-out of water, drying-out and vacuumization, the cask is filled
with helium. All loading operations are performed under water. The cask is transported to
storage facility and placed on the concrete basis. Additionally cask is covered with reinforced
concrete cover. The mass of loaded CASTOR RBMK-1500 cask is about 75 tons.

FIG. 1. Axial cross-sections of the casks.
(1 - cask body (1a, 1b, 1d, 1e, 1f - metal parts; 1c - heavy concrete); 2 - basket;
3 - cask lid; 4 (4a, 4b) - guard plates; 5 - concrete cover; 6 – damper)

The sidewall of CONSTOR RBMK-1500 cask (Fig. 1) consists of inner and outer steel
cylinders. The space between them is filled with reinforced heavy concrete. The bottom of
cask body is made in the similar way - the space between two steel plates is filled with
reinforced heavy concrete. The total thickness of the sidewall is 0.43 m. The top of the cask is
made by massive metal ring, which is welded to edges of cylinders. The cask lid and two
protective plates are fastened, fixed and welded to the ring. Additionally reinforced concrete
protective cover shields the top of the cask, and shock-absorbing damper is fastened to the
bottom of the cask to prevent possible shocks during transportation. The internal basket and
inner overall dimensions of CONSTOR RBMK-1500 cask are the same as CASTOR RBMK1500, but from outside the metal-concrete cask is bigger. The mass of loaded CONSTOR
RBMK-1500 cask is about 88 tons.
2. Calculation method
2.1. Thermal analysis
The general-purpose ALGOR code [1] was used for thermal analysis of the casks. It is a
multipurpose code, which allows performing 2-D and 3-D thermal calculations using finite
element method. In this paper 2-D symmetric cask model in cylindrical r-z axes system for
stationary conditions is analyzed. In calculation model all cask elements are modelled as
separate zones. The total length of the load (the internal basket without the bottom with SNF
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half-assemblies) is modelled by three homogeneous zones: 1 - the main active part of load,
which generates heat, 2 - the lower non-active part of load, which consists of fuel halfassemblies bottom ends, 3 - analogical upper non-active part of a load with top ends of fuel
half-assemblies. Also the separate zones where assigned for the bottom of the internal basket,
for protective concrete cover, for the helium gaps, for the cask lids and for cask body (metal
parts and heavy concrete of reinforced concrete cask body).
It was mentioned, that before loading to the casks the SNF is stored in water pools for at least
5 years. The decay heat power for 102 such fuel half-assemblies is about 6.1 kW. Since
calculation model doesn’t take into account decay heat power variation in axial direction (the
maximum deviation constitutes 17%), therefore in calculations the 17% enlarged decay heat
power of fuel load homogeneous zone is assumed, i.e. Q = 7.14 kW.
Received heat from solar insolation is evaluated in the calculations. For this evaluation the
recommendations of International Atomic Energy Agency [2] were used. It is assumed, that
heat flux for solar insolation during the daylight to horizontal surface (to protective cover of
cask) equals to 800 W/m2, and to vertical surface (cylindrical surface of cask) - 200 W/m2.
When casks are placed in storage facility, they are arranged in arrays by the step 3x3 m (Fig.
2). The influence of adjacent casks in calculations is taken into account. The influence of solar
insolation to cask cover and cylindrical part is distributed proportionally to radiated areas
(Fig. 3).

FIG. 2. Scheme of casks location in the storage facility.
(1 - area of cask cover, 2 - area used for calculation of solar insolation to the cylindrical surface of cask)

FIG. 3. Homogenized fuel assembly inside the reactor’s channel.
(1 - carrier rod, 2 - coolant, 3 - homogeneous mixture of UO2 and H2O, 4 - fuel channel tube, 5 - moderator)
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2.2. Dose rate calculation
Dose rate calculation deals with two problems. Firstly, the characteristics (concentrations of
fission products, actinides, neutron and gamma source emissions, etc.) of irradiated FA must
be calculated. Secondly, when properties of SNF are obtained, equivalent dose rate
calculations on the surface and at some distance from the casks must be done.
Sequences SAS2H and SAS4 from SCALE4.3 computer codes system [3] were used for
solution of these problems. SAS2H computes neutron and gamma source spectrum and
evaluates equivalent dose rates from SNF storage/transport casks using a 1-D transport
shielding analysis. SAS2H executes codes BONAMI, NITAWL-II, XSDRNPM, COUPLE
and ORIGEN-S for cross-section processing and fuel burnup, radiation source calculations,
the radial storage/transport cask shielding analysis applying the calculated SNF composition
of nuclides and sources, determination of dose rates by XSDOSE from the angular flux
leakage. SAS4 calculates radiation doses exterior to a storage/transport cask using a threedimensional Monte Carlo method. The sequence executes BONAMI, NITAWL-II,
XSDRNPM and MORSE-SGC for cross-section processing, for the radiation transport and
radiation dose calculation.
The main input data for source term calculation using SAS2H are material composition and
concentrations, geometrical parameters and temperatures of fuel assembly and of fuel channel
in the reactor, reactor power, irradiation and cooling periods of fuel assembly. SAS4 input
data are nuclide composition of irradiated and cooled fuel assembly, material composition and
geometry of storage cask, temperatures, radiation source characteristics, locations of radiation
dose detectors.
As it was mentioned, dose rate calculation deals with two problems: 1) modelling of fuel
assembly irradiation, and 2) equivalent dose rate calculations. The basic assumptions for the
modelling of RBMK-1500 fuel assembly irradiation were the following:





RBMK-1500 fuel assembly consists of 18 fuel rods, inside the reactor channel it was
described as an element of 5 concentric cylinders (Fig. 3);
U235 enrichment: 2.0%;
Average burnup 20 MW·d/kgU. Axial burnup shape of FA assumed as uniform;
Cooling times: 5 and 50 years.

Assumptions for equivalent dose rate calculations were as follows:





3-D description of cask geometry in SAS4 code;
Source emission was modeled as homogenous cylindrical body which contains 102
spent nuclear fuel half-assemblies and basket internals;
Locations of point detectors were at a middle of sidelong surface, at a center of the lid
and the bottom. Location distances - 0, 1 and 2 meters;
Calculations were performed for two cases: 1) at the beginning of SNF storage in the
casks and 2) after 50 years of interim storage.

2.3. Criticality
Sequence CSAS25 from SCALE4.3 computer codes system was used to calculate effective
neutron multiplication factor keff for CASTOR RBMK-1500 and CONSTOR RBMK-1500
casks. This sequence calculates the keff for 3-D problems and sequentially activates the
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BONAMI, NITAWL-II and KENO V.a. codes. The following conditions and assumptions
were accepted for the criticality calculations:

Maximum loading of the cask, i.e. internal basket of the cask contains 102 stainless
steel tubes each with fuel half-assembly inside. The case with partial loading of the cask
gives smaller values of keff;

Discrete representation of the fuel rods is used in the geometry description. This means
that each half-assembly consists of 18 fuel rods;

Inner region of the cask is homogeneously filled with water. A water density inside the
cask varies from 0.0 to 1.0 g/cm3. Variation of water density allows to model the most
reactive state of the fuel-basket-cask body system;

The fuel half-assemblies contain only fresh, undepleted fuel (no credit for burnup). For
fuel with 2.0% U235 enrichment, 2.4% U235 enriched fuel was accepted
conservatively;

There are not structural damages in fuel rods and half-assemblies;

There is not neutron leakage from the system. Neutron reflection condition is accepted
for outside surface of the cask;

The central carrying rods of the half-assemblies, upper and lower metal structures of the
basket conservatively are replaced by the water. Fuel rods consist of cylindrical pallets
of UO2 and cladding tubes (Zn+1%wt Nb). The basket consists of stainless steel tubes
(composite elements: Cr, Mn, Fe, Ni);

The basket tubes are positioned in a triangular pitch. Nominal center-to-center distance
(step) of the basket tubes is 124.13 mm and wall thickness is 2 mm (Fig. 4a);

In the accident conditions the step of the basket tubes is decreasing and finally the tubes
are in contact at the centre of the cask (Fig. 4b), and tubes are in contact at the sidewall
of the cask (Fig. 4c). The centre-to-centre distance becomes 101.6 mm and thickness of
wall - 1.8 mm;

The central basket tube (it is in the centre of the cask) is conservatively replaced by
water, but it is assumed that even in the accident conditions basket tubes can't appear in
this region.

FIG. 4. Arrangement of the basket tubes with fuel half-assemblies: a) - normal case; b) and c)
- accident cases.
3. Results
3.1. Thermal analysis
Calculations were performed for stand alone cask and cask placed in storage facility in the
ambience of other casks considering and not considering solar insolation. The basic case,
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which evaluates extreme cask storage conditions was when the cask is loaded with SNF with
5 years cooling time (Q = 7.14 kW) and placed in the storage facility under the influence of
solar insolation in summer time with the ambient temperature ta = 37oC. This is total
temperature of the average temperature of the hottest season in Lithuanian plus 10o due to the
influence of adjacent casks. Also the same ambient temperature (37oC) conservatively was
used in the thermal calculations for stand-alone cask.
Figure 5 shows the distribution of isotherms inside the CASTOR RBMK-1500 and
CONSTOR RBMK-1500 casks and in the cask bodies for summer conditions with solar
influence. The casks are in the storage facility. The maximum temperatures (244oC for
CASTOR RBMK-1500 and 276oC for CONSTOR RBMK-1500) are in the centre of SNF
load. It is assumed, that this temperature corresponds to surface temperature of the hottest fuel
rod cladding. Receding from the centre in axial, as well as in radial direction, the temperatures
decrease, but in radial direction the temperature gradients are substantially higher. The
temperatures are varying similarly in the cask body. The highest temperatures are in the centre
of the inner surface of cask body and protective cover. The lowest temperatures are in the
body corners. The typical feature is that due to influence of solar insolation, the temperatures
of the upper surface of protective cover are higher than the temperatures of cylindrical
surface.

FIG. 5. Distribution of isotherms inside and in the body of the casks for summer conditions.
For winter conditions the main interest is to determine the lowest temperatures. So in
calculations solar insolation was not taken into account and the minimum ambient
temperature ta according to the long term metrological observations in Ignalina region is
assumed to be –42oC. Figure 6 presents the distribution of isotherms in the casks located in
storage facility with just loaded SNF. It can be seen, that the picture of qualitative distribution
of temperatures for winter and summer (Fig. 5) conditions is very similar. However, in
wintertime all temperatures are substantially lower. The hottest fuel rod cladding temperatures
decrease by 70-90o (till 170oC for CASTOR RBMK-1500 and till 190oC for CONSTOR
RBMK-1500) and the temperatures of cask body decrease even by 100-150o (till –3oC for
CASTOR RBMK-1500 and till –6oC for CONSTOR RBMK-1500). When comparing the

275

IAEA-CN-102/33

temperatures of CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks, it should be
noticed that although SNF load temperatures for CONSTOR RBMK-1500 cask are higher,
but the temperatures of cask body outer cylindrical surface due to lower conductivity of the
concrete are slightly lower than the temperatures of CASTOR RBMK-1500 cask.

FIG. 6. Distribution of isotherms inside and in the body of the casks for winter conditions.
The calculations also were performed for other characteristic cases. First of all, distributions
of temperatures and heat fluxes in the cask SNF load and cask body were determined for a
stand alone cask with just loaded SNF (Q = 7.14 kW) and after 50 years of storage time. At
that time the decay heat power Q will be about 1.76 kW. It is assumed, that the cask is
affected by solar insolation for summer conditions and without solar insolation for winter
conditions. After that, all the above-mentioned assumptions used for stand alone cask, were
used in calculations for the cask in storage facility.
The results of all calculation cases are summarized in Table I. In this table the characteristic
limiting temperatures of the hottest fuel rod cladding, open cylindrical surface and upper
protective cover surface for CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks are
presented. When analyzing the data in the table, the following regularities can be noticed. In
summer time for the stand alone cask, when the influence of radiation of adjacent casks isn’t
taken into account, the characteristic maximum fuel rod cladding temperatures are by 15-20o,
temperatures of cylindrical surface by 20-25o, and of a protective cover by 5-10o lower than
the corresponding temperatures for casks in the storage facility. In wintertime for the standalone cask, all temperatures are by 5-10o lower than the corresponding temperatures for cask
in the storage facility.
After 50 years of storage for summer conditions all cask temperatures substantially decrease.
The temperatures of hottest fuel rod cladding are 100-130oC and the temperatures of
cylindrical surface are 50-80oC. Only the change in the upper protective cover surface
temperatures is insignificant. For winter conditions in all cases all cask temperatures decrease
even more. The maximum fuel rod cladding temperatures are 20-30oC and the temperatures of
protective cover and cylindrical surface are –30- –40oC.
When comparing temperatures of two type casks, it can be seen that almost in all cases both
in summer and winter the temperatures for CONSTOR RBMK-1500 cask are slightly higher
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than the temperatures for CASTOR RBMK-1500 cask. However, in all cases the maximum
fuel rod cladding temperatures (244oC for CASTOR RBMK-1500 and 276oC for CONSTOR
RBMK-1500) do not exceed the maximum allowed 300oC surface temperature for fuel
elements. Cylindrical surface temperatures of the casks are not higher than 100oC in summer
and not lower than –35oC in winter. The temperatures of the upper protective cover surface
are not higher than 120oC in summer and not lower than –40oC in winter. In the case of standalone casks, the cylindrical surface temperatures do not exceed the maximum allowed 85oC
temperature for transport casks [4].
Table I. Characteristic temperatures for stand-alone casks and for casks in the storage facility
Temperatures, oC
CASTOR RBMK-1500

Calculation case,

CONSTOR RBMK-1500

Hottest
Open
Upper Hottest
Open
Upper
fuel rod cylindrical cover fuel rod cylindrical cover
cladding surface surface cladding surface surface

short characteristics

Stand alone cask
1. Stand alone cask in summer, with solar
insolation: Q = 7.14 kW, ta = 37oC

225

72

104

260

78

113

2. The same after 50 years of storage:
Q = 1.76 kW, ta = 37oC

102

58

102

119

68

110

3. Stand alone cask in winter:
Q = 7.14 kW, ta = –42oC

163

-13

-32

183

-15

-31

4. The same after 50 years of storage:
Q = 1.76 kW, ta = –42oC

20

-33

-38

25

-34

-38

Cask in storage facility
5. Cask in storage facility in summer, with
solar insolation: Q = 7.14 kW, ta = 37oC
(the basic case)

244

96

112

276

96

120

6. The same after 50 years of storage:
Q = 1.76 kW, ta = 37oC

114

73

108

128

78

115

7. Cask in storage facility in winter:
Q = 7.14 kW, ta = –42 oC

170

-3

-29

190

-6

-29

8. The same after 50 years of storage:
Q = 1.76 kW, ta = –42 oC

23

-29

-37

28

-30

-37

3.2. Dose rate calculation
Equivalent dose rate calculation results are presented in Figures 7-9. These figures show total
equivalent dose rate values in various directions and distances of the casks at the beginning
and after 50 years of interim storage. As can be seen, dose rate values for CONSTOR RBMK1500 cask in all cases are less than for CASTOR RBMK-1500 cask. The smallest difference
of dose rate is at the lid points (Fig. 7), because lid systems are made from the same material
for both casks. Only total thickness of the lid system for CONSTOR RBMK-1500 cask is
larger by few centimeters. Material composition and thickness of the sidewalls and bottoms
are different, so total equivalent dose rate differs from 2 to 7 times (Figures 8 and 9).
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Total equivalent dose rate is formed by neutrons and gamma radiation. Percentage of each
component at the beginning and after 50 years of storage is presented in Figures 10 and 11,
respectively. At the beginning of storage gamma radiation is the dominating component at the
sidewalls and bottoms for both casks (Fig. 10). Influence of neutrons on total equivalent dose
rate for CONSTOR RBMK-1500 and CASTOR RBMK-1500 casks is the same at the lid
points, but completely different at sidewalls and bottoms. This is because neutrons are better
absorbed by concrete of CONSTOR RBMK-1500 than by ductile cast iron of CASTOR
RBMK-1500 cask. Really, for CONSTOR RBMK-1500 cask at the sidewall and bottom dose
rate caused by neutron radiation is negligible. For CASTOR RBMK-1500 cask at the same
location neutron dose rate is about 2 times smaller than the gamma dose rate.
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FIG. 7. Total equivalent dose rate values on the cask lid at the beginning (a) and after 50 years of
interim storage (b).
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FIG. 8. Total equivalent dose rate values on the cask sidewall at the beginning (a) and after 50 years
of interim storage (b).
Surface

1 m etre

Surface

2 m etres

Equivalent dose rate, µSv/h

Equivalent dose rate, µSv/h

800
700
600
500
400
300
200
100
0

a)

CONSTOR

CASTOR

b)

1 metre

2 metres

100
90
80
70
60
50
40
30
20
10
0
CONSTOR

CASTOR

FIG. 9. Total equivalent dose rate values on the cask bottom at the beginning (a) and after 50 years of
interim storage (b).
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According to dose rate calculation results, total equivalent dose rate decreases about 10 times
after 50 years of interim storage. But after such period influence of neutrons and gamma
radiation on total dose rate for CONSTOR RBMK-1500 and CASTOR RBMK-1500 casks is
different (Fig. 11). Equivalent dose rate caused by gamma radiation is dominating at the
sidewall and bottom of CONSTOR RBMK-1500 cask, but dose rate caused by neutrons for
CASTOR RBMK-1500 cask is dominating in all directions.
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FIG. 10. Percentage of gamma and neutron dose rates for CONSTOR RBMK-1500 (a) and
CASTOR RBMK-1500 (b) casks at the beginning of storage.
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FIG. 11. Percentage of gamma and neutron dose rates for CONSTOR RBMK-1500 (a) and
CASTOR RBMK-1500 (b) casks after 50 years of interim storage.
As it was mentioned above, axial burnup distribution of fuel assembly in equivalent dose rate
calculations was not taken into account. Additionally calculations of source emission, when
burnup distribution is taken into account, were done. Gamma and neutron emissions increase
by 2.6% and 103% respectively, when burnup distribution is taken into account. Such
increase of source emission will raise equivalent dose rates. Dose rates caused by gamma
radiation will change a little, but dose rate caused by neutrons will increase significantly. On
the other hand, dose rates caused by neutrons dominate only on the lid of the casks. Even if
we assume that neutron emission is 2 times bigger, permissible value of 1000 µSv/h will not
be exceeded.
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3.3. Criticality analysis
The variation of effective neutron multiplication factor keff with water density for both
CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks for normal conditions (Fig. 4a) is
presented on Figure 12. As can be seen, the values of effective neutron multiplication factor
for the corresponding cask are considerably different when water density is less than 0.5
g/cm3. When water density is above 0.5 g/cm3 the results are only slightly different. The
neutron multiplication in a system depends on various nuclear reactions, but the most
important reaction is the fission of heavy nucleus. The cross section of this reaction depends
on the energy of neutrons. The nucleus split effectively when they are interacting with thermal
neutrons. There are not so much thermal neutrons in the system at initial period of a time - the
fast neutrons are dominating, but eventually the fast neutrons interact with a material and in a
most cases of interaction they are not absorbed, but are scattered by various angles.
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FIG. 12. Variation of keff with the water density for unfavourable operational conditions (σ –
standard deviation).
Scattered fast neutrons are losing their energy and finally the energy of neutrons becomes
thermal. The neutrons are effectively slowed down when they come into elastic collision with
nucleus of hydrogen. There is big amount of hydrogen in the water (when water density is 1.0
g/cm3, there are 6.66×1022 hydrogen nucleus per cubic centimetre). So the water is effectively
slowing down neutrons. In the case when water density is less then 0.5 g/cm3 (also there is
less density of hydrogen nucleus in the water) the cask bodies, which are made from different
materials, are making influence on slowing down of neutrons. Therefore in this case the
values of keff are different for different casks.
The variation of effective neutron multiplication factor keff with water density for both
CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks for accident case when basket
tubes are shifted to the centre of the cask (Fig. 4b) is presented in Figure 13. In this case there
is only very small difference in the calculation results. This is because the basket tubes of the
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casks are in contact at the centre of the cask and casks bodies are not making great influence
on a slowing down process of neutrons.
In accident conditions when basket tubes are in contact at the sidewall (Fig. 4c) of the casks
we have large effect of the wall on the distribution of effective neutron multiplication factor
keff with variation of the water density (Fig. 14). In this case the effect of the wall is even
larger then it was for unfavourable operational conditions (Fig. 12) because the basket tubes
are closer to the cask body.
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FIG. 13. Variation of keff with the water density in accident case when the basket tubes are in
contact at the centre of the cask (σ – standard deviation).
As can be seen from Figures 12-14, in the unfavourable operational case the neutron
multiplication factor reaches maximum when water density is approximately 0.35 g/cm3 (Fig.
12), and then with increasing of the water density the keff is decreasing. In accident conditions
when the basket tubes are in contact at the centre of the cask or laying on sidewall of the
horizontal cask, the keff reaches maximum when water density is about 0.7-0.8 g/cm3 (Figures
13 and 14). The different position of the keff maximum in these cases may be explained by the
fact that the neutron multiplication factor is very sensitive to the geometrical configuration of
fissile material. So the maximum value of keff can be at different water density for the same
cask and the type of the cask do not play a significant role.
4. Conclusions
Results showed that the maximum fuel rod cladding temperature is higher for the CONSTOR
RBMK-1500 cask in comparison with the CASTOR RBMK-1500 cask, but never exceeds the
maximum allowed 300oC surface temperature for fuel elements. The casks’ surface
temperatures are similar for both cask types and after 50-year storage in winter time, the
surface temperature can reach values below zero. The cylindrical surface temperatures of the
stand-alone cask never exceed the maximum allowed 85oC temperature for transport casks.
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FIG. 14. Variation of keff with the water density in accident case when the basket tubes are in contact
at the sidewall of the cask (σ – standard deviation).

Analysis of radiation characteristics showed that the CONSTOR RBMK-1500 cask has better
shielding characteristics than the CASTOR RBMK-1500 cask. During 50 years of interim
storage, the total dose rate decreases 5 to 20 times dependent on the location of the pointdetector and the cask type.
Criticality analyses of CASTOR RBMK-1500 and CONSTOR RBMK-1500 casks
demonstrated the effects of the geometrical configuration of fissile material and its distance to
the wall of the cask on the value of the effective neutron multiplication factor keff for different
densities of the water. It was demonstrated that the effective neutron multiplication factor keff
for an unfavourable operational and hypothetical accident condition is less then the allowable
value 0.95.
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Abstract. The first 12 000 spent fuel bundles capacity of a new modular interim spent fuel dry storage facility is
in operation at the Cernavoda NPP site, since May 2003. The facility consists of a preparation station, a shielded
transfer flask and a concrete monolith module of the MACSTOR type, a system designed by Atomic Energy of
Canada Limited. The capacity can be extended to accommodate 300 000 spent fuel bundles, which represent the
entire production of spent fuel during the lifetime of two CANDU-6 units. The project was implemented by
Nuclearelectrica based on the licenses and permits granted by the National Commission for Nuclear Activities
Control (CNCAN) for each step: the siting, construction, commissioning and operation. According to the
specific Romanian regulations, the interim dry storage facility is also subject to the licensing process by the
Environmental and Public Health authorities. The public involvement has been an important step of the
environmental licensing procedure. Cernavoda NPP used different legal procedures for the public debate,
including announcements in local and national newspapers and public hearings. No objections against the
storage facility have been raised.

1. Introduction
The reactor of the Cernavoda Nuclear Power Plant (Cernavoda NPP) Unit 1 was designed and
built with a spent fuel bay able to store spent fuel bundles from 10 years plant operation at
80% gross capacity factor. The spent fuel bay capacity was calculated for an annual average
production of 5 000 spent fuel bundles. At the end of 2002, after 6 years plant operation, the
inventory was of 30 344 spent fuel bundles.
For Cernavoda NPP, the provision of sufficient storage capacity has been considered since
2000. This, because the effective capacity of fuel storage has proven to be smaller than the
design capacity based on additional safety and operating requirements. However, the
preliminary attempts to identify a solution to extend spent fuel storage capacity of the bay
started once the Cernavoda NPP Unit 1 was commercial, in December 1996.
The plant operator would face a couple of choices: to store the fuel in an extension of the
existing pool (or other new distinct pool) for a longer period, or in one of the several forms of
dry storage after appropriate cooling has occurred and the intense initial radioactivity has
decayed. Maintaining and operating a spent fuel storage pool would involve significant
operational costs and small generation of radioactive wastes. In addition, some concerns have
arisen related to the corrosion of the sheath or encapsulated uranium oxide. Since no other
similar CANDU-6 nuclear power plant developed projects to extend its pools, the referred
alternative was not detailed.
On the other hand, due to objective reasons, the geological disposal has been considered for a
certain period of time just a target within the framework of the radioactive waste management
policy. Thus, for the spent fuel that is to be stored for a substantial period, the plant operator
∗
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turned to dry storage. Currently, the Cernavoda NPP spent fuel management policy includes
storage in the reactor’s bay, for at least 6 years, on-site dry storage for 50 years followed by
geological disposal. Interim dry storage is a safe, flexible and cost-effective approach to spent
fuel management. Experience in countries around the world along with a number of
regulatory reviews have concluded that dry storage is an optimum choice (safe, low
maintenance required).
During the evaluation of the options but also later in implementing a dry storage solution few
main features have prevailed in every safety assessments performed. The basic safety goals
that must be met should ensure that: (a) sufficient shielding is provided so that workers at the
facility are not exposed to hazardous levels of radiation, and (b) the fuel is contained so that
any release of radioactive material to the surrounding environment is reliably prevented. To
ensure that dry storage provides adequate shielding and containment, the system design was
called to meet the following regulatory requirements:
•
•
•
•
•
•

fuel cladding must maintain its integrity while in storage;
high temperature that could cause fuel degradation must be avoided;
accidental chain reactions (criticality) must be prevented;
effective radiation shielding must be provided;
radioactive releases must be avoided; and
fuel retrievability must be ensured.

For siting the dry storage facility, different areas in the neighborhood of the plant were
screened. The optimum solution, mainly as per geological and hydrogeological criteria, was to
place it in the vicinity of the 5th reactor planned on the Cernavoda NPP site, about 700 m far
from the first reactor, inside the exclusion zone of the plant. The site allows transportation on
internal road of the plant with negligible public concern.
2. Implementation of the dry storage facility project
During the autumn of 2000, SNN proceeded with an international tendering process. The
Scope of Work was to supply a dry storage system at the Cernavoda NPP for the spent fuel
produced by two units (Cernavoda Unit 1 and Unit 2) for a minimum period of 50 years. The
bidding process concluded in early 2001 by selection of a technology with the best features of
dry storage systems in use at similar CANDU 6 reactors.
The Cernavoda NPP storage consists of MACSTOR storage modules identical to the ones in
use at the Gentilly 2 NPP (Canada) and a fuel preparation station similar to that operating in
Point Lepreau NPP (Canada). The modules storage site is provided with a physical security
system adapted to the storage of spent nuclear fuel that integrates with the plant’s security
system. The facility is designed to meet the stringent safeguards requirements imposed by the
International Atomic Energy Agency (IAEA) for the control of nuclear fissile materials. The
storage module has proved to provide: excellent shielding of radiation, solid structural
integrity by means of its massive reinforced concrete construction, very good fuel cooling
providing safe low fuel temperatures; and a double confinement envelope to the fuel bundles;
all emerging to a configuration believed to offer the best overall protection in the industry (see
Fig. 1). All these features ensure a very good behaviour of the spent fuel and its integrity in
dry storage conditions. During normal operation and following postulated accidents, the
proposed system will limit occupational and public doses well within values permitted by the
strictest international standards. The minimum design life of the facility is 50 years [1].
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FIG. 1. First module of the Cernavoda NPP spent fuel dry storage facility.
3. The licensing process
The licensing process of the Cernavoda interim dry storage has followed the Romanian
regulations and specific requirements of Romanian authorities with responsibilities in the field
and included the following steps [2], see Table I:
Table I. Main licenses/permits issued for Cernavoda NPP spent fuel dry storage
Project Phase

Licenses/permits required

Siting

Siting license issued by Nuclear Regulatory Body
Siting permit issued by Public Health Authority
Siting permit from the Cernavoda town authority

Construction

Construction license issued by Nuclear Regulatory Body
Construction permit issued Environmental Protection Authority
Construction permit issued by Public Health Authority
Construction permit issued by the Cernavoda town authority

Commissioning

Commissioning license issued by Nuclear Regulatory Body
Commissioning permit issued by Public Health Authority

Operation

Operation license issued by Nuclear Regulatory Body
Operation license issued by Environmental Protection Authority
Operation permit issued by Public Health Authority

Other additional agreements or licenses representing the preliminary conditions to the
licenses mentioned above have been required. Many discussions and iterations were necessary
to obtain licenses and permits issued by:
•
•
•

the local water use authority;
the Danube Canal administration;
the local authorities for community services : telecommunications, civil protection, fire
fighters, industrial safety, transportation (by road, water, rail or plane).

All these licenses and permits were mandatory prerequisites for the environmental permit
issued by the Environmental Protection Authority. Also, in order to obtain the environmental
permit for construction, the legal procedure required the Environmental Impact Study.
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The basic documentation for the nuclear licenses consisted of:
•
•
•

Preliminary Safety Assessment for siting license;
Initial Safety Report for construction license;
Final Safety report for commissioning and operation license.

In addition to the documentation required by the legal procedure the authorities either nuclear
or environmental have kept their right to ask for other support documentation as per their
decision.
The technology supplier had the responsibility to provide the support documentation for each
license and to assure technical support including documentation to address any specific
licensers’ additional requirements. The licensee had the responsibility to manage the licensing
process and to obtain the licenses according to the project plan.
The main difficulties experienced in the overall licensing process have been related to:
Lack of specific Romanian regulations for this type of facilities
Romania does not have specific regulatory requirements and criteria governing nuclear
licensing of spent fuel dry storage. For this reason the Nuclear Regulatory Body imposed the
observance of the specific American guidance [2, 3].
This was difficult for the supplier since the legislation of the supplier’s country was different
from the American or Romanian regulations. For the purpose of adapting the new
requirements to the local conditions, and demonstrate their being complied with, the supplier
has worked with its own staff from Canada but also with one of its two Romanian
subcontractors - CITON Bucharest. CITON is the Romanian centre for nuclear engineering
and it has a good and relevant experience in providing technical support documentation for
nuclear facilities’ licensing in Romania. The presence of a skilled Romanian subcontractor for
this part of the work has contributed significantly to reducing risks in terms of time delays or
rejection of documentation by the Regulatory Body.
The lack of specific regulations also represented a difficulty for the licensee in managing the
licensing process. Being aware of that, the licensee designated skilled persons that prepared
and supported much iteration with the Regulatory Body’s representatives. In fact, that was a
good approach extended to the entire licensing processes, no matter the type of license.
Mainly, due to a continuous evolution of the Romanian regulations framework, that has to
transpose European Union’s legislation, the licensee has faced strong iterative processes with
the different Romanian authorities. Thus, few project plan risks were reduced by working
with skilled persons in terms of professional training but also in dealing with authorities’
representatives. The main purpose was to prevent any lack of information and offer quick
answer to any concern of the authorities.
Application of NRC guidance to the vault type storage installation
The technology supplier mainly has faced this difficulty. It resulted in a significant effort that
faced the challenge to keep a positive balance of the spent resources.
The occurrence of some unplanned events
The main unplanned event that might have induced unplanned reactions of the Nuclear
Regulatory Body but also of environmental authorities was the evidence of a more fractured
geological soil for the storage facility foundation than specialists expected. The geological
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rock for foundation expected by the geologists was limestone with some layers of different
soil qualities and some cracks due to a softer soil. From the beginning, the presence of softer
soil determined the geologists to propose a technical solution to prepare the rock for
foundation. A problem arouse related to the technical solution reliability concerning the rock
preparation when the soft soil proved more fractured than expected. The geologists made a
more expensive technical solution available but they left the choice to the technology supplier
and the licensee. However, they admitted that the initial solution was still offering allowable
pressures. The fact was that the parties managed the crisis situation. The technology supplier
hired its own independent expert while the licensee hired an independent Romanian expert
team. The conclusions made available to the authorities from the different independent
technical expert reports were that the initial technical solution offered enough safety margins
to cover the unexpected situation.
Meeting some requirements of the nuclear and environmental authorities
The Cernavoda spent fuel dry storage was the first such type facility licensed in Romania.
This fact together with the lack of specific regulations posed difficulties to the Romanian
authorities, too. In order to handle the situation and to prevent unplanned requirements, the
licensee approach was to initiate discussions, meetings, audiences or other forms of delivering
information to the Romanian authorities, as much as necessary.
4. Public consultance
Consulting the public for the spent fuel dry storage facility was performed according to the
Romanian environmental regulations. The public consultance was organized after the Report
on the Environmental Impact Study was submitted to the environmental authority, according
to the licensing procedure. It included announcement of the project both in local and national
newspapers, public announcements at the local authorities offices, the opportunity to submit
any complaints or suggestions to the local environmental authority office or public meeting
organized in Cernavoda town, the nearest local community from the dry storage site. The
environmental authority did not collect any objections against the dry storage project.
However, the representatives of local authorities asked for plant’s involvement in solving
some needs of the local community. Some of those needs have been part of the social program
established by the Romanian Government once it decided to build a nuclear power plant in the
Cernavoda area, while others have arisen from a desire of the local authorities to obtain many
benefits as a result of having placed the nuclear power plant and the storage facility in the
vicinity of their town. However, the presence of the nuclear power plant in the Cernavoda
area has represented a main factor of development for the local community and this was
positively appreciated in any occasion.
5. Conclusions
Since May 2003, the Romanian Nuclear Power Plant commissioned a new interim spent fuel
dry storage facility on the Cernavoda site. The technology consists of MACSTOR concrete
modules and the site can accommodate 27 modules for storing the spent fuel of the two
CANDU –6 units, accumulated during their 30 years lifetime.
During the licensing process, all involved parties have faced difficulties. However, the
licenses were obtained in very reasonable time schedules that allowed the entire project to be
commissioned in time, according to the initial plan.
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Abstract. This presentation gives an overview of the situation of on-site-intermediate storage facilities for
burned fuel of the 19 German power reactors. After a short description of the special German political
background, it is pointed out how the cost calculation leads to the decision for building dry storage facilities. It
describes the two types of dry storages, which are in the licensing procedure in Germany and it shows some
details of the first on-site intermediate storage facility, which went into operation last December at Lingen.

1. Political background
In 2002, the German utilities and the federal government agreed on the future of nuclear
power in Germany. Part of this “consensus” are plant specific phase out periods with an
average uninterrupted operation of each plant of 32 years -, which means, that the latest
reactor goes out of operation in about 2022. The consensus also commits the termination of
reprocessing and the erection of on-site storage facilities. Shipments of spent fuel to
reprocessing plants are allowed only until 2005, shipments to the German existing joint
storage facilities of Ahaus and Gorleben have to be minimized. Each nuclear power plant
(NPP) has to create its own spent fuel storage with appropriate capacity.
2. Capacity of on-site storages
The necessary storage capacity has to cover 20 to 40 tons of heavy metal per year and per
plant, corresponding to 40 to 80 PWR and 140 to 180 BWR fuel bundles, depending on plant
power and discharge burnup. With this data, with the residual lifetime and the residual
shipments for reprocessing, each plant-site has to evaluate the necessary storage capacity. The
storage capacity of the pool, inside the reactor building of most German NPPs, has already
been increased by compact storage. This was during the time when shipments of spent fuel
were ceased, in 1998 following discussions about surface contaminations on casks. To avoid
shutdown because of plugged disposal, some plants even have built short term storage
facilities that run for about 5 years. Long term intermediate storage runs for about 40 years –
until final nuclear waste disposal after 2030 is available.
3. Storage techniques
There are 2 techniques for storage burnt fuel bundles. Both, wet and dry storage were
analyzed with respect to costs, time for design, licensing and construction. The different subtypes of wet and dry storages as there are – compact storage, re-racking, vaults and so on are
not evaluated. Both techniques – wet and dry storage - fulfil the safety requirements written
down by the federal ministry of environment and reactor safety. At last, wet storage turns out
to be more costly because of the necessary heat removing devices and operating expense.
4. Cost evaluations
In Fig. 1, a comparison of dry and wet storage – costs is made. In this comparison, the method
of discounted cash flow is used, which discounts all the costs over the lifetime of the storage
facility to one date – usually the start of the erection. This means, that high initial costs
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influence the result much more than needed payments after 20 or 40 years, as example cost
for decommissioning. The most important cost-data for wet and dry storage are costs for
planning and erection, i.e. 28 mill € for dry and 80 to 260 mill € for wet storage facilities.
On-Site Intermediate Storage Facilities in Germany
Cost calculation of dry and wet storage facilities
Initial data:
• ca. 2.400 DWR-BE
• Real interest rate 7%
(Profit standard
minus rate of inflation)

Result:

28 Mio €

3,0 Mio €/a

0,3 Mio €/a

80,4 Mio €
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FIG. 1. Cost calculation of dry and wet storage facilities.
The price for dry-storage is based on the price of the Lingen-facility, therefore it is a very
realistic price. The prices for wet storage are from early calculations. The wide ranking
especially for the erection costs depend on how much equipment is used – as example for
cooling or emergency-systems of the existing plant or if a very autarky storage is planned,
that works fully independent from the plant.
The second important cost title for dry storage is that one for the fuel casks (as example the
CASTOR). The corresponding title for dry storage is that for the storage frames inside the
pool of the wet storage. This costs are evenly disturbed over the residual lifetime of the NPP
and can be calculated with about 3 mill € per year, if about 2.5 CASTORS are needed each
year and 0.5 mill €/year for frames. At the end of the plant lifetime, once a higher number of
casks and frames is needed to fill in all the fuel elements from the pool inside the reactor–
building. The shown data reflect the situation of the Lingen plant – but will not differ very
much to other newer plants.
Last but not least, the decommissioning of the storage facility as well as the decommissioning
of the casks and frames have to be done and annual cost for operating the storage over the
total 40 years are needed. The operating costs vary from 0.3 mill €/year for a dry storage
facility up to 6 mill €/year for a wet storage facility. The higher costs of the wet storage result
from operating the cooling and airconditioning systems, where in the case of dry storage only
the building has to be guarded. Both scenarios avoid shipment costs to central storage
facilities of about 0.25 million € per cask. The timeframes for design, licensing and
construction are 6.5 years for wet- and 4 years for dry storage. In summary, the cost
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evaluation – by using the cash flow method – shows, that the dry storage is the favourable
choice, even when low initial cost for a wet facility are used.
5. Dry storage facilities in Germany
After the above cost evaluations the new German storage facilities – which are under
licensing and already in operation at our plant in Lingen – consequently are dry storages.
There are two variations, which differ in design and especially in guiding the cooling air flow
from the casks to the environment. These two designs are later explained.
Both variants fulfil the requirements for intermediate storage facilities set by the national
ministry of environment and reactor safety. The safety to avoid releases of radioactive
material is guaranteed by the cask itself. In the same way radiation exposure is reduced. The
building offers an additional reduction of radiation exposure to the environment protection
against weather impacts as well as an additional safety against impacts as earthquake aircraftcrash and pressure waves from explosions.
5.1. The first variant (WTI concept)
Fig. 2 shows the WTI-variant. WTI is the name of the company, who creates this design. It is
developed from the design of the two existing German central storage facilities Ahaus and
Gorleben. Here the storage-building is devided into two symmetric parts. The cooling air
enters on the bottom of the sidewalls and leaves the building through opening galleries in the
roof. The concept needs two cranes, the handling of the casks is similar to the second variant,
the one of STEAG company.
On-Site Intermediate Storage Facilities in Germany
Variant I (WTI-Concept)

ca. 18 m

Build at:
Isar I and II
Gundremmingen I and II
Philippsburg I and II
Grafenrheinfeld
Biblis

ca. 38 m

H. Dr. Flügge, RWE Power AG,
IAEA-CN-102/73
IAEA-CN-102/72

ca. 92 m

FIG. 2. WTI concept.
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5.2. The second variant (STEAG concept)
This second variant is the favourable one at the 6 north-German plant sites (Emsland,
Brokdorf, Krümmel, Unterweser, Brunsbüttel and Grohnde), see Fig. 3. It shows one long
storage-room with one crane, an entrance area and a room to maintain the casks and a
building to place auxiliary systems. This one offers space for 130 casks, but by lengthening
the building one can ad more space.
On-Site Intermediate Storage Facilities in Germany
Variant II (STEAG-Concept)
entrance
area

maintenance

storage room

railway
connection
auxiliary
systems
H. Flügge,
Dr. Flügge,
RWE
Power
H. Dr.
RWE
Power
AG,AG,
IAEA-CN-102/73
IAEA-CN-102/72

Build at:
- Emsland
- Brokdorf
- Unterweser
- Krümmel
- Grohnde
- Brunsbüttel

FIG. 3. STEAG concept built at 6 locations.
Fig. 4 shows a cross-section of the STEAG-design. Strong reinforced-concrete-walls and one
monolithic plate of the roof offer high protection against external impacts. The cooling air
enters on the bottom of one sidewall and leaves on a special gallery on the top of the opposite
wall. An option is a ventilating system for filtering the air at plant sites, where industrial air
pollution – as example from a steelwork in the neighbourhood has to be filtered.
To complete the German variants for storage, there is a third one – build as two tunnel pipes
beneath the earth at the very specific plant site of Neckarwestheim.
5.3. Details about the first on-site storage facilities in Lingen
The first on-site long term storage facility at the NPP Emsland, Lingen, was designed by
STEAG, applied for license in 1998 and started operation in late 2002. The time schedule of
the licensing and erection period is shown in Fig. 5. After the application for permission in
December ’98, the appraisal by an independent expert took place. They had to evaluate the
construction of the building as well as that of the casks, radiological as well as environmental
and safety issues. During the public hearing all this questions – especially the radiological and
health physics questions were discussed over 5 days. After all in September 2000, permission
to erect the building was received and in November 2002 the permission for its operation. Fig.
5 gives an impression of the reinforcement and a view of the storage room.
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FIG. 4. STEAG design.

FIG. 5. Time schedule of licensing and erection.
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During the public discussion one questions was of major interest: Does the radiation exposure
near the facility increase? Fig. 6 gives an answer to this question. It shows the site plan of our
plant – with cooling tower, reactor building and the storage facility. Inside the filled storage –
between 4 casks the radiation exposure is calculated at the most disadvantageous point to
about 1,0 mSv/h. Outside the storage facility – near the openings for air inlet – the exposure is
about 2 micro-sievert per hour and at the most disadvantageous place at the site border to the
public area, a maximum exposure upto 0,02 millisievert per year is calculated. This is only 2
% of the limit written in the regulation for health physics, which is 1 mSv/a. Therewith public
acceptance was given.

On-Site Intermediate Storage Facilities in Germany
Site plan

cooling tower

reactor building
0,002 mSv/h

m

13
0

m

28
5

storage facility
most disadvantageous
place in public area
< 0,02 mSv/a
H. Dr. Flügge, RWE Power AG,
IAEA-CN-102/73

limit of health physics
regulation 1 mSv/a

border to public
area

7

FIG. 6. Site plan at NPP Lingen.
6. Conclusions
•
•
•
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In Germany, a politically motivated phase-out of nuclear energy and a request for
minimizing shipments of spent fuel have to be taken into account;
Considering the cost calculations as well as safety aspects, dry storage facilities – using
casks for storage of burnt fuel – are the better choice, than wet storage facilities;
Currently, there are 11 on-site intermediate storage facilities under licensing and one is
already in operation.
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Abstract. In the last ten years of the past century, the development of technologies for irradiated spent nuclear
fuel (SNF) management came into play at the final stage of the fuel cycle, based on a new category of casks used
for long term storage of SNF and its subsequent transportation to the site of reprocessing, further storage or final
disposal. This technology stems from the concept of a protective container, which provides conservation of its
contents (SNF) and observes all safety rules in storage and transportation of SNF. Radiation protection and
nonproliferation of activities beyond the container are ensured by physical barriers, namely by all-metal or
composite bodies, shells, inner cavities for irradiated fuel rods and lids equipped with sealing units. The residual
heat is removed to the environment in a natural fashion: emission and convection of ambient air. The report
discusses key safety requirement issues for dual-purpose casks (packaging set) for SNF. The experience in
developing a family of metal-concrete casks (MCC) for storage and transportation of SNF is illustrated.

1. Introduction
In the context of the changed concept of SNF management at the final stage of the fuel cycle
– a break with the traditional reprocessing concept of RBMK SNF and transition to the long
term storage of SNF from VVER-1000 – a new technology for SNF storage is under
development. The technology is built on a new category of casks employed for long term
storage of SNF with subsequent transportation to the place of utilization (final disposal,
reprocessing). These casks are dual-purpose casks for storage and transportation of SNF.
The new technology of SNF storage stems from the concept of a shielding container, which
provides conservation of its contents (SNF) and observes all safety rules in storage and
transportation of SNF. Radiation protection and non-proliferation of activity beyond the
container is ensured by physical barriers, namely by all-metal or composite body, shells, inner
cavities for fuel rods, lids equipped with sealing units. The residual heat is removed to the
environment in a natural fashion: emission and convection of ambient air.
2. General requirements to provision of safety
Within the systems of cask storage of SNF each individual cask is regarded as a selfcontained ministorage facility (unit module of storage facility). Upon the cask are imposed the
same restrictions and requirements as in case of a full-scale SNF storage facility. In other
words, the cask provides for itself:






radiation safety;
nuclear safety;
protection of SNF against all external effects both natural and anthropogenous;
impossibility of radioactive substance dispersion;
diffusion of residual heat release from SNF, and so on.
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At the same time, the cask developed according to rules of transportation of radioactive fissile
materials is successfully used for transportation of SNF. However, account must be taken of
the fact that in transportation the cask is generally equipped with additional bumpers –
absorbers of shock energy in accidental situations, which significantly reduce loads on cask’s
structural elements and transported SFA (fuel rods). According to transport rules a maximum
mechanical effect is equal to the 9-m drop of the cask.
Considering the cask as a unit of the SNF storage facility, one has also to extend requirements
to cover (and this is built into normative documents) such emergency situations as:






a drop from levels prescribed by the technology of cask handling at the power unit of a
NPP and at a SNF storage facility (SNF SF);
a drop from the vehicle used on the territory of the site;
a fall on the cask of the SNF SF equipment (crane, crossbeams, etc.);
a fall on the cask of the heaviest components of the SNF SF in case of its destruction;
an aircraft crush.

One should consider that under all initial events the cask may not have shock absorbers
generally attached during transportation. For this reason the statement that the cask, which
meets requirements of safe transportation, will to the same extent meet conditions of its
application as the storage facility for SNF, is not absolutely valid, though in individual cases
it may hold.
The dual-purpose cask, regarded as both a transport cask and a storage facility of spent
nuclear fuel, should correspondingly meet safety requirements in transportation and storage.
Requirements for transport casks and packages at the national and international scale are quite
fully reflected in the standards and rules of safe transport of radioactive material (substances).
Among the international normative acts in this context one should first and foremost cite the
IAEA Safety Rules of transportation of radioactive substances, the last and the most complete
edition was published in 1996. Among those national – Rules of safe transportation of
radioactive materials (PBTRM) coming into force in 2003. Until they have come into force
transportation of SNF in Russia were regulated in accordance with the “Basic rules of safety
and physical protection in transportation of nuclear materials OPBZ-83”.
Essentially in all countries a convention is that the packages with SNF should be classed with
В (U) type in compliance with the safe transport rules. In Russian normative documents the
requirements which should be imposed upon a package as the SNF storage facility, are
partially reflected PNAE G 14-029-91 “Safety Rules in storage and transportation of nuclear
fuel at nuclear power sites”. With completeness the requirements are phrased in Series of
official documents of nuclear industry under the following titles:
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2.1. General principles and requirements of long term storage
Long term storage - is ensured by the design of casks. Essentially there is no any restrictions
on time of application of casks in terms of structural reliability and materials in use. SNF
storage time in casks may amount to 50 and more years.
Controllable storage – the control of SNF state is ensured in test casks and through control
of specimens of fuel rods on stands simulating storage conditions in the cask. In doing so,
there is provided the control of storage environment inside the cask which affects SNF state,
with the possible replacement of the environment, if need be. The possibilities exist, if
necessary, of urgent delivery of casks with SNF to location of a laboratory specialized in
materials technology.
Retrievable storage – a possibility of retrieving SNF is ensured by the cask design and
delivery to appropriate places for SNF retrieval with the purpose both of monitoring the SNF
state and final disposal or reprocessing.
Dry storage – all parameters of dry storage environment are provided and controlled with the
possible replacement of the environment.
Upgrading – if necessary, the possibility is provided of gradual upgrading of individual
elements and the cask as a whole.
Gradual transition to final disposal or reprocessing – is ensured by the modular nature of
storage.
2.2. Provision of safety
Nuclear safety is provided through use of separating and absorbing elements inside the cask
as well through putting fuel rods in a can providing the absence of nuclear interaction
between fuel rods irrespective of time and essentially all kind of design and off-design
external effects. Nuclear interaction between SFAs of different casks is fundamentally
impossible in the event of accidents of natural or technogenous character.
Radiation safety regarding radiation from SNF is ensured by cask shielding, and in case of
activity release – a multi-barrier sealing system on the level of practically of “zeroth” (on the
level of helium method detection limit) release of contents from casks with the possibility of
control over state and improvement of the sealing system, even if there exist defects both of
individual and all casks.
Heat removal from SNF is provided through natural convection.
In case of cask storage, for all practical reasons, no supplementary systems are needed for
maintaining safe storage conditions.
2.3. Safety guarantees
The most crucial advantage of cask storage of SNF in terms of safety is the reliable guarantee
of safety, which is ensured by:
-

the immunity of the entire systems to natural disasters including floods, earthquakes
and so on;
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-

-

-

-

emergency conditions in transportation for which casks are designed, exceed
accidental effects under storage, providing a significant safety margin;
transport requirements for the design of casks are standard the world over, clearly
classified, their observance is confirmed by universally adopted methods of
calculation and testing, including field testing, which is practically impossible for
SNF storage facilities of other types;
justification of safety is essentially independent on specific operational conditions
allowing for use of the entire gained national and international experience in cask
development as well as making the most of formalized procedures of independent
certification;
there exists a possibility of monitoring and replacement of the offending structural
components down to replacement of individual defect casks or all casks in case of
erroneous constructive solutions or necessity to upgrade due to the changed safety
requirements. In the event of the erroneous design solution it is possible to replace
casks gradually since the state of isolated casks is mutually independent, while the
simultaneous failure of all casks is impossible;
in-plant conditions of cask fabrication playing the main part in safety of the storage
facility make possible to guarantee the quality of casks and the entire safety system in
actual practice.

2.4. Organizational and technological features
There exist different options of allocation of the cask type SNF storage facilities country-wide
(at nuclear sites, at regional, interregional, unified centralized storage facilities) without
imposing rigid requirements for pads and a possibility of moving SNF with minimum
additional expenses.
Putting storage facilities into operation is ensured with a maximum discreteness with no
considerable capital expenses. There are optimal possibilities as regards upgrading or
modification of technical solutions of both individual elements and the cask as a whole. The
process is free from any principal difficulties in installation of supplementary monitoring
systems in operating conditions.
Provision is made for account of SNF and control in terms of physical protection on a basis of
documents and visual determination of the quantity of casks. Radiation is also measured on
the surfaces of the casks and at a certain distance from them.
The issues of decommissioning storage facilities are simplified at the most with the
possibilities of practically full recovery of used materials and bringing the storage pads to the
“green meadow” level.
3. Results of development and start-up of production of dual-purpose casks for SNF
The first development of the dual-purpose cask for non-reprocessible SNF from RBMK-1000
reactors (TUK-RBMK or TUK-104) started in 1996 and, in 1998, a prototype was built (fullscale specimen for service-simulating and verification tests). The basic distinctive feature of
this cask from the existing park of transport casks is the composite character of structural
materials (metal – heavy concrete). Fig. 1 and Table I show an appearance and essential
weight and dimension characteristics of this cask. Taking into account the principally new
design solutions and materials in use, at the first phase of development it was clear that a big
amount of testing, subsequent finishing and safety justifications would be required. But, as a
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whole, considering the low cost of the metal-concrete cask (MCC) and good performance
capabilities, it was also clear that this type of cask should actually become an ancestor of the
family of dual-purpose casks for storage and transportation of SNF (reprocessible and nonreprocessible).

FIG. 1. TUK MBK-VMF.
Table I. TUK MBK-VMF Specifications
Purpose:
Index:
Material:
Overall dimensions:
Height:
Inner cavity depth:
Outer diameter:
Inner cavity diameter:
Weight of a cask loaded with SNF, no more than:
Weight of an empty cask, no more than:
Capacity in terms of SNF:
Cooling time of SNF of subs of I and II (III)
generations till loading, no less than:
Equivalent dose rate of ionizing radiation on outer surface,
no more than:
Transport index, no more than
Special wagon-container:
Amount of TUK MBK-VMF in one wagon-container:
Ceiling price:

transportation, interim
storage of naval SNF
TUK 108/1
heavy concrete and steel
4.480 m
3.530 m
1.850 m
0.775 m
39.6 t
37 t
5 and 7 canisters with SFA
5 years (2.5 years)
200 mrem/hr
10
TK-VG-18 or TK-VG-18A
3
US$ 140k
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In developing TUK MCC, much attention was given to issues of safety justification. For this
purpose, a software package was developed and testing of individual elements and cask
models was performed. Comparative calculations and testing of a cask scale model were
made. In August-October 1998, tests on a full-scale TUK MCC-RBMK prototype were
performed for the most severe effects – a 9-m drop on a rigid base, a 1-m drop on a pin and
exposure to fire (800°С for 30 minutes).
The tests performed demonstrated that the developed construction of TUK MCC-RBMK met
the transport standards established for B(U) casks for transportation of fissile materials. In the
process of co-ordinating the detailed design documentation, about 180 comments and
recommendations were proposed. Thereupon the amended detailed design was reviewed by
the expert agency at Gosatomnadzor of Russia; the fabrication permit of a TUK-104
prototype was granted; the dynamic tests were conducted in compliance with regulations
requirements. Actually, in parallel with the development of the detailed TUK-104 prototype
design and without any change in the basic design, computational validations were made for
the TUK-109 cask for storage and transportation of RBMK SNF, which capacity is 30%
larger.
In 2002, the TUK-104 prototype manufactured at OAO Izhora Works was subjected to inplant testing. In September 2002, dynamic tests were conducted on the stand prior to fullscale testing. On the basis of test results and calculated safety and reliability justifications, the
certificate-permit was granted for the TUK-104 design for storage and transportation of SNF
of RBMK-1000. The certification of the TUK-109 is nearing completion. Based on
engineering and technological solutions built into the TUK MCC-RBMK:
•
•

TUK MCC-VMF (TUK-108/1) – for reprocessible SNF of transport nuclear units has
been built;
TUK MCC-ALF – for non-reprocessible SNF of transport nuclear units is under
construction.

Since 1998, one of the priority casks for Russia was TUK-108/1. The basic engineering and
design solutions and verification of safety of the TUK MCC design were polished using this
facility. Hereafter the results have been and can be extended to all products of this series.
Fig. 2 and Table II show the appearance and basic dimensional characteristics of this cask.
In order to verify design solutions and calculations there were carried out numerous dynamic
and static tests of fragments and model. At the stage of detail design an experimental fullscale specimen (prototype) of the TUK MCC-VMF was manufactured. The in-plant testing of
it was conducted at the manufacturer. In 2000, tests on the experimental specimen TUK
MCC-VMF were conducted to verify compliance with the existing transport/technological
scheme of management of the ТК-18 cask at FGUP Atomflot, PO Mayak and Severodvinsk.
The test results were accounted for in the amendment of the detailed design and working
design documentation. A part of the tests was performed in the presence of Norwegian and
US technical experts who later also received the test results.
Based on the expert’s evaluation of technical design documentation, designer documentation
and test results of the TUK-108/1 design, Minatom granted the certificate-permit. The TUK–
108/1 prototype manufactured at OAO Izhora Works, passed the stages of acceptance testing
according to programme and procedures of in-plant preliminary testing and acceptance
interdepartmental testing according to the designer programme at the manufacturer’s plant.

300

IAEA-CN-102/40

FIG. 2. MBK-RBMK
Table II. TUK MBK-RBMK Specifications
Purpose:
Index:
Material:
Overall dimensions:
- Height:
- Outer diameter:
- Inner diameter:
- Canister outer diameter:
- Shield thickness:
Weight of a cask loaded with SNF, no more than:
Weight of an empty cask, no more than:
Capacity in terms of SNF:
Fuel characteristics
- SNF cooling time prior to loading:
- initial fuel enrichment:
- maximum permissible temperature of fuel cladding:

transportation, storage and
transp. after 50-years storage
TUK-104, TUK-104М/109
heavy concrete and steel
5.125 m
2.400 m
1.500 m
1.460 m
0.450 m
TUK-104 - 93 t
TUK-104М/109 - 95 t
79 t
6.5 tU (TUK-104)
8.7 tU (TUK-104М/109)
10 years
2.4 w%235U
350˚С

In consequence of this testing the prototype of TUK–108/1 in August 2000 was subjected to
acceptance testing with loaded SNF, so called “hot” testing. The tests were conducted without
any essential comments and violations verifying the compliance of specifications with the
requirements of design documentation and technical assignment. Izhora Works has already
produced a batch of 48 TUK–108/1. From 2001, the test operation of TUK-108/1 under
transportation mode is underway. When in 2003 the storage pads are commissioned at FGUP
Atomflot, FGUP DVZ Zvezda, FGUP GMP Zvezdochka these casks will be used for SNF
storage.
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4. Conclusion
The apparent simplicity of implementing the cask storage technology is attractive for many
spent fuel owners. However, it is essential to exercise justified caution and withhold from
using the dry cask storage technique without exception for all diversity of types and
characteristics of nuclear fuel. The rigid requirements of normative documents are
implemented at all stages of development, manufacturing, testing and putting into operation.
It is evidenced by the experience of elaboration of the family of MCC casks. Undeniably,
with increasing experience in SNF cask storage, also the normative and regulatory base will
be perfected.
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Abstract. In the framework of the Russian Federal State Programmes “Nuclear and radiation safety
in Russia on 2000-2005” and “Management with radioactive waste”, a family of metal-concrete casks
(МССs) has been developed for storage and transportation of spent nuclear fuel (SNF) of different
types of nuclear power installations, since 1995. At the design stage, many scientific studies were
performed to verify and justify safety, reliability and service life of MCCs including research in
corrosion resistance of structural materials. The intent of the studies was the justification of the
strength of the structural materials of the cask, based on determination of the extent of tendency to
intercrystalline corrosion of materials of the canisters and shells as well as of the inner lid under
interaction of gaseous fission products under conditions of dry cask storage of SNF. Thus, it may be
suggested that the working capacity of cask structural materials under SNF storage conditions will be
retained over 50-year period. The report gives the results of a comprehensive study in corrosion
resistance of structural materials of interior units of the cask for SNF storage and transportation.

1. Introduction
Since 1995, a family of metal-concrete casks (MCCs) for storage and transportation of SNF
from various types of nuclear power installations is being developed in Russia. Up to date, it
is completed the development and certification of a packaging set for storage and
transportation of SNF from nuclear powered transport facilities under the conditional index
TUK-108/1, one from the MBK family. A 48-piece batch has been manufactured for solution
of the crucial issues of dismantling of nuclear submarines withdrawn from service, and
therefore, for improvement of the environmental safety in Northwest and Far East regions of
Russia. The first unit of TUK-104/109 for storage and transportation of RBMK-1000 spent
fuel was produced on the Izhora plant and then was tested according to the Russian and IAEA
rules.
At the stage of MCC development it was carried out a wide range of R&D to verify and
justify safety, reliability and performance period including studies in corrosion resistance of
MBK structural materials. The studies sought for justification of resistance of structural
materials of the cask on the basis of determination of the level of tendency to intercrystalline
corrosion for materials of canisters and shell as well as for an interior shielding lid in the
event of interaction of gaseous fission products (GFP) under SNF dry storage conditions in
the cask. In the course of research the following problems were solved:
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•
•

it was experimentally studied the physical and chemical interaction between materials
and simulators of SNF fission products;
it was estimated a degree of corrosion damage of the cask’s structural materials with
allowance for their temperature, media and service period.

Experiments consisted in modelling interaction between specimens of structural materials and
GFP simulators under conditions close to emergence state of a cask which contained leaked
fuel elements with high nuclear fuel burnup.
2. Methodology of corrosion tests and examination of specimens
2.1. Materials under study and their preparation
The following types of steel were studied:
•
•
•

austenitic corrosion-resistant steels 10H18N10T (material of the canister), 12H18N10T
(inner shell with bottom);
Steel 09G2SA (material of the shielding and outer casings, components of the outer lid
and bottom, the supporting flange and the flange for lifting the inner lid, the MBK
bottom, the coaming, the inner lid), steel 25G2S (reinforcement);
Steels 09G2SA, 25G2S, previously modified by flows of high-temperature impulse
nitrogen and helium plasma.

The basic alloying steel components are presented in Table I.
Table I. Basic alloying steel components for MCCs
Chemical
composition
w%
C
Mn
P
S
Cr
Ni
Si
Mo
V
Ti
Cu

Steel type
09G2SA
0.69
1.35
0.008
0.004
0.12
0.25
0.54
0.18

12H18N10T
0.06
0.46
0.04
0.014
17.36
9.41
0.53
0.14
0.05
0.38
0.14

10H18N10T
0.10
1-2
0.035
0.02
18
9-11
0.8
-

12H18N10T
0.08
1-2
0.035
0.02
18
9-11
0.8
-

The preparation of specimens for corrosion testing was performed using standard polishing
and finishing methods with ending washing off and drying. The preliminary processing of
steels by flows of high-temperature impulse nitrogen and helium plasma (HTIP) in order to
modify surface layer was conducted in the test plasma facility. The density of energy of
absorbed flow was ∼ 90 and ∼ 27 J/cm2 for helium and nitrogen plasma respectively with
15 µs pulse duration. The number of irradiation pulses was three.
In order to study the effects of radiation damage upon corrosion resistance of 12H18N10T
steel the specimens were subjected to radiation defects at a level Cd ≈ 0.5-1 atmosphere/% (at
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a depth up to 1-3 µm) by ion implantation. The implantation was performed via polyenergetic
ion beam (PEIB) with the following parameters: H+ average energy 30 kW, dose 0.5×1018
ion/cm2, He+ average energy 23 keV, dose 1.2×1018 ion/cm2.
2.2. Methodology of corrosion testing
To examine interaction between vapours of fission product simulators and steels under
isothermal conditions a container was used made from 10H18N10T steel. The specimens
were installed in the cask, which was placed in the argon-vacuum glove box. Then the air was
pumped out to pressure about 10-2 mm mercury, the box was filled with argon, the container
was filled with reagents, closed with a lid and welded by electric arc welding.
Afterwards containers were placed into the furnace and maintained at a certain temperature
within the period needed for a specific experiment. Inside the container the tanks were put for
oxygen buffer-getter and fission product simulators. The oxygen source Ni/NiO was chosen
which allows to create chemical oxygen potential close to chemical potential of stoichiometric
nuclear oxide fuel. The test procedure made possible to model the following parameters of
corrosion interaction:
•
•
•

temperature;
value of oxygen potential of oxide fuel;
burnup (determined by the quantity of FP simulators).

To create gaseous environment of FP simulators in the argon-filled box into the cask were
installed apart from oxygen source Ni/NiO, tellurium (99.96%), caesium (99.99%), barium
(99.96%), iodine (ultra-pure), caesium iodide in amounts corresponding to burnup 45
MW·d/kgU.
The specimens of materials in form of plates were placed in the container as to provide free
access for reagent and oxygen vapours to any surface of a specimen. The specimens with the
container were roasted at 300, 500 and 7000C during 500 and 720 hours. Deviation of the
temperature from the given one did not exceed ± 50C. Temperature gradient along the
container length did not exceed 50C. To increase reactivity of FP temperatures exceeded the
actual temperatures in transport casks.
2.3. Methods of examination of specimens after corrosion tests
In order to investigate specimens subjected to corrosion tests in the environment of fission
products and identify generated compounds, metallographic methods and qualitative X-ray
phase analysis were used. Metallographic investigations were conducted to determine
material corrosion depth under the action of FP simulators and to study the materials
structure.
The determination of steel corrosion depth was carried out using a calibrated eyepiece and
depth micrometer on the optical microscope. Since fission product simulators in some cases
generate fragile interaction layers on the surface of specimens, the specimens for
metallographic investigations were poured over with epoxy resin in special cartridges where
they also were subjected to finishing and polishing. For identification of phases generated in
interaction between fission product simulators and steels the qualitative X-ray phase analysis
was used.
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2.4. Results of experimental investigations of interaction between fission products and
materials
Investigations of specimens subjected to corrosion testing in vapours of the reagents
demonstrated an absence of corrosion damage for all materials at a temperature of 3000C and
holding times to 720 hours as well as the presence of corrosion interaction for all materials at
a temperature of 7000C. The extent of corrosion damage at the temperatures of 500 and 7000C
depends in large measure on the type and processing of materials under study and duration of
keeping in the environment of gaseous FP. The basic outcomes of investigations are given in
Table II and Figs. 1 to 3.
Corrosion of 09G2SA steel is of intercrystalline nature (Fig. 1) at temperatures 700 and 500
0
C within holding time of 500 and 720 hours. At the temperature of 300 0C no traces of
interaction was detected. Based on the results of X-ray phase analysis the main phase in the
interaction layer is magnetite FeO·Fe2O3.
Table II. Depth of area of interaction of steels and GFP as a function of temperature, holding
time and treatment of steel surface
Temp. Holding
time
0
C
hr
300
500
700

Steel type
09G2SA

09G2SA
HTIP N+

25G2S

25G2S
HTIP N+

10H18N
10T

12H18N
10T

12H18N
10TPEIB
H+, He+

500

*

*

*

*

*

*

*

720
500
720
500

*
13 µm
15 µm
35 µm

*
11 µm
13 µm
32 µm

*
13 µm
16 µm
37 µm

*
10 µm
13 µm
32 µm

*
*
*

*
*
*

*
*
*

5 µm

3-5 µm

6-8 µm

720

40 µm

42 µm

43 µm

28 µm

10-12 µm

15 µm

17 µm

*no interaction

a

b

FIG. 1. View of interaction area between GFP and the steel 09G2SA after tests:
a)
within 720 hours at the temperature of 700 0C;
b)
within 720 hours at the temperature of 500 0C.
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a

c

b

d

FIG. 2. View of interaction area between GFP and the steel 25G2S after tests:
a)
within 720 hours at the temperature of 7000C;
b)
within 720 hours at the temperature of 5000C;
c)
within 500 hours at the temperature of 5000C;
d)
within 720 hours at the temperature of 3000C.
The area of corrosion interaction of the steel 25G2S is not very much pronounced which is the
characteristic property of intercrystalline corrosion (Fig. 2). X-ray phase analysis shows that
at a more elevated temperature and larger values of oxygen potential of the environment
inside the container in the interaction area apart from magnetite FeO·Fe2O3 the phase
Fe2·TeO6 emerges.
The preliminary treatment of carbon steels 09G2SA and 25G2S by flows of pulsed high
temperature nitrogen plasma during subsequent corrosion testing for 500 and 720 hours at a
temperature of 5000C, leads to replacement of intercrystalline corrosion by front corrosion,
however, at a higher temperature the nature of corrosion would remain as before. The depths
of the corrosion area of steels 10H18N10T and 12H18N10T differ insignificantly at all
experimental temperatures and holding times.
It has been known that with the value of chemical oxygen potential –(650-550) kJ/mole there
appears the possibility of oxidation of stainless steels, which causes front corrosion. However,
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at the value of oxygen chemical potential –(430-400) kJ/mole the character of corrosion of
austenitic steels changes from front to mixed type (front and intercrystalline) owing to
interaction of free cesium. The corrosion area of the austenitic steel 10H18N10T contains
cesium, iodine, tellurium, oxygen, chromium and iron. At high temperatures corrosion of the
steel 10H18N10T is of a mixed nature, and at a lower temperatures becomes frontal one.
The investigation of corrosion interaction between gaseous products and the steel
12H18N10T in initial state and after PEIB irradiation according to the above mentioned
procedure demonstrated that the preliminary ion-beam treatment simulating the condition of
irradiated specimens did not principally change the value of corrosion damage after tests
during 500 and 720 hours at 300, 500 and 700 0C (Table II). The difference in the magnitude
of corrosion damage for initial and irradiated specimens at appropriate temperatures and
within holding times was 3-4 µm which did not exceed random error in determination of
corrosion depth.

a

b

c

d

FIG. 3. View of interaction area between GFP and the steel 10H18N10T after tests:
a)
within 720 hours at the temperature of 7000C;
b)
within 500 hours at the temperature of 5000C;
c)
within 720 hours at the temperature of 5000C;
d)
within 720 hours at the temperature of 3000C.
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3. Conclusions
Relying on the study results in the degree of corrosion damage of the specimens of steels
09G2SA, 25G2S, 10H18N10T, 12H18N10T in the gaseous environment Cs-Te-J-Ba-O2 at
the temperatures of 300, 500 and 7000C within 500 and 720 hours, we might reason that:
1.
2.
3.

At the temperatures 300-7000C all materials exhibited satisfactory resistance within 720
hours;
The preliminary ion bombardment of specimens with ions H+, He+ to fluences 1017
ion/cm2 in correspondence to the anticipated level of irradiation of materials inside the
cask, did not cause any change of corrosion resistance of the steel 12H18N10T;
The preliminary treatment of carbon steels 09G2SA and 25G2S with flows of pulsed
high temperature nitrogen plasma, which leads to hardening of the surface layer and
surface melting, increases somewhat their corrosion resistance.

The results of the performed corrosion resistance tests of structural materials of the cask were
used in the development of the safety justification of the packaging set (cask) for storage and
transportation of SNF of nuclear powered transport facilities (TUK-108/1) and RBMK-1000
(TUK-104/109).
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Experience from the extension and licensing of the
Swedish central interim storage facility for spent fuel
G.I. Zellbi
Swedish Nuclear Fuel and Waste Management Company,
Stockholm,
Sweden
Abstract. Since the operation start of CLAB in 1985, 3 880 tonnes of spent fuel has been stored at CLAB. Spent
fuel together with radioactive components, stored at CLAB, occupies 92% of the storage pools. The plan for
sending spent fuel to CLAB during the next years indicates that CLAB will be full at the end of 2003. In order to
meet the coming supply from the NPPs, the CLAB capacity will be extended from 5 000 to 8 000 tonnes of spent
fuel. The project to build storage pools in connection with already existing storage pools began in 1999. The first
step was to excavate the rock in parallel with the existing storage pool area at a distance of approximately 40 m.
During this time, the existing CLAB was measured to detect vibration that could harm. The excavation was done
with help of explosives. After the excavation was finished in the beginning of 2001, the building of the storage
pools and other concrete structures began. At the beginning of the building period, a group of skilled people
from both the project and the operation of CLAB were formed in order to detect and analyse potential risks that
could jeopardise the integrity of CLAB. The building of the concrete structure is planned to be accomplished in
the beginning of 2004. In parallel with the building of the concrete structure, the upgrading of the systems in
operation, which also should serve the new storage pools, began and continues until the new storage pools are
connected. This upgrading of the existing system demands a thorough planning to not violate the operation
condition set by the regulatory body. Approximately 6 month before operation of the extended CLAB, no spent
fuel or radioactive material will be received, though this time will be used to test all systems and to show the
regulatory body that the extended CLAB meets all regulatory demands. From the start, the regulatory body
through inspections and meetings has followed the project very close. Some experience from the interaction with
the regulatory body is: (1) the regulator should be active very early; (2) an open and regular dialogue with the
regulator to discuss regulatory requirements and review findings; (3) regular meetings between the regulator,
operator and the operator’s contractors; and (4) on site inspections.

1. CLAB - Central interim storage facility for spent nuclear fuel
CLAB is situated on the Simpevarp peninsula near Oskarshamn Nuclear Power Station
(OKG) and owned by SKB (Fig. 1). The start of operation at CLAB began in 1985. CLAB
receives spent nuclear fuel from the Swedish nuclear power plants (NPP) together with highly
radioactive material, i.e. components from reactor core exposed to strong neutron irradiation.
The spent nuclear fuel will be stored at CLAB for approximately 30 year before it will be
encapsulated in copper canisters and stored at the deep repository, the Swedish system.
The spent fuel is stored in four pools and a reserve pool and is licensed to hold 5000 metric
tonnes of spent fuel. The roof of the storage area is approximately 30 m below the ground
surface. The rock cavern, which contains the storage pools, is 120 m long. At the end of 2002,
CLAB contained 3 880 tonnes of spent fuel. The storage capacity of CLAB was utilized to
92% including internal reactor material.
When CLAB was constructed in the early 1980’s, the need to extend the storage capacity was
foreseen. With the need from the NPP to send spent fuel to CLAB, analysis predicted that
CLAB would be full at 2006. This includes the use of compact canisters, which were
introduced in 1992, and increased the storage capacity from 3 000 to 5 000 t of spent fuel. The
design of the extension (Fig. 2) began 1996 and was calculated to be in operation in the end of
2003. After the extension of CLAB, the capacity is increased to 8 000 tonnes of spent fuel.
The capacity can further be increased to about 10 000 tonnes if compact canisters will be used
in the new storage pools.
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FIG. 1. CLAB Central interim storage facility.

FIG. 2. Extended CLAB.

311

IAEA-CN-102/66

The new storage pools area is a copy of the already existing storage pools, i.e. five storage
pools. A connection pool between the old and the new storage pools area is also built. The
new storage capacity is built in parallel with the existing pools at a distance of about 40 m.
2. The building project
In 1996, SKB decided to begin the design of the CLAB extension. In the middle of 1997 SKB
applied to the Swedish Nuclear Power Inspectorate (SKI) to build and operate the extended
storage capacity. The application was sent to SKI together with a preliminary analysis report,
PSAR.
In 1998, SKB was granted permission to build and operate an extended CLAB. SKI was to set
additional requirements if necessary during the building period and the operation of the
extended CLAB. During the building of the extension, SKB set the condition that CLAB
should be able to receive spent fuel to meet the demand from the NPP.
Between 1999 and 2001, the excavation of the rock was carried out. During the excavation
phase extensive vibration and deformation measurement was done of the pool area of existing
CLAB in order to detect any harm on equipment, pools and concrete structure. This was one
of the requirements from the SKI. A total of 90 000 cubic metres was excavated and a cavern
120 m long was formed.
To be able to maintain the physical protection of CLAB, the gallery connecting the existing
pool area with the building site was blocked with a wall, not allowing entrance to CLAB from
the building site. The wall was built in the part of the gallery, which was excavated when
CLAB was built in the 1980’s. The wall will be removed when the existing systems in CLAB
is connected to the new storage pool area in the beginning of 2004.When the wall is removed,
all entrance to the building site will be through CLAB with normal procedure for entrance to a
nuclear site.
When the excavation was finished in 2001, the concrete structure work began. In short, the
contractor should build a house inside a defined volume (the cavern), this emphasises the
importance to build the concrete structure in the right order. The contractor did a lot of
planning to achieve the most optimal solution. One of the design requirements for the storage
pools is to withstand earthquakes. This is achieved by letting the storage pools stand on
bearings and reinforce the concrete structure with approximately 2 000 tonnes of steel. In total
approximately 18 000 cubic metres of concrete are estimated to be used during the
construction.
In parallel with the concrete structure work, the installation of the mechanical and electrical
system began at CLAB although already existing system will support the new storage pools,
as for example ventilation, internal electrical grid and the cooling systems. To meet the SKB
requirement of minimizing the impact of operation of CLAB, the project used two strategies:
1.
2.
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Pipes and cables were pre-installed but not connected to the system in operation until
the modification was done;
The upgrading/modification of the existing systems were done in several defined steps
for each system. For example the upgrading and modification of the ventilation system
was done in 7 defined steps over 2 years. Tests were done for each step before
operation.

ZELLBI

In the new storage area, the installation of the different systems began as soon as the concrete
structure work allowed. No operation demands complicated the installations. The system will
be connected to the system in CLAB when the wall between CLAB and the building site is
removed.
In the beginning of 2002, the project management realised that the start of operation of the
extended CLAB was to be delayed with 7 month until August 2004, caused by problems with
the production of the building documentation to the contractors.
In the beginning of 2004, the wall between the building site and CLAB will be removed and
the systems will be connected. A testing period of 6 month is planned before the application
of operation is sent to SKI. During this time, CLAB will not receive any spent fuel, which
allowes both the operation- and maintenance personnel to take part of the testing.
In August 2004, after approval of SKI, CLAB will (once again) begin to receive spent fuel
from the Swedish NPP.
SKB managed the project in the role as head of the project organization. For other roles in the
organization, SKB has hired experts from both outside SKB and from OKG. Operation
personnel from CLAB is also engaged in producing testing procedures and reviewing
modifications of the Safety Analysis report of CLAB. In total 18 people have worked in the
project organization.
Another condition from SKI to allow the building of the CLAB extension was to implement a
QA-system. The QA-system has during the whole building period reflected the status of the
project, i.e. developed over time following the experience and assessment of the QA-system.
As contractors in the building project, 20 different companies have been involved.
3. To manage the project
In order to have full control over the activity of the contractors, SKB as responsible for the
project had:
•
•
•

Before any new installation, a meeting with the contractor, to make sure they
understood the scope of their work;
Daily meetings with the contractors;
Auditing of the contractors and re-auditing if any findings within 6 month.

In order to be pro-active, two analysis groups were formed to try to recognize threats against
completion of the building of the new storage pools in time. One of the groups provided the
management of the project organization and the other group was formed with people from
both the project organization and from the contractors. The management group analysed
potential threats to accomplish the project in time. The other group analysed the day-to-day
work trying to minimize the risk for personnel and the project.
From the beginning of the project SKB recognized the importance of involving SKI in the
process. So when the project was formed, SKI was informed of the status of the project by:
•
•

Regular meetings between SKB and SKI’s experts;
Monthly written reports to SKI describing the development of the project:
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1.
2.
3.
4.

Summary of the activities during the month;
Different graphs showing deformation of the two cavern, movement of the storage
pools in CLAB, groundwater levels etc.;
Time schedules for the project;
Deviation report between design and as-built.

Besides the meetings with SKI and the monthly reports, SKI also performed on-site
inspections, reviewed incidents, etc.
4. Experience
•
•
•
•
•
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Making a 4-year plan for the receipt of spent fuel to CLAB, made a 6 month
interruption possible in the beginning of 2004, for testing the new storage pools in order
to get the approval to start the operation by SKI.
Pre-installation of pipes and cables together with modification of the existing system at
CLAB in well defined steps, with testing before operation, has minimized the impact on
the receipt of spent fuel to CLAB.
The wall in the gallery between CLAB and the building site made it unnecessary to
apply the physical protection requirements on the building site until beginning of the
testing period.
Establishing the two analysis groups have so far been successful, since it has in a
systematic way forced both the project organization and contractors to identify potential
risks, i.e. to be pro-active.
By involving SKI very early in the process and during the completion of the project,
SKB has the impression that SKI has confidence in the way SKB is managing the
project and how SKB complies with the conditions set by SKI.
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Experiences of the operation of the interim storage facility
for spent fuel at Olkiluoto
K. Sarparanta
Teollisuuden Voima Oy (TVO),
Olkiluoto,
Finland
Abstract. The spent nuclear fuel accumulated from the two nuclear power units Olkiluoto 1 and Olkiluoto 2
operated by Teollisuuden Voima Oy (TVO) at Eurajoki, Finland, are stored in the long term intermediate storage
for spent fuel, the KPA Store. The designed operating life of the storage is 60 years. The spent fuel will be stored
up to 40 years before it will be finally disposed of in the final repository for spent fuel to be build at Olkiluoto
site and scheduled to commence in 2020. The KPA Store was commissioned in September 1987. The fuel is
stored in water pools. Approximately 120 fuel assemblies are replaced annually in each reactor and stored for 15 years at the facility before they are transferred to the KPA store. The transfers are usually made in campaigns
every second year. During the operational time of the storage, 104 transfers have successfully been made and for
the time being there are 4 264 fuel assemblies, 59 per cent of the capacity, stored in the pools.

1. Introduction
The nuclear power represents 27 per cent of the Finnish electricity generation. The nuclear
sites and the main nuclear facilities can be seen in the Figure 1. Finland has two nuclear
power plants both with two reactor units. Teollisuuden Voima Oy (TVO) owns and operates
two 840 MW BWR-type nuclear plant units on the Olkiluoto island, in Eurajoki municipality
on the west coast of Finland. Olkiluoto 1 began its operation in 1978 and Olkiluoto 2
respectively in 1980. Fortum Power and Heat Oy owns and operates two 510 MW PWR-type
units at Hästholmen island in Loviisa city on the south coast of Finland. Loviisa 1 began its
operation in 1977 and Loviisa 2 in 1980, respectively.

Nuclear energy in Finland
g

g

Olkiluoto

g

Loviisa

Teollisuuden Voima (TVO)
g

Olkiluoto NPP

g

Interim spent fuel storage

g

Final repository of LLW/MLW

Fortum Power and Heat
g

Loviisa NPP

g

Interim spent fuel storage

g

Final repository for LLW/MLW

Posiva
g

Final disposal for spent fuel (in
Olkiluoto)

g

Owned by TVO and Fortum
(60/40%)

FIG. 1. Nuclear energy in Finland.
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In May 2002, the Finnish parliament ratified the government's decision in principle of the
construction of the fifth reactor unit in Finland. Both sites, Loviisa and Olkiluoto, have
facilities of interim storage for spent fuel and facilities for storage, treatment and a repository
for final disposal of low and medium level operational waste.
The power plants concerned are according to the Finnish nuclear energy legislation
responsible for the implementation and costs of spent nuclear fuel management. Changes in
the Nuclear Energy Act in 1994 required that the nuclear wastes produced in Finland shall be
treated, stored and disposed of in Finland. Thus shipments from the Loviisa NPP to Russia
cancelled in 1996. In 1995, TVO and Fortum Power and Heat Oy established Posiva Oy to be
responsible for final disposal of the spent nuclear fuel generated both at the Loviisa and the
Olkiluoto power plant units and for a host of other expert tasks relating to spent nuclear fuel
management. In Finland, all the costs of nuclear waste management is collected in the price of
nuclear energy and is funded into the State Nuclear Waste Management Fund. The funding is
derived from payments and the interest income of the Fund. Payments are collected from the
power companies that generate the waste. At this moment, the capital in the Fund fully covers
all costs of the future waste management.
In May 2001, the Finnish Parliament ratified the decision in principle concerning the final
disposal of spent nuclear fuel, accumulating from the four power plant units, in the bedrock at
Olkiluoto. In May 2002, the Parliament ratified a decision in principle concerning the final
disposal of spent nuclear fuel from the planned new nuclear power plant unit also at
Olkiluoto, regardless from where the new power plant will be located, Loviisa or Olkiluoto.
In the next few years, Posiva will start the construction of an underground characterization
facility on the island of Olkiluoto at Eurajoki, which has been selected as the site for the final
disposal facility for spent nuclear fuel as mentioned above. This characterization facility is
called ONKALO, and it will be used to acquire detailed information about the bedrock at
Olkiluoto, to be utilised in the planning of the final disposal facility. ONKALO will finally be
used as part of the final disposal facility. According to the programme, the construction of the
final repository will begin in 2010 and the disposal will be started in 2020.
2. General description of the KPA Store
The KPA Store was designed by the Finnish company Imatran Voima Oy (IVO) nowadays
Fortum Power and Heat Oy, with the Finnish building company YIT as the main construction
contractor (Fig. 2). Consequently, the construction and design of the storage facility was over
90% Finnish, and only the transfer cask, the storage racks and a few valves came from other
countries. Construction of the KPA Store began in 1984 and the facility was completed on
schedule in late 1987. The first transfer of spent fuel to the storage was performed in
September 1987. Construction costs, including the construction of the storage, the fuel
transfer cask and fuel racks for one storage pool amounted 185 million FIM (about 30 million
USD).
The KPA Store is located on the nuclear plant site at Olkiluoto next to the power plant units.
It includes the actual storage building and a separate seawater pumping station. The storage
building is connected to the nuclear power plant unit Olkiluoto 1 by two tunnels. The seawater pumping station is connected to the storage building by underground pipelines. The
storage building stands on bedrock and is partly situated below ground level.
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FIG. 2. PPA Store - Interim storage facility for spent fuel.
The storage building comprises of four main parts:
•
•
•
•

reception section;
storage section;
process section;
control section.

The reception section contains pools and equipment for lifting, opening, unloading, cleaning
and closing the transfer cask.
The storage section contains three storage pools filled with water and one handling and
evacuation pool. The storage pools are connected to a transfer channel, which in turn is
connected to the handling and evacuation pool and further on to the loading pool. The lowest
level of the spent fuel storage is at the level of –12 m and the highest point at the level of
+31.6 m, compared to the sea level. The bottom of the storage pools is at the elevation of –3.8
m. The height of the water above the active fuel is about 8 m.
The process section contains cooling circuits for the pools, water purification systems,
ventilation systems, systems related to waste handling and so on.
The control section contains the control room, electrical and instrumentation centres, a
switchgear room, the heating system and personnel facilities.
The KPA Store is as far as possible operated according to the same principles and routines as
the plant units. The storage is operated mainly by the personnel of Olkiluoto 1, the shift
personnel at Olkiluoto 1 is responsible for the supervision of the KPA Store 24 hours per day.
All alarms from the storage are routed to the control room of Olkiluoto 1 and all events are
recorded at Olkiluoto 1. There are no permanent personnel for the KPA Store. A group of
seven persons, responsible for the waste and fuel handling at plant units also takes care of the
transportation of the spent fuel cask, handling of spent fuel assemblies at the KPA-store as
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well as the daily operation of the storage facility. The persons of the waste and fuel handling
group are so multi-skilled, that most of them can single-handedly take the responsibility for
an entire fuel transport procedure, including loading, reloading (unloading), handling the cask,
driving the transport vehicle, as well as all the essential health physics activities. Two persons
in the group have KPA as their special responsibility area.
Special activities, e.g. radiation protection tasks, are done by the personnel specialized in
those activities.
The total annual amount of man-hours required for operation (45%), maintenance (25%),
control and supervision of the KPA Store is only about 4 000 man-hours.
KPA Store is connected to Olkiluoto 1 by both so called radioactive and non-radioactive
underground tunnels. The radioactive tunnel comprises the piping for radioactive liquid
wastes (ion exchange resins and flushing waters) and the non-radioactive tunnel respectively
the cables for electricity supply and the piping for process water supply and heating of the
KPA Store. The non-radioactive tunnel serves also as a personnel passage between Olkiluoto
1 and the storage. When it is time to decommission Olkiluoto 1, the KPA Store facility will
become a completely independent entity. Some process systems must be upgraded in order to
compensate the services Olkiluoto 1 offers now.
2.1. Main data
Storage capacity
Tonnes of uranium
Fuel assemblies
Storage pools

1 220
7 124

Total volume
Volume of water in one pool
Pool depth
Operational temperature of water in pools

3 pools and 1 in reserve
reinforced concrete/stainless steel cladding and
in between leaking monitoring system
4 300 m3
850 m3
13.5 m
below 43 ºC (normally < 32oC)

Cooling system
Number and capacity of cooling systems
Cooling capacity max.
Flow rate in seawater circuit (max.)

2×100%
2.9 MW
80 kg/s

Buildings
Maximum length
Maximum width
Maximum height
Floor area
Volume
Concrete
Reinforcing steel

74 m
46 m
28 m
2 780 m2
70 240 m3
16 000 m3
1 700 tonnes
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2.2. General design criteria
The KPA Store was dimensioned to store all the spent fuel elements produced by Olkiluoto 1
and 2 during 30 years, in other words 1 400 tonnes of uranium. This amount is more than the
capacity of the storage after the first phase of construction (1 200 tonnes). Therefore in the
design of the KPA-Store, it has been prepared for an enlargement of the storage capacity up to
more than 5 000 tonnes. Also preparations for a dry storage of activated core components
were made. Handling equipment has been designed and load specifications have been made
taking also the PWR-fuel into account.
The designed lifetime of the KPA Store is 60 years, but a certain single fuel element will be
stored about 40 years before its final disposal. The cooling time of the spent fuel elements
before they are transported to the KPA Store is at least 1 year (short-lived nuclides decayed).
Fuel assemblies can be transported and stored in the storage with or without the fuel channel.
TVO avoids to transfer and store leaking fuel assemblies. The leaking rods are discharged
from the leaking fuel assembly, hermetically encapsulated and stored in a rod rack having the
same dimensions and handled in the same way as a fuel assembly.
The reception pool and transfer channel has been dimensioned taking into account a possible
interim storage of the vitrified high activity waste.
It shall be possible to evacuate one storage pool to the handling and evacuation pool.
2.3. Fuel storage rack design
In the KPA Store there are two types of fuel racks both of which are high-density stainless
steel racks with a 165 mm lattice pitch. One rack type contains 14×21 fuel positions and the
second one 13×21 positions. One pool contains four of both types and the total capacity of the
pool is 2 268 positions. The absorbing material is boron steel, with a boron content of 1.6 –
1.9%, which is twice as high as the boron content in the boron steel of the racks at the power
plant units. The boron steel plates are 3 mm thick. The racks are designed for a fuel with
average enrichment of 3.5%, without taking into account the burnable poison or the burnup.
At the moment there are storage racks only in two pools. New racks for a third pool are procured. The installation work begins in September and should be finished by the end of the
year 2003. The new racks, 2 610 positions, are of high-density design as well, with a lattice
pitch of 155 mm. The boron steel plates are 3 mm thick. The criticality analysis is carried out
on the enriched zone of fuel bundles having an enrichment between 4.03- 4.12% depending
on fuel design and taken into account the burnable poison. The burnup value used corresponds
to the maximum reactivity of the bundle in a conservative way.
The fuel racks at the KPA Store have been dimensioned for an earthquake so that they can
tolerate a horizontal acceleration of 0.1 g. Because the racks are of compact type, no further
reracking will be considered.
2.4. Handling systems
Handling and inspection equipment of the KPA Store include: spent fuel transfer cask,
transport vehicle and the trailer for transfer cask transportation, 125 ton bridge crane, 20/2 ton
bridge crane, fuel racks, fuel handling machine, dechanneling equipment, fuel sipping system
for testing of leaking fuel assemblies, inspection devices and a collimator used during spent
fuel verification measurements eg. fuel burnup evaluation.
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One of the design bases of the KPA Store is a transfer cask of 120 tonnes. However, a smaller
one was procured. The spent fuel transfer cask is a CASTOR type delivered by GNS in
Germany. The weight, of total loaded cask, is 93 tonnes and the capacity of 41 fuel elements.
The cask's diameter is 2 m, height 5 m, wall thickness 36 cm and the cask is water filled
during the transfer. A helium leak test and a periodic testing of the cask including its
components, has to be performed after every twentieth fuel transport or with three years
intervals. A leak test with compressed air is done at each transport. It is possible to handle the
transfer cask only on a certain area in the receiving building (key interlocking). The rails of
the 125 ton crane do not reach to the storage pool area. The smaller crane, 20/2 ton, can be
operated everywhere in the receiving and storage pools. Positioning of the transfer cask is
done by lasers.
The cask is transported with a vehicle, which is also used for transporting low and medium
activ level operational waste to the final repository. The vehicle has extra powerful brakes,
which are equipped with fire extinguishers.
2.5. Cooling systems
The decay heat rate of the spent fuel in the KPA Store is calculated using ORIGEN 2
program. Two different burn-up values were studied. These values were 35 MW·d/tU and 45
MW·d/tU and they still are very representative values for the spent fuel of Olkiluoto 1 and 2.
Because of the high amount of fuel elements and due to two upgrades of the power level and
the increase of the average burnup up to 45 MW·d/tU, increasing of the cooling capacity of
the storage pools became necessary. The capacity of the two cooling chains will during
autumn 2003 be increased from 900 kW to 1 370 kW and can further be gradually increased
up to 2 900 kW, if needed. The decay heat, from the 4 264 fuel assemblies stored, is at the
moment 752 kW. The storage has two redundant residual heat removal systems, each of
which contains three cooling circuits:
•
•
•

pool water cooling circuit;
intermediate cooling circuit;
seawater circuit.

The cooling systems can be seen in Figure 3.

Pool water cooling circuit

Intermediate cooling circuit

Seawater cooling circuit

Seawater pumping station

FIG. 3. KPA – Store cooling system.
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One of the subsystems is in operation at a time. The operational subsystem is changed from
one to an other once a month. One subsystem is enough to cool the fuel elements in the pools
and in case of loss of both subsystems, the temperature rises in the pools relatively slowly
(several days to boiling). Make-up water is provided by the demineralised water distribution
system. The transfer cask does not need a separate cooling system because its temperature and
pressure are relatively low. It can be connected to the pool water cooling circuit if cooling is
needed. The maximum temperature in the cask remains well below 100 ºC without any active
cooling, if the residual heat in cask has been limited in accordance with the Technical
Specifications (20.8 kW). However, if stored for more than five days the full loaded transfer
cask has to be cooled through the flushing flange, in order to prevent build-up of hydrogen.
Water in the intermediate cooling circuit is under higher pressure than in the two other
circuits, thus preventing the pool water escaping to the sea and the seawater entering to the
pools. The outlet pipelines discharge water at the distance of 60 m from the shoreline. The
pool temperature is normally 25-26 oC, but in summertime the seawater is warmer (20-22 oC)
and thus the pool temperature temporarily higher. The temperature limit according to the
Technical Specifications is 50 ºC.
2.6. Electrical supply
The electricity supply to the KPA Store can be provided in several ways. In addition to the
normal supply, all electricity needed at the KPA Store can be supplied from Olkiluoto 1 or
even from Olkiluoto 2. The most important safety systems/components can be supplied with
electricity from the emergency diesel generators at Olkiluoto 1. There is also a connection for
an optional diesel generator.
2.7. Water chemistry
The same water chemistry is maintained at the KPA Store as at the power units, NWC
(Normal Water Chemistry). Pool water clean-up system contains two pre-coat filters. One
filter is in operation at a time. The liquid waste, filter resins etc., are pumped to the waste
handling building of Olkiluoto 1 were waste is dryed/bitumized and stored in 200 l drums and
transferred for final disposal to the repository for low and medium level waste (VLJ
Repository). The resins on the pre-coat filters, 15 kg, are changed usually twice a year. The
high quality of pool water is important for the integrity and condition of spent fuel.
Monitoring of conductivity (1mSm/cm), silicates, active corrosion products is performed by
fortnightly. The purification system's capacity is monitored on chloride content by sample
taking both before and after the filters.
2.8. Fuel and supervision of fuel
A spent fuel surveillance programme, approved by the authorities, is carried out to monitor
the effects of long term storage. The programme includes visual inspections and oxide layer
thickness measurements on fuel cladding. As part of the programme and for comparison two
fuel assemblies, one from initial core and the second one from the first reload, are kept at
Olkiluoto 1 under supervision. The experiences have been satisfactory and there are no known
failure mechanisms that can threaten the fuel if the storage circumstances are kept inside
acceptable limits. At the moment after 104 transfers 4 264 fuel assemblies are stored in the
pools at the KPA Store, this corresponds 730 tonnes uranium and 59% of the storage capacity
(see Figure 4).
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FIG. 4. Number of fuel assemblies in KPA-Store at the end of each year.
2.9. Radiation monitoring
Similar principles for radiation monitoring as for the power units are valid also for the KPA
Store. The airborne activity is monitored continuously as well as the waterborne activity.
2.10. Safety related design criteria
The Finnish nuclear (atomic) safety legislation and applicable parts of the YVL guides
(guides set by the Finnish Nuclear Radiation and Safety Authority, STUK) were taken into
account in the design of the KPA Store. In addition to these, applicable parts of the following
standards and guides were taken into account:
•
•
•
•
•
•
•
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ANSI/ANS-57.7-1981, “Design criteria for an independent spent fuel storage
installation (water-pool-type)”;
ANSI/ANS-57.1-1980, “Design requirements for light water reactor fuel handling
systems”;
ANSI/ANS-2.19-1981, “Guidelines for establishing site related parameters for site
selection and design of an independent spent fuel storage installation (water-pool
type)”;
10CFR Part 72, “Licensing requirements for the storage of spent fuel in an independent
spent fuel storage installation”;
USNRC, Regulatory guide 3.44, “Standard format and content for the safety analysis
report for an independent spent fuel storage installation (water-basin type)”;
USNRC, Regulatory guide 3.49, “Design of an independent spent fuel storage
installation (water-basin type)”;
USNRC, Regulatory guide 3.50, “Guidance on preparing a license application to store
spent fuel in an independent spent fuel storage installation”;
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•
•

USNRC, Regulatory guide 3.53, “Applicability of existing regulatory guides to the
design and operation of an independent spent fuel storage installation”;
IAEA, “Storage, handling and movement of fuel and related components at nuclear
power plants”, Techn. rep. series no 189, 1979.

2.11. Experiences gained
The KPA Store has been in operation since September 1987. The design and construction of
the storage has met the main goals set for its operation. Both from operational, maintenance
and economical point of view the experiences have been good.
A safety review, as part of a Periodic Safety Review of Operational Nuclear Power Plants, has
been performed on KPA Store, especially focused on the handling of spent fuel and the
transport cask, including working procedures, instructions and related parts and equipment of
the storage. No remarkable negative observations were made, however the review
accomplished some improvements. Extra attention should be paid on the safe handling of the
transfer cask, especially when lowering the cask into the unloading pool, having the main part
of lid nuts removed. Also possible accumulation of hydrogen in the transfer cask has to be
considered.
Sea grass and mussels accumulating at the intake of cooling water has from time to time to
been cleaned up. A small leakage has been observed in one of the empty ponds, however due
to its tininess not found. The maintenance costs are relatively low. Annual work input about
4000 man-hours.
2.12. Extension of the KPA Store
In the design of the storage an extension was initially taken into account. The current
capacity, the new racks taken into consideration, will be exceeded to the year 2012. The
possible construction of a new unit at Olkiluoto does not effect the extension schedule, but
would effect on the volume of the extension. The accumulation of spent fuel from the existing
two plant units requires one additional pool, a possible new unit one as well. Further
extension of the KPA Store will not be necessary as the final deposition of the spent fuel is
due to start in 2020. The decision on the construction of the final repository at Olkiluoto is
already made. The extension of the pool capacity does not cause extension of other parts of
the storage. The extension of the storage is planned to be in use by the year 2011. However,
no decision is yet taken concerning final design nor schedule.
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Storage of spent fuel from the nuclear power plants
Greifswald and Rheinsberg in the Interim Storage North
W.A. Birkholz, R.H. Herrmann, U. Feller
Ministry for the Environment Mecklenburg-Vorpommern,
Department for Nuclear Safety and Radiation Protection,
Schwerin,
Germany
Abstract. The nuclear power plants (NPP) of the former GDR - NPP Greifswald and NPP Rheinsberg - were
shut down in the year 1990 and it was decided to decommission all reactors. After shutting down the 5 units in
Greifswald (of Russian reactor type VVER 440) and the 1 unit in Rheinsberg (of Russian reactor type VVER 70)
the storage of the spent fuel got a priority assignment. In 1990, 5 037 spent fuel elements existed at the NPP
Greifswald. At that time, 1 011 elements were contained in the reactors, 1 628 elements in the cooling ponds of
the units and 2 398 elements were stored in a wet interim storage (WIS) at the Greifswald site. 246 Spent fuel
elements were at the Rheinsberg site. In order to commence the decommissioning, the units should be free of
nuclear fuel. Therefore, the fuel elements from the reactors and the cooling ponds of the NPP Greifswald were
transferred to the WIS from 1994 to 1996. A part of the low burnup fuel elements had been sold to Hungary. A
final repository for spent nuclear fuel does not exist in Germany. Long time wet storage of nuclear fuel elements
is disadvantageously. Therefore, a new interim storage for dry storage was built at the Greifswald site. In the
Interim Storage North (ISN), the spent fuel elements are stored in CASTOR® 440/84 casks. Currently, the spent
fuel elements from the WIS were transferred into CASTOR® 440/84 casks, via special equipment built in unit 3,
and transported to the ISN for further storage. The spent fuel elements from the NPP Rheinsberg were loaded
into 4 CASTOR® 440/84 casks and transported to the ISN in May 2001. In December 2002, there were 26
CASTOR casks with spent fuel elements stored in hall 8 of the ISN.

1. Introduction
In the former German Democratic Republic (GDR), it was planned to produce 30 – 40% of
the electricity by nuclear energy. Until the year 1990, the nuclear power plants (NPPs) in
Greifswald and Rheinsberg covered approximately 11% of the electricity. At the Greifswald
site (Figure 1), located at the coast of the Baltic Sea about 200 km north of Berlin, were 8
units of Russian pressurized reactor type VVER 440 built. The units 1-4 were of the model
230 and the units 5-8 of the more recent model 213. Also facilities, such as a wet interim
storage for spent fuel (WIS), a warm workshop and additional buildings for the treatment and
storage of radioactive waste were on the site. At the Rheinsberg site, located about 70 km
northwest of Berlin, there was a pressurized prototype reactor VVER 70. This reactor in
Rheinsberg started its operation in 1966 and was the first NPP in the GDR.
After the reunification of Germany in 1990, the plant in Rheinsberg and the operating units 14 in Greifswald were shut down, the trial run of unit 5 was halted and the construction work at
the units 6-8 was interrupted. After serious considerations about refurbishment and restart of
some reactors, the discussion was finally taken in 1990/91 to decommission all reactors [1].
Table I summarizes some information about the reactor units in Greifswald (KGR) and
Rheinsberg (KKR). The unit 1 of the NPP in Greifswald supplied steam for the heating of the
city Greifswald. In 1990, a gas-fired plant was built. After the commissioning of this plant,
the unit 1 was shut down as the last reactor unit of the former GDR. After the shut down of
the 5 units in Greifswald and the 1 unit in Rheinsberg, the storage of the spent fuel got
priority assignment.
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Table I. The reactor units in Greifswald (KGR) and Rheinsberg (KKR)
NPP

Unit

Type

Operation

Shut down

KGR
KGR
KGR
KGR
KGR

1
2
3
4
5

VVER 440 (230)
VVER 440 (230)
VVER 440 (230)
VVER 440 (230)
VVER 440 (213)

12.07.1974
17.04.1975
01.05.1978
01.11.1979
26.03.1989

18.12.1990
14.02.1990
28.02.1990
02.06.1990
29.11.1989

(start of commissioning)

(end of
commissioning)

KGR
KKR

6/7/8 VVER 440 (213)
1

VVER 70

Produced
energy
[GW·h]
40.997
39.657
35.630
31.635
0.240

Under construction in
1990

30.05.1966

01.06.1990

9.036

FIG. 1. Greifswald site.
2. Management of fuel elements in the nuclear power plants Greifswald (KGR) and
Rheinsberg (KKR) after 1990
The shut down of the NPPs Greifswald and Rheinsberg in 1990 was not planned. The
conclusion of the shut down and decommissioning concerned full operating facilities.
Therefore, fresh and spent nuclear fuel was stored at the site.
2.1. Fresh fuel elements
In 1990, there were in summary 934 fresh fuel elements at the NPPs Greifswald and
Rheinsberg (860 elements KGR and 74 elements KKR). All fresh fuel elements have been
sold for use in other NPPs with Russian reactors or for recycling the nuclear fuel. The fresh
fuel elements were sold to:
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•
•
•

231 fuel elements to Slovakia for use in operating NPPs;
358 fuel elements to Czech Republic for use in operating NPPs;
345 fuel elements to the United States of America for recycling.

This process was finished in 1996.
2.2. Spent fuel elements
In 1990, there were 5 037 spent fuel elements in the NPP Greifswald. 1 001 elements were
contained in the reactors, 1 628 elements in the cooling ponds of the units and 2 398 elements
were stored in the wet interim storage (WIS) at the Greifswald site. At the Rheinsberg site,
246 spent fuel elements existed. Table II gives a summary about the spent fuel elements at the
NPPs Greifswald and Rheinsberg in 1990.
Table II. Spent fuel elements in the NPPs Greifswald (KGR) and Rheinsberg (KKR) in 1990
NPP

Unit/plant

KGR
KGR
KGR
KKR

Unit 1-5 reactors
Unit 1-5 cooling ponds
Wet Interim Storage (WIS)
Reactor/Cooling pond

Total spent fuel elements KGR/KKR

Fuel elements
1 011
1 628
2 398
246

Remarks
3 elements damaged
26 elements damaged

5 283

In order to start the decommissioning, the units should be free of nuclear fuel. Therefore, the
spent fuel elements from the reactors and the cooling ponds of the units in Greifswald were
transferred from 1994 to 1996 to the WIS. The special transport system of the NPP
Greifswald, i.e. in C30 casks, was used for the transfer. The remaining spent fuel elements,
which could not be stored in the WIS, were temporary stored in the cooling pond of the unit 1
and later on loaded into 3 CASTOR® 440/84 casks. Part of the low burnup fuel elements (235
fuel elements) from commisioning unit 5 were sold to Hungary and transported in 3
CASTOR® 440/84 casks in February 1996.
A final repository for spent fuel nuclear fuel does not exist in Germany. The long term wet
storage of nuclear fuel elements is disadvantageously. Therefore, a new interim storage for
dry storage was built at the Greifswald site, the Interim Storage North (ISN). In the ISN the
spent fuel elements are stored in CASTOR® 440/84 casks. For the loading of the CASTOR®
440/84 casks, special equipment was installed in unit 3 of the NPP in Greifswald. Currently,
the spent fuel elements from the WIS were transferred by C30 casks via the unit 3 into
CASTOR® 440/84 casks and transported to the ISN for further storage. The spent fuel
elements from the NPP Rheinsberg were loaded into 4 CASTOR® 440/84 casks and
transported to the ISN in May 2001. In December 2002, there were 26 CASTOR cask with
spent fuel elements stored in hall 8 of the ISN.
3. Licensing
As a result of the transition agreement on laws between both German states in 1989 the
licence for running NPPs ended 30 June 1995. Therefore, the NPPs Greifswald and
Rheinsberg needed new licences as of 1 July 1995. The licence for decommissioning and
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dismantling of these nuclear power plants were issued by the responsible Ministries in June
1995 and included the handling, removal and the disposal of nuclear fuel.
With the reunification of Germany in 1990, the “old” licence for the WIS was valid up to
30.06.2000. After a first modification of the Atomic Law in 1998, the time was prolonged to
30.06.2005 and after a new modification of the Atomic Law in 2002, this limitation in time
was terminated. However, the storage of spent fuel elements in the WIS is limited to the fuel
elements of the NPPs Greifswald and Rheinsberg. The responsible authority in Germany for
licensing storage of spent fuel elements is the Federal Agency for Radiation Protection (BfS).
The licence for hall 8 (hall for storage of spent fuel elements) of the ISN was issued from the
BfS on 05.11.1999 (see also point 5).
4. CASTOR® 440/84 casks
The CASTOR® 440/84 casks have been developed for the transport and storage of 84
hexagonal spent fuel elements and fuel parts of control assemblies of Russian pressurised
water reactors type VVER 440 and VVER 70 [2]. The casks consist of a thick-walled
cylindrical body made of cast iron with ball graphite. The cask is closed by a double–lid
system made of stainless steel with metal and elastomer seals. The two lids enclose a special
controlled pressure area. In connection with a pressure switch, the cask tightness during the
storage can be controlled. In the cylindrical body of the casks are rods of polyethylene for the
improvement of neutron absorption. The basket for the fuel elements consist of 84 hexagonal
tubes of borated stainless steel connected by aluminium sheets. Radial fins at the outer surface
of the cask increase the heat transfer. At the top and bottom ends, trunnions are attached for
handling. Some technical Data of the CASTOR® 440/84 and terms for the storage in the ISN
are listed at Table III.
The CASTOR® 440/84 cask complies with the international regulations of the IAEA for type
B (U) package designs as well as the German requirements for the long term storage of spent
fuel in the ISN.
5. The Interim Storage North (ISN)
The final storage situation in Germany is still not resolved. Therefore, a new interim storage
and treatment facility for radioactive waste and fuel was built at the Greifswald site, the
Interim Storage North (ISN). The ISN is a treatment station, a buffer storage and an interim
storage as well (Figure 2).
At the site of the ISN the storage building, the administration building, the security building,
the access road and the security fence are the main installations. The storage building of the
ISN consists of 7 halls for storage of radioactive residues and one hall (hall 8) for storage of
spent fuel in CASTOR® 440/84 casks. The erection of the ISN started in 1994 and was
finalized on schedule in 1998. Since March 1998, the ISN is in operation and guarantees with
its storage capacity of about 200 000 m3 the continuous implementation of the dismantling
work in Greifswald and Rheinsberg NPPs.
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Table III. Technical data of the CASTOR® 440/84 and terms for storage in the ISN
Cask Body Material
CASTOR 440/84
Fuel Specification
Max. Number of Fuel
Technical Data
Elements
Initial Enrichment
Burnup
Decay Time
Total Height
Outer Diameter
Internal Pressure
Residual Heat Power
Max. Surface Temperature
Max. Surface Dose Rate
®
Residual Heat Power
CASTOR 440/84
Activity
Terms for storage in the Removable Surface
ISN
Contamination
Inner Cask Atmosphere
Number of Adsorption
Candles
Residual Humidity (Inner
Cask Room)
Permissible Water Mass in
CASTOR Atmosphere (total)
He-leak Rate of the First and
Second Barrier
®

Ductile Cast Iron
Type VVER 440/VVER 70
84
≤ 3.6 wt-% U-235
≤ 35 MW·d/tHM
≥ 5 years
4 160 mm
2 660 mm
< 0,7 Mpa
≤ 21 kW
≤ 85 °C
< 0,2 mSv/h
≤ 12.5 kW
≤ 2.7 E+17 Bq
< 4 Bq/cm2
Helium
2
< 4.85 g/m3
< 21 g
≤ 1.0 E-7 hPa l/s

FIG. 2. Interim Storage North (ISN).
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5.1. Storage hall 8 of the ISN
Hall 8 - the hall in the ISN for dry storage of spent fuel in CASTOR® 440/84 casks.
Area:
Length:
Width:
Height:

~ 3 072 m2
~ 192 m
~ 17 m
~ 18 m

The hall 8 is equipped with places for spent fuel casks and a cask monitoring system
(tightness control) for 80 casks. A bridge crane (140 t) with coordinate control is installed for
the handling of the CASTOR casks. The cooling is realised by passive ventilation. 64 Storage
positions will be needed for the spent fuel elements of the NPP Greifswald and the NPP
Rheinsberg. The remaining space will serve as reserve.
The hall 8 of the ISN has a licence of § 6 Atom Law for storage nuclear fuel. This licence was
issued on 05.11.1999 and is limited to nuclear spent fuel, which was located in the NPPs
Greifswald and Rheinsberg (fuel elements of type VVER - 440 and VVER - 70) on the
30.06.1995. The licence is also limited to 80 places for CASTOR® 440/84 casks. The
maximum mass for heavy metal is 585 t, the maximum activity 7.5 × 1018 Bq and the
maximum heat power 600 kW. The storage of spent fuel stated late 1999 (10.12.1999). The
licence for storing the CASTOR® 440/84 casks is limited in time (i.e. for 40 years).
5.2. Caisson 5 – maintenance cell
The ISN contains a maintenance cell for CASTOR casks – the Caisson 5. At present, the
Caisson 5 can be used as a service place for admission the CASTOR casks, for changing
secondary lid (in case of un-tightness) and adjustment of the pneumatic pressure switch. The
Caisson 5 is also foreseen for changing the primary lid in case of un-tightness during the long
term storage. A special hermetic cell is erected. The ful installation can be done if the special
equipment in unit 3 is dismantled. Figure 3 shows a CASTOR® 440/84 cask in the Caisson 5
of the ISN.
6. Specialities and other problems
6.1. Fuel elements type VVER 440/ VVER 70
The assembly of the fuel elements of the Russian reactors VVER 440 and VVER 70 are of
hexagonal shape. The 126 fuel rods of each element are contained in an assembly cladding
tube, making it impossible to perform individual rod sipping. It is only possible to perform
sipping tests with the total fuel elements shortly after the shut down of the reactors. The
tightness of the fuel rods is an important point for the interim storage of fuel elements for a
long time in a dry CASTOR cask, because un-tight fuel roads containing water as potential
water source during the storage. For shielding of the primary metallic lid against corrosion the
content of free water in the cask atmosphere is limited at 21 g. Several methods for measuring
fuel elements tightness tests were realised [3]:
•
•

sipping test in 1990 (only one core, 4 failed fuel elements of 312);
successful integral tests with the C-30 cask (test of 30 fuel elements without failed fuel
elements; 28 C-30 with 834 fuel elements);
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•

suction head method (individual testing of fuel elements; 88 of 1 436 fuel elements
failed.

Failed fuel element means, that there is a unknown number of un-tight fuel rods inside a fuel
assembly. The CASTOR loading with fuel elements is done under water. After the drying
process it is thinkable that spent fuel assemblies with defect rods contain water, which spread
out during the long term storage. Therefore, a concept of adsorption of potential released
humidity during the long term storage was developed. The concept foresees to adopt two
sieve metal tubes filled with a molecular adsorption agent (Zeolite) into the cask to reduce the
humidity.
6.2. Storage of damaged fuel elements
Table II lists also the number of damaged spent fuel elements. The NPP Rheinsberg was a
prototype reactor. In this function, fuel elements with defined defects were used. 26 Spent
fuel elements existed with experimental defects. For the long time storage a special basket for
the CASTOR® 440/84 was developed and the spent fuel elements were loaded into this
special cask called CASTOR® 440/84 mvK.
At the Greifswald site 3, spent fuel elements were broken into parts. The different parts of the
3 damaged fuel elements were packed by gripping devices in special canisters. These
operations were performed in the cooling ponds of the unit 1 and 2 of the NPP Greifswald.
After then the loaded canister were concentrated in the cooling pond 1. For 3 CASTOR® KRB
– MOX casks were constructed new baskets to accommodate the canisters. The insertion of
the canisters with the different parts of damaged fuel elements was carried out under water in
the reloading pond of unit 1.

FIG. 3. CASTOR® 440/84 cask in the Caisson 5 of the ISN.
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6.3. Hydrogen formation during handling the CASTOR® 440/84 under water
During the manufacturing of the CASTOR® 440/84 casks, a strong alkaline detergent was
used for the cleaning of the inner surfaces of the cask. The loading of the casks with spent
fuel elements was done under water without boron acid. After the flooding of the casks, the
detergent dissolved and increased the pH value of the pool water so much, that corrosion of
the protecting coating of the aluminium of the cask basket with formation of hydrogen started.
It was decided to change the detergent and to clean the already manufactured casks.
Additional tests with an unloaded cask showed, that due to the H2 – formation in certain time
of the cask dispatching under water, no serious corrosion at the Al-sheets took place.
Nevertheless, the time of the CASTOR – casks under water during the loading was shortened
to a minimum.
6.4. Reopening technology
After the loading, some of the CASTOR® 440/84 casks did not comply with the conditions of
He-leak rate of the primary lid. At these CASTOR® 440/84 casks, the metal seals of the
primary lid had to be changed. The change of the primary lid was only permitted under water.
Before floating of the casks, the dry fuel elements had to be cooled. Therefore, a technology
of cooling the loaded CASTOR® 440/84 casks was developed. The technology of cooling
included the possibility of comparing the inner cask atmosphere before and after cooling for
valuable fission product detection. This allowed proving if during the cooling process further
failures in the fuel rods were developed.
7. Summary
The NPPs Greifswald and Rheinsberg were shut down in 1990 and will be dismantled during
the next ten years. Therefore, the units should be free of nuclear fuel. The fresh fuel and the
low burnup fuelelements were sold for reuse in other NPPs or for recycling of the fuel. The
spent nuclear fuel of both NPPs in earlier time was concentrated in a wet interim storage
(WIS) at the Greifswald facility. A new storage facility, the Interim Storage North, was built
for disposal of the radioactive waste from the dismantling of the NPPs and for the dry storage
of the spent fuel in CASTOR® 440/84 casks. The fuel elements stored at present in the WIS
are transferred, via special equipment installed in unit 3, into CASTOR® 440/84 casks.
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Licensing experience and technical issues related to wet storage
of spent fuel in the United States of America
S.R. Jones
Office of Nuclear Reactor Regulation,
United States Nuclear Regulatory Commission,
Washington, D.C., United States of America
Abstract. Changes in the design capacity and operation of wet fuel storage facilities have resulted in several
licensing and technical challenges. Replacement of spent fuel storage racks with high density configurations has
increased reliance on solid neutron absorbing materials to maintain a substantial margin to criticality, but
observed degradation of some of these absorbing materials has prompted development of alternate approaches.
Increased frequency of complete fuel transfers to the spent fuel pool and reduced cooling time prior to fuel
transfer have increased demands on spent fuel pool cooling systems, and these increased demands have been
accommodated by more complex methods of managing spent fuel pool operations. Lastly, conservative
modeling of severe spent fuel pool events has inicated that, by some measures, potential consequences could be
comparable to those of reactor accidents, but preliminary results of more realistic modeling indicate that the
probable consequences are much less severe.

1. Introduction
Wet fuel storage facilities in the United States were originally designed for short-term storage
of spent fuel. However, early technical challenges with fuel reprocessing and government
policy changes resulted in wet storage becoming, by default, the principal method for long
term storage of spent fuel. The United States Nuclear Regulatory Commission (NRC) has
made a generic determination of no significant environmental impact from temporary storage
of spent fuel for at least 30 years beyond the licensed life for operation [1].
Spent fuel pools are robust structures constructed of very thick reinforced concrete with
stainless steel liners. Design criteria that were applied to the construction of the pools, such as
those in Reference [2], specify that criticality be prevented by physical systems or processes,
residual heat removal capability be provided consistent with its importance to safety, and a
significant reduction in coolant inventory be prevented under accident conditions.
2. Licensing experience and technical issues
2.1. Criticality prevention in high density storage configurations
To accommodate the increasing inventory of spent fuel, the storage racks have been
reconfigured to higher-density storage patterns one or more times during the lifetime of each
plant. These high-density storage racks employ fixed neutron poisons rather than spatial
separation of the stored fuel assemblies to maintain a large margin to criticality. In addition,
many criticality analyses consider fuel burnup in determining acceptable storage locations for
irradiated fuel. Actual placement of the fuel consistent with the criticality analysis is subject
to administrative controls.
Some neutron absorber materials have shown evidence of degradation under certain wet
storage environments. Reference [3] describes the circumstances of observed degradation
related to a polymer-based solid neutron absorber. Although the measured degradation of the
material did not threaten the licensed margin to criticality at the time, continued degradation
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of the material and the cost of neutron absorbtion measurements have led many facilities to
pursue alternate methods to maintain a substantial margin to criticality.
As an alternative to replacement neutron absorber rack inserts, the NRC has found credit for
soluble boron to be an acceptable means of mitigating accidents that increase reactivity [4].
However, this credit is limited to applications where the nominal storage configuration
remains subcritical without credit for soluble boron and where undetected boron dilution is
considered an incredible event.
2.2. Effects of operating parameter changes on adequacy of spent fuel pool cooling
In addition to changes in storage density, changes in United States reactor operating practices
have posed additional challenges to spent fuel pool support systems. Efforts to manage risk in
shutdown reactors have increased the frequency with which the full core has been transferred
to the spent fuel pool during refueling. Power uprates and progress toward ever shorter
refueling outages have futher increased the challenge to maintain effective decay heat
removal.
To maintain safe spent fuel pool temperatures during refueling periods, many nuclear power
plant operating companies have proposed, and the NRC has accepted, licensing analyses that
balance the decay heat load with the available heat removal capacity. This balanced process
represents a change from a fixed design scenario with a definite minimum decay time prior to
fuel transfer to a more flexible approach that allows for shorter decay time when cooling
water temperatures are lower. Other methods to accomodate the greater decay heat generation
include providing temporary supplemental spent fuel pool cooling. In addition, the ability to
prevent a substantial reduction in coolant inventory under accident conditions is maintained
by ensuring availability of forced cooling after a single component failure and by verifying
that makeup water capacity exceeds the maximum rate of loss due to evaporation. Reference
[5] provides an assessment of spent fuel pool cooling and inventory control.
A recent total loss of spent fuel pool cooling at an operating reactor illustrates many of these
challenges and capabilities [6]. The nuclear power plant operating company completed
transfer of the full core to the spent fuel pool in just over 8 days after shutdown.
Subsequently, the entire cooling load was transferred to a temporary system to allow for
cooling water system maitenance. Reliability problems affecting the temporary system led to
the complete loss of spent fuel pool cooling just over 10 days after shutdown, but the
operators were able to promptly identify the loss of cooling and restore cooling from the
temporary system. Had cooling not been promptly restored, several sources of makeup water
were available to prevent a substantial loss of coolant inventory.
2.3. Analyses of severe spent fuel pool events
Several NRC-sponsored evaluations of beyond design-basis accidents in spent fuel pools,
including the recent evaluation contained in Reference [7], have indicated that the potential
off-site consequences of these accidents are comperable to those of a reacor accident by some
measures. These accidents originate with very unlikely but energetic events, such as cask
drops, that damage the pool structure and drain the cooling water. Without adequate cooling,
the fuel cladding may heat up to the point that oxidation of the cladding becomes selfsustaining. However, the progression of this cladding oxidation within the spent fuel pool had
not been thoroughly evaluated. To compensate for this shortcoming, conservative, simplifying
assumptions regarding progression of the accident and potential fission product releases have
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been used. Because the estimated frequency of random initiators of these spent fuel pool
events is very low, the NRC has concluded that the overall risk is acceptable.
The frequency of potential terrorist attacks or other acts of radiological sabotage are much
more difficult to estimate than the frequency of random events. In order to better understand
the vulnerability of spent fuel pools to terrorist attacks, the Commission has directed the NRC
staff to expeditiously complete its realistic engineering assessments of potential accident
progression [8]. This engineering assessment is in progress, with emphasis on understanding
clad oxidation and the potential for uncontrolled oxidation to propagate to adjacent fuel
assemblies within high density storage racks. Preliminary results of more realistic modeling
indicate that the probable consequences are much less severe because the amount of fuel that
reaches a high enough temperature to support uncontrolled oxidation following a loss of
coolant is small.
3. Summary
Although wet storage of spent fuel is a mature technology, the licensing activities have
remained dynamic in the United States. High density storage configurations are likely to
remain, and increases in licensed thermal power and decreases in minimum decay time will
continue to challenge heat removal capablility. More realistic engineering assessments of
uncontrolled fuel cladding oxidation will provide a better understanding of the risks
associated with high density storage of spent fuel.
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Abstract. Some of the objectives of the R&D PRECCI project, performed in CEA with the support of EDF and
FRAMATOME, are to qualify and quantify the long term evolution of the spent nuclear fuel under conditions of
dry storage and its consequence on potential radionuclides release. Chemical and physical states evolution of the
spent fuel in a closed system have been studied. In this case, no chemical evolution and no microscopic swelling
are expected to occur in the long term. Radionuclides mobility and grain boundaries transport properties need
today to be more investigated. Two creep models have been developed for irradiated Zircaloy-4. They take into
account the effects of stress, temperature and deformation on the creep rate. A new creep rupture criterion
depending on the irradiation dose has also been proposed. The effect of a container failure on the evolution of
the spent fuel after the cladding breaching is being investigated. The nucleation-growth process classically
assumed for the oxidation from U3O7 to U3O8 has not been observed. Thus, a new modelling approach of the
spent fuel oxidation and subsequent radionuclides release is under development.

1. Introduction
In France, the interim dry storage (long term – 100 y – or classical – 50 y) of spent nuclear
fuel is studied for the management of spent fuel in the back-end of the fuel cycle. Indeed, only
two third of the total annual budget of spent fuel is currently reprocessed in order to balance
the Pu annual budget. The other third (~ 350 tHM/y) is stored before further decision
concerning its ultimate fate. Several engineering projects are on going in France on long term
storage and lead to address operational questions to R&D. These questions concern the issue
of the retrievability of the spent fuel waste package at the end of the storage stage, the
monitoring of the fuel packages during the storage and the applicability of potential reconditioning process. Moreover, the evolution of the radionuclides (RN) source term is a
major operational question for the safety assessment of the dry storage.
The R&D PRECCI project is performed in CEA with the support of French utilities EDF and
FRAMATOME. Its objectives are to qualify and quantify the long term evolution of the spent
nuclear fuel (SNF) under conditions encountered in the back-end of the fuel cycle: interim dry
storage but also transport and geological disposal. This paper presents a synthetic status of the
PRECCI project related to long term dry storage and focusing on:
(1)
(2)
(3)

The evolution of the chemical and physical state of SNF in a closed system (without
external exchange of matter); e.g. corresponding to the period preceding a cladding
failure;
The determination of the long term cladding mechanical properties after irradiation;
The potential evolution of the SNF in contact with air.

The major outcomes and consequences on the potential RN source term during dry storage are
enlightened.
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2. Chemical and physical states evolution of the SNF in a closed system
The residual activity of the SNF may modify its chemical and physical states in a closed
system. Studies have been developed in order to identify and quantify the main mechanisms,
which could influence the RN release at the cladding failure. They concern (i) the chemical
state of the fuel, (ii) the microstructure of the pellet, in particular the long term cohesion of
grain boundaries, (iii) the rod internal pressure and (iv) the RN location in the rod.
2.1. Chemical evolution
Radioactive β decays could modify the oxygen potential in the irradiated fuel in the long term
by producing elements with different oxidation states. The most significant decays are 137Cs
to 137Ba (half life of 30 y), 90Sr to 90Zr (29 y), 241Pu to 241Am (14 y), this latter being more
important in MOX fuels than in UOX fuels. The potential evolution with time of the spent
fuel chemistry was simulated by thermo-chemical equilibrium calculations. Results obtained
for UOX and MOX fuels are reported in Fig. 1. In UOX fuels, the oxygen potential is
governed by the Mo/MoO2 equilibrium and decreases with the temperature of the irradiated
fuel. Its variation up to 300 y at a given temperature is lower than one kJ/mol [1]. In MOX
fuels, the oxygen potential calculated at equilibrium is higher than that of Mo/MoO2
equilibrium but is reduced to the molybdenum buffering value if the presence of a thin layer
of internal zirconium dioxide is taken into account in the simulation.
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FIG. 1. Oxygen potential calculated at equilibrium in UOX (left) and MOX (right)
fuels with a burnup of 60 GW·d/t as a function of the temperature.
This approach based on thermo-chemical calculations is valid only if the fission products have
enough mobility for chemical ordering. Temperature of the fuel during storage is too low to
allow such mobility, at least by thermally activated process. Thermo-chemical approach was
hence completed by an experimental study aiming at determining the local environment and
chemical state of the main insoluble fission products, like Cs, I and Mo in implanted UO2
samples. The buffering role of molybdenum was confirmed by observations based on X-Ray
Absorption Near Edge Spectroscopy [2]. Consequently, no oxidation of the spent fuel is
expected up to 300 y in a closed system.
2.2. Evolution of the lattice parameter
The lattice parameter may be modified by radiation damages produced by α-decays in the
spent fuel. From literature data, the saturation value of the lattice parameter is observed at
around 0.1 displacement per atom (dpa) and would be close to 0.4 % in the spent fuel (Fig. 2).
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Calculation of the damage induced by α-decays in the irradiated fuel shows that the saturation
value would be reached quickly after the end of irradiation for a MOX fuel with a burnup of
47.5 GW·d/t and after a few years in interim storage for an UOX fuel with a burnup of 60
GW·d/t (Fig. 2).
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FIG. 2. Lattice parameter evolution in (U,Pu)O2, PuO2 and (U,Th)O2 as a function of the
number of displacement per atom for various α irradiation sources. The lower saturation
value in UO2 monocristal than in UO2 polycristal is due to grain boundaries acting as sinks
of defects. Defects annihilation due to cascades displacements created by the recoil atom
reduces also the saturation value (Peuget, personal communication).
In conclusion, no microscopic swelling due to irradiation damage and to chemical evolution
of the spent fuel is expected to occur during dry storage before cladding failure. Today, the
latest major questions concern helium behaviour and fission products mobility in the fuel
pellet.
2.3. Helium behaviour in spent nuclear fuel
Helium which is produced by α-decays in the spent fuel, may reach large concentrations
particularly in MOX fuels (Table I). Location of helium in UO2 was studied by ab-initio
calculations. Contrary to krypton with an incorporation energy always positive, helium was
found to be soluble in stoichiometric and hyperstoichiometric uranium dioxide in the presence
of uranium vacancies, or of di-vacancies constituted by one uranium and one oxygen vacancy,
or of Schottky defects. Moreover its incorporation causes no increase of the crystal volume
[8]. Similar ab-initio calculations performed for iodine and caesium show that they are
insoluble in UO2 [9]. Helium is thus the most soluble chemically inert element in the fuel
without causing any increase of the crystal volume.
The few data on helium diffusion available in literature are highly dispersed [7]. Therefore,
experimental studies were launched in order to investigate the helium diffusion mechanisms
at low temperatures and the influence of the irradiation defects. Helium concentration and
distribution after annealing were measured on UO2 disks implanted with 3He by using the
Nuclear Reaction Analysis (NRA) method. First results were obtained at low implantation
fluence (3×1015 ions/cm2) and at temperature ranging between 800°C and 1 000°C. They have
shown that the diffusion coefficient evolution as a function of the annealing temperature can
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be represented as an Arrhenius law, with an activation energy of 2 eV and a frequency factor
of 1.7 × 10-10 m2/s [10]. Extrapolation of this law to low temperatures leads to diffusion
coefficient values of 1.7 × 10-25 m2/s at 400°C, 4.2 × 10-28 m2/s at 300°C and 8 × 10-32 m2/s at
200 °C. Thermal diffusion of helium would not be relevant at temperatures expected during
dry storage but experiments at high fluence (> 1016 ions/cm2) are being today performed in
order to determine the influence of defects on He diffusion.
Table I. Evolution with time of the He concentration in 47.5 GW·d/t UOX and MOX fuels.
Quantities of fission gases produced during irradiation are also reported for comparison [7].
Fission gases
(% at/atiHM)a

Helium concentration
(% at/atiHM)a

Time

0

0.25 y

10 y

100 y

300 y

UOX

1.4

0.015

0.025

0.077

0.146

MOX

1.3

0.113

0.199

0.549

0.980

a

iHM: initial Heavy Metal

2.4. Migration of the fission products in the spent fuel pellet
Since RN source term is highly dependent on the location of the RN within the fuel rod, it is
necessary to study the potential evolution of the RN location with time due to purely thermal
diffusion and a mechanism of diffusion enhanced by α self-irradiation.
2.4.1. Thermally activated diffusion
High temperature diffusion data show that volatile fission products can be classified into two
groups [7]: I and Te with similar high diffusion rate on one hand; Ba, Cs, Ru and Xe with
lower diffusion rate on the other hand. Extrapolation to lower temperature has been
experimentally verified. Concentration profiles of 127I, 133Cs, 125Te and 129Xe in implanted
UO2 pellets were determined by SIMS before and after annealing. The diffusion coefficients
measured at 1 000°C are reported in Table II. Diffusion coefficients of I and Te at 1 000°C
are one order of magnitude higher than those of Xe and Cs, which are in agreement with data
measured at higher temperatures.
Table II. Mean diffusion coefficients of gas and volatile elements in UO2 at 1000°C [11]
Element
Diffusion coefficient (m2/s)

I

Te

Xe

Cs

1.5 × 10-19

1.6 × 10-19

2.0 × 10-20

1.5 × 10-20

The next analysis will be performed after annealing at 800°C and 900°C. They will complete
these results and allow determining the activation energy related to diffusion. However, from
the above results and literature data, thermally activated diffusion of fission products is
expected to be irrelevant at the storage temperature.
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2.4.2. Diffusion enhanced by α self-irradiation
Enhanced diffusion during in-reactor irradiation has been largely studied by Matzke [12], who
has deduced from experimental data that, below 1 000°C, the diffusion coefficient of uranium
is proportional to the fission rate. Comparing the effects of fission with the effects of αdecays, in particular of recoil atoms, it appears that the energy per atom displacement for the
two processes is in the same range. By analogy, enhanced diffusion due to α self-irradiation is
expected to occur under repository conditions. Some simplified theoretical approaches based
on atom displacement due to ballistic collisions and migration of vacancies have been
developed in order to evaluate the diffusion coefficient induced by α self-irradiation. Results
are reported and discussed in Ref. [13]. The analysis of these results has shown that the
diffusion coefficient value extrapolated from in reactor observations could be proposed as a
good estimate.
The α self-irradiation enhanced diffusion coefficient, Dα (m2/s) is then calculated by replacing
the fission rate by the volume α-activity of the spent fuel Av (Bq/m3) and correcting the
proportionality factor by the ratio between the number of defects created by α decays and
fission products. The α self-irradiation enhanced diffusion coefficient is expected to decrease
with time proportionally with the volume α−activity in the spent fuel as:
Dα (t ) ≈ 2 × 10 −41 × Av (t )

(1)

Results obtained with alternative models suggest that Dα values in Eq. (1) are unlikely to be
higher but may be significantly lower. The fraction of fission products released from the
grains into grain boundaries by this diffusion mechanism was calculated for UOX fuels by
using Eq. (1) and the Booth’s model reported in Ref. [14]. It reaches a few percent (< 3%) at
300 y but is highly dependent on the Dα value (~10-25 m2/s) determined from Eq. (1).
Therefore, experimental studies based on the irradiation by heavy ions of UO2 disks
implanted with He and I are in progress in order to validate the Dα values given by the first
theoretical approach. The effects of irradiation flux and incident energy on diffusion
coefficients will be studied in order to extrapolate the results to the low energy and dose
representative of α-activity in the spent fuel.
2.4.3. Effect on the cladding stress
From the above results, it appears that the release of He and fission gases from the grains into
grain-boundaries would be governed by a diffusion process induced by α self-irradiation.
Analyses of fission gas release during heating of LWR fuels have shown that thermal
diffusion in grain boundaries is some orders of magnitude higher than in grains [15] (at least 3
to 4 orders of magnitude from Ref. [16]). A similar behaviour is expected in the case of
diffusion enhanced by α self-irradiation. Pressure increase in the rod during storage would
then be due to the release of fission gases and He present in grain boundaries bubbles
resulting from (i) irradiation and (ii) release from the grains during storage:
•

As for the second contribution, if we assume conservatively that grain boundaries have
no retention capacity, the fraction of fission gases released from the grains in an UOX
fuel is a few percent (< 3%) at 300 y for a diffusion coefficient value given by Eq. (1)
(see § 2.4.2). With the same assumptions, the fraction of He released from grains would
be lower than 2%. Then, the additional stress induced by He and fission gases released
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•

from grains during 300 y of storage would be ~4 MPa at a temperature of 20°C and ~7
MPa at a temperature of 200°C in an UOX fuel of 47.5 GW·d/t (cladding deformation
neglected). These values are low compared with the stress due to the internal pressure
existing after irradiation: for a measured rod pressure of 40 bars at 25°C, the
corresponding stress is ~ 50 MPa at a temperature of 200°C and ~ 70 MPa at a
temperature of 400°C. Applying the same assumptions as above for MOX fuels, the
additional stress due to He and fission gases released from grains during 300 y of
storage would be ~ 5.5 MPa at 20°C and ~ 9 MPa at 200°C, but the effect of
heterogeneity due to Pu rich agglomerates is not taken into account in this calculation
and has still to be assessed;
As for the first contribution, the inventory of fission gases present in grain boundaries
bubbles after irradiation has been estimated from fission gases release measured during
high transient temperature treatment. Thus, ~ 10 % of the gas created by fission would
be in intergranular position in an UOX fuel with a burnup of 60 GW·d/t. It would be
~ 30% in a MOX fuel with a burnup higher than 50 GW·d/t. These values are two to
three times higher than the fraction of fission gases released in the gap during irradiation
[17]. The release of fission gases present in grain boundaries bubbles after irradiation
into the gap during storage would then significantly increase the rod internal pressure
and the subsequent stress on the cladding. The assessment of diffusion properties of
grain boundaries and their evolution in time is thus of prime importance with regard to
operational questions.

3. The long term cladding mechanical properties after irradiation
End of life internal pressure measured after irradiation in reactor ranges between 40 and 60
bars at room temperature. Thus, the cladding will be subjected to significant stresses (from
about 70 to 120 MPa) for the fuel rod temperatures as expected at the beginning of storage (up
to 400°C). Although temperature and the stress will decrease during dry storage, long term
creep under the fuel rod internal pressure is considered as a relevant strain mechanism.
3.1. Creep models
Clad deformation by creep-out has been extensively investigated through biaxial creep tests
(under internal pressure) conducted on irradiated Zircaloy-4 cladding samples, under various
conditions of temperature (380-420°C), hoop stress (150-250 MPa) and duration (up to 60
days). Interpretation of these tests has led to a first creep model reported and discussed in Ref.
[18]. It relates the primary creep rate to the temperature, stress and strain according to the
strain hardening hypothesis (Eq. 2):
dε θ
T
σ
= V0 . sh( ). exp(− a ).(ε θ + ε 0 ) − p
(2)
dt
σc
T
where t is time, εθ is the hoop strain, σ is the effective stress, T is the absolute temperature and
p, Vo, Ta and σc are fitting constants. But this law does not include any secondary creep term
and the clad strain extrapolated for a long period could be underestimated.

Based partly on the same experimental data base, another formulation of the creep law taking
into account a secondary creep rate, has then been proposed in Ref. [19]:
ε θ (t ) = ε o ⋅ ln(1 + γ ⋅ t ) + K ⋅ t
(3)
where εo and K are parameters depending on temperature, effective stress and fast neutron
dose.
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The annealing of irradiation defects, which may occur during transport or dry storage and
modify the mechanical behaviour of the cladding is also under investigation. The first results
have been presented in Ref. [20]. A partial annealing of irradiation defects was observed after
a period of 10 days at 470°C. It contributes to increase the secondary creep rate at 400°C.
Long term creep tests of several years in more representative conditions of storage will begin
this year in order to validate or improve the creep models today based on short time tests.
3.2. The rupture criterion

The usual criterion which limits the cladding strain to 0.01 to prevent the creep rupture under
internal pressure seems too conservative for application to transport and interim storage.
Therefore, a new creep rupture criterion has been proposed for cold worked stress-relieved
Zircaloy-4 based on the analysis of CEA’s data base [21]. Temperatures between 350°C and
470°C were studied for stresses ranging between 100 and 550 MPa. The effect of irradiation
level was also studied. The proposed new criterion is reported in Fig.3, with the stress range
expected in dry storage. In this case, the proposed rupture criterion is less conservative than
the 0.01 strain limit currently assumed [21].
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Fig. 3. Maximal allowed creep strain under internal pressure
as a function of stress and fast neutron dose (n/m2) [21].
4. Incidental scenario: oxidation of the spent fuel

In incidental conditions, which correspond to the loss of integrity of the container during dry
storage, the SNF would be exposed to air after the cladding failure. It is well known that UO2
oxidises in U3O8 in air with a significant volume increase (+38%) which transforms pellet into
powder. This process would increase the release of RN in the environment during storage and
question its reversibility. However, very little data is available in the low temperature range
relevant for dry storage (< 200°C) and in the case of high burnup UOX or MOX fuels.
Experiments are on going in CEA to address these issues.
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4.1. Macroscopic approach
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The weight gain of UOX and MOX fuels fragments (with a burnup of ~ 41 GW·d/t) was
measured during 5 000 hours (~ 7 months) of heating in air at 200°C. Results are reported in
Fig. 4 [22]. They show that the MOX fuel oxidises more rapidly than the UOX fuel but the
second step of oxidation from U3O7 to U3O8 was not observed. Optical examinations
performed in the UOX fuel samples after 875 hours of heat treatment showed an increase of
the fragment porosity and partial opening of grain boundaries. However, the mass
concentration of fission products measured by Electronic Microprobe Analysis (EMPA) was
not affected by this evolution. As for the MOX fuel, increase of porosity is observed only in
the UO2 matrix. EMPA analysis after 667 hours showed that the oxidation of plutonium
enriched clusters is delayed compared with the one of UO2 matrix. This characterization will
be completed by other EMPA analysis performed on samples after ~ 5 000 hours of heat
treatment.
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FIG. 4. Measured weight gain of an UOX fuel (left) and a MOX fuel(right) as a function
of heated time (200 °C in air with a relative humidity of 30% at 20 °C) [21].
4.2. Microscopic approach

In parallel, a microscopic approach is used in order to determine the oxidation mechanisms of
UO2. Such a phenomenological approach is necessary for the extrapolation of observed results
at lower temperatures and long time scale. Crystalline transformation during oxidation of UO2
was observed at atomic scale by X-ray diffraction analysis. The oxidation rate was measured
in parallel by the thermogravimetric method. Observations showed that the formation of U3O8
can not be attributed to a nucleation and growth process [23]. Therefore, a new modelling
approach of the oxidation of UO2 powders has been developed and proposed in Ref. [24]. The
oxidation kinetic of UO2 is governed by oxygen diffusion properties in each solid phase UO2,
U3O7 and U3O8. This approach allows interpreting the variable shape of observed
thermograms that the classical approach based on nucleation and growth process cannot
explain. Improvements are in progress in order to model the oxidation of fuel fragments.
Finally, an integrated experiment has been designed in order to study the degradation of a
piece of fuel rod with a pinhole defect in the cladding under oxidation in controlled
atmosphere. The propagation of the cladding failure, the fission products release and the
weight gain are regularly measured. This experiment will begin this year.
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5. Conclusions

Research on the long term behaviour of spent nuclear fuel has been developed in France in the
framework of the PRECCI project. One of the objectives is to determine the quantity of RN
that would be released from the rod during an interim dry storage, the so-called RN source
term.
The RN source term is divided into two contributions:
•

•

The first one consists of the activity instantaneously released from the rod in the
container at the cladding failure. It correspond to the inventory of RN (gas, volatiles
fractions) present in the zones of the rod accessible to gases (gap, plenum). It depends
on the RN mobility in the rod, on the evolution of the microstructure of the fuel pellet
and on the cladding deformation before cladding failure. Studies have shown that no
chemical and microscopic swelling are expected to occur up to 300 y. Today, helium
behaviour, diffusion induced by α self-irradiation and effect of self-irradiation damages
need to be more investigated in order to particularly depict their influence on the grain
boundaries properties. Several experimental results enlightened that the grain
boundaries appear to be the weakest mechanical points of the whole pellet: (i) they
easily loss their cohesion in fast transient heating experiment, (ii) 10 to 50% of their
surface has been shown by HRTEM to be covered by gas bubbles, which are shown to
be highly over-pressurized, (iii) fractures are mainly inter-granular in the outer part of
the rod [25]. Similarly, 45 y old PuO2 sintered pellets were shown to be transformed
into powder due to grain de-cohesion [26]. Today, it is difficult to evidence their
cohesion up to 100 y. Therefore, the inventory of RN present under gaseous form in
grain boundaries is taken into account as part of the instantaneous release at the
cladding failure. Studies pursued in the PRECCI project are aimed at reducing this lack
of knowledge;
The second one occurs in incidental scenario. It consists of a slow long term release of
RN after the cladding failure, in case of a container breaching. The RN release in the air
outside of the container is then governed by the oxidation of the SNF pellet. A new
approach of the oxidation mechanisms from UO2 to U3O8 has been proposed. An
integrated model calculating the weight gain, the oxidation front advancement, the
cladding failure propagation and the RN release from the rod is under development.
Model results will be compared with regular measurements of the weight gain and of
the RN release of a piece of rod with a cladding defect, heated in a controlled
atmosphere.
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safety and depletion analyses of WWER spent fuel facilities
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Abstract. A verification of the SCALE4.4 modular code system and nuclear data libraries for safety analyses
and evaluations of WWER spent fuel transportation and storage facilities has been carried out. Two SCALE4.4
control modules have been verified: CSAS6 (with KENO VI) - for criticality safety analyses and SAS2H (with
ORIGEN-S) - for depletion calculations (full spent fuel inventory). For CSAS6 verification some results for rod
power distribution in full-scale critical assembly experiments, carried out on the LR-0 criticality assembly, have
been used. Because of lack of experimental data, the depletion control module SAS2H has been verified on the
basis of comparisons with calculation results, obtained by the NESSEL-NUKO code system, especially designed
for WWER analyses. In the paper some results of the criticality calculations of WWER-1000 spent fuel storage
and transportation cask performed by the SCALE4.4 and MCNP4B code systems are presented. On the basis of
the obtained results the following conclusions could be drawn: the criticality control module CSAS6 could be
used for criticality safety analyses of WWER spent fuel transportation and storage facilities; the control module
SAS2H could be accepted for use in determination of isotope inventory and decay heat of WWER-440 spent fuel
assemblies; the good coincidence between the SCALE4.4 and MCNP4B results show their reliability and
applicability for criticality safety analyses of casks for transportation and storage of WWER spent fuel.

1. Introduction
A verification of the SCALE4.4 modular code system [1] and nuclear data libraries for safety
analyses and evaluations of WWER spent fuel transportation and storage facilities has been
carried out. The system is verified and world-widely used for lisenzing evaluation of PWR
and BWR spent fuel management facilities. The system has been recently in a process of
international testing for WWER applications. The implementation of this system for lisensing
evaluantions of WWER spent fuel management facilities requires its entire verification on the
basis of both: data from critical experiments and experimental data for decay heat and heat
transfer for the WWER spent fuel transport and storage casks. Another way for verification is
comparison with computation results from licensed reference codes. The complete
verification of SCALE4.4 involves verification of the different control modules, such as:
criticality control module, depletion control module, heat transfer control module etc. The
SCALE4.4 applicability for licensing evaluations of WWER spent fuel storage facilities could
be evaluate after entire verification. Two SCALE4.4 control modules have been verified:
CSAS6 - for criticality safety analyses [2] and SAS2H - for depletion analyses [3].
2. Code system description
2.1. SCALE4.4 modular code system
The criticality safety control module CSAS6 includes the modules BONAMI, NITAWL-II
and XSDRNPM for neutron data preparation, as well as the three dimensional multigroup
Monte Carlo criticality code KENO-VI [4]. A 44-group neutron data library based on the
evaluated data file ENDF/B-V is used for WWER applications. The control module SAS2H is
applied for prediction of spent fuel characteristics of assemblies having a specified reactor
history. SAS2H includes the point depletion code ORIGEN-S, which calculates the
concentrations of 1 008 fuel isotopes (129 actinides and 879 fission products) and 689 light
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elements (construction materials), as well as decay heat, activity and neutron and gamma
sources generated by the spent fuel assembly [5,6]. A 44-group neutron data library, based on
the ENDF/B-V, is used as initial fresh fuel library, while for simulation of fuel cycles
corresponding burnup dependent libraries have been generated (one pro cycle for the present
calculations).
2.2. MCNP4B code system
The MCNP4B is a general-purpose, continuous energy, time dependent, coupled neutron/
photon/electron Monte Carlo transport code [7,8]. The neutron energy region is from
1011 MeV to 20 MeV. The code has also the capability to calculate keff (effective
multiplication factor) eigenvalues for fissile systems. For criticality calculations the MCNP4B
uses neutron data library, based on the ENDF/B-VI evaluated data file. The S(α,β) cross
section model for thermal neutrons scattering is applied.
2.3. NESSEL-NUKO code system
The code system NESSEL--NUKO is especially designed for WWER analysis. The NESSEL4 code [9] calculates the local neutron physics characteristics and depletion of different
nuclear fuel assemblies in the core. The NUKO code [10] calculates the isotopic inventory
and decay heat of spent fuel assemblies – the concentrations of actinides and fission products
with medium decay period important for practice. This system is thoroughly tested in
international nuclear material safeguards, consisting in determination of the spent fuel
characteristics by means of actinides’ neutron emission measurements [11] and in different
benchmark tasks for determination with reasonable accuracy of the plutonium and americium
content in the spent fuel. The deviation in basic fuel isotopes number densities, according to
the Ref. [11] is around 5%, while the deviation of some fission products with large atomic
weight, like Cm – above 15%.
3. Results and discussion
3.1. Criticality safety control module CSAS6
3.1.1. Comparison with experimental data
3.1.1.1. Benchmark description
For verification of the CSAS6 criticality control module, some experimental data for rod
power distribution in critical experiments, performed on the LR-0 experimental reactor in
Nuclear Research Institute - Rez, Czech Republic, have been used [12]. These data have been
obtained in the frame of the IAEA Regional project “The Database for WWER-1000 Pressure
Vessel”, in which the Institute of Nuclear Research and Nuclear Energy, Sofia, has been
participated [13]. The WWER-1000 core model (in x-y plane) including the assembly
numbers is shown in Fig. 1. The core is arranged with 32 WWER-1000 fuel assemblies with
enrichment of 2%, 3% and 3.3% in 235U as follows: 2% (24 fuel assemblies), 3% (6
assemblies) and 3.3% (2 assemblies). The model assemblies are shorter then the real WWER1000 assemblies - the active length of fuel is 1.25 m. The fuel assemblies are arranged in a
reactor vessel of aluminium (diameter 3.5 m, height 6.5 m). The criticality is controlled by
moderator level (boron acid with concentration 4.51 g/l). The WWER-1000 fuel assembly
consists of 312 fuel rods, 18 cluster channels and one central channel, as is shown in Fig. 2.
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FIG. 1. LR-0 WWER-1000 Core model (horizontal plane).
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FIG. 2. WWER-1000 fuel assembly (in x-y plane).
Five spacer grids fix the fuel rods. There is a dry experimental channel in fuel assembly
number 27. The control rods are located in cluster channels in fuel assemblies with numbers
19 and 23. The spatial power distribution has been measured by gamma scanning of the fuel
rods. The location of the rods, selected for measurement, is presented in Fig. 3. The
experimental data have been averaged for fuel rods, located symmetrically toward the
centerline of the core model.
3.1.1.2. Criticality calculations
The calculated values of effective multiplication factor keff for the critical assembly are the
following: keff = 1.0012±0.0001(CSAS6 – KENO VI), keff = 1.00118±0.00008 (MCNP4B).
The results obtained coincide with the unity within the uncertainties of the model, see Table I.
Table I. keff for WWER-1000 fuel cask model
Configuration

Computer
code system

Number
of
generations

Average keff
±σ

67 %
confidence
interval

Model of Izorskie SCALE4.4*
600
0.8812±0.0016 0.8796 to
Zavody cask
(CSAS6)
0.8827
for 18 WWER**
300
MCNP4B
0.8822±0.0010 0.8812 to
1000 fuel
0.8832
assemblies
*
)
The number of neutrons in every generation is 600.
**
)
The number of neutrons for every generation is 1000 per assembly.
σ is standard deviation.

95 %
confidence
interval

99 %
confidence
interval

0.8780 to
0.8843

0.8764 to
0.8859

0.8802 to
0.8842

0.8792 to
0.8852

3.1.1.3. Rod power distribution
The total number of fuel rods, for which the experimental data have been obtained, is 260.
The experimental uncertainty is in the range of 3÷5% for different measured fuel rods.
Deviation of the results, calculated by the SCALE4.4 (CSAS6 - KENO VI) and MCNP4B,
from the experimental data is presented by the expression (C/E –1) in percents, where C/E is
the ratio between the calculated and experimental value. From the comparisons of the results,
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presented by the deviations in the Figs. 4 to 8 follows that the calculated results practically
coincide with the measured data in the limits of the uncertainty.
3.1.1.4. Conclusions
The analysis of the obtained results shows:
•
•

The criticality control module CSAS6 can be used for the criticality safety analysis of
WWER spent fuel management facilities;
The code system MCNP4B can be used for criticality safety analyses of WWER spent
fuel management facilities.

Assembly number

FIG. 3. Space position of the fuel rods, selected for measurements.
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FIG. 4. Comparison between calculated and experimental data for assembly 3.
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FIG. 6. Comparison between calculated and experimental data for assembly 12.
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FIG. 7. Comparison between calculated and experimental data for assembly 13.
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FIG. 8. Comparison between calculated and experimental data for assemblies 21,27,35.
3.1.2. Comparison with calculation results
In the paper some results of critically calculations of WWER-1000 spent fuel storage and
transportation cask performed by the SCALE4.4 and MCNP4B code systems are presented.
The calculational model has been developed on the basis of real WWER-1000 spent fuel cask
for storing 18 fuel assemblies, designed by the the Izorskie zavody [14]. The WWER-1000
fuel assembly, described in Ref. [15] is shown in Fig. 2.
In Fig. 9 the cask calculational model is shown. The calculations have been carried out for
fresh fuel assemblies in cask flooded with distilled water. The results obtained by these code
systems with appropriate neutron cross section libraries for the considered configuration are
in good agreement. The deviations in effective multiplication factor keff do not exceed 0.1%.
Some results for criticality safety analyses of different WWER-440 spent fuel casks are
presented in [16, 17 ].
3.2. Depletion control module SAS2H
3.2.1. WWER-440 spent fuel analysis
Because of lack of experimental data, the depletion control module SAS2H (with ORIGEN-S)
has been verified on the basis of comparisons with calculation results, obtained by the
NESSEL-NUKO code system, especially designed and verified for WWER analyses. The
verification has been based on calculations of WWER-440 fuel assembly with enrichment
3.6%, irradiated to burnup levels of 30 and 40 MW·d/kgU. Its geometry, material composition
and power history are given in the benchmark task [18].

355

IAEA-CN-102/5

FIG. 9. WWER-1000 spent fuel cask model (x-y plane).

The results of detailed comparative analyses for WWER-440 spent fuel assembly by SAS2H
and NESSEL-NUKO are presented in Ref. [19,20]. In this paper the results obtained by the
two code systems for number densities of 13 actinides and 16 fission products of WWER-440
spent fuel assembly for attained burnup level (Bu) of 40 MW·d/kgU, are compared and their
deviations are presented in Figures 10 and 11.

5.00E+01
Tcool=0

4.00E+01

Tcool=1y
Tcool=6y

3.00E+01

Deviation [%]

2.00E+01
1.00E+01
0.00E+00
-1.00E+01
-2.00E+01
-3.00E+01
-4.00E+01
-5.00E+01
U235

U236

U238

Np237

Pu238

Pu- Pu- Pu239 240 241
Actinides

Am241

Am243

Cm242

FIG. 10. WWER-440 spent fuel assembly, Bu=40 MW·d/kgU.
Actinides. Comparison between SAS2H (ORIGEN-S) and NESSEL-NUKO.
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FIG. 11. WWER-440 spent fuel assembly, Bu=40 MW·d/kgU.
Fission products. Comparison between SAS2H (ORIGEN-S) and NESSEL-NUKO.

These deviations are given by the expression:
∆ = ( Norigen/Nnuko-1)x100 [%],
where Norigen is the ORIGEN-S calculated number density, Nnuko –NESSEL-NUKO calculated
number density. The deviations are given for different cooling time steps: after discharging Tcool = 0, after one year - Tcool = 1y and after six years of cooling - Tcool = 6y at away from
the reactor basin.
The obtained results show very good coincidence for the basic fuel isotopes 235U, 236U, 238U,
Pu, 241Pu (maximum deviation is 2%). For the minor actinides Americium and Curium the
maximum deviation is 12% and 22% correspondingly. Such a tendency of overestimation the
Am and Cm concentrations determined by the ORIGEN-S code system versus other
calculated and experimental values are referenced in [5]. The obtained relative deviations for
the fission products concentrations are also in the accuracy range for the verification of these
code systems with experimental results [3, 11].

239

3.2.2. Conclusion
On the basis of presented results the following conclusion could be drawn. Good coincidence
is obtained for the most of isotope concentrations calculated by SAS2H (with ORIGEN-S)
and NESSEL-NUKO in the accuracy range for the verification of the code systems with
experimental results. There are some exceptions (150Sm, 152Sm, 154Eu), probably due to the
different nuclear data files used.
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4. Conclusions
The calculations carried out and comparative analyses for SCALE4.4 verification for WWER
applications lead to the following conclusions:
•
•
•

•

the criticality control module CSAS6 (with KENO VI) could be used for safety analyses
of WWER spent fuel transportation and storage facilities;
the code MCNP4B could be used for calculations need in criticality safety analyses of
WWER spent fuel transportation and storage facilities;
the control module SAS2H (with ORIGEN-S) could be accepted for use in
determination of isotope inventory and decay heat of WWER-440 spent fuel assemblies
after the detailed comparisons with results from the licensed in Germany code package
NESSEL-NUKO;
the good coincidence between the SCALE4.4 and MCNP4B results shows their
reliability and applicability for criticality safety analyses of casks for transportation and
storage of WWER spent fuel.

The verified computer code packages and nuclear data libraries for control and assessment of
reliability and nuclear safety of WWER spent fuel transportation and storage facilities is
being offered for the purposes of the Nuclear Regulatory Agency in Bulgaria.
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TRANSURANUS simulation of WWER cladding creep
under dry storage conditions
C. Győri, Z. Hózer
KFKI Atomic Energy Research Institute (AEKI),
Budapest,
Hungary
Abstract. Limited cladding creep deformation is one of the main safety criteria for the long term storage of the
spent nuclear fuel. To keep the fuel rod hermetically closed the safety limit of the permanent hoop strain is
generally 1%. In order to check the fulfilment of this criterion for VVER fuel rods in Modular Vault Dry Storage
(MVDS) facility deterministic and probabilistic analyses were performed by the TRANSURANUS fuel code.
This code provides the unique possibility of the consistent simulation of the fuel performance during both the
normal irradiation in the reactor and the 50 year storage. The question of the minimum necessary period of the
spent fuel rods’ cooling in the at-reactor (AR) water-filled pool was also investigated in the study. According to
the performed computations the permanent deformation of the cladding in the MVDS strongly depends on the
wet storage period.

1. Introduction
In the late 90s’ MVDS facilities were installed at the Paks NPP (Hungary) for the temporary
storage of the VVER-440 type spent nuclear fuel. In the MVDS each fuel assembly is stored
under Nitrogen atmosphere in a separated steel tube. The storage tubes are housed in concrete
vaults and cooled with air driven by natural circulation. The safety studies of this system
concentrated on thermal hydraulic analyses performed by the COBRA-SFS code [1, 2, 3] and
the verification of the claddings’ 1% permanent hoop strain criterion. The fulfilment of this
criterion is normally verified by simplified models considering the complex behaviour of a
high burnup fuel rod with conservative assumptions. Hence, the extension of the scope of an
available fuel analysis code should support a more precise prediction of the claddings’
mechanical performance under long term storage conditions.
The TRANSURANUS fuel behaviour code [4] with a new creep rate correlation was
considered as the most appropriate tool to define the proper mechanical loading and
deformation of the VVER cladding by the end of a 50 year storage period. The consistent
simulation of the fuel performance during both the fuel cycle, and the long term storage is the
great benefit of the TRANSURANUS analyses. The extended code is capable to calculate the
variation of the internal pressure in the fuel rods and also to determine the distribution of
strains and stresses in the cladding during both the irradiation in the reactor and the long dry
storage period. Hence, the application of the code is supposed to predict more realistic results
than the simplified methods applied before to evaluate the cladding creep.
2. Creep analysis, basic equations
The cladding creep is calculated through an explicit incremental procedure of the
TRANSURANUS code. That is to say, the axial, radial and tangential components of the
creep increment in the actual time step are calculated by means of the generalised flow
equation expressed with the stress components calculated in the previous time step:
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∆ε

∆ε

ε effcreep ∆t
[H (σ a,n−1 − σ r,n−1 ) + G(σ a,n−1 − σ t ,n−1 )]
=
σ eff ,n−1

creep
a ,n

creep
r ,n

∆ε

ε effcreep ∆t
[F (σ r ,n −1 − σ t ,n −1 ) + H (σ r,n −1 − σ a,n −1 )]
=
σ eff ,n −1

creep
t ,n

ε effcreep ∆t
[G(σ t ,n−1 − σ a,n−1 ) + F (σ t ,n−1 − σ r,n−1 )]
=
σ eff ,n−1

Where:

∆ε i,creep
n

ε effcreep
∆t
σ i ,n −1
σ eff ,n −1
F , G, H

-

increment of axial, radial and tangential creep strain components
(i = a, r, t) in time step n

-

effective creep rate

-

time step

-

stress component (i = a, r, t) in time step n-1

-

effective stress in time step n-1

-

anisotropy coefficients

The effective creep rate is the key parameter in the above equations. There are several creep
rate correlations involved in the TRANSURANUS code also for the Russian Zr1%Nb
cladding alloy (i.e. the creep rate correlation of the MATPRO-N1 program library [5]), but the
applicability of these correlations are limited to the normal operating conditions of the reactor
and obviously not necessarily appropriate for long term storage situations. Accordingly, a
recent creep rate correlation was incorporated into the code as a new option for the simulation
of VVER fuel rod performance under long term storage conditions. The model extension was
based on the steady state creep rate correlation of the Czech Power Utility (CEZ) [6] with the
following assumptions:
•
•

The correlation is applied only for storage conditions assuming that the cladding creep
of a spent fuel rod is in the stationary deformation region. Since the absolute value of
the residual strain under reactor conditions is larger than the saturated transient strain;
Constant anisotropy coefficients  as F=0.18, G=0.62 and H=0.38 [5]  and the thin
shell theory were assumed to derive the effective creep rate from the tangential creep
rate.

Considering the above assumptions the effective creep rate was formulated as follows:

ε effcreep = B ⋅ 

E  (Cσ eff / E ) (−Q / RT )
⋅e
⋅e
T 
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Where (see Table I, for the experimental creep parameters):
E
R
T
Q
B, C

-

Young modulus (MPa);
Universal gas constant (8.314 J/mol);
Temperature (K);
Apparent activation energy (J/mol);
Experimental constants.
Table I. Experimental creep parameters
Temperature range
Hoop stress range
Q
B

325-400oC
50-110 MPa
185 000
1.74E+02

420-530oC
40-130 MPa
256 000
1.167E+07

C

3660

5947.5

This empirical creep correlation applies to un-irradiated Zr1%Nb cladding and consequently,
does not consider the effects of the cladding corrosion and the fast neutron flux in the reactor.
Since both phenomena decrease the ductility of the cladding, the correlation provides a
conservative approach for the creep computation.
3. TRANSURANUS simulations
To predict the permanent deformation of a typical VVER fuel rods’ cladding during 50 years
of dry storage was the main objective of the TRANSURANUS simulations. In order to
provide appropriate burnup dependent initial conditions for the computation of the fuel rods’
performance in the MVDS, the analyses involved the simulation of the fuel cycle and the
cooling of the fuel elements in the AR pool, as well. First, deterministic analyses were
performed to evaluate the performance of the fuel rod in the MVDS. The effect of the cooling
period in the AR pool produced on the cladding temperature and the permanent hoop strain
were investigated in parametric studies. Beyond deterministic computations, the effect of the
boundary conditions’ uncertainty was investigated by probabilistic analyses.
3.1. Input model, initial and boundary conditions
The TRANSURANUS input model represented a standard VVER-440 fuel rod with 3.6%
enriched UO2 pellets. Conservative conditions in terms of cladding creep (e.g. high burnup
and rod internal pressure) were considered, since the methodology was planned for safety
analysis. The irradiation in the reactor was characterised by the bounding power curve up to
55 MW·d/kgU rod burnup and a steady axial power profile (cosine curve). The decay power
after the unloading of the fuel was calculated by means of the ORIGEN code [7]. Figure 1
represents the complete power history.
The water coolant conditions and the heat transfer in the reactor and in the MVDS were
defined by the TRANSURANUS and the COBRA-SFS codes, respectively. Namely, the
cladding temperature under reactor conditions was calculated by the appropriate heat transfer
correlations of the TRANSURANUS, whereas the cladding temperature history during the
long term storage in Nitrogen atmosphere was prescribed on the basis of detailed thermohydraulic modelling of the MVDS [2]. Besides, constant cladding outer temperature of 60 oC
was assumed in the AR pool.
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FIG. 1. Power history boundary condition for the simulation of VVER fuel rod performance
under long term storage.
The pellet-cladding gap size, and consequently the gap conductance, was tuned considering
the fabrication tolerances with rational conservatism (nominal pellet outer diameter and
maximized cladding inner diameter) in order to enhance the fission gas release (FGR)
feedback mechanism during the fuel cycle. The initial He pressure was set to 0.5 MPa.
3.2. Results of the deterministic analyses
From the point of view of cladding creep during long term storage the cladding temperature
and the rod internal pressure are the key parameters. Beside the heat transfer computation in
the COBRA-SFS code, the TRANSURANUS simulation provided the exact computation of
the rod internal pressure history of the fuel rod, considering both the FGR and the volume
changes during the irradiation, and supplied a detailed mechanical analysis to define the
cladding deformations, as well. The results of three computations are compared below. The
three analyses differed only in the time period of the cooling in the AR pool, as 1, 1.5 and 2
years. Due to the conservative approach, relevant FGR (16%) was predicted for the irradiation
period and the rod internal pressure increased up to 11 MPa by the end of the fuel cycle.
Under storage conditions the rod internal pressure change corresponded to the predefined
cladding temperature history and varied between 5.5 and 3.7 MPa (Figure 2).
The TRANSURANUS simulations confirmed, that the duration of the wet storage influences
the cladding creep to a great extent: earlier fuel removal from the spent storage pool results in
larger initial cladding temperature in the MVDS and consequently larger cladding creep at the
beginning of the long term storage. The maximum cladding temperatures and the calculated
hoop strains are compared in Figures 3 and 4, respectively. If the fuel assembly was
transhipped from the spent storage pool to the MVDS in one year the maximum cladding
temperature is 433 oC and the residual strain fast increases near 1 %. If the fuel assembly was
transhipped to the MVDS after a 1.5-year wet storage the maximum cladding temperature
remains below 400 oC and the residual hoop strain is only 0.1 %. According to the
computations there is practically no additional cladding creep in the MVDS if the duration of
the wet storage went beyond 2 years.
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FIG. 2. Rod internal pressure histories during the irradiation and the long term storage.
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FIG. 3. Maximum cladding temperatures of VVER fuel rod during
irradiation and long term storage.
3.3. Results of the probabilistic analyses
As the cladding creep strongly depends on the cladding temperature the uncertainty of the
heat transfer computation may trigger relevant alteration of the cladding strain. Therefore
Monte Carlo analyses were performed to investigate the effect of a hypothetical uncertainty of
the cladding temperature computations produced on the cladding creep.
Since the cladding temperature was predefined by code (COBRA-SFS) calculations on the
basis of several input parameters it was assumed that the random variable had normal
distribution with 5% standard deviation (σ). The upper and lower cut-off limits were defined
at µ ± 2σ, respectively, where µ indicates the mean value (calculated cladding temperature).
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In order to find the response distribution of the creep strain to the cladding temperature
variation there were 500 Monte Carlo runs performed for each parametric case. The results
are represented by the fractional frequency histograms of the residual hoop strain. Two cases
with 1 and 1.5 year wet storage are presented in Figure 5. The diagrams indicate the positive
effect of longer wet storage produced on the creep strain distribution and point out the
exceeding of the 1% strain margin if the fuel was transhipped from the AR storage pool to the
MVDS after one year cooling.
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Figure 4. Maximum residual hoop strains of VVER fuel cladding during
50 years of storage. Results of TRANSURANUS analyses.
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50 years of storage. Results of TRANSURANUS probabilistic analyses,
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4. Summary and conclusions
The performed analyses demonstrated the benefits of the TRANSURANUS’ application to
evaluate the conditions of the spent fuel rods after 50 years of storage in the MVDS. The
initial conditions and the internal pressure history of the VVER-440 fuel rod could be defined
in a more accurate manner and the extension of the code’s creep model supported the
prediction of the claddings’ mechanical performance during the long term storage.
According to the computations the permanent deformation of the cladding in the MVDS tube
strongly depends on the wet storage period. Monte Carlo calculations proved that the 1%
strain margin is exceeded if the spent fuel was transhipped from the AR pool to the MVDS in
one year of cooling. However, the creep strain is negligible during the long term storage if the
spent fuel was cooled for at least two years in the water-filled AR pool.
But, the cladding creep is only one phenomenon affecting the cladding performance and some
other important mechanisms, as the internal corrosion and the crack propagation in the
cladding wall should be also considered for safe long term spent fuel storage.
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Abstract. Germany’s new energy act, dated 2002, stipulates prohibition of reprocessing as of 1 July 2005 and
nuclear waste disposal restricted to a final repository. To avoid large-scale transportation, nuclear plant operators
shall construct on-site storage facilities, mainly for dry cask storage, to keep spent fuel assemblies until a final
repository is available. This paper deals with cladding integrity assessment, which is usually assessed by means
of creep laws and rupture criteria. A stress limit of 120 MPa and a maximum strain of 1 % are used in Germany
to avoid systematic cladding degradation. The strain calculations are based on a creep formula of non-irradiated
fast creeping cladding, whereas the straining capability is derived from similar irradiated material. The straining
capability was originally determined by short-time creep-burst experiments on high burnup PWR fuel rods with
commercial Zry cladding. The experiments revealed a high straining capability of about 2% and no degradation
with regard to increased oxide thickness and hydrogen content of the cladding. The straining capability has been
also evaluated for M5™ cladding by creep tests on irradiated material and strains of at least 1 % without defect
are guaranteed for a large range of temperatures. Future fuel cycle developments are featured by an even higher
discharge burnup and intensified use of MOX fuel. As a result, rod inner pressures and storage temperatures will
increase and a considerable percentage of rods will exceed the 1%-strain limit if calculated by creep laws based
on non-irradiated material. To cope with this more demanding situation, unnecessary conservatism has to be
replaced by a more realistic methodology. Extensive programmes are in progress on commercial materials in
order to derive more predictive creep laws and rupture criteria for irradiated cladding.

1. Introduction
Long term management of spent fuel is of increasing concern, because few decisions are
available regarding the implementation of final disposal [1]. Dry cask storage is a solution that
may bridge the gap between limited onsite storage capacity at nuclear power plants and
storage solutions in the far future. The fuel vendor has to consider the whole fuel cycle to
comply with different storage solutions and future purposes such as final disposal or
reprocessing. This paper mainly deals with aspects of interim dry cask storage with special
emphasis on fuel assembly behaviour under normal inert gas conditions. Examples are taken
primarily from experience with pressurized water reactor fuel.
2. Fuel cycle back end policy
On 27April 2002, Germany’s new nuclear energy act, which replaces the act dated 1959, came
into force. Instead of promoting the nuclear energy use its purpose is an orderly termination on
the basis of an average plant operational lifetime of 32 years. Focal points related to fuel
assemblies are as follows:
•
•

As of 1 July 2005, reprocessing of irradiated fuel assemblies will be prohibited and
nuclear waste disposal restricted to a final repository;
The operators of nuclear power plants are requested to construct on-site storage facilities
and to keep spent fuel assemblies until a final repository is available.
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Since the new on-site installations will be mainly of the dry cask type, this kind of storage will
gain more and more importance.
3. Cask related boundary conditions
Worldwide, various types of dry storage systems are being used. Their typical features are
shown in Fig. 1. The fuel assemblies are stored in a metal basket and heat is removed via an
inert gas inside the cask. Because cask design has to balance both heat removal and neutron
shielding capacity, relatively high temperatures may arise at the beginning of storage. A fuel
vendor needs parameters that can be used as boundary conditions to assess the material
behaviour of the fuel assemblies to be stored. In terms of creep, temperature is a very
important parameter. Typical maximum temperatures for cladding in dry storage are in the
range of 350 to 400°C. The temperature and decay heat both decrease and, therefore, creep is
only active for a limited time period, i.e., the first few years of dry storage [2].

CASTOR® V/19

TN 24 (PWR/BWR)

FIG. 1. Commercial dry storage metal casks for BWR and PWR fuel assemblies.
4. Assessment of fuel behaviour
The safety functions of a dry cask storage system are to maintain thermomechanical
performance, radiological protection, confinement, subcriticality and retrievability. Fuel
assembly behaviour has to comply with the safety functions of a dry cask storage system, such
as subcriticality during and retrievability after storage. These safety functions are ensured by
the integrity of the fuel assembly structure and exclusion of systematic cladding failures. The
Reactor Safety Commission (RSK) has specified central objectives of protection [3]:
Mechanical integrity of the fuel assembly structure must be maintained during storage,
handling, transport, and discharge operations. Systematic cladding failures have to be avoided
by limiting stress and strain of the material under consideration. Today, 1% plastic strain and
120 MPa tangential (hoop) stress are established limits. Defective fuel rods need special
treatment and/or confinement.
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5. Fuel assembly structure
The structural integrity of the fuel assembly is largely determined by the mechanical design
and geometries used and has shown no degradation with time. Therefore, the structure appears
to be of less concern than cladding and will not be considered here.
6. Fuel rod cladding
Cladding behaviour is dependent on material properties and conditions of reactor operation
and storage. Thermal creep is regarded as the dominant mechanism for assessment of cladding
behaviour during storage [4]. In Germany, regulatory guidance limits corrosion, strain, and
stress of the cladding to avoid systematic failure. The methodology presently uses fast
creeping, unirradiated material to conservatively predict thermal creep behaviour under dry
storage conditions. Fig. 2 demonstrates the enveloping behaviour of a fast creeping reference
material. The resulting conservatism can be reduced by introducing an irradiation factor or
material-specific laws for creep of unirradiated material.
The creep rupture behaviour has been experimentally determined at 370°C on irradiated,
corrosion-optimized Zircaloy-4 cladding in a burnup range of 54 to 64 MW·d/kgU. The tests
showed plastic strains of at least 1% without failure at stresses up to 620 MPa, as shown in
Fig. 3 [5]. A subsequent ductility test was performed to assess the cladding behaviour under
high stress and low temperature conditions. A stress of about 100 MPa is necessary to induce
radial hydride precipitation (Fig. 4) [6]. The tests showed that even under these unfavourable
conditions (Fig. 5) hydrogen did not have an adverse effect on the Zircaloy cladding
behaviour. On this basis, the Castor V/19 and V/52 casks were licensed for UO2 and MOX
fuel assemblies having burnups of up to 65 MW·d/kgHM [7]. The creep rupture behaviour has
also been measured for irradiated M5™ cladding and strains of at least 1% without defect are
guaranteed for a large range of temperatures (Fig. 3). Much larger strains can be achieved
without failure if the stress is limited to 300 MPa.

Strain
4
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Uniform Plastic

350°C, 120 MPa
Fast creeping reference
Type 1
Type 2
Type 3
Type 4
Type 5

8

Zry-4 300°C
Zry-4 370°C
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5
4
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FIG. 2. Thermal creep behaviour of
unirradiated cladding.
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FIG. 3. Creep-rupture behaviour of
irradiated cladding.
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FIG. 4. Radial hydride as a function
of stress [6].

FIG. 5. Radial hydride distribution
after cooling down from 300 to 150ºC
under stress (100 Mpa).

7. Perspectives
7.1. Burnup increase

The present development envisages fuel assembly burnups up to about 70 MW·d/kgHM. This
objective will be reached by further increasing the U-235 enrichment and fissile Pu-content.
As a result, fuel rods will be operated at high power for a longer period of time and, thus,
fission gas release will increase (Fig. 6). This can be realized because cladding materials with
improved corrosion resistance and low hydrogen pick-up, which will withstand at least five
twelve-month irradiation cycles, have been introduced (Fig. 7). Decay heat and neutron
activity will rise with burnup (Fig. 8), which result in higher stress and temperature during
storage, especially for MOX fuel.
Adaptations of the licensing methodology are in progress to prepare for these future
conditions of higher burnup. Figure 9 shows an example of a testing device used to obtain
long term creep data. For that, gas filled samples are prepared from irradiated fuel rods and
stored in a furnace in a hot cell at elevated temperatures for up to about 1 year.
7.2. Storage period considerations

For extended storage periods beyond 40 years up to about 100 years and more, cladding and
fuel pellet issues may be of concern:
•
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For the cladding, it will be creep, recovery, and hydrogen behaviour. At extended
storage times, the already low temperatures will further decrease. Therefore, the thermal
creep rate can be neglected over all extended time periods. Thermal recovery needs
relatively high temperatures to happen. At 400°C, it will take about 1 year for recovery
to start and compared to the time-temperature history in a cask, the temperature onset of
recovery always remains above the typical temperature during storage (Fig. 10).
Hydrogen may affect the cladding integrity due to radial hydride precipitation or
diffusion to stress fields such as crack tips (delayed hydride cracking, DHC). Due to the
very long times, hydrogen diffusion should be operative, even at relatively low
temperatures.
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•

From unsteady one-dimensional diffusion theory, it can be derived that a 30% increase
in concentration after a sudden change at time t = 0 reads erfc(x/(2×(D×t)1/2) = 0.3,
where D is the diffusion coefficient (cm²/s) and x the diffusion length (cm) [8]. Using a
hydrogen coefficient given in [9], hydrogen can move a distance of about 15 cm within
100 years at temperatures as low as 100°C (Fig. 11). Therefore, it is more important that
the effect of hydrogen on the cladding integrity is primarily controlled by limitation of
stress. This also holds for DHC, as shown in [4] and radial hydride precipitation
(Fig. 4).
Radioactive decay, integrity of the fuel structure, and He production and release may be
of further concern. Nuclide built-up and decay in UO2 and MOX fuel with a burnup of
55 MW·d/kgHM is shown in Fig. 12. The results were calculated with KORIGEN using
cross-section libraries on the basis of JEF1 [10]. MOX and UO2 fuel mainly differ in
individual concentration levels for up to one order of magnitude. In MOX fuel, helium,
which is formed by alpha decay, can reach concentrations comparable to Xe after
several hundred years of storage. Since He is a small atom having a radius of 128 pm
compared to 218 pm of the Xe atom, He diffuses much faster in the fuel lattice than Xe.
Using a conservative thermal diffusion coefficient at 600°C of 1E-18 cm²/s [11-14], the
diffusion length, computed in the same way as described above, is in the order of
magnitude of 1-2 µm after several hundred years of storage (Fig. 13, 14). This means, in
spite of a high diffusivity, helium will hardly reach the grain surface and, thus, will
remain localized in the pellet. In addition, one has to consider that MOX fuel has an
heterogeneous Pu-distribution which comes from the Pu-rich MOX-agglomerates
embedded in a lower enriched matrix. Therefore, the helium distribution is
heterogeneous, as well, and helium will probably be collected in the clustered pores of
the agglomerates. Helium would only be released if the pellet structure disintegrated.
However, this seems to be most unlikely in the inert fuel rod atmosphere and due to an
accumulation of relatively small atoms in a fuel lattice with high displacement density.
Therefore, it appears that the relatively high over all He production of MOX fuel does
not impose a serious problem for interim storage.

FIG. 9. Testing gear for determination of the long term behaviour of irradiated rod segments.
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8. Conclusions

Today, efficient integrity assessment methodologies demonstrate that no systematic cladding
failure or gross rupture will occur for commercial cladding, even with high burnups. To
prepare for storing fuel with discharge burnups achievable with an enrichment of 5 w/o U235, higher temperatures are being examined and appropriate methodological adaptations
envisaged. A limited extension of the storage period beyond 40 years is not expected to be of
concern.
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Abstract. The creep behaviour of fuel cladding is regarded as the most important issue for fuel integrity during
the long term dry storage of spent fuel. The Nuclear Power Engineering Corporation (NUPEC), under
sponsorship of the Ministry of Economy, Trade and Industry (METI), has been conducting necessary
experiments to introduce the creep equation for integrity assessment of fuel during interim storage. In this
testing, effects of hydrogen and irradiation on creep properties are investigated using irradiated and fresh fuel
cladding of BWR and PWR. As a result, it has become clear that hydrogen does not have same effect on BWR
and PWR claddings and that hydrogen over solid solubility limit under high stress tends to suppress creep of
BWR cladding, while hydrogen below solubility limit under high stress tends to accelerate creep. As for PWR
cladding, while no creep accelerating effect has been observed with hydrogen concentration under solid
solubility limit, remarkable creep suppressing effect has been observed with hydrogen above solid solubility
limit. Irradiated materials have shown some creep suppressing effects compared to unirradiated material, but
degree of suppression depends on temperature and stress conditions.

1. Introduction
NUPEC, under sponsorship of Ministry of Economy, Trade and Industry (METI), has been
developing codes and conducting experiments necessary for regulations and safety review of
interim storage facility. It is required to assess the integrity of, not only cask, but also spent
fuel itself during long term dry storage.
The creep behaviour of fuel cladding is regarded as the most important issue for fuel integrity.
We therefore have been conducting the creep tests including assumed range of temperature
and stress during storage using BWR and PWR fuel cladding irradiated in power reactors in
Japan. Creep evaluation equation will be developed based on the collected data and will be
integrated into structural analysis code for fuel integrity assessment.
If fuel integrity is to be evaluated in terms of creep strain calculated structural analysis code, it
is necessary to conduct the examination and the evaluation of the creep strain criteria for
confirmation of their validity and failure margin. To obtain data of creep rupture strain,
destructive testing (creep rupture test) has been conducted on BWR and PWR cladding
irradiated in power reactors in Japan at different temperature and stress conditions that can be
assumed.

375

KAMIMURA et al.

This paper represents the interim results of the following tests that have been conducted as
part of the cladding creep testing mentioned above:
•
•

•The test of hydrogen effect on cladding creep;
•The creep test of irradiated fuel cladding.

2. Test method
2.1. Cladding material specimen geometry and test equipment
Irradiated and unirradiated Zr-lined Zry-2, RX material specimens were tested for BWR 8 x 8
fuel cladding, while irradiated and unirradiated low-Sn Zry-4, SR material specimens were
used for PWR 17 ×17 fuel cladding. Fuel rods were defueled and segmented in 80 to 100 mm
length, in which pressurized Ar gas was filled. End plugs were welded to the two extremities
of this segmented tube shown in Fig. 1. For some PWR cladding tests, one extremity of the
each test specimens was connected a pipe with a pressurizer in order to keep a steady high
internal pressure; the electric furnace with Ar atmosphere was used for heating, and the
temperature measuring accuracy was maintained within ± 3 °C in the isothermal region. A
laser profilometer was used to measure the variation of outer diameter, when specimens were
taken out of the heating furnace at a certain interval.

FIG. 1. Creep test specimens.
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2.2. The test method of hydrogen effect on cladding creep
Internal pressure creep test was conducted on the unirradiated cladding with charged
hydrogen and the effects of charged hydrogen on creep properties were investigated. For the
tests conducted on unirradiated BWR cladding, the hydrogen effects were investigated
varying such parameters as temperature (360°C), stress (90, 130 and 170 MPa) with retention
time up to 3 000 hours on specimens with hydrogen charged up to 400 ppm. For the tests
conducted on unirradiated PWR cladding, the hydrogen effects were investigated varying
such parameters as temperature (420, 390, 360 and 330°C), stress (250, 200, 150 and 100
MPa) with retention time up to 280 hours on specimens with hydrogen charged up to 600
ppm.
2.3. The creep test method of irradiated cladding
For the BWR cladding tests, the specimens were used with 46~60 GW·d/t of burnup and
30~140 ppm of hydrogen content. Test parameters were four levels of temperature (420, 390,
360 and 330°C) and eight levels of circumferential stress by internal pressure (between 50 and
310 MPa). Data were obtained up to 5 000 hours. For PWR cladding tests, the specimens
were used with 34 and 46 GW·d/t of burnup and 40~310 ppm of hydrogen content. Test
parameters were four levels of temperature (420, 390, 360 and 330°C) and eight levels of
circumferential stress by internal pressure (between 30 and 250 MPa). Data were obtained up
to 4 800 hours. As the reference for comparison, unirradiated as received cladding of the same
lot as irradiated one were concurrently tested for both BWR and PWR.
3. Test results and discussions
3.1. Results of hydrogen effect test on cladding creep
3.1.1. Results of BWR cladding tests
3.1.1.1. Effect of hydrogen on creep behaviour
Data of ratios of the creep strain of hydrogen charged cladding to that of reference (asreceived) cladding vs. the hydrogen contents were plotted in Figure 2, which indicates the
following tendencies concerning effects of hydrogen on creep strain. Note that, in the
discussion below, based on the zircaloy deformation map of Chin shown in Figure 6, the grain
boundary sliding is supposed for the deformation kinetics of low-stress region corresponding
to 90 MPa circumferential stress and the dislocation creep is supposed for that of high-stress
region corresponding to 170 MPa circumferential stress. The average hydrogen contents
measured at the two extremities of each specimen before tests are assumed to be the hydrogen
content of specimens. That is, if the measured content is below solid solubility limit,
hydrogen is assumed to be dissolved.
The creep strain of specimens with hydrogen content below solid solubility limit seems to be
greater than that of reference material in both deformation kinetics supposed, i.e. grain
boundary sliding and dislocation creep. The maximum creep strain of specimen is
approximately 1.4 time of that of reference material. Rupa et al. [1] reported similar test
results on Zry-4 plate with recrystallization annealing and concluded that it was due to the
mechanism that dissolved hydrogen increased dislocation mobility. On the other hand,
specimens with hydrogen content above solid solubility limit showed greater deformation
than reference material under the stress condition of grain boundary sliding kinetics.
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FIG. 2. Effects of hydrogen content on creep strain (BWR unirradiated cladding).
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It showed almost as much deformation as reference material under intermediate stress
condition; and showed less deformation than reference material under the stress condition of
dislocation creep kinetics. Possible explanation is that hydride precipitated in matrix has the
modest impact on grain boundary diffusion in the region of grain boundary sliding kinetics,
while precipitated hydride impedes the climb of crystal grain dislocation in the region of
dislocation creep kinetics. As a result, the creep strain of hydrogen charged material at
secondary creep stage is greater than that of reference material in the grain boundary sliding
region, because the creep is slightly accelerated at transient and secondary creep stage. In the
dislocation creep region, while the creep strain of hydrogen charged material is slightly
accelerated at transient creep stage, the creep strain becomes smaller than that of reference
material at secondary creep stage because of the creep rate decrease after enough duration of
time.
3.1.1.2. Effects of hydride orientation on creep behaviour
The test specimens, which experienced the thermal cycles between room temperature and test
temperature during creep tests, showed hydride orientation in the direction of cladding radius
as indicated in Figure 3. Given this fact, and their circumferential creep strains of
continuously heated specimens were compared to those of specimens with thermal cycles. No
effect of the orientation of hydride precipitated during test has been observed on the creep
rate.

FIG. 3. Precipitation of hydride before and after test (BWR unirradiated cladding,
test temperature 360°C, stress 130MPa).
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3.1.2. Results of PWR cladding tests
To clarify the effect of hydrogen on creep rate, the ratios of creep strain after 8 days and
secondary creep rate resulted from 420°C test to corresponding values of reference (asreceived) material are shown in Figures 4 and 5, respectively, with hydrogen content in
materials in the abscissa. The figures indicate that no distinguished tendencies in creep rate
are observed between the hydrogen charged material and the reference material up to
approximately 130 ppm of hydrogen content, i.e. about 60% of hydrogen solid solvability
limit, while, in the region of higher hydrogen content, the tendency is clearly observed that
creep is suppressed as hydrogen content increases, in comparison with the reference material.
There are few literatures about the effects of hydrogen absorption on Zry-4 creep properties;
EDF [2] reports that both dissolved and precipitated hydrogen suppress creep for cold work
stress released materials. Compared to reference material, it is indicated that, with dissolved
hydrogen of between 100 and 120 ppm, the creep strain is smaller but creep rate is similar,
and that, at range between 720 and 760 ppm where much hydride is precipitated, both creep
rate and strain are smaller. However, when comparing with our testing, it shall be noted that
the test temperature is considerably high as 470 °C in EDF literature.
3.2. Results of creep test of irradiated fuel cladding
3.2.1. Results of BWR cladding tests
Figure 6 summarizes dependency on stress of decrease ratio of creep rate induced by
irradiation damage. This figure shows that suppression of creep rate by irradiation damage is
smaller at lower temperature and lower stress. The dominant deformation kinetics in the tests
can probably be the grain boundary sliding at low stress region according to Fig. 7 by Chin
and dislocation climb increases at high stress region, These different creep kinetics are
supposed to be the cause of the different creep rate decrease ratio.
3.2.2. Results of PWR cladding tests
The conditions of PWR cladding test are shown on the zircaloy creep deformation map by
Chin [3] (Fig. 7). The creep kinetics under the conditions of the tests is suspected to be the
dislocation climb and the grain boundary sliding.
As the results of the tests, secondary creep rate and saturated primary creep strain are, in all
temperature conditions and stress regions, smaller for irradiated cladding than unirradiated
cladding, which confirms the creep suppression effect of irradiation damage within the range
of the test conditions.
Figure 8 is secondary creep rate to σ/E with both axes in logarithm. In all temperature
conditions, the tendency is observed that inclination of secondary creep rate to stress is greater
in high stress regions and smaller in lower stress regions. This is probably due to difference of
dominant elements in creep kinetics, specifically, grain boundary sliding kinetics at low stress
region and dislocation climb kinetics in high stress region, respectively. In addition, it is also
observed that the stress level where dominant creep kinetics switches over decreases as
temperature increases. This is probably due to the fact that dislocation can easily climb with
higher temperature. As for irradiated materials, while stress dependency in the low stress
region is smaller than unirradiated material, it seems quite variable depending on temperature
in the high stress region.
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FIG. 4. Effects of hydrogen content on creep strain (PWR unirradiated cladding).

FIG. 5. Effects of hydrogen content on creep rate (PWR unirradiated cladding).
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FIG. 6. Stress dependency of decrease ratio of creep rate by irradiation (BWR cladding).

FIG. 7. Deformation map of zircaloy [3].
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FIG. 8. Stress dependency of creep rate for irradiated and unirradiated cladding
(PWR cladding, welding sealed specimens).
Under all the temperature and stress conditions of the tests, the tendency has been confirmed
that secondary creep rate and saturated primary creep strain are smaller in irradiated cladding
than unirradiated one, i.e. irradiated material is less likely to creep. Fig. 9 shows ratio of creep
rate of irradiated material to that of unirradiated cladding. The boundaries of different creep
kinetics derived from Fig. 8 are shown in dotted line according to corresponding
temperatures. On the left side of the dotted line, grain boundary sliding kinetics is apparently
predominant and on its right side, dislocation climb is thought to prevail. It is clear that
magnitude of decrease of creep rate by irradiation damage in the grain boundary sliding
region is smaller than that in the dislocation climb region. One of reasonable explanations is
as follows; because stable irradiation defects (point defect cluster, dislocation loop, etc.) other
than those recombined by thermal movement or consumed by dislocation climb prevent
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dislocation, creep suppression becomes more apparent in high stress regions where creep by
dislocation climb is predominant. Creep by grain boundary kinetics is predominant under
conditions of lower stress and in this region suppressive effects are also observed. Therefore,
suppressive effects differ depending on stress levels. This assumption will be further
examined, along with stress dependency of creep suppression by irradiation in both regions.

FIG. 9. Stress dependency of decrease ratio of creep rate for irradiated and
unirradiated cladding (PWR cladding, welding sealed specimens).
4. Summary and concluding remarks
1.
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Effects of hydrogen on cladding creep behaviour:
•
Internal pressure creep test was conducted on unirradiated cladding with charged
hydrogen and the effects of charged hydrogen on creep properties were
investigated. For the tests conducted on unirradiated BWR cladding, the hydrogen
effects were investigated varying such parameters as temperature (360°C), stress
(90, 130 and 170 MPa) with retention time up to 3 000 h on specimens with
hydrogen charged up to 400 ppm. For the tests conducted on unirradiated PWR
cladding, the hydrogen effects were investigated varying such parameters as
temperature (420, 390, 360 and 330°C), stress (250, 200, 150 and 100 MPa) with
retention time up to 280 h on specimens with hydrogen charged up to 600 ppm;
•
In case of hydrogen content below solid solvability limit: for BWR Zry 2
cladding, creep showed slight acceleration by charged hydrogen, while no
significant tendencies were observed for PWR Zry 4 cladding;
•
In case of hydrogen content above solid solvability limit: creep suppressive
effects increased with increase of hydrogen content in PWR cladding, while, for
BWR cladding, accelerating effects were observed in low stress region, though
suppressive effects were observed in high stress region;
•
No effects of hydride reorientation in radial direction have been observed on creep
rate.
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2.

Creep properties of irradiated fuel cladding:
•
Creep tests have been conducted on both irradiated and unirradiated materials of
BWR cladding (46~60 GW·d/t of burnup and 30~140 ppm of hydrogen content)
and PWR cladding (34~46 GW·d/t of burnup and 40~310 ppm of hydrogen
content) in the rage of between 330 and 420°C and between 30 and 300 MPa of
circumferential stress;
•
Creep strain of irradiated cladding was smaller than unirradiated cladding in all
regions of temperature and stress, which varied from one to several tenth-part.
Creep suppressive effects by irradiation were confirmed in the range of the test
condition;
•
To the extent of the test conditions, the logarithm ratio of secondary creep rate of
irradiated material vs. that of unirradiated cladding decreased almost linearly in
connection with increase of normalized stress logarithm, which indicated
magnitude of creep rate suppression by irradiation differed according to levels of
temperature and stress. It is probably due to difference of basic creep deformation
mechanism depending on test conditions.

Creep testing will be further conducted on the above irradiated claddings up to the range of
8 000 or 10 000 h, as it is planned to develop creep constitutive equation integrating effects of
irradiation and hydrogen, by improving the reliability of secondary creep rate data, etc.
Creep rupture tests will be conducted to obtain useful data for strain criteria and the studies on
mechanical properties and microstructure will also be conducted on the specimens after the
creep testing in order to clarify mechanisms involved.
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Post irradiation examinations of twenty years stored spent fuels1
A. Sasahara, T. Matsumura
Nuclear Energy Systems Department, Komae Research Laboratory,
Central Research Institute of Electric Power Industry,
Tokyo,
Japan
Abstract. Post irradiation examinations (PIEs) of twenty-years-stored spent fuel were carried out to evaluate fuel
integrity during storage. The spent BWR-MOX fuel rods and PWR-UO2 fuel rod irradiated in a commercial
LWR were used. The burnup of the BWR-MOX fuels (five fuel rods) is at about 20 GW·d/t and that of the
PWR-UO2 fuel is at 58 GW·d/t. PIE items in this study are a) visual inspection of the cladding surface, b)
puncture test or gas analysis in a capsule, c) ceramographic examination to observe oxide layer thickness on
outside/inside cladding and pellet microstructure such as grain size, d) pellet density, e) electron probe
microanalysis of pellet, f) cladding tensile test, g) hydrogen content and hydride orientation in cladding, and h)
hydrogen redistribution in cladding along temperature gradient. In the puncture test of BWR-MOX, helium
release was estimated by calculation. The preliminary result shows that twenty-years-stored fuel rods were not
different from those before storage. Hydrogen migration on fuel rod after forty years of storage was evaluated
using the heat of transport obtained in a hydrogen redistribution experiment.

1. Introduction
In Japan, the development of advanced spent fuel storage technology is necessary for high
burnup UO2 and mixed oxide (MOX) spent fuels coming from nuclear power plants in the
near future. Central Research Institute of Electric Power Industry (CRIEPI) has been studying
dry storage methods such as the use of a concrete cask. There is little data related to spent fuel
characteristics during dry storage. It is therefore necessary to obtain such data to evaluate the
fuel integrity during storage.
In this study, the spent BWR-MOX fuels and high burnup PWR-UO2 fuel irradiated in a
commercial LWR were used. For the BWR-MOX fuels, five fuel rods were stored for twenty
years; three of them were stored under wet condition (in pool). The others were stored under
dry condition (in air) in a capsule after cutting them into short segments. For the PWR-UO2
fuel, a fuel rod was stored in small metal cask under the dry condition (in air) for twenty years.
Both types of fuel were stored as one fuel rod or the bundle of about twenty fuel rods. The
initial temperature at storage is therefore expected to be lower than that under a real storage
condition.
The following PIEs were carried out to evaluate fuel integrity during storage: for wet-storage
BWR-MOX fuel rods, a) visual inspection of the cladding surface and b) puncture test; for
dry-storage BWR-MOX segments, c) gas analysis in a capsule, d) ceramographic examination
of pellets and cladding, and e) pellet density measurement. The results were compared
directly with PIE results carried out for sibling fuel rods before storage. In the puncture test,
helium release was also estimated based on the amount of helium production.
For the PWR-UO2 fuel rod, a) visual inspection of the cladding surface, b) puncture test, c)
ceramographic examination of pellets and cladding, d) electron probe micro analysis (EPMA)
of fuel pellet, e) tensile test of cladding, f) determination of hydrogen content and hydride
orientation in cladding, and g) examination of hydrogen redistribution in the cladding along a
temperature gradient, were carried out. Hydrogen migration on fuel rod after forty years of
storage was evaluated using the heat of transport obtained in the hydrogen redistribution
experiment.
1

This study was carried out as a research programme of Ministry of Economy, Trade and Industry, Japan.
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2. Fuel specifications and as-fabricated microstructure
Table I shows the specifications of the BWR-MOX and PWR-UO2 fuels used in this study.
For the BWR-MOX fuel, initial fissile plutonium enrichment was 2.25 wt% and fuel rods
were irradiated up to 20 GW·d/t in the 6 × 6 fuel assembly. In the ceramography observation
of as-fabricated BWR-MOX fuel, the agglomerates of UO2 grains were surrounded by
plutonium rich grains. For the PWR-UO2 fuel, initial uranium enrichment was 3.6 wt% and
fuel rod was irradiated up to 58 GW·d/t in the 14 x 14 fuel assembly. The initial helium gas
pressures in the BWR-MOX and the PWR-UO2 fuel rods were 0.1 MPa and 3.3 MPa,
respectively. In particular, the PWR-UO2 fuel rod also contained air at atmospheric pressure.
Table I. Specifications of twenty-years-stored fuel
Fuel

BWR-MOX

PWR-UO2

Enrichment (wt%)
Rod array
Rod average burnup (MW·d/kgHM)
Storage condition

2.7/2.25 (Pu/Puf)
6×6
18-22
20years (wet or dry)

3.6 (235U)
14×14
58
20years (dry)

3. PIE results for BWR-MOX fuel before and after twenty years
3.1. Position of sibling fuel rods in BWR-MOX fuel assembly
The position of the fuel rods in the fuel assembly is shown in Fig.1. W1 to W3 correspond to
wet-condition storage fuel rods, and D1and D2 correspond to dry-condition storage rods. The
characterization data obtained from sibling fuel rods before storage, which were irradiated at
symmetry positions A, B and D in the fuel assembly, were compared with the PIE results for
rods after twenty years of storage.
control blade

A
D
D1
W1 W2
C

B
D2
W3 E

W1-W3: the wet storage fuel rods
D1,D2 : the dry storage fuel segments
A-E : the sibling fuel rods

FIG. 1. The positions of BWR-MOX fuel rods in the fuel assembly.
3.2. Visual inspection of the outer surface on cladding and oxide thickness of wet storage
fuel
Figure 2 shows the visual inspection of fuel rods before and after twenty years of wet storage.
There is a rubbed mark on the cladding outer surface after storage due to handling. Otherwise,
the cladding surface is generally sound, with no particular feature that could be attributed to
twenty years of storage under the wet condition.
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3.3. Puncture test and gas analysis
The puncture test and the gas analysis were performed to evaluate additional gas release and
to investigate the difference between the release behaviour of fission gas and helium gas
during storage.

(a) before storage

(b)after storage

FIG. 2. The visual inspection of the outer surface of the cladding (BWR-MOX fuel).
Table II summarizes the results of the puncture test and gas analysis for fission gas before and
after storage. Fractional fission gas release before and after storage is about 14%. In the
atmospheric gas analysis of capsule-stored segment fuels, no fission gas was detected. This
result indicated that there is little additional fission gas release during storage.
Table II. Fission gas release before and after storage of BWR-MOX fuel
Fuel rod
Before/after storage
Burnup (MW·d/kgHM)
FP gas release (%)
Xe/Kr ratio

W1

A

After Before
21.4 21.4
14.0 12.9
16.3 14.9

W2

D

W3

B

D1

D2

After Before After Before Before
18.2 18.2 21.0 21.0
17.9
12.4 13.8 16.0 14.8
11.1
16.5 14.6 15.0 15.0
15.4

Before
22.1
14.7
15.2

In MOX fuel, higher actinides such as plutonium, americium and curium produce helium gas
by alpha decay. Thus the helium inventory in pellets increases with longer storage period.
Table III shows the helium production determined by ORIGEN2/82 calculation, which was
based on the chemical isotopic analysis, and measured He release before and after storage.
Table III. Helium release before and after storage of BWR-MOX fuel
Fuel rod
He gas productiona (cm3/kgMOX)
-Before storage
-After storage
He gas releaseb (cm3/kgMOX)
-Before storage
-After storage
He gas release (%)
-Before storage
-After storage
a

ORIGEN2/82 calculation; bmeasured.
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W1 and A

W2 and D

W3 and B

9.90
20.1

8.5
17.9

10.1
20.4

11.6
9.7

9.3
7.9

9.2
9.8

117.1
48.3

108.2
44.2

91.0
48.1
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The helium gas release based on the production shows that most of the helium produced
during irradiation was released from pellets at discharge. Although the amount of helium
amount becomes twofold due to alpha decay during twenty years of storage, there is little
additional helium release and almost all helium produced during storage is still retained in the
pellets. The gas analysis inside the capsule in which segment fuels were stored, also showed
no detectable release of fission or helium gas.
3.4. Ceramographic examination before and after dry storage of fuel
The pellet microstructure and oxide layer thickness were observed by ceramographic
examination. Figure 3 shows the fuel rod macrography of the BWR-MOX fuel after dry
storage. There are many radial cracks in the pellets.
Figure 4 shows the outer and inner oxide layers on the cladding. In Fig.4 the outer surface of
the cladding shows a very uniform oxide layer of typically 2-3µm average thickness. The
nodular thickness typically reaches up to 30-35µm. The inner oxide layer thickness varies
between 1µm and 15µm.
Figures 5a and 5b show the pellet structure at the periphery and in the central region before
and after dry storage. There are larger grains surrounded by smaller grains at pellet periphery
before and after storage. Such microstructure is close to that of the as-fabricated one. From
near the pellet half-radius to the pellet center, this microstructure disappeared due to diffusion
between U- and Pu-rich grains at higher temperature, and the grain size became uniform.
A summary of results of ceramographic examination for BWR-MOX fuel before and after dry
storage is shown in Table IV. These preliminary results show no marked difference in
microstructure after dry storage of these low-burnup BWR-MOX fuels.

FIG. 3. The fuel rod macrography after storage of BWR-MOX fuel.

(a) before storage

(b) after storage

FIG. 4. Oxide layers on cladding before and after dry storage of BWR-MOX fuel.
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(a) before storage

(b) after storage

FIG. 5a. Pellet ceramography in periphery region before and after dry storage of
BWR-MOX fuel.

(a) before storage

(b) after storage

FIG. 5b. Pellet ceramography in central region before and after dry storage
of BWR-MOX fuel.
Table IV. Summary of results of ceramographic examination of BWR-MOX
Fuel Sample Positiona Burnup
(mm)
(GW·d/t)
Before 630-655
26.7
D2

Grain size
Outer oxide Inner oxideb P/C gap
(µm)
(µm)
(µm)
(µm)
Nodular: 6 - 12
40, 30,
center: 8, middle: 16,
Uniform: 2 - 4
25, 45
periphery: 4
Nodular: 30 - 35
1 - 15
10 – 85, center: 7, middle: 7.5,
Uniform: 2 - 3
average: 40
periphery: 3

After

720

26.5

Before

790-815

26.4

Nodular: Uniform: 2 - 4

6 - 14

Before

350-375

21.5

0-6

Before

666-688

22.0

Nodular: 20 - 45
Uniform: 2 - 4
-------

-------

60, 40,
40, 40
-------

A

Before

552-575

25.0

-------

-------

50 - 60

B

Before

833-843

25.6

Nodular: 35
Uniform: 4

-------

-------

D

a

25, 25, 15 center: 10, middle: 14,
periphery: ------center: 7, middle: 7,
periphery: 3
center: 7, middle: -,
periphery: 3
-------

Position from fuel bottom.
Inner oxide layer thickness includes Cesium layer.

b

3.5. Pellet density measurement after storage
In this MOX fuel, helium produced by alpha decay of higher actinides during storage was still
retained in the pellets. Thus, there is the possibility that helium retained in the pellets results
in pellet swelling during storage. Pellet density measurements applying the Archimedes
principle were performed using mercury, for wet- and dry-storage fuels. Figure 6 shows the
summary of density measurements together with the values reported in the literature. The
measured results in this study were in the range of the results in the literature.
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4. PIE results for PWR-UO2 fuel after twenty years of dry storage
4.1. Visual inspection of the outer surface on cladding and the puncture test
The surface of the PWR-UO2 fuel cladding was covered with a thin oxide layers as shown in
Fig. 7. However, the surfaces of the fuel cladding were generally sound, with no particular
feature that could be attributed to twenty years of storage. Fractional fission gas release
determined by the puncture test was 2.2%. This value is not significantly different from other
results [3, 4], and it can be concluded that there was no significant additional helium release
during storage.

FIG. 6. The results of pellet density measurement [1,2].

FIG. 7. Cladding surface of PWR-UO2 fuel after storage.
4.2. Ceramographic examination and hydrogen content in cladding
Figure 8 shows the inner oxide layer at the highest burnup position along the fuel rod. The
oxide layer thickness is about 10 µm. From the macrography observation, there was no
marked difference in microstructure after dry storage of PWR-UO2 fuel. The hydrogen
concentrations in cladding at the highest burnup and at the thickest oxide layer position along
the fuel rod after storage were 56 ppm and 122 ppm, respectively. These values are not
significantly different from the results in published reports.
4.3. Hydride orientation in the cladding
The hydride orientation can affect the mechanical properties of the cladding. The
measurement of hydride orientation was carried out for all hydrides as shown in Fig. 9. The
results were evaluated as the Fn value, which shows the percentage of hydride oriented within
45º from the radial direction. Table V shows a summary of the Fn values. The measurement
results are in the range of 0.15 to 0.29, which is less than the JIS standard (≤ 0.45). It is
concluded that the integrity of the cladding is not affected by twenty years of dry storage.
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FIG. 8. Inner oxide layer of PWR-UO2 fuel cladding after dry storage.
Table V. Hydride orientation in the cladding
Measurement
position
P-1
P-2
P-3
P-4
At fabrication
JIS H4751

Number of hydrides oriented within
45˚ from the radial direction
27
32
33
17

(a) highest burnup position

Number of observed hydrides
176
146
114
100

Fn value
0.15
0.22
0.29
0.17
0.118/0.163
≤ 0.45

(b) thickest oxide layer position

FIG. 9. Hydride distribution on PWR-UO2 fuel cladding after dry storage.
4.4. Tensile test of cladding
The tensile test was carried out to investigate the degradation of cladding. Three cladding
samples of length 165 mm, were mechanically defuelled and washed. The measurement
temperature was 385ºC. The cladding extension was measured using an extensometer attached
to the cladding sample.
Figure 10 shows the 0.2% proof strength and Fig. 11 shows the ultimate tensile strength,
along with those in the literature. The trends of the 0.2% proof strength and the ultimate
tensile strength with fast neutron fluence are similar to those in the literature.
4.5. Hydrogen redistribution under temperature gradient along fuel rod
Hydrogen concentrated in the cladding during irradiation can migrate from a hot to a cold
region along the temperature gradient on spent fuel rods during long storage. Hydrogen forms
hydride when its concentration exceeds the solubility limit of the cladding in the cold region
and can affect the mechanical properties of the cladding. Thus, a hydrogen redistribution
experiment was carried out to determine the heat of transport related to hydrogen thermal
diffusion along a temperature gradient. Unirradiated claddings were also used for reference.
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5. Summary
The PIE of stored spent BWR-MOX fuel (2.7 wt% Pu, 20 GW·d/t) and PWR-UO2 fuel (3.6
wt% 235U, 58 GW·d/t) was carried out to evaluate fuel integrity during storage. Both types of
fuel were stored under wet or dry (in air) conditions for twenty years. The following PIEs
were carried out in this study:
a)
b)
c)
d)
e)
f)
g)

visual inspection of the cladding outer surface;
puncture test and gas analysis;
ceramographic examination to observe oxide layer thickness on outside/inside cladding
and pellet microstructure such as grain size;
electron probe microanalysis (EPMA) of pellet;
tensile test of cladding;
determination of hydrogen content in cladding and hydride orientation in cladding; and
determination of hydrogen redistribution in cladding along a temperature gradient.

The preliminary results show no marked difference in the visual inspection, fission gas release,
oxide layer thickness, microstructure of pellet, cladding mechanical properties or hydride
orientation after storage. The axial hydrogen migration calculated using the heat of transport
measured was also not significant after forty years of storage in helium atmosphere, except at
fuel rod ends. However, further examination is required to conclude on spent fuel integrity
during long term storage.
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Assessment of the storage concept for conditioned spent fuel
K.S. Seo, H.S. Shin, J.C. Lee, K.S. Bang, H.D. Kim, S.W. Park
Korea Atomic Energy Research Institute (KAERI),
Daejeon,
Korea
Abstract. The storage parameters of spent PWR fuel are the radioactivity, heat power and its volume. Those
values could be reduced to about a quarter by the Advanced spent fuel Conditioning Process (ACP). Firstly, the
storage concept and scenario were established for conditioned spent fuel. Secondly, the safety assessments of
critical, shielding, thermal and structural fields were performed. If the efficiency of the cooling system is
improved and the appropriate quantities of conditioned spent fuel are stored, the conditioned spent fuel could be
stored in a four times smaller size of the existing storage systems.

1. Introduction
The spent fuel, the essential by-product of the electricity by the nuclear power reactors, is a
highly radioactive waste. Therefore, the development of methods for effective management of
this large amount of spent fuel is an important and essential task worldwide. Currently, the
Advanced spent fuel Conditioning Process (ACP) is being developed at KAERI as an
alternative for effective conditioning of spent fuel for the long term storage and eventual
disposal. This technology involves the process of the reduction of uranium oxide by the
lithium metal in a high temperature molten salt bath. In this process, some fission product
elements with the high radioactivity and heat load such as cesium and strontium are dissolved
in the lithium chloride molten salt. The goals of the ACP is to recover more than 99.8% of the
actinide elements and to minimize the radioactivity, heat load and volume of spent fuel to be
placed in the interim storage and geological repository.
2. Storage characteristics of the conditioned spent fuel
In order to evaluate the storage characteristics of the conditioned spent fuel, a PWR type spent
fuel with its initial enrichment of 4.5 wt% of u-235, discharged burnup of 48 GW·d/tU and 10
years of cooling time was selected as a reference base considering the domestic storage status
of spent nuclear fuels. As shown in Table I, the radioactivity and heat power of conditioned
spent fuel are decreased to 20.7 % and 26.3 % as compared with the spent PWR fuel,
respectively. The volume of the conditioned spent fuel is decreased to about a quarter of the
initial spent fuel by removing the structural materials from the spent fuel assemblies. As the
most of fission gas are removed through ACP, the fission gas release rate of conditioned spent
fuel is smaller than that of spent PWR fuel.
Table I. Characteristics of conditioned spent fuel
Properties

Spent PWR Fuel(SF) Conditioned Spent Fuel(CSF)

Radioactivity (Ci/tHM)
Thermal power (W/tHM)

5.461E+05
1.724E+03

1.128E+05
2.4.53E+02

The basis of spent PWR fuel: enrichment 4.5%, burnup 48 GW d/tU, cooling time 10 years.

3. Storage concept of conditioned spent fuel
Four types of spent fuel storage systems, such as the metal cask, the concrete cask, the
horizontal modular system and the modular vault dry system (MVDS), are currently in use
world-wide [1, 2]. As described previously, the maximum storage capacity for the conditioned
spent fuel would be extended larger than that of the existing spent fuel storage conditions. In
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order to confirm the adaptabilities of the existing storage system to the storage of the
conditioned spent fuels, the safety and compatibility investigations considering the existing
systems should be conducted.
It is important that the storage design criteria of the conditioned spent fuels are established. In
normal operating condition of dry storage, the temperature limit of oxide fuel like PWR is
340°C for 10-year cooled fuel and the temperature limit of metal fuel like Magnox is 150°C
[3, 4]. Therefore, it is assumed that the temperature limit of conditioned spent fuel is 150°C.
The assessment of storage concept for conditioned spent fuel is only applied to the metal
storage cask and MVDS [5]. The storage characteristics of conditioned spent fuel are that one
is the increase of the storage weight and the other is the low storage temperature limit. The
metal cask and MVDS have the advantages of more structural strength and cooling efficiency.
The storage unit of the conditioned spent fuel was considered equal to one spent PWR fuel. If
the conditioned spent fuels can be put into the 24 baskets of PWR metal storage cask or the 50
containers of MVDS as shown in Figure 1, the storage capacity of the existing system may be
extended to 4 times in basis of uranium metal.
As the preliminary results of conceptual assessment of thermal safety, maximum temperatures
of metal storage cask and MVDS are 253°C and 180°C, respectively. Those results cannot
satisfy the temperature limit of conditioned spent fuel. It may be necessary that the cooling
efficiency is improved or the storage capacity is lessened. In order to increase the cooling
efficiency, the basket shape of storage unit was changed from the square to the hexagon and
the cavity of the storage unit was filled with the aluminum. And, the quantities of storage unit
were lessened as shown in Fig. 2. Metal storage cask has 7 baskets that can load the 28
storage units and MVDS has 83 containers that can load 332 storage units. Those capacity
means that 28 spent PWR fuels in metal cask and 332 spent PWR fuels in MVDS can be
stored.

1100
200
Storage unit of conditioned spent fuel
is equal to 1 PWR spent fuel
24 Baskets ,
96 storage units=96 spent fuels

Basket array of metal cask
50 containers, 200 baskets,
800 storage units= 800 spent fuels

Vault
width
4000 mm

Basket
(4 storage units of conditioned spent
fuel = 4 PWR spent fuel)

Container for MVDS
(4 baskets,
16 storage units,
16 spent fuels)

Vault length 8000 mm

Container array of MVDS

FIG. 1. Storage concept of conditioned spent fuel for the existing storage systems.
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1,000
240
Storage unit of conditioned spent fuel
is equal to 1 PWR spent fuel

7 Baskets ,
28 storage units= 28 spent fuels

Basket arrays for metal cask

83 containers, 83 baskets,
332 storage units= 332 spent fuels

Vault
width
2,700

Basket
(4 storage units of conditioned spent
fuel = 4 PWR spent fuel)

Container for MVDS
(1 baskets,
4 storage units,
4 spent fuels)

Vault length 6,160

Container arrays for MVDS

FIG. 2. Storage concept of conditioned spent fuel for proposed storage systems.
4. Assessment of storage safety
4.1. Assessment of criticality and shielding safety
Preliminary criticality safety analysis has been performed for the metal cask and MVDS
loading the advanced conditioned spent fuel, whose models are described in Figs 3 and 4,
respectively. The conditioned spent fuel is extracted from spent PWR fuel through the
advanced conditioned process (ACP). It’s assumed that the initial enrichment, burnup, and the
cooling time of the spent fuel are 4.5 wt%, 48 GW d/tU and 10 years, respectively. A
conservative isotopic composition is obtained from the corrected results of ORIGEN2 code
with isotopic correction factor, which was based on the calculated and measured
concentration of isotopes. And then actinide-only burnup credit application has been taken
into account in the criticality analysis with MCNP code.
Table II shows the calculated keff for two storage types. When burnup credit is applied in the
problems, the keff values of the hypothetical accidental condition in the metal cask and MVDS
are calculated to be 0.68960±0.00390 and 0.77063±0.00361, respectively. When the
calculation error(∆k) of MCNP code is assumed to be 0.02, the maximum keff values for metal
cask and MVDS at the hypothetical accidental condition are 0.69 and 0.77, respectively.
Those are lower than the sub-critical limit of spent fuel storage, 0.95, so that we can conclude
that two storage types can be possible for ACP spent fuel storage in the view of nuclear
criticality safety. In other hand, when the fresh fuel is assumed to be loaded, the keff values of
the hypothetical accidental condition in two cask types are calculated to be 0.94522±0.00426
and 1.05343±0.00379, respectively. Since those are higher than 0.95, two storage types can’t
be proved to be in a sub-critical condition when the fresh fuel is assumed to be loaded in the
casks. Using MCNP code, shielding calculations for two storage types have been carried out
and the results are presented in Table III.
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Table II. keff for metal cask and MVDS loading ACP spent fuel
Storage type

keff ± σ
0.49742±0.00279
(0.72123±0.00325)*
0.68960±0.00390
(0.94522±0.00426) *
0.536002±0.00216
(0.81802±0.00180) *
0.77063±0.00361
(1.05343±0.00379) *

Condition
Normal

Metal Cask
Accident

MVDS

Normal
Accident

* It’s assumed that fresh fuel is loaded in the storage system.

Table III. Shielding analysis for metal cask and MVDS facility
Storage type

Dose rate (mrem/hr)

Metal cask

12.3 at cask surface
0.1 at facility wall
0.1 (heavy concrete) at facility wall

MVDS

4.2. Assessment of thermal safety
A important thermal design criterion is to limit the maximum fuel temperature to within
allowable value for long term storage of conditioned spent fuel. Allowable temperature of
conditioned spent fuel is lower than the PWR fuel because uranium ignition temperature
250°C shall be considered.
Thermal analysis of dry storage cask has been conducted by using the Fluent code under
normal, off normal and fire accident conditions. The decay heat generated from the 28
conditioned spent fuels was applied to be 5.04 kW. The most severe levels, which are an
ambient temperature of 27°C and a maximum insolation levels, were coincidentally imposed
on the cask surface under normal condition. Environmental temperature of 38°C has been
applied under off-normal condition. The thermal environment to which the storage cask
would be exposed under a hypothetical fire accident is conservatively specified to be the same
as that required in 10 CFR 71. The cask surface are considered to receive an incident radiation
and convective heat flux from an ambient 800°C fire condition environment. The duration of
fire is postulated to be 30 minutes.
Fig. 5 shows the two-dimensional analysis model by the Fluent code. In this analysis model,
the decay heat is removed from fuel rod to the inner wall by conduction, convection, and
radiation, and the conduction is only considered through the cask body wall. At the cask
exterior surface, the heat is transferred by a combination of convection and radiation to the air
surrounding the cask.
Table IV shows the thermal analysis result for storage cask. The maximum temperature under
normal condition was calculated to be 139°C, which is lower than the allowable value of
150°C. The off-normal environmental temperature is 38°C, which is an increase of 11°C
compared to normal environmental temperature. The maximum off normal temperatures were
calculated by adding about 11°C to the maximum normal temperatures. The maximum metal
fuel temperature under fire accident condition was calculated to be 168°C, which is lower
than the allowable value of 200°C. Therefore, it was shown that the dry storage cask could be
accommodated in storing the metal fuel in the thermal safety respect.
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(°K)

(°K)

container

Temperature distribution of metal cask

Temperature distribution of MVDS

Fig. 5. Temperature distribution of metal cask and MVDS.
Table IV. Thermal results for storage cask under normal, off-normal and fire conditions
Location
Metal fuel rod
Fuel basket
Canister
Inner shell
Neutron shield
Cask outer surface

Normal
139
138
96
80
72
58

Calculated temperature (°C)
Off-normal
Fire
148
168
147
167
105
135
90
129
82
221
67
705

The objective of thermal analysis for MVDS are to predict fluid flows and temperature
distribution of air cooling systems and the temperature of conditioned spent fuel, as needed to
verify the thermal integrity under long term storage condition. Thermal analysis of the MVDS
storage system was performed into two stages. In the first stage, boundary temperature
outside the storage container was determined by the fluid dynamic analysis of passive vault
air-cooling system. In the second stage, the heat transfer analysis of the container inside was
performed by using the boundary temperature of the container. The total heat load of a single
vault module is approximately 60 kW, when fully loaded contains 332 storage units in 83
containers. Fig. 5 shows the temperature distributions of air-cooling system. For a vault heat
load of 60 kW and a long term ambient temperature of 27°C, the maximum container surface
temperature was calculated to be 92°C. The maximum temperatures of conditioned spent fuel
were calculated to be 108°C and 143°C in helium and air environmental condition,
respectively. These temperatures are lower than the allowable value 150°C of conditioned
spent fuel. The maximum temperature of MVDS system is lower than that of metal cask.
Therefore, it was found that the MVDS system has more advantageous in aspect of thermal
safety.
4.3. Assessment of structural safety
Assessment of structural safety was mainly performed for metal storage cask, because the
new concept was established other than the concept of the existing metal storage cask. In
MVDS, the increase of loaded storage weight does not result in size change of MVDS
structure except its foundation.
In the assessment of structural safety, it is important to evaluate the structural integrity for
hypothetical accident such as wind, flood, missile generated by wind, earthquake and drop [6].
The wind, flood, missile and seismic load cause the its overturning behavior (or tip-over) in
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Stress contour of metal cask during horizontal drop

Stress contour of MVDS during horizontal earthquake

Fig. 6. Stress contour of metal cask and MVDS.
5. Conclusion
The radioactivity, decay heat and volume of spent PWR fuel are reduced to about a quarter by
the advanced spent fuel conditioning process. The assessments of the storage concept for
conditioned spent fuel were carried out for the four fields of safety analysis. If the conditioned
spent fuel equivalent to four times of spent PWR fuel are loaded in the existing storage
systems, it is difficult to satisfy the allowable temperature limit of conditioned spent fuel. It is
very important that the cooling system shall be improved or the storage capacity shall be
decided appropriately in order to sustain below allowable temperature.
In conclusion, the assessment results of the storage concept show that the MVDS could be
adopted in storing the conditioned spent fuel with the extended storage capacities and the
proposed metal cask could also be stored if the appropriate storage capacity is decided.
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Use of burnup credit in criticality safety design analysis
of spent fuel storage systems
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Germany
Abstract. In this paper the application of burnup credit to criticality safety design analysis of spent fuel storage
systems is described. First of all “burnup credit” and the different levels of burnup credit used in practice are
defined. Then the national practices, ongoing activities and regulatory status of using burnup credit for spent fuel
storage systems in different countries are described. Then the key steps and key parameters in burnup credit
implementation are discussed. The estimation and validation of the spent fuel isotopic composition are
described, the criticality calculation and validation are addressed, and the quantification and verification of the
fuel to be loaded in a spent fuel storage system are discussed.

1. Introduction
1.1. Definition of burnup credit
Burnup Credit (BUC) is defined as the consideration of the change in the fuel’s isotopic
composition and hence in its reactivity due to the irradiation of the fuel, cf. Figure 1. Using
BUC in criticality safety analysis of a spent fuel system means to identify that isotopic
composition and hence that burnup which just results in the maximum neutron multiplication
factor allowable for the system, including all mechanical and calculational uncertainties. This
burnup is the minimum burnup necessary for fuel to be loaded in the system. Since the fuel’s
isotopic composition and hence its reactivity at given burnup depend on the initial enrichment
of the fuel (cf. Figure 1), the minimum burnup is usually given as a function of the initial
enrichment. The graph of this function is commonly named as “loading curve”, cf. Figure 2.
1.2. Levels of burnup credit
Changes in the fuel’s isotopic composition due to fuel burnup are characterized by
•
•
•
•
•
•
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the reduction of the U-235 concentration (mainly due to fission);
the reduction of the U-238 concentration (in particular due to neutron capture, cf.
Figure 3);
the build-up (mainly due to neutron capture) and burnup of fissile actinides (such as the
isotopes Pu-239 and Pu-241), cf. Figure 3;
the build-up of neutron absorbing actinides (such as the isotopes Pu-240 and Pu-242
which are acting as neutron absorbers in thermal systems) and changes in the
concentrations of these actinides mainly due to neutron capture, cf. Figure 3;
the increase of the concentration of fission products;
where applicable, burn-out of burnable absorbers (such as Gd or Er) initially present in
the fuel.

NEUBER

FIG. 1. Neutron multiplication factor of a wet storage facility as a function of burnup
at different initial enrichments. (“Uniform burnup” means that a homogeneous
distribution of the burnup in the fuel is assumed, see section 3.2.3, however).

FIG. 2. Loading curve of the burnup credit storage racks installed at Krško nuclear power
plant (Slovenia). (Use of the term “average burnup” indicates that non-uniform burnup
distributions in the fuel are covered, cp. section 3.2.3).
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FIG. 3. Build-up and decay of actinides.
Obviously, a conservative approach in burnup credit criticality safety analysis (cf.
Reference [1]) requires consideration of all fissile isotopes and allows consideration of any
neutron absorbing isotopes for which properties and quantities are known with sufficient
certainty. Accordingly, the different levels of burnup credit commonly used are characterized
as follows:
•

Net fissile content level: Credit is taken for the reduction of the net fissile content taking
into account both build-up and burnup of the different fissile nuclides. The decrease of
the U-238 content is included, that’s self-evident.
Actinide-only level: Net fissile content level plus credit for the build-up of neutron
absorbing actinides.
Actinide plus fission product level: Actinide-only level plus any number of fission
products that can be verified.
Integral burnable absorber level: Credit for the presence of integral burnable absorbers
in the fuel design (e.g., presence of Gd or Er bearing fuel rods or IFBA rods in the fuel
assemblies). This credit makes use of the fact that the maximum reactivity of fuel
assemblies with integral burnable absorbers is often not the initial reactivity, cf.
Figure 4.

•
•
•

FIG. 4. Comparison of different fuel designs used in Krško nuclear power plant: Standard
fuel without integral burnable absorbers and Vantage fuel with 148 IFBA rods at 5 wt.-%
initial enrichment.
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Where integral burnable absorbers are present in the fuel design the integral burnable absorber
burnup credit level is often used as an integral part of one of the other BUC levels. For
example, the loading curve for a spent fuel storage system which is loaded with different fuel
designs, e.g., fuel assemblies with and without integral burnable absorbers (cf. Figure 4), is
usually based on the bounding fuel design meaning that design which results in the highest
reactivity at given burnup. To find the bounding system the neutron multiplication factor of
the spent fuel storage system has to be calculated for each fuel design separately as a function
of burnup.
In quite a lot of application cases, however, as for instance in case of BWR storage systems,
application of the integral burnable absorber level is only aimed at finding the maximum
reactivity. In this context the use of this level obviously includes the application of one of the
other BUC levels because the height and the location of the maximum reactivity is
significantly dependent on the BUC level chosen, cf. Figure 5.

FIG. 5. Example for the impact of the use of different burnup credit levels on the calculated
neutron multiplication factor. (Combined fuel and control rod storage racks installed at Santa
Maria de Garoña nuclear power plant, Spain).
2. Overview on burnup credit applications for spent fuel storage systems
This chapter provides information on the national practices, ongoing activities and regulatory
status of using burnup credit for spent fuel storage systems in different countries. The
information was mainly gathered from the countries, which participated in the 2002 TCM on
the “Requirements, practices and developments in burnup credit”, cf. Ref. [2].
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2.1. Wet storage of spent fuel
2.1.1. Wet storage at reactor
As can be seen from Table I, in several countries the actinide plus fission product burnup
credit level is approved and implemented for wet storage of PWR UOX fuel at reactor.
Application of burnup credit usually results in dividing a storage pool into two separate
regions (cf. Figure 6):
•
•

Region I designed for accommodating fuel which is at its maximum reactivity in its life;
Region II designed for burnup credit.
Table I. Use of burnup credit for wet storage at-reactor (AR), cf. Ref. [2]

1

Country

PWR

BWR

Armenia
Belgium
Brazil
Bulgaria
China
Czech Rep.
Finland
France
Germany
Hungary
Japan
Korea
Lithuania
Mexico
Netherlands
Russia
Slovakia
Slovenia
S. Africa
Spain
Sweden
Switzerland
Ukraine
U. K.
USA

na
APU-1
APU-2
na
APU-2
na
na
Nc
APU-2
na
INT
APU-2
na
na
APU-2
na
na
APU-2
APU-2
APU-2
Nc
APU-2
na
UD-2
APU-2

na
na
na
na
na
na
Gd
na
Gd
na
INT
na
na
Gd
na
na
na
na
na
Gd
Gd
Gd
na
na
Gd

MOX
(PWR)
na
na
na
na
na
na
na
Nc
APC-2
na
INT
na
na
na
na
na
na
na
na
na
na
Nc
na
na
UD-2

VVER

RBMK

Reactor Types1

INT
na
na
INT
na
INT
INT
na
Nc
INT
na
na
na
na
na
INT
UD-2
na
na
na
na
na
INT2
na
na

na
na
na
na
na
na
na
na
na
na
na
na
Nc
na
na
APU-1
na
na
na
na
na
na
No
na
na

VVER
PWR
PWR
VVER
PWR
VVER
VVER, BWR
PWR
PWR, BWR, VVER
VVER
PWR, BWR
PWR
RBMK
BWR
PWR
VVER, RBMK
VVER
PWR
PWR
PWR, BWR
PWR, BWR
PWR, BWR
VVER, RBMK
PWR
PWR, BWR

Burnup credit is not currently envisioned for heavy water or gas cooled reactors so they are not listed
Burnup credit is allowed by the regulations but actions to implement have not started.

2

Abbreviations:
APU-1: Approved and implemented burnup credit using the actinide-only level.
APU-2: Approved and implemented burnup credit using the actinide plus fission product level.
APC-2: Approved in concept burnup credit using the actinide plus fission product level.
UD-2:
Preparing documentation for taking credit using the actinide plus fission product level.
Gd:
Use of the integral burnable absorber level.
INT:
Interested, including some early analysis.
na:
Not applicable,
Nc:
Not being considered but potentially applicable.
No:
No interest since the reactor is shutdown.
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Region II

Region I

FIG. 6. Example for a storage pool with two different regions: Region I designed for
accommodating fresh fuel, region II designed for burnup credit.
However, burnup credit can be used for intermixing fresh and spent fuel in one and the same
storage rack, e.g., by using a checkerboard arrangement of fresh and spent fuel assemblies, cf.
Ref. [3]. In Switzerland a limited burnup credit was used to determine the maximum
allowable number of fresh 4.55 wt.-% U-235-enriched fuel assemblies that can be arranged in
the center of a 10×12 square lattice array of storage positions where the remainder of the
storage positions are loaded with spent fuel having an average burnup of 7.1 MW·d/kg U at an
initial enrichment of 4.55 wt.-% U-235, cf. Ref. [4].
The burnup credit used in Germany is also a low credit of about 5 MW·d/kg U at 4.4 wt.-%
initial enrichment because there is no need for higher region II storage capacities at the
present time. This is due to the fact that in Germany the back end costs are proportional to the
quantity of discharged spent fuel. Consequently, German operators turn their attention to
decreasing the quantity of discharged fuel. As can be seen from Figure 7, the number of fuel
assemblies discharged at end of cycle (EOC) decreases with decreasing cycle length and
increasing initial enrichment. Burnup credit is applied to the storage pool in order to restrict
the re-racking due to an increased initial enrichment to a few storage racks, which are used as
region I, and to leave the remaining storage racks unchanged by using these racks as region II
racks.
In most of the countries specified in Table I the situation is different: The fees paid for the
back end depend on the amount of power generated. As a result, these countries devote
greater attention to reducing operating costs by increasing the cycle length. As can be seen
from Figure 7, higher cycle lengths result in higher numbers of fuel assemblies to be
discharged at EOC and lower discharge burnups. The decrease in discharge burnup might be
offset by increasing the initial enrichment (cf. Figure 7), but the increase of the amount of fuel
discharged usually can’t be offset in that way. So, countries having no reprocessing plant or
option are confronted with the necessity to increase the storage region II capacities. This can
be achieved by using higher burnup credits as specified for instance by the loading curve
presented in Figure 2.
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FIG. 7. Correlation of initial enrichment, cycle length, amount of discharged fuel and
discharge burnup (German convoy-series plant).

As can be seen from Table I, for wet storage of BWR fuel (UOX as well as MOX) the integral
burnable absorber burnup credit level is usually used. For RBMK fuel there is one application
in Russia based on the actinide-only burnup credit level.
2.1.2. Wet storage away from reactor
Several countries have wet storage facilities that are away from reactor. In most cases these
pools are not borated. In PWR pools, criticality control may rely on a combination of burnup
credit and boron credit (i.e., credit for the presence of the soluble boron in the pool coolant):
•
•

Burnup credit is used for establishing a loading curve (cf. Figure 2) for normal
operation conditions;
Once the loading curve is given the analysis of accident conditions is performed
consisting in the determination of the minimum boron content required for assuring
sufficient subcriticality for the most reactive accident event. Due to increasing neutron
spectrum hardening with increasing burnup (due to the build-up of plutonium isotopes
and neutron absorbing fission products) this analysis must be based on the upper end
point of the loading curve (cf. Figure 2).

Therefore, the burnup credit level used for PWR fuel in an unborated away-from-reactor wet
storage system may differ from the level applied to storage ponds at reactor. The only awayfrom-reactor wet storage facilities that utilize burnup credit are in France. Prior to
reprocessing, the spent fuel received at La Hague is loaded in a wet storage pond. This pond
has approval for the actinide-only burnup credit level for PWR fuel. There is no burnup credit
for any other fuel type. PWR fuel burnup credit that includes some selected fission products is
under development.
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2.2. Dry storage of spent fuel
At present, only a few countries are using burnup credit for dry storage, cf. Table II. In
Armenia the approval for burnup credit is limited to the use of the net fissile content level. In
contrast to this case in the USA application of the actinide plus fission product level is
permitted if it is ensured that the storage casks are loaded as well as unloaded in a borated
pool and the probability of events resulting in penetration of moderator into the cask cavity
during dry storage is considered to be very low.
Table II. Use of burnup credit for dry storage, cf. Ref. [2]
Country
Armenia
Belgium
Brazil
Bulgaria
China
Czech Rep.
Finland
France
Germany
Hungary
Japan
Korea
Lithuania
Mexico
Netherlands
Russia
Slovakia
Slovenia
S. Africa
Spain
Sweden
Switzerland
Ukraine
U. K.
USA

1
2

VVER

RBMK

Reactor Types1

na
na
na
na
na
na
nc
na
Gd

MOX
(PWR)
na
na
na
na
na
na
na
Nc
RR-2

APU-0
na
na
INT
na
RR-2
nc
na
Nc

na
na
na
na
na
na
na
na
na

na
Nc
na
na
Nc
na
na
na
na
na
INT
na
INT
na
na
INT

na
Nc
na
na
na
na
na
na
na
na
na
na
INT
na
na
INT

INT
na
na
na
na
na
Nc
UD-2
na
na
na
na
na
INT
na
na

na
na
na
INT
na
na
INT
na
na
na
na
na
na
INT2
na
na

VVER
PWR
PWR
VVER
PWR
VVER
VVER, BWR
PWR
PWR, BWR,
VVER
VVER
PWR, BWR
PWR
RBMK
BWR
PWR
VVER, RBMK
VVER
PWR
PWR
PWR, BWR
PWR, BWR
PWR, BWR
VVER, RBMK
PWR
PWR, BWR

PWR

BWR

na
Nc
Nc
na
INT
na
na
Nc
APU-1,
RR-2
na
Nc
INT
na
na
Nc
na
na
Nc
Nc
INT
na
INT
na
na
APU-M

Burnup credit is not currently envisioned for heavy water or gas cooled reactors so they are not listed
Burnup credit is allowed by the regulatory law but actions to implement have not beyond.

Abbreviations:
APU-0: Approved and implemented burnup credit using the net fissile content level.
APU-1: Approved and implemented burnup credit using the actinide-only level.
APU-M: Approved and implemented burnup credit using the actinide plus fission product level for loading and
unloading in a borated pool, exclusion of moderator penetration into the cask cavity during dry
storage.
RR-2:
Under regulatory review for taking burnup credit using the actinide plus fission product level.
UD-2:
Preparing documentation for taking credit using the actinide plus fission product level.
Gd:
Use of the integral burnable absorber level.
INT:
Interested, including some early analysis.
na:
Not applicable,
Nc:
Not being considered but potentially applicable.
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2.3. Other applications
2.3.1. Transport of spent fuel
As described in more detail in Ref. [2], a whole lot of countries are using the actinide-only
burnup credit level for transport of spent fuel at present time, but many activities are ongoing
in several countries to get approval for application of the actinide plus fission product burnup
credit level to transport casks.
2.3.2. Reprocessing
In France at the Le Hague reprocessing plant, the actinide-only burnup credit is not only used
for the wet storage pond but also for the dissolver. For liquids in tanks some specific
authorizations with fission products have been obtained. Burnup credit which utilizes
actinides and between 5 and 15 fission products will be submitted to the regulator.
2.3.3. Disposal
The Czech Republic, Germany and Korea have performed some analysis of burnup credit in
disposal, cf. Ref. [2]. The USA and Sweden have actively pursued burnup credit for disposal
to cover failed containers, which contain moderated fuel assemblies. The USA has submitted
a risk informed Topical Report (cf. Ref. [5]), which includes the use of the actinide plus
fission product burnup credit level, to its regulatory body and has received approval of the
Topical Report, cf. Ref. [2].
In conclusion, a lot of activities are ongoing in several countries to get approval for
implementing burnup credit in spent fuel management systems.
3. Key steps and parameters in burnup credit implementation
Application of burnup credit to a spent fuel management system consists in implementation of
three key steps:
•
•
•

Estimation of the spent fuel composition as a function of initial enrichment, burnup and
cooling time;
Criticality calculation and evaluation of the loading criterion usually given in form of a
loading curve indicating the minimum burnup necessary for fuel with a specific initial
enrichment to be loaded in the spent fuel management system (cf. Figure 2);
Application of the fuel loading criterion.

Some of the main considerations of these steps will be discussed in the following sections.
3.1. Estimation of the spent fuel composition
The outcome of a burnup credit criticality safety analysis of a spent fuel management system
of interest is the fuel loading criterion usually presented in the form of a loading curve. The
loading curve applies to any fuel storage position of this system. In fact, a loading curve for
the entire system can only be generated, if no credit is taken for the real loading scheme. A
loading curve must bound therefore the wide variety of fuel irradiation histories to be taken
into account, i.e., the generation of a loading curve makes it necessary to look for a bounding
irradiation history given by those reactor operation conditions that lead to the highest
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reactivity of the spent fuel under the conditions of the spent fuel management system under
study.
The isotopic composition of spent fuel is predicted by means of depletion calculations. To
perform a depletion analysis one has to define:
•
•
•

the fuel design characteristics;
the fuel depletion conditions (reactor operation conditions);
the cooling time.

3.1.1. Fuel characteristics
The fuel characteristics may affect the decision on choosing an appropriate depletion code.
E.g., when integral burnable absorber bearing fuel rods are present in a fuel design application
of a two-dimensional depletion code certainly has an advantage over the use of a pointdepletion code.
If the spent fuel management system of interest (such as a storage cask, e.g.) is intended to
accept different fuel designs, it has to be ensured that the calculated isotopic inventory is
bounding with respect to the reactivity of the spent fuel management system considering all
the fuel types.
3.1.2. Parameters for the depletion analysis
The depletion conditions are characterized by the following parameters:
•
•
•
•
•
•

Specific power and operating history;
Fuel temperature;
Moderator temperature and density;
Presence of soluble boron in the core (PWR);
Use of fixed neutron absorbers (control rods, burnable poison rods, axial power shaping
rods);
Use of integral burnable absorbers in the form of Gd or Er bearing fuel rods or IFBA
rods (rods containing pellets with burnable absorber coating, e.g. B-10 coating).

Apart from the specific power and operating history effects all the other parameters are
related to neutron spectrum hardening. Spectrum hardening results in an increased build-up
rate of plutonium due to the increased neutron capture in U-238. The increased plutonium
production concurrently leads to a decrease in the U-235 fission rate due to an increase in the
plutonium fission rate and has therefore the effect of increasing the reactivity of the fuel at
shut-down and after that.
So therefore, bounding values can be found for the fuel temperature, moderator temperature
and density as well as the soluble boron content in the core, cf. Refs. [1] and [3]. The presence
of fixed neutron absorbers used for reactivity control as well as enhanced fuel utilization has
to be taken into account because the effect on the reactivity of the spent fuel is significant (cf.
Ref. [3]), in particular when the absorbers are inserted in the fuel for a long time.
The effect of integral burnable absorbers on the spent fuel reactivity depends on their initial
poison loading, their position in the fuel assembly, the distribution of the poison within the
pellets, and the burnup. The presence of integral burnable poisons results in spectrum
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hardening. However, spectral hardening not only leads to an increase of plutonium build-up
and a delay to U-235 depletion but also results in a delay to the burnout of the integral
burnable absorber, and this delay tends toward a decrease in the reactivity. All these effects
are impacted by the fuel characteristics cf. Refs. [1 and 3].
Reactivity effects due to changes in specific power and different operating histories are very
small: On the actinide plus fission product scale the relative change in the neutron
multiplication factor is less than 0.2%, cf. Ref. [3]. Usually full power can be assumed in the
depletion analysis, cf. Ref. [1].
3.1.3. Cooling time
Promptly after reactor shut-down, Xe-135 builds up thereby reducing the reactivity of the
spent fuel, but due to the rapid decay of I-135 and Xe-135 the reactivity of spent fuel will
increase within the first four days after shut-down. In the same time, there is an accumulation
of Pu-239 due to the decay of Np-239. The maximum Pu-239 inventory is at about 20 days
after shut-down (half-life of Np-239 is about 2.5 days). Four days after shut-down, the
production of strongly absorbing nuclei like Sm-149 through β-decay of Pm-149 leads to a
slight decrease in reactivity. After about 100 days, the production of Gd-155 through β-decay
of Eu-155 and the production of Am-241 through β-decay of Pu-241 become predominant
and cause a stronger reactivity decrease for time periods covering all spent fuel management
systems with the exception of disposal, cf. Figure 8 and Ref. [3].

FIG. 8. Neutron multiplication factor as a function of time after shut down (TASD).
Due to the production and decay processes after irradiation, not only the neutron
multiplication factor of a spent fuel management system changes with cooling time, but also
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its bias arising from the uncertainties in the depletion calculations [3]. This has to be taken
into account when credit is taken for some cooling time.
3.2. Criticality calculation and evaluation of the loading criterion
The criticality calculation procedure consists in the following main steps:
•
•
•
•
•
•

Isotopic selection and validation;
Validation of the criticality calculation code applied;
Sensitivity studies on the reactivity effects of variations and tolerances in the parameters
describing the characteristics of the spent fuel management system of interest;
Sensitivity studies on the reactivity effects of axial and horizontal burnup profiles of
fuel assemblies;
Determination of the criticality acceptance criterion (i.e., the maximum allowable
neutron multiplication factor including the impacts of all the mechanical and
calculational uncertainties) and determination of the loading criterion;
Analysis of abnormal and accident conditions (for wet storage ponds).

Some of these steps will be briefly described in the following sections.
3.2.1. Isotopic selection and validation
The decision about which isotopes are to be used to represent the spent fuel reactivity is
strongly related to the decision on the burnup credit level to be applied. The decision depends
on the spent fuel management system to be analyzed and the accuracy that can be attained in
the validation of the isotopic inventory estimated and the criticality calculation code used.
The isotopes to be used in a criticality calculation should be selected on the basis of their
reactivity worth and their nuclear and chemical stability. The change in reactivity due to
burnup and cooling time can be adequately represented by a relatively small set of isotopes,
which meet the requirement of nuclear and chemical stability, cf. Refs. [3], [6], and [7].
Sources of the uncertainty in the estimated isotopic inventory are:
•
•
•

Nuclear data (cross sections, fission yields, decay data);
Spectral effects due to fuel characteristics and irradiation history as well as presence of
soluble boron, fixed neutron absorbers or integral burnable absorbers;
Uncertainty in burnup (axial and horizontal distribution of the burnup, local effects
impacting the burnup, e.g., due to the presence of spacer grids, cf. Figure 9).

The fission yields and the decay data are known very well (small uncertainties). Based on
available experimental evidence the actinide cross sections are considered to be well known,
and the cross sections for many of the fission products used in burnup credit (cf. Ref. [7]) are
well known or were re-evaluated for burnup credit applications, cf. Ref. [2].
The impact of spectral effects is covered by using bounding depletion conditions as told in
section 3.1. And the reactivity effects of axial and horizontal burnup profiles are covered in a
burnup credit criticality safety analysis by using bounding descriptions of such profiles cf.
section 3.2.3.
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FIG. 9. Example for an axial burnup distribution.
Isotopic validation can be achieved:
•
•

either by correcting the isotopic concentrations with the aid of correction factors derived
from comparisons with chemical assay data (cf. Ref. [8]);
or by estimating the bias in the neutron multiplication factor of the spent fuel facility of
interest due to the bias and uncertainty of the concentrations of the individual isotopes
used.

Whilst the application of correction factors to individual isotopes within a predicted isotopic
inventory leads to possibly over-conservatism (see however also section 3.2.3.1), the second
way to achieve validation is more instructive since it includes studies on the sensitivity of the
facility’s neutron multiplication factor to variations in the concentrations of the individual
isotopes. A big isotopic correction factor is of less importance when the change in the
reactivity worth of the isotope obtained by applying this correction factor is insignificant
under the conditions of the facility analysed.
A large number of chemical assay data available in the open literature have been compiled in
the SFCOMPO database by JAERI, cf. Ref. [9]. Programs to determine the isotopic
composition of spent fuel from commercial PWR and BWR reactors have been carried out in
Europe, cf. Table III. Some of these programs are still ongoing. Part of them, however, is
proprietary to the participating organizations and results will not be generally available.
3.2.2. Criticality validation
Sources of uncertainty in the estimation of the neutron multiplication factor are:
•
•
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Cross section data;
Differences between available experimental data and the characteristics of the spent fuel
management system under study with respect to:
o
isotopic composition;
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o
o

geometry of the fuel arrangement; and hence
neutron spectrum.

Available experimental data include (cf. Refs. [3], [6], and [11]):
•
•
•

Critical experiments with fresh fuel in systems similar to spent fuel configurations of
interest (validation of actinide cross sections and storage geometry);
Reactivity worth measurements (validation of spectrum-dependent cross sections); and
Reactor critical configurations (integral check of compositions, cross sections, and
lattice geometry).

A method of checking the applicability of experimental data to the storage system of interest
has been developed by Ref. [12]. This method bases the applicability on the similarity of
sensitivity coefficients which are defined for the underlying nuclear data characterizing the
isotopic compositions and their effect on the spent fuel reactivity, cf. Ref. [3].
Table III. Chemical assay data available
Reactor

Fuel type

Remarks

Calvert Cliffs 1

PWR UOX

H.B. Robinson 2

PWR UOX

Obrigheim (Assay, Pellets)

PWR UOX

Trino Vercelles

PWR UOX

Turkey Point 3

PWR UOX

Yankee Rowe, I-V

PWR UOX

TMI 1

PWR UOX

H.B. Robinson
Takahama-3

PWR UOX
PWR UOX

cf. Ref. [10]

Goesgen

PWR UOX

ARIANE, proprietary, cf. Ref. [11]

Beznau

PWR MOX

ARIANE, proprietary, cf. Ref. [11]

Dodewaard

BWR UOX and MOX

ARIANE, proprietary, cf. Ref. [11]

Bugey 3

PWR UOX

France, proprietary, cf. Ref. [11]

Fessenheim 2

PWR UOX

France, proprietary, cf. Ref. [11]

Gravelines 2 and 3

PWR UOX

France, proprietary, cf. Ref. [11]

Tihange 1
Cruas 4/URT

PWR UOX
PWR UOX

France, proprietary, cf. Ref. [11]
France, proprietary, cf. Ref. [11]

St. Laurent B1 and B2

PWR MOX

France, proprietary, cf. Ref. [11]

Gravelines 4
Gundremmingen B

PWR MOX
BWR MOX

France, proprietary, cf. Ref. [11]
proprietary, cf. Ref. [11]

Neckarwestheim II

PWR UOX

Germany, proprietary

Neckarwestheim II

PWR UOX

REBUS (ongoing), proprietary, cf. Ref. [11]

PWR and BWR
UOX and MOX

PROTEUS, proprietary, cf. Ref. [11]
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3.2.3. Axial and horizontal burnup profiles
3.2.3.1. Axial burnup profiles
In a fresh fuel assembly the axial flux distribution is more cosine shaped. The fuel near the
axial centre of the assembly is therefore depleted at a faster rate than at the ends. With
increasing burnup the flux shape flattens out due to the higher fuel depletion and fission
product poisoning near the centre. However, due to the neutron leakage at the ends of the fuel
zone the burnup drops off rapidly near the ends.
Axial burnup shapes are mostly asymmetric due to the higher moderator density in the lower
half of the core [13], cf. Figure 9. The asymmetric component is strongly dependent on the
average burnup of the fuel assembly and strongly affected by control rod movements, use of
axial power shaping rods, presence of integral burnable poisons as well as reload patterns
used (determining the interactions between fresh fuel assemblies and fuel assemblies with
different burnup shapes at begin of cycle).
The fact that the axial burnup distribution is non-uniform must be taken into account in the
criticality safety analysis of a spent fuel system of interest. The difference between the
system’s neutron multiplication factor obtained by using an axially varying burnup profile and
the system’s neutron multiplication factor obtained by assuming a uniform distribution of the
averaged burnup of this profile is known as the “end effect”. It has been shown that the end
effect may become positive for averaged burnups greater than about 15 MW·d/kg U, cf. Refs.
[13 and 14]. In view of the vast variety of axial profiles due to the vast variety of irradiation
histories that are occurring already in one core alone, the task is given to find a bounding
description of the end effect, cf. Refs. [3, 13 and 15].
Since the fission product concentration is higher in the centre zone, application of the
actinide-only burnup credit level results in an underestimation of the end effect because the
reactivity worth of the centre zone is more overestimated than the reactivity worth of the end
zones.
Likewise, since the fission product concentration as well as the plutonium concentration is
higher in the centre zone, application of isotopic correction factors (cp. section 3.2.1) may
result in an inadvertent underestimation of the end effect. This is an additional rationale to
prefer studies on the sensitivity of the spent fuel system’s neutron multiplication factor to
variations in the concentrations of individual isotopes.
Since the plutonium and fission product concentration is higher in the center zone, the
reactivity of this zone decreases faster with cooling time than the reactivity of the end zones.
The end effect therefore increases with cooling time for cooling periods less than about
100 years.
In addition, due to spectral effects the end effect is affected by the characteristics of the spent
fuel management system of interest. It is therefore obvious that the end effect has to be
evaluated under the conditions of the specific system.
3.2.3.2. Horizontal burnup profiles
Radial variations in the neutron flux in an operating reactor, which are mainly due to leakage
at the core periphery and to burnup differences between neighbouring assemblies, result in a
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non-uniform horizontal burnup distribution over the radial extent of the core. It has been
shown (cf. [13], e.g.) that non-uniform horizontal burnup profiles might result in a slight
increase of the neutron multiplication factor of the spent fuel management system of interest.
The magnitude of this increase is affected, due to spectral effects, by the characteristics of this
system and depends on the fuel assembly type. Thus, finding a bounding description of the
impact of horizontal profiles on the system’s reactivity is one of the tasks that has to be done
in the criticality safety analysis of the system.
3.3. Application of the fuel loading criterion
Application of the fuel-loading criterion obtained for a spent fuel management system of
interest includes:
•
•

Quantification and verification of the burnup of the fuel to be loaded in the system; and
Application of a fuel-loading procedure assuring compliance with the loading criterion.

Implementation of burnup credit requires a verification of the burnup level of each individual
fuel to make sure it satisfies the loading criterion derived from the analysis. This verification
can be performed by:
•
•
•

using the information from the operational (or reactor) records;
carrying out a measurement (qualitative or quantitative); or
some combination of both.

Verification obviously should be performed before loading, storing or reprocessing the spent
fuel. Usually verification is based on the reactor record information. Unless there are other
means to ensure keeping of the loading criterion and prevention of misloading events,
measurement may be required for checking:
•
•

the reactor records and
the assignment of the reactor record information to the fuel identification.

Because the measurement is aimed to minimize the risk of misloading events it must be part
of the loading sequence. The technology for performing such a measurement is available.
The necessity of performing a burnup measurement to check the reactor record information is
related to the conditions for which burnup credit is taken:
•
•
•
•

If burnup credit is taken for normal operation conditions the necessity of performing a
measurement is high;
If burnup credit is taken for abnormal operation conditions only, the necessity of
performing a measurement becomes less;
If burnup credit is taken for design basis accidents only, the necessity to perform a
measurement is low or nil;
If burnup credit is only necessary for severe accidents with a low probability of
occurrence, no measurement is needed.

However, there may be a demand by the public and/or by the relevant regulations to perform
checks of the burnup in order to minimize the risk of misloading events, whatever the
conditions may be for which burnup credit is needed.
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3.3.1. Wet storage of spent fuel at reactor
In this case, reliance on knowledge of the fuel assembly basic parameters (initial enrichment,
burnup, etc.) is based on reactor records. Administrative controls, such as verification of the
identity, the initial enrichment and the burnup of the fuel assembly being moved, using at
least two independent checks, are the subject of well-developed procedures. A check of the
reactor record burnup information by burnup measurement is not regarded as a practical
option.
3.3.2. Dry storage of spent fuel
Usually, re-flooding of the cask cavity has to be considered as a design basis event. Therefore,
misloading of the cask has to be ruled out by virtue of the double contingency principle. A
check of the reactor record burnup information by burnup measurement is regarded as a must,
therefore.
In the USA, however, the following approach is under discussion: Loading of a storage cask
is performed in the presence of water. Criticality safety is considered during cask loading,
therefore. It is not an issue once the dry storage cask sits in the storage pad, provided that the
probability of events leading to re-flooding of the cask cavity is considered to be very low.
Therefore, loading can be accomplished through administrative controls only, and burnup
credit does not trigger requirements for measurements. However, the US NRC does not yet
accept this approach.
3.4. Check of continued validity of the analysis assumptions
Use of burnup credit relates the criticality safety requirements for the spent fuel management
system of interest to reactor operating conditions. The validity of the loading criterion is tied
to the depletion parameters assumed. The values taken for these parameters must be either
bounding or conservative with respect to the reactivity of the spent fuel system. This means,
that these values are limiting for the validity of the loading criterion. A change in the
operational conditions results therefore in a necessity of a check whether the loading criterion
is still valid. A change in one parameter such that this parameter is not longer bounding does
not necessarily mean that the loading criterion is no longer bounding. In reality, these
parameters are correlated. So, whether the loading criterion is still valid or not depends on the
changes in the whole set of the depletion parameters.
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Validation of dry storage modes for RBMK-1000
spent fuel assembles (SFA)
A.V. Vatulin, A.G. Ioltukhovskiy, I.M. Kadarmetov,
N.B. Sokolov, V.P. Velioukhanov
A.A. Bochvar All-Russian Research Institute of Inorganic Materials (VNIINM),
Moscow,
Russian Federation
Abstract. The long term storage of RBMK-1000 spent fuel assemblies (SFAs) is supposed to be carried out in
dual-purpose metal-concrete casks and dry storage facilities of a vault type. For the validation of the SNF dry
storage modes, the following research was carried out: (1) the information on SFA condition of RBMK-1000
reactor after operation and wet storage was summarized and analysed; (2) research on degradation mechanisms of
the SFA structural materials in dry storage conditions in different atmosphere was carried out; (3) a mathematical
model was developed for SFA fuel rod behaviour in dry storage conditions; (4) the calculations of fuel rod
conditions after 50 years of dry storage were made; (5) the mode of dry storage was chosen and the constructive
integrity of fuel rods and SFA was validated. All results of the research were summarized in the calculating model
of RBMK fuel rod behaviour during long term dry storage. This model takes into account all degradation
mechanisms of fuel cladding. The calculations within the framework of this model have allowed to determine the
SFA final condition after dry storage and to specify the modes of storage. On the basis of the conducted
investigations, the following conditions of RBMK-1000 SFA storage are suggested: the design duration is 50
years, the storage medium is nitrogen and the maximum permissible fuel cladding temperature is 3000С.

1. Introduction
Currently, more that 70 000 fuel assemblies (FA) have been discharged from RBMK-1000
nuclear power plants (11 units) in Russia. They are stored in cooling pools or SNF storage
facilities. The wet storage time approaches 25 years. It is advisable to continue the storage of
RBMK-1000 SFAs in dry storage facilities that are cheaper than “wet” facilities and ensure
better preservation of SFA structural materials.
2. Research carried out
The following investigations were carried out aimed at validating the dry storage conditions for
SNF:
1.
2.

RBMK-1000 SFA state after operation and long term wet storage;
Degradation mechanism inherent in fuel claddings and other SFA components during dry
storage and influence of those degradation mechanisms on SFA state at the end of
storage;
2.1. Zr-1%Nb alloy oxidation (fuel cladding, central tube) in a storage environment (air,
nitrogen, argon and impurities);
2.2. Creep of fuel cladding material;
2.3. Delayed hydride cracking (DHC) of fuel cladding;
2.4. Corrosion induced cracking of FA components made of a stainless steel.

All the results acquired by the investigations have been generalized in a design model of the
RBMK fuel rod behavior during a long term dry storage. The model takes account of all
degradation mechanisms proceeding in claddings. The calculations implemented in the
framework of the model made it possible to determine the final condition of a dry stored SFA
and specify storage conditions.
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Proceeding from all the investigations implemented the following storage conditions for the
RBMK-1000 SFA have been proposed – the estimated time is 50 years, the storage
environment is nitrogen (pure grade), and the maximal temperature is 300oC. Consideration is
given to preliminary results of dry storage conditions choice for VVER-1000 SNF.
To validate the dry storage conditions for RBMK-1000 SFA the VNIINM together with some
other institutions has carried out the work in the following basic directions:
1.
2.
3.
4.

Investigation of RBMK-1000 SFA state after in-pile operation and long term wet storage;
Investigation of degradation mechanisms in fuel claddings and other SFA components
during dry storage and influence of those mechanisms on SFA state after the end of
storage;
Design of a model describing the behavior of fuels under long term dry storage
conditions;
Choice of dry storage conditions for RBMK-1000 SFA.

Before all, an approximate procedure of handling RBMK-1000 SNF was developed that
determines the directions of activities pertaining to storage conditions:
1.
2.

3.
4.
5.
6.

SFA cut into two fuel rod bundles is subject to storage;
Prior to storage SFA is checked up for the integrity based on the results of the cladding
integrity control (CIC) after operation; if needed the test for integrity is implemented
using the developed CIC procedure that enables the analyses of SFA after long term
holding in a cooling pool;
Leak-tight SNF and the one having micro defects are primarily subject to storage since
water fails to enter those fuel rods that were demonstrated by the investigations in hot
cells;
After loading fuel bundles into a container the latter is vacuum dried to remove residual
moisture;
In the process of storage and at its end fuel rods have to be leak tight or but micro defects;
After the storage is finished geometrical dimensions of SFA and the integrity of its
components have to allow SNF transport and process operations (extraction, reloads and
reprocessing).

3. Results
The first stage of the investigations comprised studies into the RBMK-1000 SFA state after
operation and long term wet storage. The investigations evidenced that:
•
•

•
•

strength and ductile properties of fuel cladding are at adequately high level (Table I [1]);
fuel cladding demonstrates substantial corrosion effected damage, particularly, under
spacer grids where nodular corrosion up to 350 µm deep and fretting wear <400µm deep
are observable (Fig. 1). Otherwise, the state of the cladding in terms of corrosion is quite
satisfactory. The oxide film thickness is 10-40µm;
the content of hydrogen does not exceed 0.014% mass;
the most important parameter of dry storage is the temperature of the fuel.

The calculations of the RBMK-1000 SFA storage temperatures were implemented in the
detailed designs for metal-concrete casks TYK 104 and TYK 109 and checked up by experts of
GAN using certified programmers. The calculations gave the maximal temperatures of fuel
rods in TYK 109 that equaled 300oC (design) and 230oC (results of GAN). The results of the
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temperature field calculations became the initial data for experimental studies into the
mechanisms of SFA degradation.
The main issues pertaining to dry storage cover the choice of an environment (air, inert gas,
impurities, moisture included). The environmental composition and the temperature determine
in their turn the mechanism of fuel degradation. To choose an environmental gas use was made
of the Western experience gained in the dry storage of SFA and the results of studying the
process of UO2 reoxidation in air in the framework of the particular investigations.
Table I. Results of tensile testing fuel cladding
FA
N

Temperature,
o
C

1

20
350
20
350
20
350

2
3

min
598
369
573
414
563
355

σu,
MPa
max
608
429
608
425
592
397

min
567
347
507
350
540
283

σ0.2,
MPa
max
581
414
566
402
562
359

δu
min
1,0
1,3
2,3
2,2
1,5
2,9

δtotal
max
3,5
4,9
3,2
3,2
4,0
5,0

min
14
17
11,7
14,9
13,1
13,8

max
22
20
12,8
17,6
14,2
16,7

FIG. 1. Appearance of fuel rods under spacer grids.
Presently, inert gases, such as nitrogen or air, are used for dry storage in Western countries.
The choice of a particular gas for filling dry storage facilities is governed by the residual power
density and, hence, the temperature of SFA under storage. For instance, for CANDU spent FA
air was the environment in the first dry containers at the maximal cladding temperature of fuels
equal to 160oC. In UK MAGNOX type fuel is also stored in air at the maximal temperature up
to 150oC.
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The Western processes of dry storage are in a rather wide use and are planned also used as
applied to the Russian fuel. Since 1997 Hungary at the “Paks” MPP has used the process of the
modular dry storage of VVER-440 SFA. Each SFA is placed into individual nitrogen
containing leak-tight can. Prior to storage a SFA is subjected to more than 1 hour drying in a
reloading machine with air heated to 100oC. During storage the ultimately tolerable
temperature of fuel claddings is 350oC. In East European countries helium is used as an
environment for dry storage. Thus, helium is the main environment of storage, however some
experience has been gained in nitrogen as well.
The results of studying uranium oxidation carried out in Russia demonstrate the reoxidation of
UO2 to U3O8 at temperatures higher than 200oC; the specific volume of U3O8 is much larger
than that of UO2.Taking into account that leaky fuel rods having defects of the gas leak type
shall be stored the air via those defects might contact fuel pellets, thus, promoting the process
of UO2 reoxidation to U3O8 which will result in a further rupture of cladding and the spilling of
the formed U3O8. Hence, air may not be used as an environment for the RBMK SFA storage
the temperature of which may rise to 300oC.
To validate the safety of the dry storage of RBMK-1000 SFA the following degradation
mechanisms were considered:
1.
2.
3.
4.

Oxidation of Zr-1%Nb alloy (fuel cladding, central tube) in likely storage environments
(air, nitrogen, argon and impurities);
Creep of a fuel cladding material;
Hydrogen pick-up and DHC of fuel cladding;
Corrosion effected cracking of FA components fabricated from a stainless steels.

Oxidation of fuel claddings effected by moisture contained in a gaseous environment of a
storage facility leads to cladding thinning with a resultant increase of its tensile properties and,
hence, an accelerated creep. Aside from this the interaction between Zr-alloy and water
generates hydrogen that may build up in claddings with the resultant delayed hydride cracking.
The oxidation of fuel claddings in steam containing gaseous environments was investigated at
VNIINM using specimens of unirradiated fuel rods and also at RDIPE on RBMK-1000 fuel
claddings delivered from LNPP. The results of the investigations established the corrosion rate
of unirradiated E110 alloy at 300oC under irradiation to be 0.2µm/year. The oxidation rate of
the real fuel claddings tested at RDIPE is a little higher, however, in this instance corrosion
processes do not reach the steady-state level. The experiments are currently in progress.
The creep of cladding materials is one of the basic mechanisms in spent fuel rods proceeding
during their storage in inert gases. The fact is explained by the substantial difference in the
temperatures of fuel claddings stored under dry and wet conditions. Fuel rods heat up due to a
lower thermal conductivity of gases compared to that of water. Hence, the gas pressure within
fuel rods increases promoting the process of thermal creep. The tests for thermal creep were
conducted at 350-600oC at RIAR using refabricated fuel rods. The tests at 350oC have
demonstrated that the highest creep rate is observable at points damaged by fretting corrosion
under space grids (SG) and might reach 1×10-5% hour. The creep rate such as this one may
substantially limit the serviceability of fuel claddings in SFA.
DHC is one of the degradation mechanisms that may give rise to a damage of fuel claddings.
The investigations into this mechanism at MEPI have led to the design of a model of RBMK1000 fuel cladding hydride cracking. This model has formed a part of the overall model of fuel
cladding behavior under dry storage conditions.
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To validate the structural integrity of dry stored SFA investigations were carried out to
determine the corrosion resistance of stainless steel SG and other components in various
storage environments with aggressive impurities (Cs, I etc) available under γ - irradiation. The
investigations revealed nodular up to 10 µm deep corrosion of those items. Taking into account
the low thickness of a SG material this process may present a danger to the SG serviceability.
The investigations are in progress.
All the acquired results have been generalized in the design model describing the behavior of
RBMK fuel rods long term stored under dry conditions. The model takes account of all the
mechanisms proceeding in claddings. The calculations implemented using this model enabled
determination of the final state of dry-stored SFA and a more accurate specification of storage
conditions. The model treats the creep mechanism as the basic one responsible for a fuel
cladding degradation.
The criterion of a safe long term storage of RBMK-1000 spent fuels in inert gases under
normal and transient operating conditions is assumed to be: the criterion of hoop strains not
exceeding the specified level.
In the world practice [2, 3] the hoop creep strain tolerable for Zry-2 and- 4 alloys is assumed to
be at the level of 1%. In this work the similar parameter of Zr-1%Nb alloy is also accepted to
be ~ 1%.
One of the important design parameters is a variation of the insertion fuel temperature during a
long term storage. The real drop of the SFA temperature is determined by the after - heat
(holding time in a water filled pool) and the specific conditions of heat transfer (the designs of
a multiplace basket and a metal-concrete cask). The calculations evidence that the temperature
of fuel drops by 100oC in the linear mode during the whole time of a dry storage.
The estimates were implemented for the initial pressure under fuel cladding of 2MPa (at 20oC)
and a 100oC drop of the insertion temperature of the storage. The calculations also accounted
for the available local 400µm thinning of fuel claddings effected by fretting wear under SG.
At the same time, it has been experimentally proved that when fuel pellets are stored in inert
gases the crystal structure and microstructure of fuel degrade with the resultant evolution of
through porosity and extra gas releases under fuel cladding. That is the reason why presently
detailed studies are under way to validate the ultimate temperature of RBMK-1000 SFA dry
storage. For low-bound pre-assessments one may assume a 100% FGR from a fuel matrix
under the cladding during the overall storage time (10 years in a pool and 50 years in a dry
cask). In this instance the internal pressure under the cladding of a RBMK-1000 fuel rod shall
be 6.5 MPa at 20oC by the end of the storage time. The calculations assume that according to
the linear law the pressure under a fuel cladding shall increase to the above value at 20oC (as
recalculated to the specified temperature) during the design period of a dry storage.
Fig. 2 illustrates the influence exerted by the internal pressure on the tolerable insertion
temperature of storage. It is to be noted that at the standard burn up the design pressure in
RBMK-1000 spent fuels is not higher than 2 MPa (at 20oC). It is clear from the figure that at
the indicated pressure the tolerable temperature of fuel claddings shall not exceed 350oC.At the
same time in the MCC – RBMK under normal storage conditions the maximal insertion
temperature of spent fuel rods does not exceed 300oC, hence, it might be forecast that the safe
storage limit will not be exceeded during 50 years.
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FIG. 2. Ultimately tolerable temperature of RBMK-1000 SFA storage
as a function of pressure under fuel cladding.

The calculations also take into account the analysis of the thermomechanical behavior of spent
fuels in a dry storage facility under elevated compared to normal temperature conditions, i.e.
under the conditions infringing the normal storage as well as in emergency. Two conditions of
this type are considered as applied to MCC-RBMK:
1.
2.

During out-of site transportation the temperature of spent fuels shall not exceed 350oC;
Short term (24 hours) rise of fuel cladding temperature to 380oC.

Those conditions cannot lead to loss of tightness by fuel claddings because of their shortness.
The serious trial for fuel claddings is vacuum drying [4] that will not be longer than 10 days for
TYK-104 or TYK-109. This regime is most significant since all spent fuel to be long term dry
stored is subjected to vacuum drying [5-8]. In this case the fuel cladding temperature shall rise
in the linear mode from 38oC to 300oC. Fig. 3 illustrates the temperatures and hoop creep
strains of fuel claddings VS time at the insertion stages of dry storage as applied to the MCC
TYK-109 conditions being the most severe ones in terms of loads experienced by fuel rods.
The next figure (Fig. 4) shows variations in the temperature and the built-up hoop strain of
claddings during the overall period of the storage with due account for the above-mentioned
pre - conditions. The figure evidences that the level of the cladding strain is quite insignificant.
Figure 5 is a relationship between the fuel cladding stresses and the level of built-up strain.
This increase in the fuel cladding hoop stresses relates to the lowest bound assumption of 100%
gas releases from fuel under cladding during the overall period of the fuel rod storage.
The design data comply with the most severe temperature conditions laid down in the MCC
Project as well as with the most conservative assumptions of the SNF behavior during storage,
e.g., 100% FGR under fuel cladding. Based on all the investigations performed the following
conditions of RBMK-1000 SFA storage are suggested: the design period – 50 years, the storage
environment – nitrogen, the maximal temperature of 300oC.
In the work much attention was focused on the behavior of SFA in design basis accidents. At
GAN the maximal dynamic loads were calculated that are imposed on spent fuel assemblies
and rods in a design basis accident that is most severe in terms of its consequences, e.g., the fall
of a container from the 9m height onto hard foundation.
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FIG. 5. Diagramme of strain in the process of storage.
The results of the calculations show that despite the exclusively severe conditions of loading
thanks to the relative flexibility of SFA its fall onto hard surface shall not result in cladding
stresses higher than 200 MPa that shall not induce plastic strain of fuel claddings. The design
analysis of temperatures experienced by the maximally heated up fuels during fire under the
mast unfavorable heat exchange conditions also reveals that the maximal tolerable temperature
of fuel claddings is not exceeded.
The designed model that takes into account various mechanisms of SNF degradation under dry
storage might be applied to forecast the behavior of VVER-1000 SNF during long term
storage. Special focus shall be placed on thermal creep of fuel claddings, particularly, under
transient conditions of a storage operation since the afterheat of VVER-1000 SNF even after 10
year holding in water is much higher compared to that of RBMK-1000 fuels. As international
meetings [9] evidence the analysis of alien approaches to assessments of dry stored SNF
behavior are similar to those described in this work. That is why, the offered design model if
the respective constants describing the properties of materials are available might be used for
SNF of the PWR and BWR types.
4. Conclusions
The state of the wet stored SFAs has been investigated followed by the assessment of the
influence of dry storage on SFAs; the maximal allowable temperatures of RBMK-1000 spent
fuel were quantitatively estimated as applied to the normal and transient conditions of storage.
The maximal allowable insertion temperature of spent fuel must not exceed 300oC under
normal storage conditions. The design value of SFA temperature in a domestic double purpose
metal-concrete cask agrees with the above indicated temperature value.
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It is shown that transients, effected by loading in a metal-concrete cask and by transportation,
are incapable of extra damaging fuel cladding. The design estimates covering the total storage
time allow the conclusion that the storage of RBMK-1000 spent nuclear fuel is safe under the
following conditions: the design duration – 50 years, the storage environment – nitrogen
(“Pure” grade), the maximal insertion temperature of 300oC. The developed model and the
design code can be used to assess the behaviour of VVER-type SNF as well as alien fuel of
PWR and BWR types during a long term dry storage.
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Abstract. A creep-based methodology has been developed for high burnup fuel placed in dry storage.
Behavioral regimes considered include the effects of irradiation-damage recovery and hydrogen content on the
cladding creep rate, the effects of outer-surface corrosion and oxide spallation on cladding stress localization and
its consequent effect on creep deformations, and the role of temperature and stress decay on the potential for
creep rupture. Application to creep-rupture tests shows that creep rupture is a stress-induced plastic instability as
a terminal state of tertiary creep, which is highly unlikely to occur in dry storage. This is because cladding creep
deformations under dry storage conditions are self-limiting, characterized by a continuously decreasing strain
rate due to a continuously decreasing cladding stress in proportion to the creep-induced volume expansion and
decaying temperature. This is an inverse behavior to that of tertiary creep. An acceptance criterion for dry
storage based on plastic instability is proposed. It will be shown that the proposed acceptance criterion offers a
practical engineering approach and provides sufficient margin against creep-induced fuel rod failures, even for
fuel rods with spalled oxide and localized hydride lenses.

1. Introduction
Spent fuel with discharge burnups in excess of 45 MW·d/kgU is generally characterized as
“high burnup”. Distinguishing features of high burnup fuel that affect cladding creep during
dry storage include: higher decay power, higher internal gas pressure, higher cladding
corrosion and consequently higher hydrogen content, and greater propensity for sustaining
creep-related damage. Minimizing the potential for creep-related damage consists primarily of
establishing operational controls on the cladding temperature. The present work is motivated
by the U.S. regulators’ decision, announced in 1999, to modify the technical basis for
selecting peak cladding temperature, a process which involves establishing a limit on cladding
creep strain. Creep analysis methods and analytically constructed creep models based on postirradiation creep data are needed to calculate the creep deformations expected during dry
storage. However, until recently, limited post-irradiation creep data was available, and creep
models for un-irradiated cladding were used with a reduction factor to account for the effects
of irradiation on the creep rate [1]. Lacking the appropriate creep data and models specifically
developed for dry storage applications, analytical simulations such as those initially proposed
[1] inherently have unknown levels of uncertainty. To accommodate this uncertainty and to
safeguard against the possibility of creep rupture during dry storage, highly conservative
criteria were established for the amount of creep strain that can develop over the licensed
storage period. A 1% end-of-storage-life creep strain was first proposed by Spilker et al. [2] as
a sufficiently conservative limit that would be acceptable to regulatory authorities.
Significant progress in the state of the art of spent fuel behavior evaluation has been made in
recent years, including the development of a comprehensive creep based methodology [3, 4].
This methodology is fully described in Refs. 3 and 4; however, to provide continuity for the
present discussion, a summary of the methodology’s analytical structure is presented in
Section 2. Discussion of the creep rupture phenomenon is presented in Section 3. An
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acceptance criterion derived therefrom is presented in Section 4, and a cumulative damage
model is given in Section 5. Application to creep rupture tests and dry-storage case history are
given in Section 6. Conclusions are given in Section 7, and references in Section 8.
2. Creep methodology
2.1. Post-irradiation thermal creep model
The creep models recently developed by Bouffioux et al. [5] and Lemon et al. [6] represent
the state of the art in post-irradiation thermal creep, and form the experimental basis for the
analytical development described in this paper. The strain-hardening form of the Bouffioux et
al. model is expressed as follows,

( )

ε c = f1p (σ ) ∗ f 2p (T ) ∗ f 3p ε cp ∗ A p (ψ ) + f1s (σ) ∗ f 2s (T ) ∗ A s (ψ )

(1)

The superscript c stands for creep and the subscripts p and s denote primary creep and
secondary creep, respectively. The expressions in the above equation are
n
f1p (σ ) = A1σ 1

(2)

f1s (σ ) = A 2 [sinh (a 0σ )]

(3)

f 2p (T ) = exp (− Q1 T )

(4)

f 2s (T ) = exp (− Q 2 T )

(5)

n2

( )

(

(

p
f 3p ε cp = ν exp − ε θ f1p f 2p A p

))

(6)

f 3s ≡ 1

(7)

A p (ψ ) = C1 + C 2 exp ( − λ1ψ )

(8)

A s (ψ ) = C 3 + C 4 exp ( − λ 2 ψ )

(9)

The state variables in the above expressions, namely, σ, T, and ψ, stand for stress, temperature
and fast fluence respectively. Table I gives the values for the model constants. The units are:
strain in %, time in hours, stress in MPa, temperature in Kelvin, and fast fluence in n/cm2.
Table I. Values of parameters for the Bouffioux et al. [5] creep model
Parameter
ν
A1
n1
Q1
A2
n2
Q2
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Value
0.132
20867.2
1.986
13748
1.386E14
1.715
27628.7

Parameter
a0
C1
C2
λ1
λ2
C3
C4

Value
0.01453
0.0879
0.9121
5.722E-22
7.087E-22
0.06
0.94
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2.2. Irradiation-damage recovery and hydrogen effects
Annealing of irradiation damage under the slow decaying temperature can cause the creep rate
to recover in time and approach the creep rate of un-irradiated material. However, total
recovery is not possible because of the presence of hydrogen. The effect of irradiationdamage annealing is treated in the creep model by making the fast fluence in the irradiation
hardening term time dependent, using data from Gras [7] and Bouffioux and Legras [8].
Similarly, a hydrogen hardening term that plays the same role as the fluence hardening term
in the model is derived using data for un-irradiated hydrided material from Bouffioux and
Legras [8] and Bouffioux and Rupa [9]. The expression for the time-dependent fast fluence is
given by,
Ψeff = (1 − FR ) ∗ Ψ

(10)

where FR is the fractional recovery derived in the form of the Johnson-Mehl-Avrami law
using the activation energy value in Ref. [8], as follows,
n

FR = 1 − e −( Kt ) , K = K 0 e − 46444 / T , K 0 = 1.0436E 27, n = 1.1

(11)

where T is in Kelvin and t is in hours.
The hydrogen hardening term is given by,
A (H ) = 0.883 exp ( − 0.00153H ), 100 ≤ H ≤ 700ppm

(12)

where H is the total hydrogen concentration in ppm, with A(H) = 1, for H < 100 ppm, and
A(H) = A(700), for H > 700 ppm1. The hydrogen concentration is given by the following
empirical relationship developed from data reported by Mardon et al. [10].
H = 35e 0.051Bu

(13)

where Bu is burnup in units of GW·d/tU, and H is in ppm. The model calculates the amount
of effective fast fluence when the hydrogen begins to take over the creep rate, at which time
Eqs 8 and 9 are replaced by Eq. 12 as the hardening terms in the creep model.
3. The phenomenon of creep rupture
Creep rupture, as the term implies, is a strain-induced failure state and, consequently, is used
to give support to the notion that a failure criterion under creep can be expressed in terms of
strain. It should be noted, however, that strain is a non-unique descriptor of a material state,
and therefore cannot by itself describe a failure condition, as it is possible to arrive at the
same strain level, but with different failure implications, by following different loading paths.
This can best be explained by considering three types of creep tests illustrated schematically
in Fig. 1. Compare the constant-pressure creep curve to the constant-stress creep curve in the
figure. In the former case, both the strain and the stress are increasing with time following the
classical three-stage shape of the creep curve, namely, primary, secondary and tertiary
terminating in rupture. In the latter case, the stress remains constant, while the strain follows
the steady state regime, i.e. constant rate without failure as shown by the solid curve. If this
1

It is to be noted that a 700 ppm concentration is not untypical of the hydrogen content for high burnup Zr-4
cladding.
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were to be an actual constant-stress creep test of a pressurized tube, the pressure would have
to be reduced continuously in a precise relationship to the change in volume. Eventually the
pressure becomes difficult to control and the test rapidly transitions to a constant force test
into the tertiary creep regime, dashed curve, and fails shortly thereafter. As is depicted in the
figure, the time to reach a given strain level is vastly different for the two types of tests. On
the other hand, very different strain levels are reached for a given time period. If we now
consider a third type of creep test, namely, a constant gas-mole (pressurized closed tube) test.
In such a test the pressure, and consequently the cladding stresses, exhibit self-limiting
behavior as they continue to decrease in proportion to the volume expansion due to creep. The
strain, after the initial primary-creep phase, continues to increase but at a decreasing rate until
it effectively reaches a strain-rate of zero. This self-limiting behavior characterizes spent fuel
creep deformations during dry storage.

Strain
Constant Pressure Test

Constant Stress Test

Closed Tube Test
Time

FIG. 1. Schematic representation of creep tests.

In all three tests depicted in Fig. 1, the hoop stress σ θ evolves with time according to the
following relation,
σ θ = σ 0 e 2ε θ

(14)

where σ 0 is the initial hoop stress and ε θ is the hoop strain at a given time in the test.
Equation 14 is essentially a geometric relationship, which applies in general, regardless of
whether the change in geometry evolved from creep deformations or in a high-rate burst test.
This means that the stress-state in a pressurized tube under creep is uniquely defined by the
change in geometry and, therefore, can be a unique descriptor of a material limit state.
As can be deduced from Fig. 1 and Eq. 14, the onset of tertiary creep marks a phase of
accelerated feedback between the stress and the creep rate. During the latter, high strain-rate
phase of tertiary creep, the stress-strain response of the specimen is governed by plastic flow
and follows the post-yield portion of the material’s stress-strain curve, and the consequent
failure of the specimen is by plastic instability.
4. Acceptance criterion
By the preceding argument, for creep deformations to become life limiting, the cladding
effective stress must rise above the yield strength. If this condition were allowed to occur, a
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state of plastic flow would exist, with failure by plastic instability as a certainty. Thus, if the
fuel rod cladding can be prevented from progressing into the post-yield regime, then an
acceptance criterion can be stated as follows:
A creep analysis of the governing fuel rod should verify that the local membrane hoop
stress remain bounded throughout the licensed storage period. The bound on the local
membrane hoop stress can be conservatively set equal to 2/3 of the irradiated yield
strength. A governing fuel rod is defined to be the rod that has conservatively defined
physical and loading conditions relative to the remaining rods in the dry cask storage
system.
Motivation for the development of an acceptance criterion in this form is the desire to employ
a simple, but reliable, practical approach that is compatible with traditional engineering
practice. It can be applied, to a first approximation, without the need for computer
calculations by using Eq. 14 with a hand-calculated estimate of the creep strain from the creep
equations using initial bounding conditions on temperature and stress. However, for a more
accurate analysis, compliance with this criterion requires the use of a computer code, and can
be achieved by conducting a two-tier analysis as follows:
a)
b)

Global r-z analysis, with cladding thickness uniformly reduced by the equivalent metal
loss due to corrosion;
Local-effects analysis in the presence of hydride lenses, where the hydride lens area is
modeled explicitly, with temperature and pressure-time histories obtained from the r-z
global analysis.

A suitable strain measure, circumferentially averaged, obtained from the local effects analysis
in (b) may be used as a figure of merit to judge the overall deformations. This strain should be
calculated by the following formula derived in Ref. [5]:

(

)

 θ

1 − αn + αn 
ε a = ε1 * 
2π


(15)

where ε a is the circumferentially averaged strain, ε1 is the local strain in the thinnest section
of the ligament, θ is the hydride lens circumferential extent in radians, α is the ratio of the
ligament thickness to the as-received thickness, and n = 3.
5. Cumulative damage model
In order to judge the degree of conservatism of the proposed acceptance criterion under actual
dry storage temperature and stress histories, we derive a cumulative damage model that is
consistent with the underlying assumption of the criterion, namely, keeping the cladding
stress below the yield strength. We define the relative damage in the cladding due to creep by
the well-known Minor rule,
D = ∑ ∆ D i = ∑ (∆ t i t r )

(16)

where D is the damage index, ∆ti is the ith time step size, and tr is the experimentally
determined rupture time at the conditions prevailing at time ti. Now we deviate from the usual
approach followed in cumulative damage analysis by defining the time-to-failure tr to be the
time-to-yield tyi, which is the time taken by the stress to evolve to the yield strength in a
constant-temperature/constant-pressure creep test. The evolution of the stress σi to the yield
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strength σy under conditions prevailing at time ti is obtained by substituting σy for σθ and σi
for σ0 in Eq. 14 as follows,
σ y = σ i e −2ε

(17)

where ε si is the steady-state creep rate. Solving for tyi from Eq. 17 yields,
t yi = − ln (σ i / σ yi ) / 2ε si ,

(18)

and the damage index becomes,
D = ∑ ∆ ti

[−1n (σ i / σ yi ) 2 ε si ]

(19)

Equation 19 has been implemented in the code FALCON [11], which calculates D as another
response variable. The input variables to the cumulative damage model are the current time
step size, the hoop stress, the yield strength, and the steady state creep rate from the creep
model, all defined at the prevailing temperature, pressure and irradiation conditions.
6. Application
The overall response analysis methodology for spent fuel in dry storage, which utilizes the
analytical development described above, consists of several major elements as listed below:
a)
b)
c)
d)
e)

Elastic-plastic-creep constitutive model with finite strain capabilities – the creep
component of this constitutive model is described above;
Fuel rod behavior code, FALCON [11], that integrates thermal and mechanical analysis
into a response analysis procedure;
Fuel rod parameters (initial pressure, rod free volume, initial cladding thickness, oxide
thickness, burnup/fast fluence, and hydrogen concentration);
Decay heat model as a function of burnup, initial enrichment, and cooling time;
Heat transfer simulation to calculate peak cladding temperature history.

To illustrate the methodology we carry out several example analyses involving various
characteristics of fuel rod behavior in dry storage. These include analysis of creep-rupture
tests to illustrate the analytical basis of the acceptance criterion. Also a dry storage case
history is analyzed, assuming bounding initial conditions, to illustrate the expected behavior
of spent fuel during dry storage, and to demonstrate the applicability of the acceptance
criterion. An important behavior characteristic that is generally misrepresented in creep-test
simulations of localized hydrides is the effect of fuel pellets on constraining creep
deformations. Clearly, space limitation does not permit full description of these analyses, and
the reader is referred to Ref. [3] for more details.
6.1. Analysis of creep rupture tests
Conducting creep rupture tests starting from stress levels typical of spent fuel would take a
very long time. Therefore, the available creep rupture data, mostly for un-irradiated cladding,
is from tests conducted at relatively high initial stress.Those tests start at stress levels that are
aleady in the plastic flow regime, and do not capture creep behavior but simply measure the
ability of the material to deform plastically. Reference [3] describes a number of high-stress
creep tests conducted by French and German researchers. Two cases, depicted in Fig. 2, are
selected with stress and temperature combinations shown in the figure.
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The case with an initial stress of 386 MPa is a pressurized tube specimen; the other specimen
is a tube specimen loaded axially. At the temperatures indicated, both specimens were
initiated into the plastic regime and, therefore, the specimens were in tertiary creep at the start
of the test. As shown in the figure, the highest data points are the final measurements just
before failure, and were taken at an intact section away from the rupture opening, which
would not represent the true failure strains.
The third example is a 4-cycle rod, tested at 420°C at an initial hoop stress of 226MPa. It
illustrates the effect of irradiation-damage annealing on the time-dependent response of high
burnup cladding. As can be determined from Eq. 11, annealing of irradiation hardening is
nearly complete after a period of 500 hours. This introduces two important effects: first, the
creep rate increases to the level where hydrogen becomes the sole hardening source for the
creep rate; second, the yield srength is reduced to the as-received value slightly modified by
hydrogen. Separate-effect analyses were conducted for this test, allowing several observations
to be made. First, using the creep model without considering irradiation-damage annealing
would greatly underestimate the specimen’s response, as shown in Fig. 3. Secondly,
considering the effects of annealing on the recovery of the creep rate only, without its effects
on the yield strength, causes a higher rate of creep after about 400 hours, but the final
response is under-predicted. Finally, when the effect of annealing on reducing the material’s
yield strength is introduced, consequently causing the specimen to transition into the tertiary
creep regime after a period of approximately 600 hours, the behavior of the specimen is
correctly represented. The results of this analysis confirm the general theme of this paper,
namely, that creep rupture is a predictable plastic instability phenomenon, which is avoidable
by keeping cladding stress below yield.
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FIG. 2. Analysis of creep rupture tests of un-irradiated cladding.
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FIG. 3. Analysis of irradiated 4-cycle cladding creep tested to rupture.

6.2. Case analysis of high burnup spent fuel in dry storage
This example is an analytical simulation of dry storage for a high burnup fuel rod with oxide
thickness of 120 µm, and a hydride lens of depth equal to 50% of original thickness. The rod
initial temperature of 400°C and internal pressure of 19.1 MPa are shown on the figures. The
temperature of 440°C is the peak temperature during a 24-hour drying cycle, including heatup and cool-down period of 8 hours each. Figure 4 shows the hoop strain in the hydride lens
ligament (thin section) and away from the lens (thick section). The oxide thickness is treated
as an equivalent metal loss. Figure 4 shows the self-limiting behavior of cladding creep (even
in the local hydride lens region). Figure 5 depicts the self-limiting evolution of the damage
index calculated from the cumulative damage model, which shows that the safety factor
against the potential for plastic instability would never be lower than 2, regardless of length of
storage.
6.3. Effects of fuel pellets on creep response of cladding with local hydrides
An important behavior characteristic that is not simulated in pressurized-tube creep tests is the
effect of fuel pellets on constraining the creep deformations of high burnup fuel rods
containing localized hydrides. Because of the presence of a hydride lens in a localized region
of the cladding, the creep deformations are not uniform and, further, the deformations tend to
localize in the hydride-lens ligament. This causes the cladding to be pulled inward at a
position 90 degrees away from the lens region, further increasing the deformations in the
thinned ligament. The fuel pellets prevent this behavior from developing and constrain the
deformations in the hydride-lens region. This mode of behavior is absent in an empty tube
test, as illustrated in Fig. 6. The difference between the two behavior modes is quite
significant.
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FIG. 4. Strain history for a fuel rod in a dry cask subjected to a
24-hour drying cycle with a peak temperature of 440°C.
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FIG. 5. Damage index history for a fuel rod in a dry cask subjected to a
24-hour drying cycle with a peak temperature of 440°C.
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FIG. 6. Comparison of the creep response of a fuel rod (left side) with the
empty-tube creep-test simulation of Fig. 4 (right side), illustrating
the constraining effect of fuel pellets on the local creep deformations.
7. Conclusions
An acceptance criterion based on plastic instability, supported by validated creep modeling
and analysis methodology, is shown to have significant margin against creep rupture during
dry storage.
Analytical evaluation of the creep rupture phenomenon, supported by analysis of creep
rupture tests, helped demonstrate that a highly restrictive strain limit is not a valid licensing
basis for spent fuel in dry storage.
The analytical capabilities of the methodology are sufficiently robust to allow a reliable
application of the acceptance criterion to general fuel rod conditions, including cladding with
localized damage such as hydride lenses.
The utility of a stress-based acceptance criterion is further reinforced by the development of a
cumulative damage model that allows the application of a probabilistically based approach.
This makes it possible to select operational alternatives based on relative ranking of risk
consequences.
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Abstract. The isotopic composition of nuclear fuel irradiated in a power reactor is one of the most important
characteristics of spent nuclear fuel (SNF). Japan Atomic Energy Research Institute (JAERI) developed
SFCOMPO, a database system for the compilation of the isotopic composition of SNF. Given the suitable
framework of the NEA for the collection of additional data from member countries, it was agreed that the NEA
would maintain and further develop SFCOMPO. Since autumn 2002, this database has been operated on the
NEA web server. The outline of the SFCOMPO database, as operated on the Internet, is presented and the plans
for its future development are discussed.

1. Introduction
The isotopic composition of nuclear fuel, irradiated in a power reactor, is one of the most
important characteristics of spent nuclear fuel (SNF). It is the basis for the evaluation of
several properties of SNF, including decay heat, radiation dose, and the neutron multiplication
factor of any configuration containing spent fuel. Since the determination of this isotopic
composition is usually carried out using calculation tools, the validation of these tools is an
important aspect to be taken into consideration. For this purpose, several experiments
involving Post Irradiation Examination (PIE) of SNF have been conducted in different
countries to obtain experimental data for the isotopic composition of SNF.
Based on this background, the Japan Atomic Energy Research Institute (JAERI) developed
SFCOMPO[1][2][3][4], a database system for the compilation of the isotopic composition of
SNF. The database was available for consultation on the Internet. After this initial phase, and
given the suitable framework of the NEA for the collection of additional data from member
countries, it was agreed that the NEA maintains and further develops SFCOMPO. This
involves both the compilation and the dissemination of the data. Since October 2002, this
database has been operated on the NEA web server.
This paper provides background information on the SFCOMPO database and describes its
current status and plans for future development.
2. Development
Since the beginning of 1990’s, the concept of burnup credit, i.e. the consideration of spent
fuel instead of fresh fuel in criticality-safety evaluation, has emerged as an important subject
of investigation in many countries. This required the evaluation of the accuracy of burnup
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calculation codes and libraries to be used for the estimation of isotopic composition of SNF,
and the experimentally measured data of SNF was sought.
Based on this background, JAERI started collecting the data in the open literature and
released the first report on the isotopic composition database “SFCOMPO” in 1993[1]. This
report contained not only isotopic composition but also other data such as geometrical data of
fuel assembly and reactor operation history whenever available. The access to data in
electronic form was also available using relational database software on personal computer
under MS-DOS. After initial development, the report was translated into English for
international distribution. Since connectivity to the Internet began to spread and World Wide
Web service using database became familiar, the database on PC was migrated to WWW
system. [3]. Finally, in current distribution, SQL and relational database system for network
environment are introduced as usual database service on the Internet[4].
3. Operation of SFCOMPO on the OECD/NEA web site
OECD/NEA Nuclear Science Committee (NSC) has Working Party on Nuclear Criticality
Safety (WPNCS) to treat technical issues of criticality safety problem. In the group, expert
group on burnup credit criticality safety (EGBUC) has been organising several benchmark
problems, and has been the place for technical discussion on burnup credit among NEA
member countries. Its activities including proposed benchmark problems and the results are
summarised in several conference papers[5][6]. EGBUC has been supporting SFCOMPO
from the beginning of the development, and there is general consensus in the group to support
it. To gather data from many counties under the framework of WPNCS and EGBUC, it seems
natural to maintain SFCOMPO in NEA. So that, the data and system of SFCOMPO was sent
to NEA through framework of NEA databank. From October 2002, it has been operating on
computer in NEA. The URL http://www.nea.fr/html/science/wpncs/sfcompo/ is accessible
freely.
Table I summarises the content of the SFCOMPO database. Measured isotopic composition
data from 14 reactors (7 PWRs and 7 BWRs), operated in 4 countries are contained in the
database. The composition of 246 samples is described, including 30 samples from UO2Gd2O3 fuel. The database gives the composition of U, Pu, Am, Cm and several fission
products (Nd, Cs, Sr). In the database, not only measured data but also several ratios of
nuclides weights or their densities are included. Table II shows the type of data contained in
the database.
4. Functions
In this paragraph, we will show the features available within SFCOMPO through specific
examples. Let us consider the case of Takahama Unit 31. Fig. 12 shows the pin positions in the
fuel assembly. By selecting a specific pin position, the user obtains an axial representation of
the pin showing the sample positions available in the database (see Fig. 23). In Fig. 2, by
selecting a specific position, the corresponding composition is retrieved and tabulated as
shown in Fig. 3.

1

http://www.nea.fr/html/science/wpncs/sfcompo/Ver.2/Eng/Takahama-3/index.html
http://www.nea.fr/html/science/wpncs/sfcompo/Ver.2/Eng/Takahama-3/nt3g23.html
3
http://www.nea.fr/html/science/wpncs/sfcompo/Ver.2/Eng/Takahama-3/sf95.html
2
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Table I. List of Reactors in SFCOMPO V. 2

Reactor

Country

Reactor
Type

Fuel
Assembly
Type

Fuel Type

Total
Number of
Samples in
Databasea

Remarks

(Number
UO2-Gd2O3
Samples)

Obrigheim

Germany

PWR

14×14

UO2

23

Gundremmingen

Germany

BWR

6×6

UO2

12

Trino Vercellese

Italy

PWR

15×15

UO2

39

The
geometry of
fuel
assembly is
different
from the
modern
type.

JPDR

Japan

BWR

6×6

UO2

30

Naturally
Circulated

Tsuruga-1

Japan

BWR

7×7

UO2

10

UO2,

FukushimaDaiichi-3

Japan

FukushimaDaini-2

Japan

Mihama-3

Japan

PWR

15×15

UO2

9

Genkai-1

Japan

PWR

14×14

UO2

2

Takahama-3

Japan

PWR

17×17

BWR

BWR

8×8

8×8

Cooper

USA

BWR

7×7

Monticello

USA

BWR

8×8

36 (10)

UO2-Gd2O3
UO2,

18(10)

UO2-Gd2O3

UO2,

16(5)

UO2-Gd2O3
UO2
UO2,

6
30(5)

UO2-Gd2O3

Calvert Cliffs-1

USA

PWR

14×14

UO2

9

H.B.Robinson- 2

USA

PWR

15×15

UO2

6

a

Including samples from UO2-Gd2O3 fuel rods
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Table II. List of data in SFCOMPO
Am-241, Am-242, Am-242/Am-241, Am-242m, Am-243, Am-243/Am-241,
Burnup (by Cs-137 Destructive method), burnup (by Cs-137 Non-destructive method),
Burnup (by Nd-148 method), burnup(by Theoretical), Ce-144,
Cm-242, Cm-244, Cm-245, Cm-246, Cm-247, Cs-134, Cs-134/Cs-137 (Ratio of Activity),
Cs-135, Cs-137, Cs-137/U-238, Eu-154, Eu-154/Cs-137 (Ratio of Activity), Kr-83/Kr-86,
Kr-83/Total Kr, Kr-84/Kr-83, Kr-84/Kr-86, Kr-84/Total Kr, Kr-85/Kr-86, Kr-86/Total Kr,
Nd-142, Nd-143, Nd-144, Nd-145, Nd-146, Nd-148, Nd-150, Nd-143/Total Nd,
Nd-144/Total Nd, Nd-145/Total Nd, Nd-146/Total Nd, Nd-148/Total Nd, Nd-148/U,
Nd-148/U-238, Nd-150/Total Nd, Np-237, Pu-236, Pu-238, Pu-239, Pu-240, Pu-241,
Pu-242, Total Pu, Total Pu, U , Total Pu/Total U, Total Pu/Total U(rate of weight),
Pu-237/Total Pu, Pu-238/Total Pu(rate of weight), Pu-239/Total Pu,
Pu-239/Total Pu(rate of weight), Pu-239/U-238, Pu-240/Pu-239, Pu-240/Total Pu,
Pu-240/Total Pu(rate of weight), Pu-241/Pu-239, Pu-241/Total Pu,
Pu-241/Total Pu(rate of weight), Pu-242/Pu-239, Pu-242/Total Pu,
Pu-242/Total Pu(rate of weight), Ru-106, Sb-125, Se-79,Sn-126, Sm-147, Sm-148, Sm-149,
Sm-150, Sm-151, Sm-152, Sm-154,Sr-90, Tc-99, U-232, U-234, U-235, U-238, Total U,
U-234/Total U, U-235 Depletion, U-235/Total U, U-235/Total U(rate of weight),
U-235/Total U/U-235/Total Uinit(rate of weight),U-235/U-238, U-236 Build up, U-236/Total U,
U-236/Total U(rate of weight), U-236/U-238, U-238 Depletion, U-238/Total U,
U-238/Total U(rate of weight), Xe-131/Xe-134, Xe-131/Total Xe, Xe-131/Xe-134,
Xe-132/Total Xe, Xe-132/Xe-131, Xe-132/Xe-134, Xe-134/Total Xe, Xe-136/Total Xe,
Xe-136/Xe-134
Ratios without notification mean ratio of nuclide density.

Another way of accessing the data is to specify the kind of data user wishes to access, e.g.
isotope or isotopic ratio (see Table ), reactor name (type), initial U-235 enrichment, cooling
time after irradiation and burnup values. SFCOMPO generates graphs (in PNG and PostScript
formats) of retrieved data as a function of burnup measured. Fig. 4 shows an example of the
generated graph. This enables the user to understand the trend of data against burnup value. In
addition, retrieved data are provided in text format for further utilisation.
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5. Required development
At present, the main limitation of SFCOMPO is the availability of new experimental data.
Although an important effort was produced in the compilation of data available in the open
literature, this represents only a small proportion of the PIE experiments conducted in the
world. Many other data, usually obtained under commercial agreements, is inaccessible.
Several other experimental projects run under the NEA Nuclear Science Committee auspices
(e.g. the ICSBEP Project), have demonstrated the benefit of sharing and preserving integral
data.
Another limitation of the current version is that the operating reactor history such as reactor
power and boric concentration in coolant is not included in SFCOMPO. Since such data in
opened report have different style, it seems difficult to prepare the data in completely same
format for all PIE. However, these data should be archived to be used for the validation of
codes and libraries.

FIG. 1. Example of pin position in fuel assembly.
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FIG. 2. Example axial sampling position.

FIG. 3. Example of result of search.
Another interesting addition to the current version would be the development of a web-based
user’s interface for the management of the database. This would enable users from different
institutes to input new data into database and to perform routine management of the database
if required.
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FIG. 4. Example of figure prepared by SFCOMPO in PNG format.
6. Conclusion
The compilation of isotopic composition data of spent nuclear fuel has been conducted in
JAERI and successfully maintained in OECD/NEA.
In view of the importance of these data, the NEA plans to further develop the SFCOMPO
database. The aim is to give more details on the operating conditions under which the fuel was
irradiated and to enter data from other reactors. It is hoped that the co-operative framework
provided by the NEA Nuclear Science Committee would significantly facilitate this
development.
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Abstract. In this paper the current strategy with regard to the safe management and disposal of various waste
types, spent fuels, amount of spent fuel stored, storage facilities as well as capacities, storage facilities under
construction and planning, national policy for the back end of the fuel cycle and anticipated future trends are
highlighted.

1. Introduction
Bangladesh is a modest user of nuclear technology and its nuclear programme is fully
dedicated to the peaceful applications in the fields of medicine, agriculture, industry, research
and development. Presently, a 3 MW TRIGA MARK II research reactor, located in the
campus of the Atomic Energy Research Establishment (AERE) at Savar about 40 km northwest of the capital city Dhaka, is the main nuclear research facility in the country. The reactor
has so far been operated for about 3 428 hours with a total burnup of about 5 750 MW·h. The
reactor uses TRIGA LEU fuel with normal uranium content of 20% by weight (Figure 1). The
enrichment level of the fuel is 19.7%. At the same time, Bangladesh Atomic Energy
Commission (BAEC) is seriously pursuing a project to establish a 600 MW PWR type nuclear
power plant in the west-central part of the country in near future. With regard to the safe
management, storage and disposal of wastes accruing from the present operation of the
research reactor and the future operation of the power reactor, BAEC is going ahead with
specific plans and programme.
2. Spent fuel management
The management of spent fuel has always been one of the most important stages of the
nuclear fuel cycle. Three approaches currently exist for safely managing the spent fuel. One is
associated with the open, or once-through, fuel cycle and calls for the direct disposal of spent
fuel in a deep geological repository that does not allow for its retrieval. The second approach
is associated with the closed fuel cycle and involves the reprocessing of spent fuel and the
recycling of recovered plutonium and uranium in new mixed oxide (MOX) fuels. The third
approach is commonly called the ‘wait and see’ approach, whereby spent fuel is placed in
long term interim storage pending a decision as to its ultimate reprocessing of disposal.
Approach selection procedures depends on the political, technical, economic and safeguard
issues as well as environmental protection aspects. This selection process has been influenced
1

Work performed on Bangladesh Government’s programme on management and disposal of spent fuel from
nuclear reactor.
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by a number of developments which, taken together, are elevating the importance of spent
fuel management and storage in many countries.
These developments include the comparative costs of uranium and reprocessing. Today’s low
uranium prices, and the relatively high costs for reprocessing, mean that the price of fuel with
recycled uranium and plutonium is higher than the price of fuel from newly mined uranium.
At the same time, some countries are delaying decisions on reprocessing, while others are
abandoning the option and there are evident delays in the availability of facilities for the direct
disposal of spent fuel nearly in all countries.

FIG. 1. TRIGA LEU fuel element.
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Consequently, operators in many countries are finding themselves in the ‘wait and see’
position. This provides them with more time to evaluate the available technologies before
deciding of their spent fuel management approach. However, it also places greater pressure on
storage requirements and we are seeing that storage problems are growing in many countries.
The current spent fuel management policy in different countries can be divided into three
broad groups:
1.
2.

3.

Countries that have been following the once-through fuel cycle and are focusing their
attention on interim storage followed by disposal of the fuel (e.g. Canada, Sweden and
the United States of America);
Countries that have selected the reprocessing option and are actively operating or
constructing reprocessing plants or have contracts for reprocessing abroad and/or are
returning some or all of their fuel to the country of origin (e.g. France, Japan, the
Russian Federation and the United Kingdom);
Countries that are still evaluating their spent fuel management programmes (e.g. the
Republic of Korea, Lithuania and Mexico).

Bangladesh is a peaceful country and has signed several multilateral and bilateral agreements,
protocols, treaties, etc. in connection with the Nuclear Non-proliferation regime. In these
regards, we will follow the policy A for fuel management. In addition to this, Bangladesh has
also signed a Nuclear Cooperation Agreement with the USA on 17 September 1981, which
facilitated export of nuclear technology from USA to Bangladesh. The research reactor of
BAEC was procured under its provisions. The tenure of the Agreement has been extended up
to 2012.
Presently, there is not a single spent fuel element in the reactor facility and with the present
trend of burnup, it seems that BAEC TRIGA will not generate any spent fuel by the year
2009.
BAEC TRIGA facility has three Fuel Storage Pits located in the floor of the reactor hall
(Figure 2). These pits are meant for temporary storage of spent fuel elements as well as
radioactive samples. These storage pits are made of stainless steel having 10 inches diameter
and 15 feet depth. Each pit is provided with a lock on the stainless steel cover plate to limit pit
access and an M.S. cover plate (with lifting hook) that fits flush with the floor. The storage
pits were designed to hold 19 TRIGA fuel elements in each pit. The pit can be water filled to
accommodate storage of irradiated fuel elements. There are also 3 fuel storage racks, each
capable of holding 10 fuel elements, located along the walls of the reactor tank to provide
temporary storage of fuel-moderator of graphite dummy elements (Figure 3).
With regard to the management of the spent fuel from the proposed nuclear power plant,
direct disposal after conditioning is envisaged rather than reprocessing. Water pool (wet)
storage at the reactor site for a period of more than 30 years is being considered prior to the
final disposal in a crystalline rock repository in the northern part of the country. The reason
for water pool storage option is based on the fact that water is a convenient storage medium
inexpensive and available in desired quantities. Moreover, it can cool down by natural
circulation; provide shielding from radiation and suitability for handling. Engineering details
of spent fuel management in general and storage in particular are presently under study.
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FIG. 2. Typical spent fuel storage pit of BAEC TRIGA LEU fuel.
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FIG. 3. Temporary fuel storage rack (inside reactor tank).
Central Waste Processing and Storage Facility (CWPSF) is fast nearing completion in the
AERE, Savar campus where the TRIGA Reactor, Isotope Production Laboratory, 14 MeV
Neutron Generator, a 37×102 TBq commercial irradiator and other hot facilities are situated.
The country has an on going exploration programme for nuclear minerals. A national strategy
exists for the management and disposal of various types of radioactive wastes including spent
fuel [1].
The authority for the control of all radiological and nuclear practices in Bangladesh is vested
on the Bangladesh Atomic Energy Commission (BAEC) as the competent authority. The legal
basis for this control are the ‘Nuclear Safety and Radiation Control (NSRC) Act 1993 [1] and
the Nuclear Safety and the Radiation Control Rules, 1997’ which essentially incorporate the
requirements of the international Basic Safety Standards. The Act requires a license to carry
out any radiological and nuclear practice in the country while the rules prescribe the
conditions to be fulfilled and the manner by which a license has to be obtained. The Act 1993,
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Rules 1997 and Statutory Regulatory Orders of 1996 and 2000 cover all aspects of radiation,
waste and transport safety. Disused spent sealed sources are being stored in an interim storage
in the CWPSF following short treatment and conditioning.
As to their disposal the currently preferred option is engineered repository. Site investigation
work has progressed far enough toward the goal of establishing a demonstration repository at
AERE, Savar by the year 2010 [2]. For long-lived highly active problem wastes including
spent radium needles and disused radioactive sources, the safe management option is a long
term storage in the CWPSF following treatment and conditioning. But this is not considered
as a sustainable solution. The real emphasis is placed on the development of inexpensive
disposal methods and availing regional/international repositories [3, 4].
A long term storage is not a sustainable solution because it has got its own type of risks and
uncertainties associated with it. The ideal disposal option for highly active highly toxic
‘problem waste’ will be a regional or an international geological repository particularly for
countries like Bangladesh which has small resource base [3, 4].
Spent fuel storage facilities may be situated at-reactor (RA) OR outside the boundary of a
nuclear power station, in other words, away-from-reactor (AFR), possibly at a centralized site.
Such facilities may also be classified by the medium of storage, either in the form of ‘wet’ or
‘dry’ storage. Wet storage facilities for spent fuel are those facilities which involve the storage
of spent fuel in water pools. The spent fuel may be supported within the pool by racks, and/or
contained in canisters placed within the water medium. Dry storage facilities for spent fuel are
those facilities which involve storage of spent fuel in a gas environment, such as an inert gas
or air. Dry storage includes the storage of spent fuel in casks or vaults. A cask is a massive
container which may or may not be transportable.
Vaults consist of above or below-ground reinforced concrete buildings containing arrays of
storage cavities suitable for the containment of one or more fuel units.
Various types of wet and dry storage facilities are in operation or are under consideration in
different countries. Spent fuel can be safely stored for long periods of time (some spent fuel
has already been stored for over thirty years). Nearly all countries operating nuclear power
plants are increasing their existing AR storage capacity by re-racking. This can be done by
using neutron absorbing materials between the assemblies, or by rod consolidation, or simply
by better distribution of fuel in the storage pools. Such modifications have resulted in at least
a twofold increase in storage capacity. Further capacity increases may invoke the so-called
‘burnup credit’ in calculating the criticality of irradiated fuels.
3. Summary
The future nuclear power programme and the associated spent fuel management programme
in the Peoples Republic Bangladesh are under review. An interim spent fuel storage facility
will be set up to manage spent fuel safely and economically for many decades, thereby
providing adequate time to develop an integrated spent fuel management system. The current
major issues are to secure a site for the facility and to optimize the storage concept.
Considering the delicate public acceptance issues and the pursuit of universally accepted
methods for safe spent fuel management, close international co-operation is desirable to
resolve the upcoming challenges.
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Abstract. The system of computer codes, developed at the NRI Rez, plc. for the ČEZ a.s. company, is described,
aimed to the realistic best estimate evaluations of the temperature field in the CASTOR 440/84 container (Fig. 1),
which is used for the Dukovany NPP spent fuel.

1. Formulation of the basic partial differential equation, initial condition, boundary
conditions and outline of the solution of transient non-linear problem
In 2D calculations, the non-linear non-stationary partial differential heat conduction equation
with variable coefficients has the following form:

ρ ( x , y , t , τ ) ⋅ cp ( x , y , t , τ ) ⋅

∂t
∂ 
∂t  ∂ 
∂t 
=
λ x ( x , y , t ) ⋅  +
λ y (x , y , t ) ⋅  + Q(x , y ,τ )
∂τ ∂ x 
∂x ∂ y 
∂ y

(1)

We suppose simultaneously that the cartesian co-ordinate system x, y is oriented in directions
of the main axes of the parameters λx, λy.
The initial condition has the form:
t ( x , y ,τ 0 ) = t 0 ( x , y ) ,
where t0(x,y) is the known function of the co-ordinates.

(2)

Boundary conditions on the surface of the examined region are of the Dirichlet form:
t ( x , y ,τ ) = t p ( x , y , τ ) ,

(3)

For cases with heat radiation from the region perimeter, the calculations are usually performed
with a third boundary condition with the following effective heat transfer coefficient:
 t ( x , y ,τ ) + 273 4  t (τ ) + 273 4 
00
K(t ) ⋅ 
 −
 
100
100
 
 

αs =
t ( x , y ,τ ) − t00 (τ )

460

(4)

HEJNA et al.

FIG. 1. CASTOR 440/84 container.
2. Solution of the transient partial differential equation with variable coefficients using
the Finite Element Method

For the calculation of the temperature field using the finite element method in 2D geometry,
the isoparametric bilinear element was used. The first step is the division of the assembly
region into elements and the discretization of the assembly cross-section, as shown in Figs 2
and 3.
3. Practical application of the programme

The technological procedure of dry-out and refilling was simulated, using the following steps
(see Fig. 4):
1. The time period between loading of assemblies in the container and removing of container
from water is about 100 hours, at the end of this period the thermal equilibrium state is
reached;
2. In the course of removing the container from the water basin (the surrounding pressure
decreases), the water in the central part of the container boils and the fuel and clad
temperature decreases to 100oC;
3. During removal of the water from the container (before drying), the temperature of inner
parts starts rising;
4. After filling the container with helium, the steady state condition is followed.
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FIG. 2. Subdivision of assembly and surrounding region.
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FIG. 3. Part of the resulting 3D CASTOR 440/84 discretization.
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FIG. 4. Technical procedure of dry-out and refilling.
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FIG. 5. Admissible time for manipulation with steam filled container for limiting temperature 350ºC.

IAEA-CN-102/10P

466

FIG. 6. Maximum inner and surface temperature.
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FIG. 7. Surface temperature comparison of calculation and measurement.
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FIG. 8. Temperature field in 1/6 of CASTOR – steady state.

FIG. 9. Temperature field in the central part – steady state.
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FIG. 10. Temperature field in the peripheral part – steady state.

FIG. 11. 3D temperature field in 1/6 of CASTOR – steady state.
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4. Results of calculations

In order to validate the program, the calculated fuel and surface temperatures (in using the
programme CAST216) were compared with the measurements (in one concrete container)
(see Figs 5 to 11).
As a practical recommendation for the technological procedure optimisation, the parametric
calculations of drying time limits for given maximal admissible temperature of fuel and
cladding and given residual heat were determined.
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Spent fuel management strategy for future nuclear
power plant operation in Indonesia
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Abstract. Based on the results of the feasibility studies, it is planned that the NPP candidate sites will
accommodate a total power generation of about 7 000 MW(e). Indonesia chooses an open fuel cycle strategy
until a couple of decades after the first NPP operation and each NPP has to be capable of providing a 3-5 year
spent fuel storage pool. It is further planned that the spent fuel will be stored for another 40-50 years in a
centralized storage at the NPP site. Thereafter, spent fuel will eventually be stored in a long term storage. For
achieving 7 000 MW(e), there are three scenarios among many combinations of 600 MW(e) and 900 MW(e)
class NPPs: the combination 600 MW(e) × 2 Units × 6 Stages for case 1; 600 MW(e) × 2 Units × 3 Stages and
900 MW(e) × 2 Units × 2 Stages for case 2, and 900 MW(e) × 2 Units × 4 Stages for case 3. The construction is
assumed to proceed with twin units with an interval time of one year. By assuming that the LWR is the preferred
reactor type and the quantities of spent fuel for averaged one year operation are 13 tU for 600 MW(e) and 20 tU
for 900 MW(e), the capacity of a 5-years reactor pond and a 50-years centralized storage facility can be
estimated. Case 1, the capacity for the pond per reactor per stage is 45 tU and for the centralized storage facility
4 320 tU. Case 2, the pond capacity per reactor for the stages of 1, 2, and 3 is 45 tU and for the stages 4 and 5 it
will be 100 tU, whilst the centralized storage capacity is 3 825 tU. Case 3, the pond capacity per reactor per stage
is 100 tU and the centralized storage capacity is 7 200 tU. The spent fuel management strategy for future NPP
operation in Indonesia is described.

1. Introduction
The demand for electricity in Indonesia increases by the years. This increase goes along with
the rate of economic development, the rate of population growth and the rapid development in
the industrial sector. To fulfil this demand for electricity, it is becoming more difficult to
depend on the existing resources, which are now getting limited. It is, therefore, very
important that steps should be taken to seek other resources as alternatives. The selection of
the alternatives of energy supply should consider various aspects, including the aspect of
energy availability, technical aspect, safety aspect, social aspect, economic and environmental
aspects, and, of equal importance, the application of the technology transfer program, and the
national industrial participation. By then, it is expected that the fulfilment of electricity
demand will enter the era of “Optimum Energy Mix”, with the consideration of the limitation
of respective energy options, the environmental constraints, and the national policies in
energy diversification.
Based on the thought that a nuclear power plant (NPP) is technically safe, reliable, clean and
environmentally-oriented, relatively economical, and supported by our being prepared in
respect to the human resources and the infrastructures, including the results of the feasibility
studies for NPP development, the option of nuclear power could well be the right solution.
In order to give strong justification to the NPP introduction into our electricity system, a
comprehensive and in-depth feasibility study had been undertaken since November 1991. The
study was completed in 1996. The scope of the study covers both techno-economic and safety
aspects as well as site and environmental aspects. Additionally, the feasibility study can
clearly delineate the main features of the requirements for future Nuclear Power Plant in
Indonesia.
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The intensive effort has been undertaken by BATAN for the implementation of nuclear power
plants in Indonesia. The site selected is Ujung Lemahabang, whose area is approximately 5-6
km2, located in the northern coast of Muria Peninsula. It is about 30 km from Jepara, and 120
km from Semarang, the capital of Central Java Province. It is planned that the site will
accommodate several NPPs with a total power generation of about 7,000 MW(e). The strategy
of spent fuel managements for future NPPs operation in the future in Indonesia is described.
2. Spent fuel generation according to long term programme for 7 000 MW(e) NPPS
power generation
According to the result of NPPs feasibility study, for achieving 7 000 MW(e) power
generation there are three scenarios among many combinations of 600 MW(e) and 900
MW(e) class NPPs:
•
•
•

Case 1 comprises the power combination of 600 MW(e) × 2 Units × 6 Stages as shown
in Figure 1.
Case 2 comprises the combination of following powers:
o
600 MW(e) × 2 Units × 3 Stages, and
o
900 MW(e) × 2 Units × 2 Stages as shown in Figure 2.
Case 3 comprises the power combination of 900 MW(e) × 2 Units × 4 Stages as shown
in Figure 3.

For each case, it is assumed that the contract and construction proceed with twin units with an
interval time of one year.
The generated spent fuel (in tU) for averaged 1 year operation of 600 MW(e) and 900 MW(e)
proposed plant are shown on the Table I.
Assuming that the Light Water Reactor (LWR) is the preferred reactor type and the average
quantities of spent fuel for averaged 1 year operation for LWR (PWR, BWR) are 13 tU for
600 MW(e) and 20 tU for 900 MW(e), the reactor pond storage capacity for 5 years and the
capacity of centralized storage facility for 50 years can be estimated for case 1, case 2 and
case 3 as follows:
•

•

•
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Case 1: The minimum pond capacity for each reactor on the each stage : 13 tU/year × 5
years = 45 tU; the minimum capacity of centralized storage facility for 50 years: {(45 ×
11)+(45 × 10)}+ {(45 × 10)+(45 × 9)}+ {(45 × 9)+(45 × 8)}+ {(45 × 8)+(45 × 7)}+
{(45 × 7)+(45 × 6)}+ {(45 × 6)+(45 × 5)}= 4,320 tU;
Case 2: The minimum pond capacity for each reactor on the stages of 1,2, and 3: 13
tU/year × 5 year =45 tU; the minimum pond capacity for each reactor on the stages of 4
and 5: 20 tU/year × 5 year = 100 tU; the minimum capacity of centralized storage
facility for 50 years: {(45 × 11)+(45 × 10)}+ {(45 × 10)+(45 × 9)}+ {(45 × 9)+(45 ×
8)}+ {(100 × 8)+(100 × 7)}+ {(100 × 7)+(100 × 6)}=5365 tU;
Case 3: The minimum pond capacity for each reactor on each stages: 20 tU/year × 5
years = 100 tU; the minimum capacity of centralized storage facility for 50 years: {(100
× 11)+(100 × 10)}+ {(100 × 10)+(100 × 9)}+ {(100 × 9)+(100 × 8)}+ {(100 × 8)+(100
× 7)} = 7,200 tU.
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FIG. 1. Project development programme for INPP [total 7 200 MW(e)]: Case – 1.
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FIG. 2. Project development programme for INPP [total 7200 MW(e)]: Case – 2.
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FIG. 3. Project Development Programme for INPP [Total 7200 MW(e)]: Case – 3.
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646
11.6
45.3
14.8
12.2
2.7

615

10.6

41.1

14.8

13.4

3.1

112

7.5

12

638

20.0

89.6

(1), (2), (3), (4) : Source “Fuel Cycle Evaluation” (INPB-D-002)
(5) = (4) / {(2)/12 × 1/0.8} (80% capacity factor)
(6) = (4) / {(1) × (2)/12 × 8760 /1000000}
Note: EFPM = Effective full power month

Net electrical output (1)
[MW(e)]
Fuel cycle length (2)
[EFPM]
Average discharge burnup
(3) (GW·d/tU]
For one fuel
cycle
operation (4)
For averaged
1 year
Generated
(5)
spent fuel operation
3
GW·h
For
10
(tU)
generation (6)

Type, Vendor

600 MW(e)
PWR
PHWR
NPI
MHI/WH
AECL
(Siem)

2.9

17.7

20.3

42.2

11

866

2.7

19.9

24.0

45.2

11.6

1060

2.5

17.7

20.3

47.7

11

994

3.3

22.0

39.7

38.4

17.3

952

900-1000 MW(e)
PWR
BWR
NPI
NPI
MHI/WH
GE
(Siem) (Fram)

Table I. Spent fuel generated from proposed plant
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22.6

139.2

174

6.5

12

881

AECL

PHWR

3.1

13.9

22.1

40.7

15.3

631

WH

3.4

15.3

35.4

38.2

22.2

635

GE

23.7

71.6

89.5

6.5

12
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3. The strategy of spent fuel management
Since the radioactive waste management is an integral part of NPP planning, different aspects
of radioactive waste management have also been studied and included in a general plan for
the spent fuel management. The present status of the Indonesian Radioactive Waste
Management Program and Strategy for the future NPPs are shown in Figure 4.
High Level Waste management comprises the activities related to the irradiated or spent fuel
handling after its discharge from the reactor and thus includes storage and disposal, with or
without reprocessing. The technological solutions favoured around the world are the same,
namely to leave spent fuel or wastes at surface level, to cool and decrease in radioactivity for
some 30-60 years, and thereafter to safely isolate them from the biosphere by placing them in
deep, stable, geological formations with a number of containment barriers. It is in this stage of
nuclear fuel cycle where the decisions are made to follow:
•
•

•

An open or once through approach with permanent disposal of the spent fuel. Disposal
involves steps which would place the spent nuclear fuel in a location under conditions
which would not allow for its removal/retrieval;
A closed cycle with reprocessing of the spent fuel and recycling of plutonium and
uranium in thermal reactors or Fast Breeder Reactors (FBRs). Reprocessing is
considered a good method for closing the fuel cycle as it allows for the separation and
recycle of the fertile and fissionable components (for reuse in reactors) from the waste
material;
Interim storage, with the possibility to monitor the storage continuously, and to retrieve
the spent fuel later for either permanent disposal or reprocessing.

Most countries are using interim storage today in the absence of any final decision regarding
final disposal or reprocessing. The selection of a spent fuel strategy is a complex decision
with many factors to be taken into account, including:
•
•
•
•

Politics;
Economics;
Safeguards;
Environmental protection.

Indonesia shall choose an open fuel cycle strategy until couple of decades after the first NPP
operation. Each NPP has to be capable of providing 3-5 years of spent fuel storage pool at
NPP building. It is planned that spent fuel will be stored for further 40 – 50 years in
centralized storage facility and at the NPP sites. After that, spent fuel will be stored in long
term storage facility, and eventually, arrangements must be made for deep geological
disposal. Although the final disposal site is not yet decided, a preliminary study on a final
disposal site has, however, been carried out. In the mean time it is expected that new
technology on the recycling that provides proliferation proof will be available and if the
economic dictates to do so, the open cycle may be converted into the closed one.
The Final Feasibility Study Report defines the overall Project Schedule duration for an
Indonesian nuclear power plant as 6.5 years (78 months). This overall duration comprises an
initial 2 years of detailed design and site preparation and 4.5 years for site construction work.
Given the overall project schedule duration of 78 months, the project milestones events were
established based on recent nuclear power plant construction experience and currently
planned nuclear plants.
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FIG. 4. Indonesian radwaste management programme and strategy for future NPPs.
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FIG. 5. Interdependence schedule of NPP preparation activities in connection with spent fuel management.
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Table II provides a listing of the project milestones and associated schedule. This table
measures project time from the contract award date. In accordance with that overall project
schedule, it is necessary to identify the other project milestones connecting the NPP
Construction Activities for the implementation of preferable spent fuel management strategy.
Table II. Project milestones
Milestones events

Project month

Issue invitation to bid

-36

Award contract

-24

Submit PSAR

-12

Start limited site work

-12

Receive construction permit

0

First concrete

0

Set RPV

24

Energize

30

Submit FSAR

36

Receive operating license

48

Load fuel

48

Commercial operation

54

Plant decommissioning

Op. License + 40 years

Note:

PSAR : Preliminary Safety Assessment Report
FSAR : Final Safety Assessment Report
RPV : Reactor Pressure Vessel

The NPP preparation activities covering the construction of NPP, interim storage of spent
fuel, and disposal facility of spent fuel have the interdependent schedule as shown in Figure 5.
The temporary storage of spent fuel at NPP can cover a period of a few months to several
years. Afterwards, depending on the fuel cycle strategy adopted for ultimate disposal of spent
fuel or reprocessing, the fuel will be removed from the temporary ponds to away-from-reactor
storage (interim or permanent) or to a reprocessing facility.
According to the Indonesian Radwaste Management Program and Strategy as shown in Figure
4, the spent fuel will be removed from the temporary reactor pond after 3-5 years storage time
to centralized storage facility for 40-50 years of time. According to the Figure 5, the decisions
for preparation of NPP are an integral part of the NPP Program. The decision making must
conform to the schedule of relevant preparation activities in order to match with the final
target. In this case, the NPP preparation activities in connection with spent fuel management
having the interdependent schedule are as follows:
•
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The construction of centralized storage facility must be finished in a such schedule that
fits the 5 year reactor pond storage capacity;
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•
•

If the option of open fuel cycle is chosen where spent fuel is considered as a final waste,
the construction of disposal facility must be finished in agreement with the 50 years
centralized storage capacity;
When the option of close fuel cycle is adapted, the construction of reprocessing facility
must be finished in accordance with the 50 years of centralized storage capacity.

There are two basic methods available for the storage of spent fuel: the wet storage and the
dry storage, which may provided in more than one way. In most countries the opinion prevails
that water pool storage should be the preferred method. This is particularly true in case of
irradiated fuel from power reactors which must be ready to receive fuel freshly discharged
from reactor because of the high thermal output of these assemblies. Interim storage can take
place either in spent fuel storage at the reactor site or at a separate centralized facility. In
accordance with the results of feasibility study, the preferable plants for Indonesia have
provision of a centralized spent fuel storage pool within the plant site with a capacity from 40
to50 years.
4. Conclusion
Spent fuel management is an integral part of NPP planning and therefore the spent fuel
management strategy for future NPP operation is necessary to be described. In accordance
with the feasibility studies for the Indonesian NPP completed in 1996, it is planned that the
selected candidate site of Muria Peninsula will accommodate several NPPs with a total power
generation of about 7 000 MW(e). Indonesia shall choose an open fuel cycle strategy until a
couple of decades after the first NPP operation, each NPP being capable of providing a 3-5
years spent fuel storage pool in the NPP building. It is planned that the spent fuel will be
stored for further 40-50 years in a centralized storage facility at the NPP site. After that, spent
fuel will be stored in a long term storage facility, eventually and therefore arrangements must
be made for a deep geological disposal. Although the final disposal site is not decided, a
preliminary study on a final disposal site has, however, been carried out. In the mean time it is
expected that new recycling technologies, that provide a proliferation proof closed fuel cycle,
will be available and if the economics dictate to do so, the open cycle may be converted into
the closed one.
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Abstract. To confront the lack of spent fuel capacity of the existing spent fuel storage bay at Karachi Nuclear
Power Plant (KANUPP), an interim dry storage option is being planned. This dry storage facility will
supplement the existing spent fuel pool as an add-on facility and will also serve during the decommissioning of
KANUPP. A dry storage facility comprising of steel-baskets in concrete canisters arrangement has been selected
for further development. A site has been proposed for final selection within the premises of KNPC and different
options of sequential steps for transferring the fuel from bay to the dry storage facility are under evaluation. It is
hoped to get the first module of the facility ready for loading within next three years or so.

1. Introduction
The Karachi Nuclear Power Plant (KANUPP) [1] is a 137 MWe CANDU situated on the
Arabian Sea coast 20 km from the center of Karachi, which entered commercial operation in
1972. The wet storage bay at the reactor site has a total capacity of 23 760 fuel bundles. So far
18 742 bundles have been discharged in the bay and 2 277 fuel bundles are resident in the
core. It is planned to extend the operation life of plant to year 2015. Therefore, a total capacity
for 35 000 expected bundles would be required in future.
To fulfil the future needs of KANUPP augmentation of the existing spent fuel storage facility
is being planned. For this purpose, an interim dry storage option is under consideration, for
which a preliminary design work has been carried out. A dry storage facility comprising of
steel-baskets (Fig. 1) in concrete canisters arrangement has been selected [2] for further
development. Two different options of sequential steps for transferring the fuel from bay to
the dry storage facility are under evaluation. In the first option the basket will be loaded 36
bundles in the storage bay. Using lead flask the basket will be transferred to the hot cell
facility for seal welding and placing in the concrete canister. The second option under
consideration is based on the 11-bundle tray flask transferred to the hot cell facility for
loading, seal welding and placing the basket in the concrete canister.
It is also proposed to shift the spent KANUPP-booster rod assemblies of 10.5% enriched
uranium to dry storage facility in future. Recently seven out of eight booster assemblies have
been removed from KANUPP reactor and transferred to the spent fuel storage bay by using a
16.5 tons lead transfer cask. The essential characterization studies (fission product & actinide
inventories, decay heat and gamma spectra variation with cooling time, estimate of neutron
source etc.) have already been carried out.
2. General description
The proposed auxiliary storage facility would consist of vertical concrete modules (canisters)
grouped in storage site prepared near the plant. These modules are reinforced concrete shells
with steel liner and a sealed lid. Each module has a capacity for 6 steel baskets stacked on one
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another, whereas 36 bundles will be sealed in each basket. One canister would thus contain
216 spent fuel bundles. Ordinary reinforced concrete would be used to fabricate the canisters.
The concrete module will later be modified for multiple cavities to store more number of
baskets [3].
2.1. Design criteria
Shielding design of spent fuel storage facility shall provide radiation protection of workers
and the public in accordance with the requirements and principles described in the IAEA
Safety series No.115, Safety Series No. 50-SG-D9 and USNRC regulations to implement the
ALARA principles:
•
•
•

•

Dose rate at the contact surface of the canister should be less than 25 µSv/hr;
Maximum cladding temperature is kept lower than 180°C (356°F), to avoid the cladding
corrosion;
Maximum temperature of the concrete wall should not exceed 110°C (230°F) and
maximum temperature drop through the wall thickness should be less than 60°C
(140°F), to avoid the concrete cracking;
Dose rate at the contact surface of the transfer flask should not exceed 10 µSv/hr.

2.2. Storage basket
The basic unit of storage consists of 12 mm thick stainless steel (304L) basket, which will be
placed in the concrete module. The basket is designed to hold 36 spent fuel bundles. A
honeycomb grid will hold the bundles individually and also provide a 7.7 mm gap between
any two adjacent fuel bundles. The number of bundles is optimized so that the weight of
basket transfer flask does not exceed a limit of 15 t. The crane of the services building
imposes this limit.

FIG. 1. 36-bundle storage basket configuration (8.65cm c/c of bundles).
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2.3. Shielding and thermal design
Preliminary shielding design analysis of the proposed facility has been carried out by
computer code CYGAS and counter checked with shielding code MAGNA. The source term
and heat load are evaluated by using computer code ORIGEN (with some modifications in the
associated data library to incorporate the effect of neutron spectrum on neutron crosssections) based on maximum burn-up of 9 000 MW·d/tU after six years of cooling. It has been
analyzed that 85 cm lateral thickness of concrete shield would be sufficient to bring the dose
rate within allowable limit for the six year cooled fuel sealed in the 1.2 cm thick steel basket.
In each basket 36 spent fuel bundles would be sealed and six baskets would be stacked in
approximately 42 tons concrete canister. A 5.0 mm steel liner will be provided at the inner
side of the canister. In this case the exposure rate at the surface half way down the cylinder
would be less than 20 µSv/hr. The methodology for temperature calculations has been applied
as given in reference [4]. Thermal power has been taken as 6.5 Watts/bundle after 2 000 days
and different ambient air temperatures have been assumed. It has been concluded that the
maximum surface and fuel centerline temperatures would be well within the limits.
2.4. Steps to transfer spent fuel from storage bay to dry storage facility
Two different options of sequential steps for transferring the fuel from bay to the dry storage
facility (to North-East of the plant) are under evaluation. The first option is based on the
concept of loading the basket with 36 bundles in the storage bay and then transferring the
basket to the hot cell facility for seal welding and placing in the concrete canister. The second
option under consideration is based on transferring the 11-bundle tray flask transferred to the
hot cell facility for loading, seal welding and placing the basket in the concrete canister. In the
1st option number of transfer operations will be less but the time at bay will be rather large. In
the 2nd option the number of transfer operations will be large. A special tool for handling of
about 35000 fuel bundles is being designed. This tool shall not only grip, lift, flip and hold the
bundle but shall be slowly lower the bundle into the intended position into the basket.
3. Conclusions
The studies have shown that dry storage of spent KANUPP fuel in the basket–canister
arrangement is an economical and viable option. For this purpose efforts are being made for
technology development. Our development programme strategy is to identify the problems
and to develop technologies that can provide solutions more quickly, more safely and at a
lower cost.
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1. General presentation
The reactor of Cernavoda NPP Unit 1 was designed and built with a spent fuel bay able to
store spent fuel bundles for 8½ years plant operation (see Table I for the spent fuel
characteristics). The capacity of spent fuel bay was calculated for an annual average
production of 5 000 spent fuel bundles. At the end of 2002, after 6 years plant operation, the
inventory was of 30 344 spent fuel bundles.
Table I. Spent fuel bundle design parameters
¾Stored fuel type
Standard bundles CANDU6
¾Fuel bundle size: Φ × L
102 × 495 mm
¾Initial uranium contents in the fuel 18.9 kgU
bundle (reference value)
¾Bundle nominal weight
¾Reference burnup
¾Minimum cooling period
¾Fuel integrity (normal conditions)
¾Initial max. allowable temp. (in air)
¾Estimated temp. (reference fuel)

23.7 kg
7 800 MW·d/tU
6 years
Intact or defective fuel bundles but
mechanically sound
180oC
145oC

For Cernavoda NPP, the availability of sufficient capacity of storage for spent fuel has been
considered essential starting with 2000. However, the preparations to identify a solution to
extend spent fuel storage capacity of the reactor bay have begun once the Cernavoda NPP
Unit 1 was commissioned, in December 1996.
For siting the dry storage facility, different areas in the neighborhood of the plant were
considered. The optimum solution, mainly from geological and hydrogeological criteria was
to place it in the vicinity of the 5th reactor planned on Cernavoda NPP site, about 500 m far
from the first reactor, inside the exclusion zone of the plant. The site allows transportation on
internal road of the plant and negligible public concern.
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2. Implementation of the dry storage facility project
During the autumn of 2000, SNN proceeded with an international tendering process for the
supply of a dry storage system to be implemented at the Cernavoda NPP to store the spent
fuel from Unit 1 and from Unit 2 for a minimum period of 50 years.
The tendering process was based on the results of support studies, including a feasibility study
performed in advance under Romanian Research and Development Programmes, some years
ago. Also, an important support was obtained under the IAEA Technical and Research
Programmes.
The result, it was selected a dry solution and taking in view the schedule for commissioning
the NPPs Units 3 ÷ 5 is uncertain, for distributing the investments according to the real
storage requirements, a modular concept was proposed, placed on the boundary of plant site.
The bidding process resulted in early 2001 in the selection of a technology that uses the best
features of dry storage systems in use at similar CANDU 6 reactors in Canada. The
Cernavoda storage site will contain MACSTOR storage modules identical to the ones in use
at the Gentilly 2 reactor in Canada (see Table II for the general data of the facility).
The owner SNN/CNE PROD signed a contract, "turnkey" contract with AECL for
commissioning the facility in 25 months. Local Romanian companies, SITON for engineering
and licensing documentation work and Nuclearmontaj for construction and procurement
work, were involved in this project (percentage more than 85%) as AECL subcontractors.
Table II. General data of the storage facility
¾Type storage
¾Storage technology
¾Reference solutions
¾Design life time
¾Facility applicability
¾Nominal transfer rate
¾Initial storage capacity
¾Total storage capacity
¾Location of fuel preparation
and transfer area
¾Site
¾Seismic qualification
¾Confinement
¾Cooling
¾Safeguard system
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Dry
AECL / CANADA - MACSTOR module
for preparation - Point Lepreau IDSF
for storage - Gentilly 2 IDSF
Minimum 50 years
2, Units CANDU CERNAVODA
500 bundles / month from one NPP unit
One module (12 000 bundles)
Max. 27 storage modules MACSTOR
In SFB and S/B – Extension building (SFB area)
In front of NPP Unit 5 at about 700 m distance
from Unit 1, inside Cernovada NPP exclusion zone
DBE (horizontal acceleration = 0.2 g)
Two barriers: first storage basket and second
storage cylinder
Passive heat removal
2:Cobra and E type seals
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The technology consists of MACSTOR concrete modules and the site can accommodate 27
modules where two CANDU – 6 units spent fuel production resulted in 30 years lifetime will
be transferred. The first part of the facility consists in:
•
•

Facilities (modifications and additional equipment) inside the existing spent fuel bay
from unit1 + an extension of the building for entrance of the transfer container truck;
First part of the Interim Storage Facility: one module CANSTOR, crane for container,
support systems, an entrance building.

This month, the new interim spent fuel dry storage facility on Cernavoda site was finished
without any delay in the contract schedule (Fig. 1). During the licensing process, all involved
parties have faced difficulties. However, the licenses were obtained in very reasonable time
schedules that allowed the entire project to be commissioned in time, according to the initial
plan. During the performing of this facility was gained an important experience, in different
fields, more important being engineering work, construction work, procurement activity and
in special licensing process. The licensing process was a good experience from our point of
view and has some particular aspects compare with other similar facility process. These could
be specified as following:
1.

2.
3.

Support documentation for Licensing process fulfilled the US- NRC Regulatory Guide
3.48 "Standard content for the safety analysis report " and US - NRC 10 CFR part 72
"Licensing requirements for an independent storage spent fuel and high level
radioactive waste" requirements (although Cernavoda SFIDSF is located inside the
boundary of NPP site).
Evaluation of an aircraft crash on the CANSTOR module consequences was included
into the safety analysis. The results were considered in the emergency plan.
Radiological effects on operators and public were evaluated taking into account the
multiple contributions of all radiation sources, existing at the Cernavoda site.

FIG. 1. The new interim spent fuel dry storage facility.
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Comparison of subcriticality of the interim spent fuel
storage before and after modification
V. Chrapčiak
VUJE Trnava, a.s.,
Trnava,
Slovakia
Abstract. After the political and economical changes in the late eighties, the utility operating the nuclear power
plants in Slovakia decided to change the original scheme of the back-end of the nuclear cycle: instead of
reprocessing the spent fuel in the USSR/Russian Federation, it will be stored in an interim spent fuel storage
facility until the time of the final decision. As the best solution, a modification of the existing interim storage
facility has been realised. In the existing facility, a new basket with a new shape is used together with compact
racks from boron steel. There are 6 reactor units of type VVER-440 in operation in Slovakia. The original
capacity of the interim storage facility is 5 040 assemblies and after modification 14 112 assemblies. The
original fuel type (used in operation and stored in the interim storage facility) has a maximum enrichment of
3.6%. The current fuel type (now only used in operation, but not in storage) has a radial profiled enrichment with
a maximum of 4.0%. Advanced fuel (will be in operation after 2005) has a maximum enrichment of 4.4%.

1. Description of baskets T-12 and KZ-48
The original basket T-12 is very simple: it contains 30 assemblies in pure water and the
assembly pitch is 22.5 cm (Fig. 1). The new basket KZ-48 together with compact racks is
designed for 48 assemblies (Fig. 2). Each assembly is in a tube from boron steel and the
assembly pitch is 16.8 cm. The whole basket is in water.
2. Storage pool
The dimension of the storage pool is without changes. The new shape of basket and the new
arrangement of baskets in the pool (original in Fig. 3, new in Fig. 4) make it possible to
increase the number of baskets in the pool from 56 to 98.
3. Subcriticality
All calculations have been carried out with the SCALE 4.4 system (the KENO VI module and
44 group NDF5 library). The subcriticality (kefftheor = keffcalc + 2σMonteCarlo + 2σuncert) of both
baskets with different fuel under operational conditions and maximal tolerance (an infinitive
array of baskets) is given in Table I.
Table I. Subcriticality of the baskets
Fuel enrichment
%
3.6
4.4

Basket
T-12
0.85287
0.88489

KZ-48
0.83384
0.87477

Two abnormal conditions (only for enrichment 4.4%) have been considered:
1. Mechanical destruction, leading to a decreased assembly pitch (Fig. 5) and a kefftheor
increase up to 0.97748 for KZ-48 and 1.29479 for T-12;
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2. Loss of coolant, causing a decreased water density (Fig. 6) and a kefftheor decrease for
KZ-48 and increase up to 1.13842 for T-12.
The new basket is safer under operational and abnormal conditions.
4. Conclusion
The new basket and the compact racks make an increase of 2.8 times the capacity of the
interim storage facility possible and the new basket is safer then the older one.
REFERENCES
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FIG. 1. Original basket T-12.
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FIG. 2. Compact basket KZ-48.
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FIG. 3. Original arrangement of baskets T-12 in pool.
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FIG. 4. New arrangement of baskets KZ-48 in pool.
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FIG. 5. keff by mechanical destruction (enrichment 4.4 %).
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FIG. 6. keff by different water density (enrichment 4.4%).
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Capacity extension of the Bohunice spent fuel storage facility
D. Belko
Slovenské Elektrárne j.s.c.,
Bohunice,
Slovakia
Abstract. This presentation provides the latest information on the system of nuclear spent fuel (NSF) storage in
the Slovak Republic produced by reactors of WWER-440 type. It describes reasons for construction of the
interim storage facility in Jaslovské Bohunice (ISFB), as well as the process of the construction itself and
presents experiences from its operation. In further parts, there is information on the process of the ISFB seismic
upgrading, extension of storage capacity and technical upgrading.

1. Production of spent nuclear fuel in the Slovak Republic
Six WWER - 440 reactors are at present operational in the Slovak Republic (SR) - 4 units at
the Jaslovské Bohunice NPP and 2 units at the Mochovce NPP, all owned and operated by
Slovenské elektrárne, a.s. Two units at Mochovce are still not finished. Produced NSF is
either stored in the reactor’s storage pools or in the ISFB. The interim storage facility is a wettype store placed on the site of the NPP Jaslovské Bohunice.
Discharged SNF is stored in the reactor’s storage pool for a period of 3 years and then
transported for long term storage to the ISFB. The design storage capacity of the reactor’s
storage pool is higher, which allows longer storage of NSF for 7 - 8 years. Long term storage
of NSF produced by Mochovce units will be solved in the near future probably by
construction of a new store for NSF.
854 tHM (tons of heavy metal) of SNF, representing approximately 7 114 fuel assemblies
(FA), have been produced up to now during operation of the Slovak NPPs. Only a very small
part of this amount (697 FA) was transported back to the Russian Federation for reprocessing
before 1987. The current amount of stored SNF in Slovakia is 6 696 FA. The prognosis for
the overall volume of produced SNF in Slovakia varies between 2 100 to 3 300 tHM,
depending on the amount of units put into operation and their operational lifetime.
2. Management of spent nuclear fuel
The production of electricity in Slovak nuclear power plants had been part of the
Czechoslovak nuclear program that had been developed in close cooperation with former
Soviet Union. This cooperation included not only construction of new nuclear power plants
but also supply of fresh nuclear fuel and management of SNF.
Original philosophy of the management of SNF has been based on the assumption that the
spent nuclear fuel will be returned to the USSR for reprocessing without return of radioactive
wastes (RAW) and other side products back to Czechoslovakia. SNF should be stored only
for 3 years in the reactor’s storage pools before its reprocessing in the USSR.
The Soviet side later required 10 years storage of SNF prior to its shipment for reprocessing
in the USSR. To fulfill this requirement Czechoslovakia decided in the beginning of 80`s to
construct an independent storage facility on the site of Jaslovske Bohunice for storage of SNF
from the Bohunice units. The construction of the ISFB was finished in 1986 and its operation
started in 1987.
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Czechoslovakia temporarily ceased the construction of interim store in NPP Dukovany
because Soviet side proposed to shorten the storage period from 10 to only 5 years in 1984.
The plan was to store Dukovany`s SNF in ISFB prior its transport to the USSR for
reprocessing.
Transport of SNF from Dukovany to ISFB started in 1989 and was finished in 1992. 1176
fuel assemblies had been transported in 11 separate transports. TK-6 transport containers had
been used for 1st transport and C-30 containers had been used for other 10 transports.
Transports of SNF to the USSR have been stopped after political and economic changes in
Central and Eastern Europe. Last Transport to USSR/Russian Federation was carried out in
1986.
Czech Republic put into operation storage facility in 1995 in site of Dukovany NPP. It is a
dry-store using CASTOR 440/84 container. Reverse transport of FNF from ISFB back to
Dukovany started in 1995 and was finished in 1997. C-30 transport containers had been used
for first 8 transports and for following 6 transports were used CASTOR 440/84 containers.
3. Interim Storage Facility Jaslovské Bohunice - past
The ISFB in Jaslovské Bohunice is a wet store, constructed according to Soviet project and is
operational since 1987 (Table I). The design storage capacity was 5 040 fuel assemblies (600
tHM). The ISFB was primarily designed for 10 years storage of SNF from the NPP Bohunice
units. The ISFB comprises 4 storage pools interconnected by a transport corridor. Three
storage pools are used for storage of SNF and one is a reserve pool. There are storage grids in
the pools and SNF is stored in open T-12 storage baskets - 30 fuel assemblies in each basket.
56 baskets, that is 1 680 fuel assemblies can be placed in one pool. The storage pools have a
double lining. Leaking fuel assemblies can be stored in the ISFB, but they must be stored in
individual hermetic casks. Such fuel is then put into T-13 storage baskets and stored in the
pools.
Table I. Basic technical data of interim storage facility in Jaslovské Bohunice
Storage capacity
Number of storage pools
Section plan of the building
Built up space
Possibility of enhancement
Storage casks
Maximum number of storage casks
Storage pool water temperature
Capacity of pool water clean-up system
Transportation
Size of the pool – length x width - depth
Number of casks in one pool
Designed output of cooling system

600 t of uranium, 5 040 fuel assemblies
3 operational + 1 reserve
46m × 69m
95 000m2
2 - 3 pools
In cylindrical casks - T12, T13
158 (T12) + 10 (T13)
50 C
2 × 40 m3/hour
railway, containers TK C-30
23 × 8,6 × 7 m
56
700 kW

The original design of the ISFB meant to extent the storage capacity by extension of the
storage area, that is why there is a possibility to construct/add 2 - 3 storage pools. The ISFB is
equipped with high-capacity cooling and cleaning systems of pool water, as well as an airconditioning system and continuous monitoring of radioactive aerosols in gaseous releases
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from the ISFB in order to gain optimum operational parameters. The output of the airconditioning system is 127 000 m3/hour.
In 1987, started the loading of ISFG by SNF. FNF is transported from SE-EBO units using 3
transport containers C-30 and special railway carriages Uaais. In 1995, had started back
transport of NPP Dukovany SNF to their newly constructed dry store. There had been 14
transports from ISFB to Dukovany store.
Pool water cooling and cleaning system is operated on the periodical bases without problems
and according to valid operational documentation and appropriate limits and conditions.
Quality parameters of pool waters are periodically monitored in week intervals. Limits
reached in 1998 are shown in Table II.
Table II. Measured quality parameters of pool water
Limited levels
pH

Measured levels

5.5 - 9

5.6 - 6.3

contents of chlorides

max. 0.1mg/l

<0.02 - 0.03 mg/l

concentration of suspended
particles

max. 0.5mg/l

<0.1 - 0.045 mg/l

volume activity of tritium

<3.7×109 Bq.m-3

1.57×105 - 9×105 Bq.m-3

summary volume activity beta

<4.1×107 Bq.m-3

1.6×105 – 8.34×105 Bq.m-3

summary volume activity gamma

<4.1×107 Bq.m-3

1.05×105 – 8.46×105 Bq.m-3

Except of limited parameters also such parameters as conductivity, clarity, iron contents,
sodium contents etc. are monitored. Microorganisms develop from organic materials in the
water of storage pools during the long term operation of store. Biological contamination is
regularly monitored and analyzed for the presence of microorganisms. Standard spray
decontamination equipment installed in the shaft of containers and transportable high-pressure
spraying system WAP B 1030 is used for the decontamination of the transport containers.
Radiation control is on appropriate level in connection with carried out works. Overall level
of aerosols in 1998 is presented in Table III.
Table III. Aerosol levels in 1998
Annual limit

Measured level

Aerosols

3 × 108 Bq

23.95 MBqa

Tritium

Not limited

25.154 MBq

a

7.89% of limit

Based on the results of measurements and 12 years experiences from the operation of the
interim storage facility it is possible to say that all operational parameters of the Interim
storage facility in Jaslovské Bohunice are fully in accordance with limits and conditions set
by regulatory bodies and internal rules of SE, a.s. The operation of the interim storage facility
is safe and reliable.
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4. Interim Storage Facility Jaslovské Bohunice - today
SE, a.s. had currently accepted conception of SNF management, which plans long - term
storage of SNF and its later disposal in deep - repository or reprocessing abroad. Eight years
age SE, a.s. planned to construct new store to provide enough storage capacity for Slovak
NPPs. There had been two alternative - either to construct one common store for both
localities of NPP Bohunice and NPP Mochove or to build two separate store one in Jaslovské
Bohunice and second in Mochovce. SE, a.s. published the international tender for supplier of
store for SNF. This tender had been suspended and in December 1994 stopped. At the same
time SE, a.s. decided to work out technical and economic analysis of extension of storage
capacity and lifetime of existing ISFB. Analysis proved that ISFB can extent storage capacity
and its operational lifetime with acceptable costs. Thus SE, a.s. selected the alternative of
ISFB reconstruction.
4.1. Extension of ISFB storage capacity and lifetime
Preparation for the reconstruction of ISFB had started in 1996. Three main goals of the
reconstruction had been specified:
•
•
•

to increase a seismic resistance of the ISFB building, technological units and systems to
the level of maximum potential earthquake in the locality (80 of International scale
MSK 64) as recommended and defined by IAEA in document 50 SG S1 (IAEA, 1991);
to extent storage capacity - project specified final capacity of 14 112 fuel assemblies
(1 693.5 tHM);
to extent operational lifetime up to 50 years from the end of reconstruction.

4.1.1. Seismic upgrading of ISFB
Because of worldwide change in understanding of seismic risks of industrial objects, SE, a.s.
had to re-evaluate seismic risk of its older constructions. Result of this has been common
increase of criterions for seismic safety of nuclear installations.
Former Soviet project of ISFB calculated with seismic resistance up to 6 0 MSK 64. But ISFB
is placed in locality (Small Carpathian Mountains) with potential earthquake of 7 - 80 of MSK
64. Because of this, SE, a.s. has decided to increase the seismic resistance of the ISFB.
The building of ISFB has been seismically upgraded in accordance with the latest scientific
calculations as follows:
•
•
•

panels of outer lining have been changed and replaced with lighter panels which
decreased seismic impact on the building;
main steel constructions together with their anchoring have been reinforced;
seismic resistance of non-bearing construction has been inspected with accent on
possible interaction with bearing structures during possible earthquake.

Technological equipment, dosimetric systems and electric equipment has been inspected in
connection with possible effects of earthquake and when needed they has been reinforced.
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4.1.2. Storage capacity extension
Need for extension of the storage capacity of IFSB resulted from existing number of stored
fuel assemblies as well as expected operational lifetime of Bohunice units. Extension of
storage capacity has been reached through using of “compacted” storage baskets (KZ-48)
together with appropriate adjustments in technological and safety systems of ISFB. Older
version of storage basket - T12 allows storage of 30 fuel assemblies and there can be 56 of
them in one storage pool. Newly designed storage cask KZ-48 allows storage of 48 fuel
assemblies of VVER 440 type which enrichment can not be higher then 4.4 %. Average burnup of the fuel assembly in the storage cask can not be higher then 42 MW·d/kgU and
maximum burn-up of fuel assembly can by 52.5 MW·d/kgU. The shape of this cask enables
closer storage of these cask in the storage pool in such a way that there can be as many as 94
KZ-48 casks in one storage poll. Former capacity of the interim storage facility 5 040 of fuel
assemblies could by the above mentioned technique increased to the level of 14 112 of fuel
assemblies.
By the increase of the storage capacity from 5 040 to 14 112 it has increased also the heat
generation from max. level of 516 kW to max. of 1 990 kW. This increase of the heat
generation will be sequential according to the number of the stored fuel assemblies. This fact
will require also higher performance of the cooling system by using new plate heat
exchangers and pumps. The autonomous cooling water distribution system with its own
cooling towers has been constructed in order to assure the independence in the supply of
technical water from the distribution system of NPP Jaslovské Bohunice.
Apart from the modifications of the original design of building and technology of the Interim
storage facility, which followed from the requirements for seismic upgrading and storage,
capacity enlargement there has been also other changes and adjustments which significantly
increased the technical standard of the Interim storage facility. These were following:
•
•
•
•
•
•
•
•
•
•
•
•
•
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MAAP 400 manipulator for fuel handling from T-12 casks to KZ-48 casks;
constructional adjustments of air lock at the elevation ± 0.00 m;
construction of the new air lock for women and visitor at the elevation of 3.60 m;
constructional adjustments of the entry hall for personnel;
change of the position of the reduction stations of pressurized air and nitrogen together
with piping adjustments;
air conditioning system adjustment;
renewal of the filtration system of pool water;
modernization of the decontamination tank for small particles;
supplementation of the control system for the system of tightness control of fuel
assemblies (sipping in pool) and corrosion monitoring of storage pools;
modernization of radiation control systems;
aerosols detection system has been supplemented with detection in more rooms;
electricity supply to the Interim storage facility is from NPP V-1 Jaslovské Bohunice by
two independent 6 kV power distributions. Dieselgenerator has been installed for the
event of total black-out of system voltage;
Control system SIMATIC S5 is hierarchic, two-levels control system with adequate
communication software for the operator. ETHERNET SINEC L1 by SIEMENS grants
communication between both levels. Communication software IN TOUCH is based
upon WINDOWS NT/95/98 operating system with detailed graphic output.
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4.1.3. ISFB lifetime extension
The condition of the fuel assemblies, construction and technological parts has influence on the
overall lifetime of the Interim storage facility. For the observation of the present conditions
the operator must know the beginning condition, present condition and be able to forecast the
future development of all components and systems of this nuclear facility. For monitoring of
the condition of building and equipment there are monitoring systems, which will be used for:
•
•
•

evaluation of stability and lifetime of the building and technologies;
evaluation of the fuel assemblies condition;
complex evaluation of safe and reliable operation of the interim storage facility.

a.

Stability monitoring and lifetime evaluation of building structures
Bedrock and basement structures
For complex evaluation of stability and deterioration of bearing structures of ISFB will
be used data from monitoring of following parameters:
•
•
•
•

vertical movements (sitting) of ISFB building;
horizontal movements (dilatations) of ISFB building;
declination of ISFB building;,
water level in drainage system.

There are 79 measuring places for measurements of vertical and horizontal movements
and declination of the building. The 7 existing drainage shafts and 8 new observation
wells will be used for monitoring of water level in drainage system.
Storage pools and concrete structures
Results of monitoring of bedrock deformations and stability of the entire ISFB building
will be used in monitoring of concrete constructions. Besides that following parameters
will be inspected:
•
•
•
•
•
•

measurement of vertical movements;
deformations of concrete structures in most loaded parts for calculation of
mechanical tensions;
development of cracks in concrete structures;
corrosion of concrete and reinforcement;
strength of concrete;
heat load of concrete structures in pool areas.

Bearing steel structures
Results of monitoring of bedrock deformations and stability of the entire ISFB building
will be used for monitoring of steel structures . Besides that following parameters will
be used:
•

deformation of steel structures in most loaded parts for calculation of mechanical
tensions;
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•
•
•
b.

development of cracks in steel structures;
presence of wet places and seepages;
corrosion of steel structures.

Lifetime monitoring of pressure vessels and pipes of ISFB
System of lifetime monitoring of pressure vessels and pipes of ISFB includes
monitoring of selected pressure vessels and pipes of following systems:
•
•
•

c.

pool waters cooling system;
poll water cleaning system;
decontamination system.

Monitoring of ISFB equipment using non-destructive tests
Program of non-destructive tests of ISFB equipment is connected to the program of
lifetime monitoring of pressure vessels and pipes of ISFB and takes into account also
document “ Time schedule of defectoscopic and revision tests of ISFB equipment”
which specifies operational controls of ISFB equipment.
The program of non-destructive tests of selected equipment and pipes includes
following information:
•
•
•
•
•
•
•

ID number of tested place
Name of controlled place
Method of non-destructive test
Surface of controlled place (internal and external)
Scale of control
Periodicity of control
Marking of controlled place

Note: Zero control is carried out during the ISFB reconstruction first control is after 3
years and then the periodicity of tests is once in 6 years. KZ-48 storage baskets are
tested once in 8 years ( tests are carried out on one basket which is stored for the longest
time and on one randomly selected from each storage pool).
d.

Monitoring of corrosion of construction structures and machinery and transportation
equipment of ISFB
Programme of monitoring of corrosion of selected parts of building, machinery and
transport technology of ISFB is based on system of samples testing and on the
application of acoustic emission. Following 5 types of samples placed under water in
storage pools are form different materials and they serve for system of samples testing:
•
•
•
•
•
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“Circle weld” samples;
“U-bend” samples;
samples for metallographic evaluation.
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e.

Monitoring of rotary machines
Program of monitoring of rotary machines includes selected 5 types of radial centrifugal
pumps with electric engines (16 pc.) from chemical – technological systems and two
types of centrifugal ventilators with electric engines (2 pc.) from air-conditioning
system.

f.

Monitoring of ISFB electric equipment
Programme of monitoring of electric equipment includes following types of electric
equipment:
•
•
•

g.

power transformator 6/0, 4 kV (1pc.);
electric engines with output above 5 kW (5 pc.);
power and data cables.

Monitoring of spent nuclear fuel
Using following equipment will carry out specific types of tests and analysis:
•

Equipment installed during reconstruction of ISFB:
o
MAPP 400 manipulator – visual inspection of external surfaces of fuel
assemblies. From each pool are randomly selected 2 fuel assemblies, which
are annually inspected during their entire storage period. Another two fuel
assemblies, randomly selected and inspected;
o
MAPP 400 manipulator in cooperation with gamma – spectrometric
equipment (collimation system) – gamma – spectrometric measurements for
definition of fuel burn-out degree;
o
Sipping in Pool – inspection of tightness of fuel which were defined as
“leaking” or suspected to be leaking.

•

New equipment:
o
Inspection stend for monitoring of fuel – detailed inspection of fuel
assemblies which carried out in case leaking is confirmed.
Currently we are able to perform visual inspection of external surfaces of fuel
assemblies and gamma – spectrometric measurements using MAPP – 4000
manipulator. We are also able to perform inspection of tightness of fuel rods using
Sipping in Pool equipment. By implementation of the monitoring program we expect
to prolog lifetime of ISFB even beyond 50 years.

4.2. Storage of SNF in Mochovce NPP
ISFB in Jaslovske Bohunice is designed for storage of SNF produced by NPP Jaslovské
Bohunice units. First spent nuclear fuel in NPP Mochovce was produced in 1999. Because
capacity of reactor’s storage pools in Mochovce is 7 – 8 years the need for additional storage
capacity will be urgent in 2006. Premature shut-down of 1st and 2nd units in Jaslovské
Bohunice will cause a situation when part of the capacity of ISFB can be used for storage of
SNF form NPP Mochovce. To solve a long term storage of SNF in NPP Mochovce there will
be a project for construction of new Interim storage facility in site of NPP Mochovce.
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5. Present situation, conclusion
The basic reconstruction work on the ISFB was finished at the end of 1999, but parts of the
reconstruction project are still going on (monitoring, supply of 210 KZ-48 storage baskets
etc.). The exchange of the storage baskets will be gradual and it will be finished in 2007. The
maximum amount of KZ-48 storage baskets in ISFB can be 294. The first KZ-48 baskets
were loaded with SNF in April 1999. The KZ-48 storage basket is licensed by the Slovak
Regulatory Authority (ÚJD SR).
The general supplier of all reconstruction work was VÚJE Trnava (Research institute for
nuclear power plants). The final suppliers are Sibamac, a.s. Trnava, Energoclima Jaslovské
Bohunice, PPA Control Bratislava, Konštrukta Industry Trenčín, ZTS VVU Košice and EGP
Invest Uhersky Brod as a general designer.
The process of the reconstruction is still continuing. Seismic upgrading of the building, steel
construction parts and technological systems has been finished in 1999. Adjustments of the
storage pools and transport systems, required for a higher storage capacity has also been
finished in 1999. The exchange of the storage casks will be sequential. Supply of 210 pieces
of KZ-48s is contracted till 2007. The maximum number of 294 KZ-48 storage casks can be
completed later. Currently, fuel assemblies from the old T-12 storage casks are replaced in the
new KZ-48 casks. Disposal of used T-12 storage casks is planned to start in 2000. The
reconstructed cooling system of the pool water is now fully operational.
After finishing all reconstruction work on the interim storage facility in Jaslovské Bohunice,
SE, a.s. will obtain enough capacity for storage of 14 112 fuel assemblies (about 1 694 tU)
from production of the VVER 440 units for approximately 50 years.
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Abstract. The NPP Krško increased the capacity of the spent fuel storage pool by partial replacement of the
existing racks with new high-density racks in spring 2003. High-density racks with borated stainless steel
neutron absorbing panels were installed as Region II racks. They were designed for the burnt fuel with U-235
enrichment of up to 5.0 %, taking credit also for reactivity reduction associated with fuel depletion. The
remaining old storage racks will be used to accommodate fresh fuel, the emergency core unload or the fuel that
can not be accepted into Region II. With the reracking project, the pool capacity was increased from 828 to
1 694 fuel assembly locations, what is sufficient for the projected 40 years plant lifetime. To ensure sufficient
heat removal from the increased number of stored fuel assemblies in the spent fuel pool, the additional heat
exchanger was installed. Complete reracking of the spent fuel pool was also analysed for the eventual future
increase of capacity to 2 321 storage locations. The burnup credit methodology approved by the Slovenian
Nuclear Safety Administration was implemented, taking into account recent and significant methodology
improvements. The general design analysis, as well as criticality safety analysis and results, are presented in the
paper.

1. Introduction
The NPP Krško is a Westinghouse two-loop PWR plant operating successfully since 1981.
The plant has been uprated recently to 704 MWe and ended its Cycle 19. The reactor core
consists of 121 fuel assemblies of 16x16 array. Since first criticality 828 fuel assemblies were
irradiated in 19 cycles.
The old spent fuel storage was designed for 828 fuel assemblies (for 17 years of operation
plus emergency core unload). Due to rack cell dimensions no neutron absorbers were needed.
Actually this configuration was established in the first reracking campaign in 1983 and
subsequently reanalysed in 1988. Burnup credit methodology was licensed and implemented
at that time. It was evaluated that the capacity of the spent fuel storage would run out in 2003.
The feasibility study was performed in late nineties to evaluate possible storage expansions.
Wet and dry interim storage solutions were investigated and evaluated. These studies clearly
showed that wet storage was the most economical and mature technology for the interim
storage.
The reracking project started in 2000 with the objective to increase capacity of the storage to
about 1 700 storage locations. Increase in the spent fuel storage capacity was possible only
with use of high-density racks with additional neutron absorber. It was also shown that partial
reracking (removing and replacing just limited number of old racks) would be sufficient to
provide storage space for the designed plant lifetime up to 2023. Total replacement of the
spent fuel pool was also analysed for a possible 20 years plant lifetime extension.
To ensure sufficient heat removal from the spent fuel pool due to the increased number of
stored fuel assemblies, the additional spent fuel pit heat exchanger was needed. The new heat
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exchanger SFAHSF03 with design capacity of 5.8 MW was integrated into the spent fuel and
component cooling system.
2. Design and licensing analyses
As stated above the design took into account storage capability extension needed until 2023
(Step 1) and also a possible plant life extension for another 20 years (Step 2). The NPP Krško
decided that all the required design and licensing analyses should be performed for both steps.
That means that to the extent possible one bounding case was analysed covering both steps,
otherwise two separate sets of required analysis was performed. In the licensing space the
NPP Krško licensed the first step only.
To evaluate the impact of the increased number of spent fuel elements in the existent spent
fuel pool, several analyses were performed. The analyses were also the basis for the new
system design and were prepared for all systems impacted by this modification.
2.1. Storage capacity
The storage capacity analysis considered that the racks would provide storage for 1694 fuel
assemblies in the Step 1. Three old racks out of twelve were removed, with remaining storage
capability of 621 locations. 162 locations of these are planned for storing fresh fuel and for
the emergency core unload. 9 new racks that were installed would provide storage for
additional 1073 fuel assemblies. Total reracking (Step 2) would provide 2321 locations with
132 for fresh fuel and for the emergency core unload.
2.2. Structural design of the racks
Dynamic 2D multi-rack and 3D block-model analyses were performed for load case OBE and
SSE. The relevant racks and rack configurations were investigated. The calculations took into
account the non-linear dynamic behaviour of the storage racks including the fluid-structure
interaction between racks and water. As a result, the maximum loads for the storage racks and
the civil structure was determined and it was demonstrated that no impacts occur between
racks and pool wall and between rack blocks at Step 1 and 2.
Structural analyses were performed for load cases dead weight (including buoyancy) and
dynamic loads due to external events. The rack that was investigated was the highest loaded
rack. Based on a detailed finite-element model the structural integrity was demonstrated with
respect to stresses and buckling.
Accident analyses were performed for a straight deep drop of a fuel assembly onto the base
plate of the rack above the rack foot and a straight shallow drop of a fuel assembly onto the
top of the rack. As a result, the maximum load on the civil structure was specified. The effects
of the plastic deformations to the functional capability of the rack were shown.
2.3. Fuel handling building and spent fuel pool structural design
The spent fuel storage pool of the Krško NPP located in the Fuel Handling Building was
evaluated for an increased number of spent fuel assemblies stored in the new racks. Structural
calculations evaluating thermal, seismic and accidental loadings were performed to
demonstrate the ability of the structures to accommodate the new loading conditions. The
evaluation of the reinforced concrete structures and the pool liner was performed in
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compliance with U.S. structural codes and standards for application to nuclear safety related
structures of seismic category I.
2.4. Nuclear criticality
The NPP Krško required that the racks should be designed to safely store of fuel with initial
enrichment of 5.0 wt. % of U-235 and average assembly burnup of 40 GW·d/tU, or any fuel
of lower reactivity (Region II) and fresh fuel assemblies (Region I). No boron credit was
allowed for the normal operation. In Step 1, the existing old racks would serve as Region I
racks that had been already licensed for Region I storage, while in potential Step 2 new
Region I racks for storage of fresh fuel without limitation should be installed. Due to this
reason the required analyses were divided into two parts (for Step 1 and for Step 2).
It is important to note that the NPP Krško already licensed burnup credit criticality analyses in
1988. The old racks served as Region I storage (arrangement in three out of four positions)
and as Region II where spent fuel with burnup above 4 GW·d/tU was stored.
Maximum calculated reactivity of a storage rack includes a margin for uncertainty in
reactivity calculations and in manufacturing tolerances such that true keff shall be less than
0.95 with a 95% probability at a 95% confidence level. Credit for neutron poison rod
assemblies or any kind of neutron absorbers inserted into fuel elements was not being taken
into account. In the analysis, the array of storage cells was assumed to be infinite in lateral
extent except as necessary to evaluate accident conditions. Reactivity uncertainties due to
manufacturing tolerances were evaluated independently and combined statistically.
For normal storage conditions, the moderator was assumed to be pure water at the most
reactive density corresponding to temperatures between 40C and maximum design
temperature. The calculations showed the variation in reactivity with temperature and also
considered the effect of pool boiling. Boron credit was accounted only for accident conditions
according to allowable standards and licensing requirements (e.g. fuel misloading).
The criticality safety analysis also considered existing and possible future axial power
profiles, existing and anticipated fuel types, various power operation strategies (like 18
months fuel cycles, temperature coast down, etc). The design of the racks shall impose no
restrictions for storage of fuel with burnup more than 40 GW·d/tU.
Application of burnup credit requires calculation of the isotopic inventory of the irradiated
fuel. The depletion calculation simulates the burnup of the fuel under reactor operating
conditions. The result of the depletion analysis is the predicted isotopic composition of the
discharged spent fuel. This composition is a necessary input to the criticality analysis, which
was performed with the code SCALE-4.4 and 44-energy groups library.
In the depletion analysis actinide plus fission products approach was used. Only a few fission
products which are conservative with respect to cooling time but have also significant neutron
absorption properties were taken into account – 103Rh, 109Ag, 133Cs, 135Cs, 143Nd, 145Nd, 147Pm,
147
Sm, 149Sm, 150Sm, 151Sm, 152Sm, 153Eu and 155Eu. No cooling time credit was used. The
accumulation of 239Pu was conservatively covered by increasing the concentration of this
nuclide obtained at time of reactor shutdown by 5%.
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2.4.1. Analyses of normal operating conditions
Analyses of normal operating conditions were performed assuming nominal dimensions of
storage racks that were infinite in lateral extent. Manufacturing tolerances for fuel and racks
were considered. Some parameters were used conservatively like boron loading, which was
used at its minimum value. The specific modelling features (like belts fixing the panels or
eccentricity of fuel assemblies) on reactivity were specifically evaluated. The special effort
was put on determination of the end effect due to axial burnup distribution. The end effect
represents the difference between neutron multiplication factor for fuel with axial burnup
shape and for fuel with a uniform distribution obtained by averaging the burnup profile. An
extensive database of actual axial burnup shapes was compiled to properly evaluate the end
effect. Burnup shapes were derived from monthly in-core power measurements covering 17
cycles of plant operation. They were provided for the standard fuel and fuel with axial
blankets (Vantage fuel) on 60 equidistant axial regions. Each processed burnup profile was
enveloped in conservative manner and evaluated.
The final result of analyses was the loading curve for Region II, which provides the minimum
required discharged burnup as a function of the initial U-235 enrichment of the fuel assembly.
The loading curves for new and old racks are presented on Fig. 1.

FIG. 1. Loading curves for new and old storage racks.
2.4.2. Analyses of postulated accident conditions
Several cases were evaluated to determine the most reactive accident condition and a
minimum required soluble boron content in the pool water, for example: increase in the pool
coolant temperature, deformation of absorber cells, inadvertent placement, unirradiated and
unpoisoned fuel assembly outside and adjacent to a storage rack (caused by a drop of the
assembly) and fuel assembly misplacement.
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In summary the minimum required average discharge fuel burnup of 40.7 GW·d/tU for the
fuel with highest licensed enrichment was established that comply with the acceptable storage
criteria. Minimum boron concentration of 1 073 ppm has to be maintained in the pool water to
provide to sufficient subcriticality in the accident conditions.
2.5. Thermal-hydraulic analyses
The spent fuel pool cooling analysis demonstrated sufficient cooling of the stored fuel
elements. The maximum local coolant temperature, as well as the maximum cladding
temperature, was evaluated. In all normal and abnormal cases, the presence of two-phase
conditions near fuel cladding was not permissible. Calculations were done for the worst case
of completely filled storage racks after re-racking in Step 2, containing a completely
discharge core (core unloading starts at 100 h after reactor shut down) and only two out of
three heat exchangers in operation. The calculation of the fuel pool water temperature showed
that the allowable temperatures were not exceeded. It was demonstrated that the local
temperature peaks in case of loss of external cooling would be below the saturation
temperature, so boiling would not occur in the storage racks. The maximum fuel rod clad
temperature calculated was 97°C with the fuel pool water temperature at 80°C. In the case of
blocked inlet orifices to a storage cell, the maximum clad temperature was calculated not to
exceed 106°C.
2.6. Radiation protection
Reracking of the spent fuel pool involved a general change in the thickness of the lateral
water layers between the fuel and the concrete shield walls. This also represented a change in
total radiation shielding efficiency for the rooms adjoining the fuel storage pool and possibly
for the exterior of the controlled area. Shielding capacity of the walls holds large shielding
reserves. It was shown that at the working positions in the rooms surrounding the spent fuel
pool, the dose rate was not exceeded. Although the new values were larger than actual
radiation levels within the rooms they would not represent large radiation values for practical
everyday routines.
The calculation for the gate regions of the spent fuel pool and in case of empty transfer canal
or cask pool showed significant radiation dose rate increase due to radiation penetrating the
gate and streaming upwards to the working floor. In practice this scenario can only apply after
refueling. The calculation for pool gates showed the need to keep the cask pool and transfer
canal filled during refueling operations or to impose restrictions to ensure the radiological
safety.
2.7. Cooling capacity analyses
Increasing the total storage capacity of the spent fuel pool would increase the heat load from
the irradiated fuel assemblies. The maximum spent fuel pool water temperature is not allowed
to exceed 80°C in the case of Emergency Core Unload. The calculated decay heat power was
8.7 MW (bounding case for Step 2). In order to limit the spent fuel pool water temperature an
additional heat exchanger was needed. The total mass flow rates in the systems of spent fuel
pool and Component Cooling should be unchanged. Calculations showed that with the
planned design of the additional heat exchanger this temperature would be lower than 75°C
for all the cases considered. Due to the inertia (heat capacity) of the spent fuel pool inventory
the maximum temperature would be reached about 19 hours after the complete discharge of
the fuel assemblies (159 hours after reactor shutdown).
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According to the increased decay heat dissipated into the Component Cooling system, the
supply water temperature would slightly increase but this would not affect the heat transfer to
the ultimate heat sink.
2.8. Fuel handling accidents
All necessary accident analyses and licensing documentation were elaborated to fulfil the
requirements of the applicable codes and standards. The analyses were based on evaluation
criteria and defence-in depth concept of NUREG-0612. It also included a probabilistic
assessment of the load handling process.
The analyses were done for fuel handling accidents during operation of the spent fuel pool
concerning structural and thermal design of the racks, nuclear criticality and the radiological
consequences of fuel handling accidents. The possible rack drop during installation was also
evaluated. The drop of heaviest module from water level to the bottom of spent fuel pool in
the worst position was assumed. The integrity of pool slab was demonstrated. Contingency
analysis was also performed to estimate all possible damage that could occur (damage of liner
of the spent fuel pool, racks, cranes, etc.) considering the resources, procedures and planning
of corrective actions.
By analyses, it was shown that the minimum required boron concentration in the pool to cover
all possible reactivity accidents scenarios was 1 073 ppm. None of the specified fuel handling
accidents led to unacceptable conditions in terms of structural integrity, nuclear criticality or
heat removal. The radiological consequences of fuel handling accidents described in the NPP
Krško Updated Safety Analysis Report remain valid and bounding. The results of the safety
evaluation, the probabilistic accident assessment and the accident analyses showed that heavy
load handling during reracking was safe. Total probabilities for the events of the liner leakage
were 4.OE-3 and spent fuel failure 1.5E-3.
3. Installation
3.1. Extension of the cooling system
The third heat exchanger was installed ahead of main reracking activities in 2002. The new
heat exchanger SFAHSF03 with design capacity of 5.8 MW was installed above existing heat
exchanger SFAHSF02 (Fig. 2) and supported with steel construction fixed on the room’s
walls. Three heat exchangers must ensure heat removal of 8.7 MW from spent fuel pool in 2
of 3 working regime.
For the purpose of new heat exchanger and steel construction installation a trolley crane was
installed on the ceiling of the room.
The new heat exchanger was connected in parallel to existing two heat exchangers. The
design and manufacturing of the new heat exchanger and its respective equipment (piping,
valves) was performed in accordance with the American legislation for such equipment
(ASME, Class 3). The component cooling system was connected with the shell side of the
new heat exchanger. The Component Cooling system operational temperature changed
slightly but will remain within the system's original design range. The Essential Service Water
system remains unchanged. Its capability to remove the additional heat load input by the new
heat exchanger into the Component Cooling system during normal, abnormal and accident
conditions has been evaluated.
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3.2. Racks removal and installation
Three old modules had to be cut off from existing nine before cleaning and decontamination.
They were stored in the NPP Krško Decontamination Building. Nine new racks with up to
1 073 super-compacted cells were installed in an emptied space of the pool. The structural
material used for manufacturing of new racks was stainless steel 304 L. High density racks
are equipped with borated stainless steel neutron absorbing panels (Fig. 3). Minimum B-10
loading is 2.44 mg cm-2 mm-1.

FIG. 2. A new heat exchanger SFAHSF03.

FIG. 3. New rack at workshop.
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The racks were designed, manufactured and installed in compliance with the applicable codes
and standards for ASME III Class 3 components. They were installed as one and are
connected at the base plates. The block of new racks has no connection to the remaining block
of the existing nine racks.
Removal of existing racks and installation of new ones was performed during operation using
the temporary crane above the pool and different remotely controlled fuel handling tools and
tools for underwater work. All movements of heavy loads in the pool area were performed
along a safe load path, not crossing the area where spent fuel assemblies were stored.

FIG. 4. Excerpt from installation sequence.
The old racks had been installed in special order and welded together as a one block. Special
cutting tool was designed, to avoid the risk of damage to the pool liner. Divers were exploited
to cut cross sheets with underwater grinders, for welding and cleaning. For the removal of the
old racks the lifting rig was attached to temporary rack handling crane. The lowering of rig
was assisted and visually controlled by divers. The racks that were removed were pre-cleaned
in the pool, then cleaned by high-pressure water jet and transported for interim storage.
During all phases of installation there were no racks lifted over fuel assemblies, so safe load
path was always kept. The case of emergency core unload was also respected by keeping
available 133 storage positions in the racks. Installation started when 663 out of 828 positions
were occupied. Fig. 4 shows the old racks occupied with spent fuel in configuration suitable
for cutting. Three new racks are installed in empty space of the pool and are loaded with the
rest of fuel.
Above-mentioned facts represented certain burden to the installation, especially because some
underwater work was handled by divers. 374 Fuel-handling operations were done to transfer
fuel from old (removed) racks to new ones or to temporary locations that provided acceptable
radiological conditions for divers. Fig. 5 shows the spent fuel pool after reracking.
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FIG. 5. Spent fuel pool after reracking was completed.
4. Conclusions
The reracking project of the NPP Krško Spent Fuel Pool was successfully completed in
March 2003. High-density storage racks were designed, manufactured and installed, taken
into account all regulatory requirements, recent industry standards, analyses and guidance.
The cooling capacity was adequately extended to cope with additional heat load during
operation. Extensive fuel handling to support reracking was performed without fuel incidents.
The objectives were completely fulfilled. The expanded storage capability of the pool will be
sufficient at least for the design plant lifetime. In the case of extended plant lifetime for
another 20 years additional storage can be obtained by spent fuel pool reracking, what has
already been analysed.
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Abstract. Nuclear fuel cycle scenarios involving several options regarding fresh fuel composition, irradiation
time etc., have been evaluated in view of some parameters important for spent fuel storage. Calculations are
performed for a pressurized water reactor using MONTEBURNS that couples MCNP4B for neutronic
calculations and ORIGEN2 for depletion calculations. Composition of freshly loaded fuel for each fuel cycle is
determined for a three-batch fuel management scheme. Effects of fresh fuel composition, burnup, and spent fuel
storage time on characteristics of spent fuel such as decay heat, radioactivity and composition are analyzed.
Innovative fuel cycle concepts involving different fertile-fissile material combinations such as Th-weapon grade
Pu, Th-weapon grade U and Th-reactor grade Pu, or reprocessing options such as AIROX and coprocessing are
found to be comparable with regard to the spent fuel characteristics discussed in this study.

1. Introduction
Nuclear fuel cycle options are classified into two main categories in general. The fuel cycle
option, which is generally known as once-through cycle, involves disposing of spent fuel
following appropriate treatment after a period of, usually, long term storage. The second
option, in which the spent fuel from the reactor is reprocessed to separate Pu and U from the
wastes produced in the fission process, is identified as the reprocessing option. Beside this
general classification, there are several sub-options for each fuel cycle scenario, depending on
factors such as burnup, interim storage period, reprocessing method, recycling scheme for
fissile material obtained from spent fuel, etc.
In widely applied reprocessing technologies (i.e., PUREX), after pretreatment of fuel
assemblies, a solution of U, Pu, other actinides and fission products is obtained, and this
solution is chemically treated in a series of solvent extraction stages, which are designed to
produce solutions of plutonium nitrate and uranyl nitrate of high chemical purity. The
separate solutions of uranyl nitrate and plutonium nitrate are further processed. The uranyl
nitrate can be converted to UO2 for storage or for the production of new fuel, by blending
with fissile material or conversion to UF6 for return to the enrichment plant. The plutonium
nitrate is converted to PuO2 for storage or for incorporation into thermal or fast reactor mixedoxide fuels. In mixed-oxide fabrication natural U, depleted U, or Th may be used as make-up
(fertile) material.
Some other reprocessing methods are also proposed, especially to assist non-proliferation of
nuclear weapons. One of these is COPROCESSING, which is based on the same principles
mentioned above. In the COPROCESSING without partition U and Pu are not separated from
each other. After co-decontamination, a mixed stream of U and Pu is processed to an
appropriate form to feed to the reactor. U/Pu mixture is blended with fissile material such as
reactor grade Pu, weapon grade Pu or weapon grade U. In the COPROCESSING with partial
partition, a fraction of U is separated from the U/Pu solution such that remaining U/Pu
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mixture is appropriate to be used without adding fissile material. U product is either blended
with a fissile material or enriched before the fabrication.
Dry reprocessing technologies are also under development to decrease proliferation risk. One
of them is AIROX method, which is a dry process involving oxidation of irradiated fuel by
O2. The oxidation transforms UO2 to U3O8 with a volume increase on the order of 30%,
allowing the removal of the volatile and semi-volatile fission products. The cladding ruptures
and fuel cracks. The U3O8 is reduced to UO2 by H2. After several cycles, the spent fuel is
pulverized. Remaining fuel is blended with fissile material (reactor grade Pu, weapon grade
Pu or weapon grade U), then re-sintered and re-fabricated.
Characteristics of spent fuel for fuel cycle scenarios, which are selected as a case study and
classified on the basis of the above considerations are analyzed with respect to several
parameters such as composition, decay heat, radiotoxicity, etc. that are important in spent fuel
storage.
2. Methodology (fuel cycle scenarios)
Fuel cycle scenarios for a PWR of 1 000 MW(e) with a thermal efficiency of 34.5% and a
specific power of 37.5 MW/t are evaluated in the study. Neutronic calculations are performed
for a representative PWR unit cell. A material flow sheet with a base of freshly loaded 1 000
kg HM for each scenario is determined.
LWR fuel cycle scenarios are classified according to the discharge burnup (33 and
50 MW·d/kgHM), reprocessing options (without reprocessing, PUREX, coprocessing and
AIROX), make-up materials (natural U, depleted U, and Th) and fissile material (reactor
grade Pu, weapon grade Pu and weapon grade U). It is assumed that spent fuel is cooled 5
years before reprocessing, and a period of 0.5 year is sufficient to prepare reprocessing
products to feed to the reactor. It is also assumed that reprocessing products for a specified
burnup are supplied by the reprocessing of spent fuel with the same discharge burnup.
In coprocessing without partial partition and PUREX reprocessing methods, it is estimated
that 99.9% of U and Pu are recovered. In coprocessing with partial partition, composition of
[U + Pu] product is adjusted such that its fissile content is sufficient to achieve the specified
burnup. It is assumed that 100% of Iodine, Krypton, Xenon, Tritium and Carbon; 90% of
Ruthenium and Cesium; and 75% of Tellurium and Cadmium are removed by the AIROX
method [1], and all remaining fission products and actinides are sent to the fuel fabrication.
3.25% 235U enriched UOX fuel with 33 MW·d/kgHM discharge burnup is assumed as a
reference fuel cycle for neutronic calculations. For each fuel cycle, fresh fuel composition that
is necessary to achieve the specified burnup is determined based on the criteria that batch
average core reactivity is the same as that of the reference cycle with a three-batch fuel
management scheme. Fuel cycle scenarios, composition of make-up materials and fissile
materials are listed in Table I, IIa and IIb, respectively.
Calculations are performed using MONTEBURNS [2] that couples MCNP4B [3]for neutronic
calculations and ORIGEN2 [4] for depletion calculations. In the MONTEBURNS
methodology, MCNP provides updated one-group cross sections at each depletion time step
for the ORIGEN2 code. This procedure improves the reliability of calculations for higher
burnups and/or different fuel types.
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Table I. Fuel cycle scenarios
FCS Label

Burnup

Make-up (Fertile) Material

Fissile Material

FCS-01/21
FCS-02/22

33/50
33/50

Enriched natural U
Natural U

Pu from PUREX

FCS-03/23

33/50

Depleted U

Pu from PUREX

FCS-04/24

33/50

Th

Pu from PUREX

FCS-05/25

33/50

[U+Pu] from Coprocessing without partition

Reactor Grade Pu

FCS-06/26

33/50

[U+Pu] from Coprocessing without partition

Weapon Grade Pu

FCS-07/27

33/50

[U+Pu] from Coprocessing without partition

Weapon Grade U

FCS-08/28

33/50

[U+Pu] from Coprocessing with partial partition

FCS-09/29

33/50

[U+Pu+MAs+FPs] from AIROX

Reactor Grade Pu

FCS-10/30

33/50

[U+Pu+MAs+FPs] from AIROX

Weapon Grade Pu

FCS-11/31

33/50

[U+Pu+MAs+FPs] from AIROX

Weapon Grade U

FCS-12/32

33/50

Th

Weapon Grade Pu

FCS-13/33

33/50

Th

Weapon Grade U

FCS-14/34

33/50

Enriched U recovered by Coprocessing with partial partition or PUREX

Table IIa. Isotopic composition of make-up (fertile) materials (%)
Natural U

Depleted U

Th

U-234

0.0063

U-234

0.0022 Th-232

U-235

0.7115

U-235

0.2500

U-236

0.0033

U-236

0.0012

U-238

99.2789

U-238

99.7466

Sum

100.00

Sum

100.00

Sum

100.00

100.00

Table IIb. Isotopic composition of fissile materials (%)
Reactor Grade Pu

Weapon Grade Pu

Weapon Grade U

Pu-238

1.4300

Pu-238

0.0012 U-234

0.8455

Pu-239

57.2000

Pu-239

93.8251 U-235

95.0000

Pu-240

26.0000

Pu-240

5.8016 U-236

0.4370

Pu-241

9.6700

Pu-241

0.3501 U-238

3.7175

Pu-242

5.7000

Pu-242

0.0220

Sum

100.00

Sum

100.00 Sum

100.00
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3. Results
3.1. Fresh fuel compositions
Fissile contents of freshly loaded fuels are given in Figure 1 for each fuel cycle scenarios.
More fissile material is needed to increase the discharge burnup as expected. Quality of the
fissile and the fertile materials (or reprocessing products) plays the major role in specification
of fissile content of fresh fuel. Fresh fuel involving usage of AIROX product of high burnup
spent fuel as fertile material and reactor grade Pu as fissile material requires the highest fissile
content (FCS-29).

Fissile Content (%)

12.00
10.00
8.00
6.00
4.00
2.00
14/34

13/33

12/32

11/31

10/30

9/29

8/28

7/27

6/26

5/25

4/24

3/23

2/22

1/21

0.00

Fuel Cycle Scenarios

FIG. 1. Fissile content of freshly loaded fuels.
Regarding to the disposition of weapon stockpiles, FCS-30 and FCS-31 (blending of
stockpiles with AIROX product and burning it at high discharge burnup) enable us to deploy
the greatest amounts of weapon grade Pu and U compared to other scenarios.
3.2. Spent fuel compositions
Compositions of spent fuels are shown in Figure 2a and Figure 2b for fuel cycles with 33 and
50 MW·d/kgHM discharge burnups, respectively at the end of depletion. The followings may
be outlined:
•

•
•
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Spent fuels of fuel cycles with 33 MW·d/kgHM and 50 MW·d/kgHM generate ≈40
kg/tIHM (initial heavy metal) and ≈60 kg/tIHM fission products (FPs) in total,
respectively. Increasing burnup results in less amount of actinides (ACTs) in discharged
fuels;
While the amount of TRU elements (Np, Pu, Am, Cm, etc.) increases with burnup,
fissile Pu fraction decreases with burnup due to the build up of even numbered Pu
isotopes (such as Pu 238).
Np has a fraction close to the half of total amount of long-lived actinides in all fuel
cycles (excluding Th-WPu Cycle);
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•
•

Significantly less amount of minor actinides is produced in Th-U fuel cycles (FCS-13,
and FCS-33); however, generation of another long lived actinide, Pa, is observed in
these fuel cycles;
If spent fuel compositions are expressed per unit of energy produced (Figures 3a and
3b), it is observed that total Pu decreases with discharge burnup.

Actinides (g/MTIHM)
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Np

Pu
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1.0E+05
1.0E+04
1.0E+03
1.0E+02
1.0E+01
1.0E+00

1

2

3

4

7

8

9

10 11 12 13 14

Fuel Cycle Scenarios
FIG. 2a. Actinide composition of spent fuels.
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FIG. 2b. Actinide composition of spent fuels.

3.3. Decay heat
Decay heat of spent fuel at the end of the 5th year after the discharge is shown in Figure 4 for
fuel cycles having 50 MW·d/kgHM discharge burnup. At the beginning of storage time,
almost all of the decay heat is contributed by the fission products (Sr, Y, Cs, Ba) in fuel
cycles with enriched natural U fuel and in fuel cycles involving disposition of weapon
stockpiles with Th, and in other fuel cycles actinides are the major decay heat contributor.
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Actinide contribution becomes dominant as time passes after discharge in all fuel cycles.
Although Cm and Pu are main decay heat contributors among the actinides in all fuel cycles,
in Th-based spent fuels, other actinides (Th, Pa) and daughters (Tl, Bi, Po, Rn, Ra) produce
significant amount of heat (Figure 5).

Concentration (kg/MTIHM)
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Am

Cm

FPs( /100)
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55

Burnup (GWD/MTIHM)

FIG. 3a. Actinide concentrations (FCS-1 vs FCS-21) per tIHM.
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FIG. 3b. Actinide concentrations (FCS-1 vs. FCS-21) per TW·h.
3.4. Radiotoxicity of spent fuel
Radiotoxicity of spent fuel at the end of 5th year after discharge is analyzed in terms of
radioactive inhalation and ingestion hazard of spent fuel, which are shown in Figure 6 and 7.
Radioactive inhalation hazard of spent fuel is contributed almost by the minor actinides
(mainly by Pu, Am and Cm) in all fuel cycle scenarios (Figure 6). Th also contributes to this
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parameter in fuel cycles (FCS-4, 12 and 13). Radioactive inhalation hazard per tIHM
increases with burnup, and almost is constant per TW·h.
1.0E+05

ACTs

FPs

Total

Decay Heat (W)

1.0E+04
1.0E+03
1.0E+02
1.0E+01
1.0E+00
21 22 23 24 25 26 27 28 29 30 31 32 33 34
Fuel Cycle Scenarios

FIG. 4. Decay heat of spent fuel.

Contribution to Decay Heat

Others

U
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Pu
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Cm

100%
80%
60%
40%
20%
0%
21 22 23 24 25 26 27 28 29 30 31 32 33 34
Fuel Cycle Scenarios

FIG. 5. Contribution of actinides and daughters to the decay heat.
Fission products (Sr, Y, Cs, and Ba) are the main contributors to the radioactive ingestion
hazard in spent fuel of all scenarios (Figure 7) at the beginning of storage time. In case of long
storage period actinides becomes dominant in radioactive ingestion hazard. Pu and Cm are the
major radioactive ingestion hazard contributors among the actinides and daughters in all fuel
cycles, except Th-WGU cycle in which Pu and Ra are the major contributors. Radioactive
ingestion hazard per tIHM increases with burnup, and almost constant if expressed per unit of
energy generation.
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Radioactive Inhalation Hazard
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FIG. 6. Radioactive inhalation hazards of spent fuel.
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FIG. 7. Radioactive ingestion hazard of spent fuel.
3.5. Chemical toxicity
Chemical toxicity of spent fuel is analyzed in terms of chemical ingestion hazard of spent fuel
at the end of 5th year after discharge (Figure 8). Actinides are the main contributors to the
chemical toxicity of the spent fuel. Th in Th fuel cycles and Pu in other fuel cycles determine
chemical ingestion hazard level of spent fuel.
Chemical ingestion hazard per IHM slightly increases with burnup, and almost constant if it is
expressed per TW·h for all fuel cycles except Th cycles. In Th cycles, chemical ingestion
hazard per tIHM does not change with burnup and decreases with burnup if expressed per
TW·h.
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FIG. 8. Chemical ingestion hazard of spent fuel.
4. Conclusions
Nuclear fuel cycle scenarios are evaluated with regard to the effects of fresh fuel composition
and burnup on composition, radiotoxicity and chemical toxicity of spent fuel. Contributors on
material scale to such spent fuel characteristics are discussed. The quality of the fissile and
fertile material (or reprocessing products) plays the major role in the specification of the
fissile content of the fresh fuel.
Amount of trans-uranium elements (Pu, Np, Cm, Am), radiotoxicity and chemical toxicity per
tIHM increase as discharge burnup is increased, in general. However, if those quantities are
expressed per energy generated during irradiation, it may be concluded that those spent fuel
characteristic are almost independent of discharge burnup.
Some of the fuel cycle scenarios included in this study are already in use on a commercial
scale, some others are demonstrated and may be deployed in the near future, and some fuel
cycles are under study. Finally, we would like to note that, innovative fuel cycle concepts are
comparable with respect to the spent fuel characteristics studied in this manuscript.
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Gamma ray control of metal and
concrete cask radiation protection
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Abstract. Metal and concrete casks for durable storage and transportation of spent fuel is tested by a remote
control device for verification of radiation protection, in particular and imperfections of the casks, in general.

1. Introduction
In compliance with the requirements of national standards and regulations which are valid in
nuclear power engineering and also IAEA recommendations [1], transportation packaging
modules (TPM) for long term storage and shipment of the spent nuclear fuel (SNF) have to
ensure rated protection against ionizing radiation and withstand emergency impacts while
preserving integrity of tightness system and radiation protection.
Special Mechanical Engineering Design Office (SMEDO) has developed and “Ijorskie
Zavodi” JSC et al. manufacture such a module on the basis of metal and concrete cask (TPM
MCC) for spent nuclear fuel of RBMK-1000 reactors, NPS (nuclear-powered submarines)
etc. In general, the structure of MCC may be presented as three coaxial steel shells the space
between them being filled with high-density (4 and 3.5 g/cm3) concrete of high ductility and
reinforced with composite grid of bars, clamps and rings (Fig. 1).

FIG. 1. Metal and concrete cask.
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We have developed a procedure to control radiation protection (RP) of this cask, RP integrity
checks after dynamic testing which simulates emergency situation during transportation. Test
bench of γ-control [2,3] was designed and constructed as a technical decision of these tasks.
2. Procedure
The task included assessment of the cask radiation protection parameters, correlation of
estimated and pilot data, cask manufacturing quality control as well as assessment of its body
concrete filling uniformity and finally, confirmation of RP integrity under applied dynamic
loads. RP γ-control method has been selected for this task solving. This method is based on
radiometry of cask walls by irradiation from a radioactive source. So successive investigation
and gamma ray flaw detection of cask wall are being performed in order to determine local
values of exposure rate (ER) at its outer surface. This type of control enables to detect
imperfections inside the concrete filling of the body (cavities) and technological deviations of
the article manufacturing process: misalignment of shells, ellipsoid shape, deviations of mass
thickness etc.
Gamma-control test bench of MCC is an electric mechanical facility fitted with remote PCbased programmable control (schematically see Fig. 2). Its operation is based on synchronous
scanning of the cask surfaces provided by a source of ionizing radiation and detection unit.
The source-detector couple passes around MCC horizontal perimeter with constant angular
speed and during estimated period of time. Thereupon it shifts for a pre-set pitch in vertical
plane and run recurs. Thus, the whole cylindrical surface of the cask from top to bottom mark
is investigated.

1 – Cask
2 – Gamma source
3 – Detector
4 – Control unit

FIG. 2. Scheme of the test bench.
Radioactivity of the radiation source has been specified by optimal selection between
adequacy of pulse calculation (ER value) at the cask outer surface and safety operating
conditions of personnel. Finally the industrial defectoscope with source of radiation Co-60 on
radioactivity of 1011 Bq (lines 1.17 MeV and 1.33 MeV, half-life period 5.3 year) is used.
Crystal NaJ (Tl) ∅ 63 mm runs as a detector. Its energy operating range is 20 – 3 300 keV,
calculation interval is 300 – 10 000 pulses/s, ER calculation error is ±10%. Information is
transmitted via signal conversion circuit and interface and enters PC input both for routine
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display on the monitor and for accumulation and processing. Operational information is
displayed on PC monitor for video control in the form of bar chart: descriptive diagram of ER
dependence at outer surface on angular coordinate for one perimeter (Fig. 3). A set of bar
charts which have been taken along the whole height of the cask give a complete display of
ER values in all points of its surface. Bar chart is a detailed print of exact part of protective
wall and for instance, it is acknowledged by its “thin structure”, i.e. regular vertical
decrements corresponding to bar grid which reinforces concrete. Also being fixed are: tie
beams, superposed flanges, other technological elements of article body. One of the main
tasks of control is to detect inside cavities in concrete filling (if exists). This task has been
already resolved for instance during investigation of global large scale model (1:2.5) when bar
charts enabled not only to indicate coordinates of a cavity but also to assess its linear
dimensions (Fig. 4). Afterwards both method and technique were tested on routine MCC units
(lot over 50 ones). The patent for system is available. To reveal defects the special results
processing code SCAN 2D was developed. It allows to indicate flaw coordinate and linear
dimensions. The code holds patent registration.
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FIG. 3. Exposure rate at the MCC surface.
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FIG. 4. Exposure rate at the MCC surface with defect.
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3. Results
Estimated assessment of method sensitivity of minimum detected imperfection linear size was
satisfactory. It matched with pilot data (calibration) and was accounted for 20 mm.
By testing, display and processing of test results in PC provided buildup of multi-color
resultant chart-scanning of ER values on the whole surface of the cask is accumulating. It
shows reliable and potentially weak sites of protection, technological elements, bars,
hardware and a lot of other elements in compliance with pre-set color scale (24 color hues).
Besides, existing portion of this chart is permanently available on the monitor display along
with routine bar chart and therefore provides a clear view of probable imperfections for an
operator thus enabling to make operational decisions for repeat measurements, local
definitions, etc.
A procedure for identification of real imperfections in concrete filling of cask body was
created. Control level of imperfection RP is introduced in test bench software support as a
threshold signal.
4. Conclusions
The selected method of γ-control showed its applicability, reliability and representation during
investigation of global model and variety samples of metal and concrete casks for SNF. A test
bench for practical solution of this procedure is designed and developed. Durable operation of
test bench had confirmed an accurateness of estimated design, technological and programme
decisions during its development.
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spent fuel assemblies after long term storage
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Russian Federation
Abstract. Currently, spent nuclear fuel (SNF) of RBMK-1000 reactors is stored in AR and AFR facilities at
NPP sites. Over the operating period of RBMK units, about 9 000 t of SNF has been accumulated in the storage
facilities (SFs) at the NPP sites. The existing SNF SFs at NPPs, considering to implement a compact spent fuel
assembly (SFA) storage, are becoming full. At NPPs with RBMK-1000, the second-line SNF SFs are under
construction. They consist of a cutting cell, where SFAs are separated into two fuelrod bundles (FB) and SNF is
loaded in metal-concrete casks (MBKs), and a department for storing MBKs. The metal-concrete cask TUK104/109 will be used as a container for storage and transportation of SNF; the certification of this cask was
successfully completed in 2003. At present, it is suggested to change from wet to dry for intact fuel. The issue of
dry storage of leaking SFAs is at the stage of elaboration. In this relation, the question arises how to determine
the integrity of SFAs intended for cutting. In order to reliably identify the level of integrity of the fuel rods after
long term storage in cans under an aqueous environment, the controlling procedure has been developed. In the
course of the development, the existing techniques of fuel rod cladding determination in fuel assemblies during
operation, including that in the RBMK-1000 reactor, and in the storing process were evaluated. The velocities of
fissile product release from leaking SFAs after long term wet storage were assessed. Based on selected criteria
for assessment of fuel rod cladding condition in RBMK-1000 SNF, a method of monitoring the fuel rod cladding
integrity, prior to transportation of the SFA to the cutting cell, was developed. This report presents the results of
the elaborated procedure.

1. Introduction
As of now, spent nuclear fuel (SNF) of RBMK-1000 reactors is stored in AR- and AFRfacilities at NPP sites. Over the operating period of units with RBMK in the storage facilities
at the NPP sites has been accumulated about 9 000 t of SNF and the existing SNF SF (storage
facilities) at the NPP with consideration for implementation of technology of compact SFA
storage are coming close to fullness.
The SNF wet storage time amounts to 28 years, i.e. is closed to the maximum permissible
SFA wet storage period which is, according to available calculation, approximately 30 years.
Spent FAs are stored in cans in the water environment, which is not subjected to treatment. In
water medium salts and hydrogen peroxide are being accumulated causing increased
corrosion of irradiated structural materials of fuel rods and FA. At a certain stage corrosion
may cause loss of integrity of fuel rod claddings. In this relation as well as in accordance with
the accepted by Russia concept of management of RBMK spent fuel it is being tackled the
question of changing SFA over to dry storage, which as international experience
demonstrates, would provide long preservation of integrity of fuel rod claddings, particularly
using inert gases in which medium corrosion of structural materials is virtually nonexistent.
In making wet-to-dry change of RBMK SNF it is suggested to store SNF in form of fuel rod
bundles. To this end at the NPP are constructed cells for cutting SFA into two FB and SNF
loading in metal-concrete casks and departments of MBK storage. At the Leningrad NPP the
second phase of SNF SF is underway. Commissioning is planned for 2003. Such departments
are under construction at the Kursk and Smolensk NPP. The metal-concrete cask TUK104/109 will be used as a container for storage and transportation of SNF; the certification of
this cask was completed in 2003.
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At the present it is suggested to wet-to-dry change over only intact fuel, the issue of dry
storage of leaking SFAs is at the stage of elaboration. In this relation a question arises on
determination of integrity of SFAs intended for cutting. According to design technology,
defective SFAs retrieved from the reactor are stored in sealed cans in AR-cooling pools. A
part of leaking SFAs (mainly gas leaking) was transported in the casks ТК-8 to SNF SF with
the purpose to empty AR-cooling pools.
The existing methods of monitoring of integrity of fuel claddings, particularly those used for
monitoring the integrity of RBMK-1000 SFA claddings, are intended for use at the operative
reactor or during overloading. The methods of monitoring of integrity of fuel claddings in the
process of long term wet storage or on completion of such storage are at the development
stage, while for monitoring of integrity of RBMK-1000 fuel claddings are simply nonexistent.
The procedure of monitoring of integrity of RBMK-1500 fuel claddings which has found
application at the Ignalina NPP, cannot be used for RBMK-1000 SFA, since integrity
monitoring is carried out after loading FB in a cask which is being prepared for shipment for
storage. Prerequisite of the method under development regarding integrity control for a NPP
with RBMK-1000 reactors, is the performance of monitoring prior to transportation of SFA to
the cutting cell and loading into a cask.
2. Assessment of existing methods of monitoring of fuel claddings integrity
To ensure the safe operation of power reactors as well as regulations of nuclear and radiation
safety in management of SNF at the ultimate stage of nuclear fuel cycle of economic
importance are methods of control of cladding integrity (CCI) of fuel rods. These systems
make possible to prevent accidents related to a loss of integrity of fuel rod claddings, promote
the improvement of dosimetric situation and reduction of releases of radioactive products to
atmosphere. The development of new approaches and perfection of CCI techniques and
equipment is a major preoccupation in elaboration of new reactors and technologies of SNF
management. There is good reason to divide investigations in the area of CCI of fuel rods into
four groups (stages):
•
•
•
•

monitoring of fuel rods in fabrication prior to installation in a nuclear reactor
(preliminary CCI);
control of fuel rods at the operative nuclear reactor;
control of fuel rods during shutdown;
monitoring during overloading of fuel rods and monitoring of unloaded rods (issues of
storage in cooling pools, transportation and dry storage of irradiated fuel rods).

For well-known reasons the greatest amount of publications is dedicated to CCI systems at
nuclear units in operation. However, the importance of studies is indisputable at all stages,
from manufacturing of fuel rods to final disposal or reprocessing of SNF. Determination of
condition of cladding of spent FAs after long term storage has a number of distinguishing
features such as:
•
•
•

Owing to decay, the most mobile but short-lived isotopes J-131 and J-133 cannot be
used as reference isotopes in CCI systems;
Decrease of total activity of SNF and hence of potential release of radionuclides;
Decrease of inherent heat release diminishing the temperature of self-heating of fuel
rods affecting the velocity of diffusion processes and release of isotopes from under
cladding.
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Due to these peculiarities monitoring of integrity of fuel rod cladding after long term wet
storage was mostly carried out according to the following order:
•
•

FA heating owing to transfer to a dry container or forced heating using gaseous coolant
with radiochemical control of the gas;
Placing SFA into a closed reservoir filled with water with radiochemical control of
water composition during digestion.

To provide monitoring of fuel cladding integrity of SFA after long term storage as reference
radionuclides are chosen the products of uranium fission with longer half-value period than
those usually employed in actual practice of fuel cladding integrity monitoring at the
operative reactor or immediately after discharge of fuel rods from reactor, i.e. J-131,-135.
3. Justification of selection of the procedure for fuel cladding integrity monitoring of
RBMK-1000 SFA
3.1. Initial data and basic technical requirements
The developed procedure of monitoring of cladding integrity of RBMK-1000 SFA fuel rods is
intended for control of SFA from a NPP with RBMK-1000 reactors prior to its shipment to
the cell for cutting into fuel bundles with the subsequent loading into the packing set for
storage (packaging) TUK-104 (TUK-109).
The packaging is designed for long term (up to 50 years) storage of RBMK-1000 SNF. It
comprises the metal-concrete cask (MBK, see Fig. 1) and the removable basket with
ampoules. Basket capacity is 114 (or 154) ampoules with fuel bundles. Each ampoule is
designed for one fuel bundle and is manufactured in form of a pipe-like shell with a lid. The
shell is closed after placing therein a fuel bundle.
SFA on arrival to the hot cutting cell is installed into the ampoule, using the milling machine
the upper FB is separated from suspension (cutting of suspension) and the lower FB is
separated from the upper one (cutting of the central SFA rod between FB). After that FB is
installed into the ampoule placed in a special well, whereupon ampoules with FB are installed
into the MBK basket in the loading cell. Loading of a basket with ampoules containing SFAs
is performed in the well of MBK loading. Upon the monitoring procedure the following
requirements are imposed:
•
•
•
•
•

Performance of integrity monitoring at the site of SFA storage, i.e. in cooling pools of
SNF SF;
Performance of integrity monitoring without retrieving SFA from the storage can;
Provision of radiation safety during integrity monitoring;
Simplicity and efficiency of integrity monitoring;
Minimum use of non-standard equipment in arranging integrity monitoring.

On the basis of evaluation of the SFA state after operation in reactor and long term wet
storage as well as basic requirements, it may be deduced that:

•
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which are stored at SF at NPPs with RBMK-1000, and planned for cutting into two FB
and loading into MBK with subsequent dry storage therein;
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1 – metal-concrete cask; 2 – cover; 3 – overpack; 4 – ampoule with FB; 5 – inner lid; 6 – external lid; 7 – sealing
sheet; 8 – reinforcing framework; 9 – inner shell; 10 – power shell; 11 – concrete OPB ST; 12 – coaming; 13 –
outer shell. FB are stored in UKH, overpack (item 3) is not employed.

FIG. 1. Transport packaging set for storage and transportation of spent nuclear fuel of
RBMK-1000 reactors.
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•
•

as criteria of integrity of fuel rod claddings of SFA should be used the values of
radioactivity of reference nuclides in water of the SFA storage can;
in monitoring the portable instruments should be provided for.

3.2. Selection of the procedure for monitoring cladding integrity of RBMK-1000 SFA fuel
rods
Selection of a procedure of monitoring of integrity of fuel rod cladding of SFA of RBMK1000 prior to sending SFA to the cutting cell and the subsequent transportation for dry storage
in MBK casks comprises:
•
•
•

selection of reference radionuclides;
selection of a method of measurement (recording of radionuclides presence in the water
of cans);
selection of a criterion of assessment of cladding condition of SFA fuel rods.

As monitoring of cladding condition of SFA fuel rods will be carried out at place of SFA
storage at SNF SF where fuel assemblies are held in cans, while elaboration of a specialized
control stand is ruled out by requirements upon monitoring procedure, the only possible
identification of condition of fuel rod claddings remains the analysis of water in storage cans
on content of radionuclides there. However, by a level of specific activity of radionuclides in
the can water is impossible to make an exact conclusion on condition of claddings of SFA
fuel rods. The one exception is the case when a SFA was unloaded from the reactor based on
CCI results with defects related to uncovering of fuel composition.
Analysis of the can water revealed that the main contribution to total specific radioactivity for
intact SFAs is made by radionuclides of cobalt, manganese, cesium evolved into from surface
sediment. Sediment composition is mainly defined by activated products of corroded
materials of the reactor first loop which are in contact with coolant and to some extent by
fission products which are present in the coolant resulting from release out of available
leaking fuel rods as well as from surface contamination of rods by fuel in the process of
fabrication. For SFAs cooled for more than 10 years or more after discharge from reactor, the
composition of surface sediment will be mostly defined by two radionuclides: cobalt-60
nuclide brought about by activation and cesium-137 – a fission product. For leaking SFAs
radioactivity of water in cans will be determined mostly by radionuclides of fission products
which degree of radioactivity depends on how long SFAs have been in this environment.
The greater part of fission products accumulated inside a fuel rod is found in solid phase.
Only krypton-85 with half-life of 10.85 years and tritium with half-life of 12.3 years occur in
gaseous phase. If in cladding during storage any defect forms, radionuclides of krypton and
tritium will evolve into can water and further in atmosphere. Concentration of these
radionuclides may be quite significant. They cannot be taken as references as a result of
impracticability of actions directed toward SFA handling. It is possible to determine
concentrations of krypton or tritium released through fuel defects either by construction of the
control stand, or in sealing a can with SFA. To a small degree in free state under fuel rod
cladding there are present halogens and alkali metals, which release from under cladding
through leaks may bear witness to loss of integrity by a fuel rod. Among these radionuclides
cesium-137 has the longest half-life (> 30 years). Whilst one would expect that no more than
0.01% of total content may release from the fuel rod at a storage temperature, a changed
concentration of cesium-137 may testify that fuel leaking has occurred.
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The remaining radionuclides contained in irradiated fuel with long half-life (barium-137,
strntium-90) are in solid phase and practically do not leave fuel through cladding defects. For
this reason as a reference for the monitoring procedure cesium-137 radionuclide is chosen. In
so doing, one has to take into account that for achieving the complete information on
condition of fuel rod claddings it should also be known water concentrations of radionuclides
produced by corrosion.
In the context of basic technical requirements precluding construction of a special control
stand, the procedure of monitoring integrity of fuel rods will be based on the periodic
sampling from storage cans. The sampling from storage cans is carried out according to a
regular procedure using a “siphon-like” unit. A polyurethane readily decontaminable pipe 3
mm in diameter is attached to a stainless steel guide 4 mm in diameter and lowered to the can,
in the gap between SFA and can wall. Water sampling is made at a depth 4, 7 and 11 meters.
Samples are sent to analysis at a radiochemical laboratory with a view to determine total
specific radioactivity of cesium-134, cesium-137, cobalt-90. On a basis of analysis results and
in compliance with integrity criteria a conclusion is made on the condition of fuel rod
claddings of SFA under study.
As a criterion of integrity of claddings of fuel rods a value µ is proposed. It is a relation
between dimensionless two coefficients К1 and К2. Coefficient К1 is defined as a relationship
between specific activities of cesium-134 and cesium-137 isotopes in the water of cans
received by measurement of specific radioactivity in the cans. Coefficient К2 is defined as a
relationship between specific activities of cesium-134 and cesium-137 isotopes in the water of
cans received by calculation. If in the can a leaking SFA is found, the value of isotope
relationship µ is close to 1. The reason is that, irrespective of what is the speed of release and
the degree of fuel cladding defect, cesium radionuclides will release into the water of can in
the ratio close to that calculated for radionuclides under cladding, because physical and
chemical processes, causing the release of cesium radionuclides, are independent on mass
number of radionuclides. A range of values is between 0,7 and 1,3 (confidence interval 2 σ).
However, at a later time the refinement of the range of values µ, particularly of the confidence
interval, will be needed, for this reason it is essential to carry out additional research and
improve the procedure of calculation of specific activities of cesium radionuclides and the
content of cesium radionuclides under fuel rod cladding depending on burnup and cooling
time.
Additionally, it is proposed to employ as a criterion of the condition of fuel rod cladding the
dimensionless value А being the ratio between specific radioactivity of cesium-137 and that
of cobalt-60 in the water of can. Application of this parameter is based on the fact that
specific activity of sediment on SFA surfaces is determined by different radionuclides
depending on whether this SFA is intact or defective. In case of an intact SFA the main
contribution to specific radioactivity of sediment is made by radionuclides of corrosive origin.
In case of a SFA with long cooling time these are radionuclides of cobalt-60. If SFAs are
leaking, the main contribution to specific radioactivity of sediment is made by radionuclides
of fission products. For SFAs with long cooling time it is cesium-137.
If sediment is washed off from SFA surfaces, radionuclides of cobalt-60 and cesium-137 will
evolve to the water of can in the ratio close to that in sediment. Then on the basis of the
relationship between specific activities of these radionuclides in the water of cans it could be
inferred on the condition of fuel rod surface of the SFA under investigation. If the value А is
much greater than 15, fuel rods are intact; if А ≥ 15, the SFA under study has leaking fuel
rods.
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However, this method can be applied profitably only in case of total washing-off of deposits
from fuel rod surfaces which is unfeasible in SFA storage cans; thus it is essential to develop
an improved can structure allowing for replacement or purification of the water environment.
4. Conclusions
At the phase of developing the integrity monitoring procedure intended for cladding control
of SFA fuel rods delivered to the cutting cell, it was proposed to use:
•
•
•

cesium-137 radionuclide (in combination with cesium–134 radionuclide) as the
reference radionuclide;
the regular sampling procedure for sampling cans for storing SFA in the SNF SF at the
NPP as the procedure;
as a criterion of fuel rod cladding condition under investigation – a value of the isotope
ratio µ, in case of µ = 1 ± 0,3 it may be thought that the SFA contains leaking fuel rods,
in case of µ ≥ 1,3 and µ ≤ 0,7 it may be suggested that the SFA is intact. In addition, if
the value of total specific activity in the can water exceeds 108 Bq/l and/or the value of
specific activity of cesium-137 is higher than 100.105 Bq/l, it may be thought that the
SFA is leaking (on evidence of the chief designer).
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Abstract. The main stages of spent fuel handling from the BN-350 fast reactor after its shutdown are discussed:
defuelling of the reactor, spent fuel packaging into special canisters, temporary storage of these canisters in the reactor pool,
selection of the site for long term spent fuel storage, selection of the transport cask and selecting the technique for dry storage
during about 50 years.

1. Introduction
According to the Kazakhstan Government Decree (N 456; 22 April 1999), the fast BN-350 reactor has
been shutdown in 1999 and the plan of its decommissioning has been started. Per decision by the
Kazakhstan Government, spent fuel must be placed into a long term safe storage facility for 50 years
after which dismantling and final disposal will take place. The most important part of the plan is the
concept of the spent fuel handling during its storage after shutdown.
2. Defuelling of the reactor
At the first stage, the fuel has been removed from the core and placing into the reactor pool. Fuel
discharge from the reactor was done by the regular technical system in accordance with the
present technological regulations and operating instructions.
According to calculations [1], the shutdown decay heat of 200 spent fuel assemblies (SFA)
from the reactor core varied between 100 and 210 Wt and in the remaining SFAs between 1
and 100 Wt as of 1st January 2000. The total shutdown decay heat of the core did not exceed
50 kWt. Other calculations [2] showed that the total heat losses from the reactor surface and
the 6 primary circuit loops at a sodium temperature of 200oC in the reactor was 752 kWt,
which exceeded the shutdown decay heat in the reactor.
The sodium temperature in the reactor was maintained within the range of 220÷250oC through
the electro heaters of the regular reactor heating system. The power of the regular heating
system for one loop was 227 kWt. Thus the regular heating for 6 loops of the primary circuit
compensated completely all heat losses from the reactor vessel and its loops. The nuclear and
radiological safety during defuelling operations was provided by maintaining the
requirements of the technological regulations and operating instructions.
3. Spent fuel packaging
During the first stage, the fuel has been removed from the core and placed into the reactor pool. The
second stage lasted practically about two years. During this period all spent fuel has been packaged
into special sealed canisters filled with inert Argon gas.
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3.1. Fuel characteristics
The total number of the fuel assemblies located at the BN-350 reactor and which have to be
stored is 2 993, including the following ones:
•
•
•

fuel assemblies – 1 268 (including non-irradiated – 141);
blanket assemblies – 1 715 (including non-irradiated – 165);
non-fuel assemblies – 10.

There is a total amount of 295 non-ordinary SFAs, including:
•
•
•
•

failed SFAs – 117;
cutoff SFAs – 50;
bowed SFAs – 97;
fragile SFAs – 31.

All SFAs with different cooling/decay times were placed in the spent fuel storage pool of the
BN-350 reactor in baskets, which were placed in a regular grid with a safe distance.
3.2. Canister characteristics
Dry storage in non-deep silos has been chosen as the long term storage method for the spent
fuel of the BN-350 reactor. Spent fuel assemblies were placed inside sealed stainless canisters
to realize this method. The SFAs were packed into the canisters at the plant’s storage facility
at BN-350 reactor. A canister consists of a canister shell, six- or four-cell inserts and a shield
lid. Inserts were needed to provide for preservation and controlling of the geometry of
packaged SFAs. All canister components have been made from stainless steel. Table I
contains the basic parameters. All SFAs have been dried at the hot air facility on BN-350
reactor before being placed inside the insert.
Thus dried inserts containing FSAs have been loaded into the canister at the closure station
and have been sealed by the shield plug. The shield plug was welded to the canister shell to
provide thus leakproofness and prevent unauthorized access to the fuel. The canister has been
correspondingly marked and control sealed up. Sealing provides for fuel safety control and
timely guarantees to detect and stop any unauthorized attempt to unseal the canister and
remove the fuel. The technology of packaging for the SFAs with leaking and failed pins was
differed from described above because of each SFA with failed pins was placed inside
separate stabilization capsule (stabilizer). Four stabilizers with SFAs with failed pins have
been installed into the insert. The views of six- and four-cell canisters are shown in Figures 1
and 2 correspondently. Other than that the technology for packaging of SFAs with failed pins
was the same as for the normal SFAs.
The individual stabilizer is an extra protection barrier instead of the failed pin cladding. Using
the same stabilizer and technology the separate pins were also packed. These pins have been
stored in the cooling pool not in the form of assemblies but as untied bundles placed in special
baskets. Such approach provides presence of not less than two protection barriers for the way
of radioactive product release during transportation and storage of BN-350 reactor spent fuel
for about 50 years.
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FIG. 1. Inner view of six-cell canister.
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FIG. 2. Inner view of four-cell canister.
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Table I. Basic canister parameters
capacity
dimensions: length
diameter
thickness of the side wall
thickness of the protective lid
canister material
weight of the canister filled with SFAs
internal media
total decay heat of single canister

6 or 4 spent fuel assemblies
3 989 mm
406.4 mm
4 mm
200 mm
stainless steel
1 500 kg
filled canister contains Ar gas
pressure 0.2 MPa
≤ 500 Wt

3.3. Safety ensuring
Nuclear and radiological safety at the packaging stage was provided by neutron-physical and
thermal calculations for the canisters, for choosing the safe geometry, restriction of the fuel
amount and determination of the shutdown decay heat in the canister. In order to analyze
accidents possible during handling and storage of canisters, a Safety Analysis Report for the
packaging stage was issued [3].
4. Choosing the site for long term spent fuel storage and transporting way

At this stage, a site away-from-reactor for long term storage of the canisters filled with spent fuel
and the way how to ship the canisters in casks were chosen. The selected site is situated within the
territory of the former Semipalatinsk nuclear site. The cask for spent fuel ought to be shipped by
rail and trailer. Until shipment will start, the canisters have to be stored under water in the BN-350
reactor cooling pool as shown in Fig. 3.
5. Choosing the cask and technique for long term canister storage
The next stage included the determination of the transport cask design and technique for long
term storage of canisters on the storage site for period about 50 years. There are two projects
taking to consideration.
5.1. One-cell transport cask
In the first project, a one-cell steel cask designed for only transportation is used. In this case,
the canisters with SFAs must be carried to the storage site inside these casks and then
transferred in special storage silo-type (mines). Nowadays, the design and technological
developments of such cask are made. Also its test programme is being developed. The main
technical parameters for a one-cell steel transportation packaging set, denoted later as
transport cask, are given in Table II:
Table II. Basic parameters of one-cell cask
capacity
dimensions
weight of the cask
features

1 canister with spent fuel assemblies
length ≤ 4 700 mm
diameter ≤ 1 100 mm
≤ 24 t (with spent fuel assemblies)
vessel is manufactured by special «twisted pipe» technology
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5.2. Canisters storing in silo type storage
Each canister is to be placed into individual near surface mine silo-type. The goal is to provide
physical protection of nuclear materials and to provide radiological safety and required technical
conditions during whole storage period. In Fig. 4 the position of such canister in silo-type storage
is shown schematically and Tables III and IV provide basic data.
Table III. Basic parameters of long term storage
type of the storage
building and
constructions

“Silo” (prototype – RSWF, ANL-W, USA)
Storage site (10 lines of 60 silos each with 4m step), reloading station
building, access control point, vehicles survey point, the U-turn area
Table IV. The characteristics of silo design

reinforced concrete tube Ø 800 mm;
lining tube, made of carbon steel Ø 480×10mm;
concrete plug with a steel lid (∼ 600mm);
concrete slab (one for two silos) thickness 220mm;
presence of electrochemical protection for casing tube

FIG. 3. View on the basket with canisters with packaged SFAs
in cool pool of BN-350 reactor.
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FIG. 4. Schematically view for the position of canister with SFAs into silo-type storage.

Table V. Basic characteristics of metal-concrete cask design
prototype
capacity
purpose
dimensions
weight of the MCC with SFAs
design features

TUK-104 cask for spent fuel of the RBMK type
reactor (Russia)
7 canisters with spent fuel assemblies of BN-350
reactor
transportation and storage of spent fuel during about
50 years (dual purpose cask);
length ∼ 5 000 mm
diameter ∼ 2 400 mm
80 t (with transport buffers ∼ 120t)
vessel consists of three welded cylindrical tubes,
internal, strength, and external one; the gaps between
the cylinders are filled with extra-firm super heavy
concrete
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5.3. Dual usage metal-concrete cask
In second alternative project, is used seven-cell metal-concrete cask (MCC), designed both for
transportation and also for canisters storing inside it during about 50 years. In this case
intermediate procedure of canisters overloading package from containers into silo-type
storages is missed. Nowadays its main technical parameters are determined and engineering
developments are executing straightly.
Main technical decisions for metal-concrete transportation packaging set denoted later as
metal-concrete cask (MCC) are given in Table V.
A final decision for choosing between these two alternative cask projects is a prerogative for
the Government of the Republic of Kazakhstan. The decision, which will take into account
the technical and financial features of both projects, is expected in the near future.
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Abstract. At FSUE SCC RF RIAR, a complex of test facilities for thermal testing of the irradiated WWER-1000
fuel rods within the temperature range of 300-600°C in different gaseous atmospheres (inert gas, air) was
created. Both shortened modified fuel rods and full-size WWER-1000 fuel rods removed from fuel assemblies
can be tested. Transient and emergency conditions of dry storage differ from the standard ones in the elevated
temperature of the fuel rod claddings and are the major hazard from the viewpoint of fuel rod unsealing. The
thermal testing of modified and full-size rods was carried out with electrically heated units and included several
series with interim inspection of the fuel rods. The average burnup of the fuel rods selected and verified for the
testing fell within the range of 39-49 MW·d/kgU. The fuel rods were tested in a helium medium at a temperature
of 450-550°C. At present, the testing of fuel rods under emergency conditions in the air atmosphere are being
accomplished and long term testing of the fuel rods under standard storage conditions have been started.

1. Introduction
It is necessary to develop a model of WWER-1000 spent nuclear fuel behaviour under
different storage conditions to select safe conditions of its dry storage: transient conditions
(vacuum dehydration), standard storage conditions, abnormal events and design-basis
accidents. It is necessary to test the irradiated fuel at different temperatures, which simulate
possible storage conditions in order to develop such model.
For this purpose RIAR designed an equipment (test rig) to test WWER-1000 irradiated fuel
rods at different temperatures and in different gaseous media. This equipment was used for
testing of WWER-1000 modified (short-cut) and full-size fuel rods under conditions
simulating transient and emergency dry storage conditions for WWER-1000 spent nuclear
fuel. The present paper describes the technical support of fuel rod testing as well as the main
results of their examination after testing.
2. Technical support of fuel rod testing
The equipment allows for testing of WWER modified and full-size fuel rods in the
temperature range of 300 to 600°C in different gaseous media (inert gas and air). The test
procedure is as follows:
•
•
•
•

Certification of fuel rods using nondestructive examination technique;
Thermal testing of fuel rods;
Intermediate nondestructive examinations of fuel rods between several successive tests
(if they are performed);
Material science examinations of fuel rods after testing.
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The following main subunits form a part of the equipment (Fig. 1): three independent electric
modules, which are located inside the hot cell, systems of gaseous medium preparation and
gas sampling from the modules as well as from the module operation and control system. The
electrically heated module (Fig. 2) is the main component of the equipment. Five heating
elements arranged throughout the height of module maintain temperature conditions of fuel
rod testing. Heating elements are operated independently of each other and it allows different
laws of temperature distribution along the fuel rod to be simulated.
Fuel rods under examination are inserted into the leak-tight capsule that is placed in the
module. One module can incorporate up to six full-size fuel rods of WWER-1000 at a time
during testing. Thermocouples are used to provide control over operating conditions of the
module and temperature control in the capsule with fuel rods. They are arranged throughout
the height to lie along the axis of capsule and each heating element. Performance capabilities
of the equipment:
Gas control cabinet

Air

He

EHM1

EHM2

EHM3

Hot cell

Control cabinet

Fig. 1. Structural scheme of dry storage equipment.
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FIG. 2. Electric module.

543

PAVLOV et al.

•
•
•
•
•
•

Test temperature range – 300 - 600°С;
Remote loading and unloading of fuel rods;
Simultaneous testing of 18 irradiated full-size fuel rods of WWER-1000 reactor in
three independent modules;
Concurrent simulation of several storage conditions for spent nuclear fuel both in
gaseous media and temperature;
Recurrent gas sampling in any module;
Profiling of the temperature field throughout the height of fuel rod.

Temperature cycling simulation of daily or seasonal variations in ambient temperature (Fig. 3)
shows an example of test conditions with uniform temperature distribution along the fuel rod.
Non-uniformity of axial temperature distribution along the height makes up no more than
±3%, but non-uniformity of radial temperature distribution in the capsule is no more than
±2°С.

Temperature, °C

There were several stages in testing of fuel rods to estimate the kinetics of their main
parameters change and intermediate nondestructive examinations between two successive
tests. Test conditions for fuel rods are shown schematically in Fig. 4.
650
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FIG. 3. Axial temperature distribution along the fuel rod.
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FIG. 4. Schematic representation of test conditions for fuel rods: Тt and Тa
– test temperature and ambient one, correspondingly.
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Each i-stage of testing incorporates time of fuel rod heating τ 1,i from the ambient temperature
up to test temperature Тt, time of fuel rod exposure τ 2,i at a test temperature and time of fuel
rod cooling τ 3,i from Тt up to the ambient temperature.
Fuel rods were subjected to visual examination, eddy-current testing, measurements diameter
and length between tests. Modified fuel rods were subjected to additional measurements of
volume. Gamma-scanning and cladding puncture followed by analysis for gas amount and
composition under the cladding were performed after end of testing of fuel rods.
3. Main results of fuel rod testing under transient and emergency dry storage conditions
Modified and full-size fuel rods of WWER-1000 were subjected to testing in the temperature
range of 450 to 550°С in helium medium to validate the maximum allowable temperature for
fuel rod claddings under transient and emergency storage conditions.
Modified fuel rods were made from WWER-1000 fuel rods, which were operated in the
reactor during 3 and 4 fuel cycles. Fuel burnup was in the range from 39 up to 49 MW·d/kgU.
Helium pressure under the cladding of modified fuel rods was in the range between 2.5 and
6.0 MPa.
Fuel rods with a burnup of 42 up to 49 MW·d/kgU, which were operated in the reactor during
3 and 4 fuel cycles and then kept in the NPP storage pool during a time period of 2 up to 6
years, were selected for testing of full-size fuel rods.
Preservation of cladding integrity during the whole period of fuel rod storage is one of the
main criteria which ensure the dry storage safety for spent nuclear fuel. Thermal creep of the
cladding material is one is main reason that can effect the fuel rod failure [1, 2]. That’s why
limitations are imposed on the maximum allowable value of cladding hoop strain ε θ in
selection of safe storage conditions [3].
The kinetics of cladding hoop strain ε θ depends on temperature and hoop stress σθ in the
cladding material but all other factors being the same. The same temperature was maintained
along the whole fuel rod cladding in testing. But the hoop stress σθ was changed in testing.
The hoop stress is defined as cladding diameter d, wall thickness δ and gas pressure under the
cladding P:
(d − δ ) ⋅ P .
σθ =
(1)
2δ
Stress σθ tends to change as a result of several competing with each other processes with
increase in hoop strain εθ because of thermal creep [4]. On the one hand, the increase in ε θ
leads to the increase of fuel rod plenum and decrease in gas pressure P accordingly that
results in σθ decrease. On the other hand, ε θ increase causes an increase in the cladding
diameter d, decrease of the wall thickness δ and σ θ increase accordingly.
Testing of fuel rods revealed one more factor that influences on σθ increase. It is the fission
gas release from fuel under the cladding during testing of fuel rods. This causes an increase in
pressure P and σ θ value accordingly. As the kinetics of fission gas release under the cladding
of fuel rods wasn’t controlled during testing and gas release was measured after testing, the
change in hoop stress σθ was estimated in the following way for modified and full-size fuel
rods.
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The gas pressure under the cladding and fuel rod plenum are known for modified fuel rods
before and after testing. As for the gas release from fuel during testing, it is also known. That
is why the change in pressure P and stress σ θ during testing was described by the possible
value domain (Fig. 5). The upper bound of possible value domain for P and σθ was calculated
based on the assumption that all fission gas release from fuel under the cladding during fuel
rod heating at the beginning of testing. But the low bound was calculated based on the
assumption that gas release takes place at the last stage of fuel rod testing (Fig. 5).
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FIG. 5. Possible value domain of gas pressure P (a) under the cladding and hoop stress σθ (b)
for modified fuel rod at a test temperature of 450°С.

Unlike modified fuel rods, the gas pressure P and gas plenum for full-size fuel rods are known
at the end of testing after the cladding punch and measurement of these parameters. But the
exact amount of fission gas products released under the cladding during testing is unknown.
That’s why only upper bound of their possible value domain was used for P and σθ estimation
of full-size fuel rods.
The distinctive characteristic of kinetics εθ is its quick growth at the beginning of testing
followed by gradual slowdown and its transfer to time dependence that is close to linear one.
Some generalized data on hoop strain kinetics of fuel rod claddings at temperatures of 450,
500 and 550°С are shown in Fig. 6 (σθ values are given in the initial stage of testing).
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FIG. 6. Hoop strain kinetics of modified (•) and full-size (Ο) fuel rod claddings at test
temperatures of 450 (a), 500 (b) and 550°С (c).
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Hoop strain, %

The hoop strain of cladding εθ increases with an increase in stress σθ. The maximal strain
εθ=2.6% was obtained for modified fuel rod tested during 2.5 hours at 550°С and σθ=107÷114
MPa (Fig. 6c). The hoop strain εθ as a function of stress σθ is shown in Fig. 7 for three
different time periods of 5, 10 and 20 hours. The εθ -σθ relationship is of linear character at
temperatures of 450 and 500°С to the first approximation. It is of power character at 550°С
(Fig. 7а).
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FIG. 7. Hoop strain of modified (•) and full-size fuel rod claddings (Ο) as a function of hoop
stress in a test time periods of 5 (a) and 10 (b) hours.
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FIG. 7 (cont.)

The amount and composition of gas under the fuel rod cladding were analyzed after testing.
The analysis reveals that Xe and Kr release from fuel under the cladding in the temperature
range of 450 to 550°С. A certain amount of gas was present under the cladding of full-size
fuel rods but it wasn’t known exactly. That’s why the results of gas analysis performed after
testing can demonstrate the gas release qualitatively but at the same time the analysis of gas
release in modified fuel rods allows for quantitative estimation.
Fig. 8 demonstrates the values of gas release in the full-size (in reactor and during testing) and
modified (during testing only) fuel rods against burnup and test temperature. The upper bound
of gas release under the normal condition of fuel rod operation in reactor is shown in Fig. 8 to
estimate the gas release in full-size fuel rods during testing.
The maximum gas release of ∼ 16% was found in the modified fuel rod at a test temperature
of 550°С. Fig. 8 demonstrates that gas release increased with an increase in burnup and test
temperature. One of the possible mechanisms of gas release in temperature testing can be the
grain-boundary cracking of fuel pellets on fuel rod heating [5]. Gas release under the fuel rod
cladding during temperature testing is an important factor that influences on the cladding
strain under dry storage conditions and it requires further analysis.
All full-size and modified fuel rods preserved their integrity during testing in the temperature
range of 450 to 550°С and hoop stresses of 37 - 110 MPa. The maximum strain εθ of one fuel
rod made up 2.6% and another one - 2.5%. It made up 1.5% in two fuel rods. This fact
demonstrates high strain capability of WWER fuel rod cladding.
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FIG. 8. Fission gas release under the cladding of modified (●, ■, ▲)
and full-size fuel rods (○, □, ∆) as a function of burnup at different test temperatures:
the upper bound of gas release under standard conditions of
WWER-1000 fuel rod operation in the reactor.

Fig. 9 shows the parametric dependence of Larson-Miller that connects the hoop cladding
stress σθ with the test temperature Т and time period before cladding damage τ. This
dependence was obtained for WWER fuel rod claddings, which were made of Zr+1%Nb
alloy, irradiated up to burnups of 40 - 47 MW⋅d/kgU and tested in the temperature range of
500 to 570°С [6]. It is characteristic of long term cladding strength.
The interval that is below the parametric dependence corresponds to the test parameters when
fuel rods preserve their integrity. It is seen that fuel rod that has been subjected to testing at
550°С and whose maximum cladding strain εθ is 2.6% is close to the limit of cladding strain
capability. Other fuel rods, especially those fuel rods, which were tested at 450°С, have got
considerable margin of the long term cladding strength.
4. Conclusion

The available equipment allows for testing of WWER-1000 irradiated fuel rods in different
gaseous media under conditions simulating any dry storage facility for spent nuclear fuel.
Experimental relationships between hoop strain of cladding and temperature, hoop stress and
time of testing were obtained in the course of WWER-1000 modified and full-size fuel rod
testing in the temperature range of 450 to 550°С in a helium medium. Temperature tests
revealed gas release from the fuel rod cladding. This phenomenon requires additional
examination. The obtained results will be used to verify the model of transitional creep for
Zr+1%Nb alloy. They will be used for behaviour model development of WWER-1000 fuel
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rods under transient and emergency storage conditions. Currently the equipment is used for
long term testing of WWER-1000 irradiated leak-tight and failed fuel rods at 380°С in helium
and air.
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FIG. 9. Larson-Miller parametric dependence of long term strength for WWER fuel rod
claddings and parametric characteristics of modified (▲)
and full-size fuel rods (∆), tested in the temperature range of 450 to 550°С.
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Perspective of the IAEA TC programme
on spent fuel management
B.-K. Kim
International Atomic Energy Agency,
Vienna
1. Outline of presentation
•
•
•
•
•
•

Evolution of TC in nuclear science & technology;
Determining factors affecting global status of spent fuel management;
Statistics: TC disbursements for selected activities;
Progress to date: country examples;
Future role of the IAEA;
Conclusion.

2. Evolution of TC in nuclear science & technology
IAEA provides a balanced framework:
•
•
•
•

Objectives of technical co-operation;
Basic safety standards and radiation protection;
Assistance to help ensure that radioactive spent fuel is managed in accordance with
Agency safety standards;
Well established security / safeguards rules.

The IAEA’s statutory mandate:
•
•
•
•
•
•
•

Promotes applications that contribute to peace, health and prosperity, through R&D on
peaceful uses, including nuclear power;
Provides for the application of safety standards (RADWASS) at the request of Member
States.
TCF $ 45M in 1993 to $ 75 M today;
100 recipient Member States;
Donors demand tangible benefits from TC $$$;
IAEA emphasizes links to national priorities (CPF);
International co-operation with OECD/NEA.

3. Determining factors affecting global status
•
•
•
•
•
•
•
•
•

Licensing and safety a national responsibility;
International Safety Standards to become Community law;
Technologies for spent fuel management exist and must be implemented;
More research and development in the field of long- term (or very long term) storage;
Appropriate decommissioning funds to be secured for the long term;
Transparency and unbiased information to be ensured;
Selection of a spent fuel strategy;
Ongoing need for additional storage capacity;
Near-term problem of lack of storage space for Spent Nuclear Fuel (SNF);
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•
•

Regulations covering on-site storage capacity for NPPs;
Uncertainty about how and when to provide storage and disposal facilities for SNF.

4. TC disbursements for selected field of activities, 1993-2002 (thousand USD)

Area Name

4N

Africa

4O

9D

9E

Grand Total

10

2,559

778

968

4,315

East Asia & Pacific

101

874

4,184

512

5,671

Europe

970

3,392

8,939

1,519

14,820

Latin America

523

1,348

1,439

736

4,046

0

583

887

75

1,545

Interregional

230

2,250

1,608

830

4,918

Grand Total

1,834

11,006

17,835

4,640

35,315

West Asia

(4N) NUCLEAR FUEL MANAGEMENT
(4O) RADIOACTIVE WASTE MANAGEMENT TECHNOLOGIES
(9D) SAFETY OF REACTORS AND NUCLEAR MATERIALS
(9E) SAFETY OF RADIOACTIVE WASTE MANAGEMENT

Disbursements (US$)
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(9E) SAFETY OF RADIOACTIVE WASTE MANAGEMENT
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5. Summary of TC projects on SNF
ARM/9/006
BUL/4/011
BYE/4/003
CPR/4/023
INT/4/131
ROM/4/023
ROM/4/020
RER/9/021

Establishing a Radioactive Waste Management System
Re-Racking Underwater AFR Spent Fuel Storage Facility
Feasibility Study for a Spent Fuel Dry Storage Facility
The Study of Burnup Credit Technology for Criticality Safety Analysis
in NPP Spent Fuel Storage and Transport
Sustainable Development for Managing Radioactive Wastes
Technical Review of Cernavoda NPP Spent Fuel Dry Storage
Back-End of Nuclear Fuel Cycle at Cernavoda NPP
Interim Storage of Spent Fuel from Nuclear Power Plants

6. Progress to date, country examples: Romania
ROM/4/023, “Technical Review of Cernavoda NPP Spent Fuel Dry Storage”
Objective:

to develop a technical solution for the intermediate storage of spent fuel
from Cernavoda NPP and the development of an improved concept for
low and intermediate level waste storage.

ROM/4/020, “Back-End of Nuclear Fuel Cycle at Cernavoda NPP”
Objective:

to support CITON in the design of the spent fuel storage facility and to
prepare the site safety documentation.

7. Progress to date, country examples: regional projects
RER/9/021, “Interim Storage of Spent Fuel from Nuclear Power Plants” (US$ 210,000)
Objective:

to give guidance to the Member States operating nuclear power plants
and research reactors via:
•
•
•

RER/9/021
Outcome:

Expert missions;
Fellowships and training courses on medium and long term spent
fuel storage;
Advice on the safe operation of the storage facilities.

“Interim Storage of Spent Fuel from Nuclear Power Plants”
•
•

Three one–week workshops on licensing procedures for spent fuel
storage and safety assessment;
One two-week regional training course on methods, technologies
and future concepts in the design, operation and safety of SNF
storage facilities.
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8. Future role of the IAEA
Goal:

To assist MSs improve their waste & spent fuel management.

Objectives:
•
•
•
•

Exchange of information and experience;
Increase understanding on management of long-lived waste, spent fuel and
decommissioning waste;
Elaborate waste management strategies including regulatory approaches;
Promote safe management practices.

Approach:
•
•
•

Focusing on waste disposal safety and performance indicators (effective
dose rate, radio-toxicity concentration in biosphere water, etc.);
Public acceptance: a cornerstone for disposal site selection;
Shifting from technical to societal assessment (designing & building a safe
deep disposal facility of high waste).

9. Conclusion
•

Steady progress made;

•

Collaborative effort between participating Member States and IAEA to accomplish
objectives;

•

IAEA ready to expand TCP to strengthen management of SNF technology.
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Safety of long term storage of radioactive waste*
J. Rowat
Department of Nuclear Safety and Security,
International Atomic Energy Agency,
Vienna
Abstract. As the amounts of radioactive waste in surface storage have increased, concern has grown over the
safety and sustainability of storage in the long term. In response to these concerns, the IAEA held a series of
specialist meetings to draft a position paper on the safety and sustainability of long term storage [1]. The position
paper is intended for general readership and discusses issues where a broad consensus exists and areas where
issues remain unresolved. A key theme is the contrast of the safety and sustainability implications of long term
storage with those of early disposal. The present paper provides a summary of the position paper, and issues for
further consideration.

1. Introduction
In 1995, the International Atomic Energy Agency (IAEA) published “The Principles of
Radioactive Waste Management” [2]. These safety fundamentals reflected an international
consensus on principles important to the safety of radioactive waste management. Principal
No. 5 is that “Radioactive waste shall be managed in such a way that will not impose undue
burdens on future generations”. It has been broadly interpreted to imply that the generation
that generates radioactive waste should make all the arrangements needed for the disposal of
the waste.
Storage of radioactive waste has been carried out safely within the past few decades, and there
is a high degree of confidence that it can be continued safely for limited periods of time.
However, as the amounts of radioactive waste in surface storage have increased, concern has
grown over the sustainability of storage in the long term and the associated safety and security
implications. This topic was discussed at the Cordoba conference on the safety of radioactive
waste management, in March 2000 [3]. As part of the follow-up Waste Safety Action Plan,
the IAEA Secretariat was requested to investigate the role of long term storage in a
sustainable programme of radioactive waste management, and especially the implications for
safety compared to those provided by subsurface disposal. The position paper that is
described here was drafted to respond to this request.
The discussion focuses on the storage of three main types of waste: high level waste from the
reprocessing of nuclear fuel, spent nuclear fuel that is regarded as waste and long-lived
intermediate level radioactive waste. The characteristics of storage and disposal facilities may
vary significantly. The general characteristics of storage and disposal that are relevant to the
discussion are described in the paragraphs that follow.
1.1. Storage facilities
In most countries, nuclear power generation and other applications of radioactive materials
started before plans for the disposal of the resulting radioactive waste were well developed.
As waste arose, it was most frequently stored in various types of engineered containment on
the surface and at sites to which access was controlled. Up to the present, storage facilities for
*

This paper was a late substitute for “Nuclear safety activities of relevance to spent fuel management” by P.
Metcalf.
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SNF and HLW have typically been above ground or at very shallow depth. The waste is
stored either dry or under water. Most SNF is stored under water for a period of at least three
to five years after removal from the nuclear reactor, the water serving as radiation shielding
and also as a means of maintaining the spent fuel elements at an acceptably low temperature.
In some countries, the spent fuel is then transferred to storage in dry conditions. SNF can also
be reprocessed and the resulting highly radioactive liquors are solidified by vitrification. Most
other solid radioactive waste is stored in dry conditions.
Depending on its characteristics, the waste may undergo conditioning before being packaged
inside a container. Some containers used for this purpose are designed to be extremely durable
and resistant to corrosion or other forms of degradation for many years. The containers are
then stored inside a suitable structure, often constructed from concrete, to provide radiation
shielding and security. These structures, whether buildings in the conventional sense or other
types of massive form, are located at a secure site.
1.2. Disposal facilities
Research and development work on waste disposal has shown that, in principle, all types of
radioactive waste can be disposed of in a manner that protects the health and safety of people
and the environment. For spent nuclear fuel (SNF), high-level waste (HLW) and long-lived
radioactive waste, the consensus among technical experts is that disposal in deep underground
engineered facilities — geological disposal — is the best option that is currently available, or
likely to be available in the foreseeable future [4].
The generally accepted method for disposing of radioactive waste is to contain the waste, and
isolate it from the environment generally accessible to humans. Containment and isolation of
the waste is provided both by the containers into which the waste is put before being
emplaced in the repository and by various additional engineered barriers and the natural
barrier provided by the host rock. Isolation of wastes is achieved through its emplacement at
significant depths underground. The essence of disposal is that protection of present and
future generations and the environment is provided by a passive system of engineered and
natural barriers.
What makes disposal distinct from storage is that there is no intention to retrieve the waste,
and there is minimal reliance on long term active controls. Ultimately, a disposal facility will
be closed and sealed, and from the surface there might or might not be any indication of the
facility that is at some considerable depth below. In most rock types, a repository can be
designed such that closure of the facility can be delayed for a period of several tens to a few
hundred years.
2. Long term safety and sustainability
Delaying the decision to dispose without a definite plan for the future timing of disposal leads
to an open-ended managerial and financial commitment — the storage phase may become, de
facto, perpetual. In the discussion that follows, safety and sustainability aspects of long term
storage will be compared with those of geological disposal.
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2.1. Safety
The feasibility of safely storing radioactive waste over periods of decades has been clearly
demonstrated during the operation of existing facilities. When waste packages are stored it is
inevitable that some structural degradation of the packages and their contents will occur over
time [5]. This deterioration will require that the waste be transferred at some time in the
future, if not to a disposal facility, then to another storage facility. The longer the waste is
stored before transfer to another facility, the greater are the probabilities that such degradation
will occur, with resultant potential of radiation exposure for the workers who will eventually
have to carry out the transfer and handling operations. In this regard, long term safety is
therefore not well served by very long periods of storage. Furthermore, waste stores are
vulnerable to inadvertent or deliberate intrusion by humans if not kept under close
surveillance. This places obligations on future generations to maintain active surveillance of
waste stores.
Geological disposal promises to provide containment and isolation of radioactive waste from
the human environment for the very long periods required. As discussed earlier, geological
repositories are designed to provide this isolation without the need for active controls, i.e.
they are passively safe. Safety concerns due to possible human intrusion into the waste are
very much reduced as compared to surface storage, owing mainly to the significant depths
under the surface at which geological repositories will be located. However, while most
experts are convinced that geological disposal provides the best solution for the management
of wastes, experience of operating repositories has not yet been obtained.
2.2. Maintenance / institutional control
Maintenance requires both the detection of deficiencies and the repair of them. Not only is it
easier to make repairs on surface compared with underground, but it is also easier to detect
deficiencies at their formative stage in surface facilities. Therefore, maintenance is favoured
by a surface location. On the other hand, geological disposal systems are designed so that any
failure in a protective barrier should not result in an impact on people and the environment —
maintenance should not therefore be required.
Adequate protection of humans and the environment will continue only as long as
maintenance and security are continued on storage facilities. Because the radioactive
materials in storage will remain hazardous for thousands of years, institutional controls would
be required for such periods of time or until permanent disposal is implemented. Institutional
control requires the continued existence of authorities and institutions. Turmoil and change
(political and economic) usually occur in much shorter periods of time, and hence it is
unlikely that any societal infrastructure currently in place or envisaged would last for the time
period needed.
2.3. Retrieval
An advantage of surface storage is the ease of retrieving material, if it should be decided to do
so. Having the possibility of retrieving the waste preserves for future generations the option of
making different decisions for long term management of the wastes (e.g., recycling the
material by reprocessing). It is feasible to develop a disposal facility in a gradual, step-by-step
manner, retaining the ability to reverse actions and decisions taken in previous steps if
necessary. Therefore, provisions for retrievability can be incorporated into both storage
facilities and geological disposal facilities. However, retrievability remains an option only as
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long as institutional controls and the necessary technical expertise exist, and where a suitable
alternative management option for the waste has been developed.
2.4. Security
Occurrences of illicit trafficking and the events of 11 September 2001 in the USA have
heightened security concerns. The security threat is one of either unauthorized possession,
theft of the material for illicit use later, or sabotage to cause incidents on-site, e.g. by
dispersing the material to the environment. While nuclear material has traditionally attracted
security precautions to prevent it falling into unauthorised possession, it is now recognized
that non-fissile material must also be protected because of the possible threat of deliberate
spreading of contamination by terrorists. Radioactive wastes are much more vulnerable to
attack if placed on the surface. In geological disposal facilities, they are beyond the reach of
all but the most determined and sophisticated groups.
2.5. Costs
The United Nations Commission on Sustainable Development has called upon governments
to internalise radioactive waste management costs, to the maximum extent possible [6];
internalized costs are costs that are borne directly by those who receive the benefits. In
principle, if long term storage is to be sustainable, then sufficient funds should be set aside to
maintain ongoing storage and to address future management actions, such as refurbishments,
reprocessing or disposals. Long term interest and inflation rates cannot be predicted with
accuracy; cost projections for actions beyond one generation (about 30 years) would have a
great deal of associated uncertainty. Hence, any estimate for the funding required to sustain
long term storage will have large uncertainties.
The capital costs associated with disposal are very large; continued financing during the long
time (of the order of 20 years and more) between starting work towards a geological disposal
option and emplacing waste in the facility could be a significant challenge. Many utilities
have set aside funds to pay for the future cost of disposal of wastes (i.e., internalized costs).
Although ongoing storage requires the continuing expenditure of resources to ensure safety
and security, the annual resource requirement is very much less than is needed during the
limited period of disposal facility development and operation.
2.6. Community attitudes
For several reasons, there may appear to be less opposition to siting or expanding a storage
facility compared with a disposal facility. It is well established that acceptance of new or
expanded storage facilities is greater in communities that have lived alongside nuclear
installations for many years — often because it is just a continuation of existing practice.
Establishing a disposal facility is a process with many decision points, any one of which can
lead to rejection — there are generally fewer decision points in the process to expand existing
storage facilities. Storage is understood to be an intermediate step in the management of
wastes and disposal is permanent — perhaps another a reason why storage appears to have
greater acceptance.
Community acceptance for siting a geological disposal facility is linked to a number of issues.
Concerns are often expressed about the safety of such facilities and the ability to detect and
mitigate any problems that may occur. The permanence of disposal is unattractive to some
because it deprives future generations of the option to choose how the wastes are managed.
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Transport of waste is also sometimes cited as an issue where community acceptance is low, in
spite of an impressive record of transport safety worldwide. In contrast to this, new storage
capacity may simply be an extension to an existing licence at a site where nuclear installations
are already operating. This perhaps contributes to a perception that storage facilities are more
accepted than disposal facilities.
2.7. Transfer of information
The operations needed to ensure the safety of long term waste storage require that a great deal
of information is retained. Since one must expect to carry out maintenance operations on the
facility, and eventually transfer the waste packages, the information required relates to the
waste inventory, its characteristics and storage location, the technology used for conditioning
and packaging, and the design of the storage facility. This information must be retained, and
be readable and understandable, for the entire life of the storage facility. Ideally, the same
information would be available to future generations for a waste disposal facility as for a
storage facility. However, if the information transfer into the future is incomplete, the
consequences in the case of a disposal facility should be of no safety concern because long
term safety does not rely on active controls.
2.8. International Safeguards
The IAEA through its safeguards role is responsible for providing independent, international
verification that governments are abiding by their commitments with respect to the Treaty on
the Non-Proliferation of Nuclear Weapons. The system of safeguards is well established for
surface storage facilities. IAEA Safeguards Policy Series 15 (July 1997) establishes
requirements for IAEA safeguards implementation at geological repositories; the specific
measures that will be taken to meet these requirements are still to be determined. During the
operational phase, safeguards for geological disposal facilities will likely require additional
measures and effort compared with surface storage facilities. Safeguards of nuclear material
in geological disposal will have to continue even after facilities have been closed and sealed.
It is expected that in the post-closure phase of geological repositories safeguards assurances
could be obtained with a limited effort.
3. Issues for further consideration
The position paper touches upon many of the key issues for long term storage, however, the
discussion is not exhaustive, nor does it provide any quantitative analysis of the issues raised.
Safety assessment studies, laboratory and field experiments, and investigations carried out in
underground research laboratories have created a large body of knowledge to support the
safety and feasibility of geological disposal. However, there has been less effort to examine
the safety implications of long term storage. It would be useful to examine, quantitatively if
possible, issues such as surface storage versus underground storage, deferral of conditioning,
requirements for maintaining the technical expertise and infrastructure to support future
management of SNF and HLW, burdens to future generations, and the radiological impacts of
various management alternatives.
The financing of long term storage becomes a safety issue if sufficient funds are not available
to sustain storage facilities. Financial uncertainties grow as storage periods become long
because, for example, the disposal method may be unspecified, storage practices may change
or expensive refurbishments may be required. Efforts to evaluate the cost uncertainties of long
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term storage strategies, and in turn economic risks, might also be of benefit to policy and
decision makers.
4. Conclusions
Whether to pursue long term storage or dispose of radioactive waste is not an issue that is
solely technical. Factors of a socioeconomic and ethical nature are also very relevant. It is
clear that the various factors do not all influence the debate in the same direction. For
example, it is undesirable to leave an unsolved problem to a future generation, although it is
also undesirable to deprive future generations of certain options because of actions taken by
the present generation.
Storage has been carried out safely within the past few decades, and there is a high degree of
confidence that it can be continued safely for limited periods of time. Concerning long term
storage, the arguments that have been presented can be summarized as follows:
Storage of radioactive waste has been demonstrated to be safe over some decades and
can be relied upon to provide safety as long as active surveillance and maintenance is
assured;
Geological disposal promises long term safety without surveillance and maintenance;
Maintenance is easier on surface than underground, but institutional controls to support
storage cannot be maintained for the period that the wastes remain hazardous;
Retrieval is easier from surface facilities than from underground facilities; but
geological disposal can be developed so that retrieval is possible for a long time;
Putting radioactive wastes underground increases the security of the materials;
Disposal has a large capital cost – storage has a significant operating cost;
Storage facilities tend to generate less public opposition than disposal facilities;
Long term storage of radioactive waste requires transfer of information to future
generations.
The safety of long term storage requires the maintenance of the industrial, regulatory and
security infrastructure – active controls. These cannot be guaranteed in perpetuity because the
necessary societal infrastructure cannot be guaranteed in perpetuity. Therefore, perpetual
storage of SNF and HLW does not appear to be either feasible or acceptable.
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IAEA safeguards verification methods for spent fuel
in wet & dry storage
R. Abedin-Zadeh, G. Bosler, R. Carchon, A. Lebrun
Department of Safeguards,
International Atomic Energy Agency,
Vienna
Abstract. Verification of spent fuel materials in wet and dry storage areas continues to be of key interest to the
International Atomic Energy Agency. The Agency still lacks effective methods for measuring and re-verifying
spent fuel materials particularly when there has been a containment and surveillance failure that results in a loss
of continuity of knowledge. The situation has become more critical because of enhanced safeguards criteria that
have been adapted for verifying spent fuel and, more recently, because of efforts to define and incorporate an
Integrated Safeguards regime. On 3-6 March 2003, a meeting on spent fuel verification methods was held in
Vienna. The objective of the meeting was to bring together a group of technical experts to survey and evaluate
the status of current and potential spent fuel measurement methods and then recommend a clear path that should
be followed by the Agency in its quest for effective verification of spent fuel materials in wet and dry storage
configurations. In determining a course of action, various factors, including effectiveness in satisfying Agency
goals, equipment and operational costs, impact and intrusiveness of measurements on the operator, measurement
time, precision and reproducibility of the results, dependence on operator information, and complexity of the
equipment were considered. Meeting attendees carefully examined the Agency’s needs and thoughtfully
considered the impact of various constraints in making recommendations. This paper summarizes results of the
meeting and discusses the recommendations made by the panel of experts.

1. Current Agency spent fuel verification techniques
The Agency verifies spent fuel materials by using a combination of item counting,
observation of the Cerenkov glow, measurements of neutron and gamma signatures, and
application of containment and surveillance. When measured, spent fuel is generally verified
at the gross defects level confirming the integrity of a spent fuel assembly and that it is not
been replaced with a dummy. Under certain circumstances, it may be necessary to verify
spent fuel at the partial defects level confirming that the assembly has remained in tact with
no missing fuel or pins. Current measurement methods available to the Agency enable gross
defects verifications, but except in some specific cases, the Agency does not have a general
technique for partial defects verification. Several factors including technical difficulties in
directly measuring the uranium and plutonium mass in spent fuel assemblies, a reluctance by
operators to move fuel, and inspection manpower requirements for performing such
measurements all contribute to the problem of establishing effective partial defects
verifications. The Improved Cerenkov Viewing Device (ICVD), Fork detector (FDET),
Irradiated Item Attribute Tester (IRAT) and Spent Fuel Attribute Tester (SFAT) are the
current Agency authorized instruments for spent fuel measurements.
1.1. Improved Cerenkov viewing device (ICVD)
The ICVD, shown in Figure 1, is a night viewing device that has been adapted for observing
the Cerenkov glow from a spent fuel assembly. Pin patterns in individual assemblies are
verified quickly by inspectors using the ICVD on the spent fuel pool bridge. Fuel movement
is not required. A new Cerenkov viewing device, called the Digital Cerenkov Viewing Device
(DCVD), is currently being developed to enhance capabilities for measuring fuel with longer
cooling times and lower burnup.
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FIG. 1. Improved Cerenkov viewing device.
1.2. Fork detector (FDET)
The FDET shown in Figure 2 with a GRAND3 electronics unit has fission chambers and ion
chambers encased in a polyethylene body. The fission chambers detect neutrons from actinide
isotopes, primarily 244Cm, and the ion chambers measure the gamma signatures from fission
product isotopes. The neutron and gamma signatures are used to verify operator declarations
for burnup and cooling time in an assembly. The FDET is lowered into the water of a spent
fuel pond and measurements are made by placing the tines of the FDET around an assembly
that has been partially or fully removed from the storage location.

FIG. 2. Fork detector (FDET).
1.3. Irradiated item attribute tester (IRAT)
The IRAT is shown in Figure 3 with a Mini Multichannel Analyzer and Palmtop computer.
The IRAT has a shielded/collimated CdZnTe detector that is used to collect a gamma energy
spectrum from the side of a partially raised spent fuel assembly. The spectrum is analyzed to
confirm the presence of fission product isotopes such as 137Cs. The light-weight IRAT is
lowered into the water and suspended from the spent fuel storage pond bridge for the
measurements.
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1.4. Spent Fuel Attribute Tester (SFAT)
The SFAT shown in Figure 4 is a highly collimated CdZnTe detector that is designed to
measure gamma signatures from fission and activation products from the top of a fuel
assembly as it resides in the storage rack. The SFAT is submerged in the water of the storage
pool and suspended from the bridge. The chief advantage of the SFAT is the ability to
measure fuel assemblies without movement.

FIG. 3. Irradiated item attribute tester (IRAT).

FIG. 4. Spent fuel attribute tester (SFAT).
2. Co-ordinated Technical Meeting on spent fuel verification methods
The purpose of the March 2003 meeting was to bring together a group of technical experts to
evaluate the status of current and potential spent fuel measurement methods and make
recommendations on a clear path that should be followed by the Agency in its quest for
effective near and long term verification of spent fuel materials taking into account
requirements for Integrated Safeguards and for verifying materials being placed in difficultto-access storage containers. To evaluate the Agency needs, discussions separately
concentrated on dry storage and wet storage applications.
2.1. Wet storage considerations
Measurements on assemblies in wet storage have always proven to be difficult in part because
of fuel inaccessibility and facility operator reluctance to move fuel. Easily measured radiation
signatures in spent fuel come from by-products of the fission process, namely fission products
like 137Cs and higher actinides such as 242Cm and 244Cm, rather than from the fissile U and Pu
materials of primary interest to safeguards. Item counting, observation of Cerenkov light
patterns, or confirmation of presence of fission product isotopes have been the primary
attribute verification methods used by the Agency for spent fuel. Under certain circumstances,
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FORK detector measurements have been applied for confirming operating cycle histories and
for verifying consistency in the operator’s burnup and cooling time declarations. The problem
of having an effective measurement methodology that can be used for all types of assemblies
remains.
The Agency sometimes uses unattended monitoring systems to monitor the movement of
spent fuel within a nuclear facility. While such systems are based typically on well proven
methods and technologies, certain applications such as loading spent fuel materials into casks
and monitoring spent fuel cask, movements may require special types of monitoring
equipment.
The experts evaluated the capabilities of current and future non-destructive assay (NDA)
measurement instruments and methods to detect a variety of potential diversion possibilities.
Non-destructive assay instruments and methods considered were: ICVD, DCVD, SFAT,
IRAT, FDET, Enhanced-FDET (FDET with a CdZnTe detector), SMOPY (device developed
by French Support Programme ostensively for differentiating between spent MOX and spent
LEU assemblies but also potentially useful for partial defects measurements), gamma
tomography, core-gate monitor (system for unattended radiation monitoring of all channels in
a reactor and storage pond through which fuel materials are moved), high-resolution gamma
spectrometry, active neutron interrogation, weighing of spent fuel assemblies (SFA), gamma
imaging from the top of an assembly, neutron resonance absorption, Cd albedo
measurements, passive coincidence counting, and cross-power spectral density measurements
using a 252Cf neutron source.
Diversion scenarios considered were: replacement of an entire LEU SFA with an unirradiated dummy, replacement of an entire LEU SFA with an irradiated dummy, removal of
50% of the fuel rods from a SFA without substitution of dummy rods, removal of 50% of the
fuel rods from a SFA with substitution, removal of fewer than 50% of the fuel rods from a
SFA with substitution of rods, diversion of a fresh MOX assembly from the core and
replacement with an irradiated LEU SFA, and unreported production of Pu using fertile
material placed in the guide tubes of PWR assemblies. The Wet Storage Working Group also
evaluated the possibility of gross and partial defect testing on the contents of closed
containers residing in a spent fuel pool.
The capability of detecting removal of fewer than 50% of the rods in a SFA was evaluated by
estimating the 3-sigma measurement capability of the various NDA techniques. Two methods
appear to be capable of detecting removal of a small number of fuel rods independent of
operator declaration. These methods are gamma tomography (for both PWR and BWR
assemblies) and gamma imaging (for PWR assemblies). The capability of SMOPY to detect
removal of fewer than 50% of the rods in a manner independent of operator declaration
(particularly for long-cooled assemblies) needs to be investigated.
The meeting attendees also evaluated the practicability of these NDA techniques by providing
estimates of the development time for a delivered prototype, instrument cost, measurement
time, the need to move the assembly, estimated operator acceptability, ease of use by the
inspector, portability and transportability, and instrument set-up time.
Based on the performance-capability and practicability evaluations, the panel of experts
identified recommended instruments in three categories: those currently authorized for
inspection use (including very near term enhancements of these instruments); those
instruments available in less than two years, and those instruments requiring more than two
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years of development. In the category of instruments available in less than two years, it
appears that EFDET, SMOPY, gamma tomography, and the core-gate monitor could make
contributions in detecting relevant diversion possibilities. In the somewhat longer term
(≥ 2 years), gamma-ray imaging might provide a capability to perform partial-defects
measurements on PWR assemblies without moving the assemblies.
Assessed performance of relevant measurement methods is shown in Table I. (A lead slowing
down spectrometer and fuel assembly calorimeter were dismissed as impractical for
inspection use.) One unreported Pu production scenario, i.e., the insertion of fertile material in
the water channels of PWR fuel elements (not in control assembly positions), was considered.
The table refers to the detection of the irradiated ‘spider’ under the conditions that it can be
either lifted out of the assembly or not for measurements.
Table I. – Performance versus diversion scenarios of wet storage measurement techniques
Now authorized

Available in < 2 years

Longer term before
availability

Replacement of LEU assembly with irradiated dummy
IRAT, SFAT, FDET
SMOPY, EFDET
Top gamma imaging
Replacement of LEU assembly with un-irradiated dummy
ICVD, DCVD, IRAT,
SMOPY, EFDET
Top gamma imaging
SFAT, FDET
Removal of part of a spent fuel assembly (without substitution of pins)
Weighing, gamma imaging,
neutron resonance
Tomography, SMOPY,
ICVD, DCVD, FDET
absorption, Cd albedo.
EFDET
Coincidence counting, cross
power spectral density
Removal of part of a spent fuel assembly (with substitution of pins)
Gamma imaging, neutron
resonance absorption, Cd
Tomography, SMOPY,
FDET
Albedo, coincidence
EFDET
counting, cross power
spectral density
Unreported Pu production in spiders (lifted)
ICVD, DCVD, IRAT,
Tomography, SMOPY,
FDET
EFDET, core gate monitor
Unreported Pu production in spiders (not lifted)
Tomography, SMOPY?,
FDET?
EFDET?, core gate monitor
Verification of closed containers (Gross defect)
IRAT, SFAT
Tomography
Verification of closed containers (Partial defect)
Tomography
Diversion of a fresh MOX assembly, replace with dummy or LEU assembly after
irradiation
Neutron resonance
SMOPY, EFDET, core gate absorption, Cd albedo,
monitor
coincidence counting, cross
power spectral density

570

BOSLER et al.

2.2. Recommendations on wet storage measurement options
The panel of experts prioritized recommendations for research development efforts, and
offered several suggestions for IAEA actions. Recommendations for R&D include:
•
•
•

•
•
•
•
•

investigate the ability of DCVD to distinguish between irradiated dummy assemblies
and SFAs, and to detect substituted (dummy) rods;
design and construct a tomography detection head for PWR and BWR assemblies;
perform Monte Carlo modeling for SMOPY and FDET to determine capability for
detection of removal of fewer than 50% of the rods (including long-cooled assemblies
with certain special configurations of substituted rods) and for detection of irradiated
fertile material in PWR guide tubes;
investigate feasibility of gamma-ray imaging from the top of an assembly;
investigate feasibility of gamma-ray imaging of closed containers from the side, only if
it is determined that access from the side is possible in a reasonable number of cases;
investigate feasibility of gamma tomography on closed containers, only if it is
determined that containers can be moved or access to all sides is possible in a
reasonable number of cases;
investigate feasibility of Cd albedo and neutron resonance absorption methods to detect
removal of fewer than 50% of the rods in an assembly;
investigate feasibility of coincidence counting and cross-power spectral density methods
to detect removal of fewer than 50% of the rods in an assembly.

2.3. Dry storage considerations
The Agency’s current interest in methods for verifying fuel in dry storage casks has been in
applying the so-called “fingerprint” technology. Once a dry cask is loaded with multiple spent
fuel assemblies and sealed, precise measurements, either neutron and/or gamma, are made on
the periphery of the cask to establish a baseline. The casks are usually maintained under dual
C/S requiring re-verifications only in the event of a failure in both C/S systems. When
necessary, the cask is re-measured by reproducing the baseline measurements. Three key
issues being investigated by the Agency in setting up a dry storage verification methodology
are:
1.
2.
3.

develop a standard detector that can be used in locations where background radiation
levels are very high to accurately determine the measured signal at specified positions
on the periphery of a cask;
establish a mechanism for assuring reproducibility of measurement results including
accounting for radioactive decay in the cask and ability to precisely reproduce the
locations where the original baseline measurements were made; and
determine the sensitivity of the measurements to fuel removal in the cask.

Once the spent fuel material is placed in the storage canisters and the lid is sealed, it is no
longer possible to verify characteristics of individual assemblies within the canister. The
Agency needs to make measurements to assure that material has not been removed from the
cask.
The panel of experts also examined various methods and options for measuring and
examining dry storage casks containing spent fuel. The experts recognized that re-verification
of the contents of a dry storage cask at a one significant quantity (SQ) level is exceedingly
difficult. Signature tracking, gamma camera, and active neutron techniques were
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recommended for further consideration by the experts. Signature tracking continues efforts
initiated by the Agency to establish baseline neutron and gamma measurements for storage
casks. Re-verification involves re-measuring and confirming the baseline. While shielding at
the top of storage casks may be too thick, the experts recommended that an existing gamma
camera be used to ascertain if there are measurable gamma signals at the top of a cask from
the individual assemblies. If preliminary measurements show promise, then further research to
refine a gamma camera for spent fuel verification would be needed. Active techniques,
particularly those using external neutron sources, may have some promise but are unproven,
likely expensive and difficult to implement. It is noted that increased research into active
techniques is likely to come as a part of new efforts directed at anti-terrorism, smuggling and
nuclear waste management. The experts recommended that the Agency keep abreast of
developments in these areas.
Since inaccessibility for measurements is the major problem associated with verifying
contents of dry storage casks, the experts also recommended that the Agency, in its nuclear
promotion role, should encourage Member States to redesign future casks to include NDA
instrumentation ports. Such ports would allow equipment direct access to radiation signatures
that are not severely attenuated by the cask shielding.
2.4. Recommended research tasks for dry storage verification
Conceptual tasks
•
Precisely define the purpose of signature tracking and how it is being applied for
Agency safeguards. This should include details on all dry storage casks for
various types of fuel.
•
On a cask-by-cask basis, determine the sensitivity of the measurements to fuel
removal scenarios. This most likely has to be done computationally because
measurements of partially filled casks in a dry environment are not possible.
•
Study the mode of signal decay within a cask, for example, with a neutron
signature, is the signal change over time related to 244Cm decay or is it a
combination of decay and changing multiplication effects in the cask?
Experimental tasks
•
An existing gamma camera should be used to examine gamma signal levels at the
top of a storage cask. If results through the thick shielding on the top of cask are
positive, a spent fuel adapted gamma camera should be developed.
•
Investigate various type of signals on the periphery of casks including gamma flux
and gamma spectrum, neutron signatures and thermal signatures with an emphasis
on how can one repeat the measurements at a later time.
•
Investigate the applicability of available measurement devices and determine how
measurements can be made as simply as possible.
•
Initiate research and development on new detector types that could be used to
simplify these measurements.
Data Management
•
Develop a database for storing baseline measurement information. This should
include a mechanism for updating the signal levels due to radioactive decay and
other factors. Maintenance of the database for an extended period of time with the
possibility of changing computer hardware and software should be a primary
consideration.
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•

Develop a method for indexing data between measurements. How do you align
baseline measurement data with data taken at a much later time?

Computational approach
•
Perform benchmarks of computational tools (depletion code and transport models)
needed to perform sensitivity analysis and, in the future, to generate signatures.
•
Within computational uncertainties and measurement errors, determine the
sensitivity to fuel removal for each type of storage cask and examine substitution
scenarios.
•
Study the dependence of model results on initial cask loading data.
•
Implement computational models for various casks to compare with collected
baseline data.
Alternative global re-verification methods
•
Active techniques should be investigated with respect to the results achieved with
similar active techniques applied to nuclear wastes or nuclear security.
•
Based on the results of the theoretical approach, an appropriate field measurement
should be undertaken.
3. Safeguards relevant features for consideration in designing future fuel assemblies
and long term spent fuel storage facilities
Trying to implement effective NDA safeguards techniques at spent fuel facilities is often
difficult because fuel is generally inaccessible for such measurements. Neutron and gamma
signals on the outside of the heavily shielded storage containers do not necessarily provide
pertinent information on the entire contents of the cask. Such measurements can be very
intrusive to the facility operator and potentially difficult for routine inspection activities. The
following three suggestions relative to things that could be incorporated into the design of
future spent fuel storage facilities and fuel assemblies are proposed to improve the safeguards
verification capabilities at the facility and reduce intrusiveness on the operator:
•

•

•

In the design of dry storage casks, include channels where instruments could be easily
and effectively inserted into the cask to permit a full “view” of the contents of the cask.
These would obviously need to be designed in such a way to minimize radiation leakage
when not being used;
Fuel assemblies should be designed with etched bar codes or something similar that
could be easily read by an automated unattended monitoring system as the assemblies
pass through access channels. Equipment would be built into the channels to unintrusively monitor all fuel movements and also to provide appropriate NDA
information thereby effectively verifying operator declarations about the fuel content;
Relative to the second bullet, safeguards systems should be designed into the facility.
Retrofitting a safeguards capability into an existing facility always results in
compromises that make the system far less efficient and effective. Often detectors have
to be placed where they will not impede fuel movement in an existing channel rather
than at a key position that optimizes the information obtained from the measurements.
Such systems could be easily designed into fuel flow access channels of a new facility
in a way that would optimize the fuel-to-detector geometry, allow accessibility for
maintenance, and permit unimpeded fuel flow.
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Effective safeguards systems of the future are possible if the various Departments of the
IAEA together with developers and facility operators recognize at an early stage in designing
and developing new facilities the importance of good safeguards and work toward common
goals.
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MISCELLANEOUS

SUMMARY OF THE CONFERENCE
1. Introduction
One hundred twenty five participants from 35 countries and 3 international organisations
attended the Conference reflecting the worldwide interest in spent fuel storage from power
reactors. The Conference consisted of four major oral sessions and an invited panel session.
These sessions were chaired by Messrs. L. Biro (Romania), T. Saegusa (Japan), J.A. Gago
(Spain), A.J. Machiels (USA) and Ms. K.A. Gruss (USA). In addition, the programme
included opening overviews by the IAEA and the OECD/NEA, two poster sessions and a
concluding session (chaired by K. Fukuda, IAEA) featuring related IAEA presentations and
summaries by session chairs.
2. Opening overviews
Storage is not a final activity, but an interim, albeit important, step in the nuclear fuel cycle.
While the next step can be reprocessing or disposal, all spent fuel (SF) or high-level waste
(HLW) from reprocessing must sooner or later be disposed off. That means that the SF must
be capable of being handled in a safe way after storage.
There is technical consensus that the present technologies for SF storage provide adequate
protection to both people and the environment. Wet and dry storage are proven technologies,
with, to date, longer experience for wet storage compared to dry storage. However, there is
continued pressure for further improvements and efficiencies as anticipated SF volumes and
storage duration increase and reactor fuels evolve (e.g., higher burnup, higher initial
enrichment, MOX fuels, modified cladding). It is therefore essential, to investigate not only
fuel behaviour during long term storage, but also materials, equipment, installations,
procedures and sites used for safe spent fuel storage.
Long term storage of SF requires social stability to maintain institutional control. Storage is a
necessary phase of SF management, in which the issue of public trust must be addressed.
Since perpetual storage is not feasible for periods extending over the hazardous lifetime of the
radioactive isotopes, there is no alternative to disposal over the long term. In addition, it is
important to communicate to stakeholders that there is no credible endpoint other than
disposal. When elaborating on strategies for storage, issues of retrievability and transport need
to be also considered.
3. National programmes - Session 1
Presentations during session one demonstrated significant national developments in the area
of SF management. These can be summarized as follows:
•
•
•

Establishment of legislative frameworks and the financial mechanisms for SF
management activities;
Definition of institutional frameworks, duties, rights and responsibilities for national SF
management organizations and institutions;
Progress of research and development (medium and long term) programmes to establish
the scientific and technical support of the spent fuel management.

The attention paid by the relevant national authorities for the safe storage of spent fuel from
power reactors is evident for both the short and long term (interim) storage and for the
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repository. The schedule for the construction of repositories is mainly linked to the
decommissioning of the NPPs and strongly depends on the national economic, political and
social environment. In national strategies, the role of governments was underlined as a major
influence on safe SF interim storage for long durations. In this context, governments should
ensure that:
•
•
•
•

A framework (organisations, legislation, etc.) for waste management exists;
Collection of adequate funds and appropriate preservation of these funds are being made
until needed;
Competence, necessary for the safe and adequate treatment and disposal of radioactive
materials, will be available;
Knowledge (both human resources and documentation) will be preserved.

Several technological and scientific projects related to spent fuel storage are under
development at national and international levels, by governmental and/or private
organizations. The papers, in general included estimations of the milestones considered in
national programmes for siting, construction and operation of facilities, including repositories.
In general, the data presented showed that the expected time horizon for repository site
definition would be between 2005 and 2030. Operation of repositories is generally planned in
the period of 2020-2050.
The current options, under analysis by the relevant Governmental Authorities, take into
consideration deep geological disposal, centralised storage, either above or below ground and
surface storage at nuclear reactor sites. In some cases, the strategy for the back-end of the fuel
cycle was not yet defined. The policy presented for some countries was not to reprocess the
spent fuel and to consider spent fuel as radioactive waste.
Three key policy objectives were identified: establishment of (1) a separate waste owners
fund, (2) a reporting relationship with the Waste Management National Authority and (3) a
national review and approval process. New legislative initiatives, which have been set-up
during the last few years, have included a number of requirements, which establish a process
for addressing social impacts, ethical considerations, equity aspects and societal principles.
Also, there is high national interest in identifying concerns and interests, in mitigating these
concerns, and responding to public interests. The need to increase the public confidence is
considered in medium and long term management plans at the national level. Some countries
have adopted the “wait and see” approach for SF management. In this context, they focus on
interim SF storage while monitoring related developments.
Presentations on national strategies highlighted the following important aspects:
•
•
•
•
•
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Enhanced communication and public information is critical;
Storage instead of disposal will be a dominant feature of SF management during the
next decades;
Several competitive technologies and manufacturers offer solutions for long term SF
storage;
Assumptions made on the future development (economically and technologically) have
a great impact on estimations on sustainability of long term storage;
Deep geological disposal is the preferred option and disposal strategies are in many
cases postponed until after the year 2010.
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4. Technologies on spent fuel storage - Session 2
Steady progress (since the last symposium in 1998) in accumulating practical experience
either at reactor or away from reactor sites around the world was reported. This was driven by
the continuing need for interim SF storage in many countries encountering delays with
reprocessing, disposal or wait-and-see policies. This progress is also due to the safe and
secure deployment of SF storage technologies around the world.
Presented information included progress in development and use of dual purpose casks made
of metal and metal-concrete, modular vault storage and horizontal silos for various types of
fuel. A wet storage facility with natural convection cooling was presented as a significant
innovation since the last symposium. Japanese representatives introduced extensive dry cask
demonstration test programmes. One programme dealt with the long term integrity of dualpurpose metal casks, particularly the evolution of the sealing function with time. Another
programme dealt with thermal and seismic performance of concrete casks.
Various storage technologies are now available with significant experience. Storage
technologies have matured to meet primary requirements, but the challenge for improvement
is still ongoing. It was pointed out that in order to meet anticipated trends and changes in
requirements, it would be important to share information and to collaborate internationally to
leverage human and financial resources.
5. Experience & licensing - Session 3
Several countries reported on licensing criteria as well as the analyses and data that were used
to develop those criteria. In particular, one paper (USA) presented licensing criteria for the
storage and transportation of high burnup and damaged fuel. The Czech Republic and the
Russian Federation presented information on the safety requirements for their dry storage
technologies, while Lithuania presented a comparison of the performance of the CASTOR
and CONSTOR casks.
Several countries presented descriptions of the history and process used to license various dry
storage technologies. Sweden reported on the underground wet storage facilities of CLAB 1
and 2 and Finland discussed the wet pool storage facility for spent fuel as well as the facilities
used to store other types of waste. Czech Republic, Canada and Germany shared their
experience in operating SF storage facilities and the procedures used to load spent fuel and
transfer dry casks to the interim storage facilities. The United States presented information on
the licensing experience and technical issues facing the at-reactor SF pools in the US. France
presented an overview of the centralized storage facility in Switzerland and Germany shared
its analysis of the economics of wet versus dry storage.
Most countries use common licensing processes and follow the IAEA guidance. Common
elements of those processes include:
•
•
•
•

Prospective licensees submitting licensing documentation to the regulatory authorities;
Review of those documents by the authorities;
Conducting hearings and meetings with the public and neighbouring countries; and
The authorities granting permits and licenses for the construction and operation of the
wet or dry facilities.
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Participants noted that assistance from the IAEA and the information exchanged at this and
previous IAEA meetings on dry storage have helped some countries advance the development
of their own licensing processes and implement dry storage technologies.
Both wet and dry storage technologies have evolved significantly over the last 20 or so years
as evidenced by the wide range of papers presented at this conference. Furthermore, there is a
remarkable safety record with the use of both wet and dry storage through out the world. To
support the continued safety of wet and dry SF storage, participants expressed an interest in
hearing more about operational difficulties that are encountered with the various technologies
and the solutions that were developed to overcome those obstacles in future IAEA meetings.
6. Research & development — Session 4
Most of the research topics were conducted in support of dry spent fuel storage. R&D projects
and results were not only presented in this session but also in the papers presented in other
sessions and poster presentations. Broadly speaking the topics covered could be grouped in
four main categories:
•
•
•
•

Fuel and cladding behaviour during dry storage;
Validation of computational codes and methodologies;
National programmes and approaches;
Burnup credit.

Regarding the fuel itself, a good number of isotopic data and properties of different fuel types
were presented in the session, with an emphasis on high burnup fuel data. Several aspects are
still under investigation, which may be relevant to long term dry storage, such as helium and
fission gas release from the matrix. A free access international database compiling isotopic
compositions of LWR fuel, named SFCOMPO has been set up. Administered by the
OECD/NEA, the intention is to broaden the spectrum of fuels covered if new data is donated.
There was a general consensus on the important mechanisms that affects fuel cladding
behaviour/degradation in dry storage technologies: creep, hydrogen pick-up/mobility and
redistribution of hydrides. Experimental data from different countries (France, Germany,
Japan, Russian Federation, USA) showed that generally accepted safety criteria would not be
compromised for the fuel and storage systems studied. The most relevant conclusion was the
establishment of conditions (i.e., maximum cladding hoop stresses and storage/transient
temperatures) under which re-orientation of the hydrides and creep behaviour of the cladding
does not lead to its failure. Newly developed cladding materials with greater corrosion
resistance were shown to lead to greater margins, which could be counterbalanced by the
tendency to higher fuel burnup. A continuation of the IAEA’s Spent Fuel Performance and
Research Programme (SPAR), which shares and exchanges information in the above areas,
ongoing fuel performance and technology developments would help to ensure that best
practice is continued to be shared with Member States.
Fuel behaviour modelling has been undertaken for WWER fuels mainly through
modifications or validation of broadly accepted computational codes. The Republic of Korea
is in the early stages of evaluating the use of molten salt technology for fuel conditioning
prior to long term storage and disposal. France is carrying out studies into extremely long
term (300 years) behaviour of the fuel under the conditions of dry storage in the PRECCI
project. Preliminary results were presented on fuel matrix and cladding evolution both in an
intact configuration and after cladding failure, which will be used to support long term storage
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and disposal. One paper reported on the work sponsored by the US industry on cladding creep
deformation and creep rupture criteria that were part of the discussions with the US
regulators, which eventually resulted in regulatory guidance on “Cladding Considerations for
the Transportation and Storage of Spent Fuel”.
Burnup credit, was shown to be a widespread practice in at-reactor spent fuel wet storage
applications, but is not so widely applied in dry storage, perhaps due to the absence of
internationally accepted methodologies for its application. A continuation of the initiatives
undertaken by the IAEA and the NEA, which provide a forum for the exchange of
information on burnup credit between the industry and the regulatory bodies from different
countries, could potentially help to develop a unified approach in this area.
7. Technical & regulatory challenges raised by long term storage - Panel Session
Challenges for long term storage in the context of the entire fuel cycle.
It is essential to discuss the technical and regulatory challenges to long term storage in the
context of the entire fuel cycle. Given the options (once-through, reprocessing, recycle, or
wait-and-see), the specific function to be achieved for the storage phase will eventually
dictate its typical duration as well as the desirable attributes for the stored radioactive
material. Estimated storage durations have been trending upward during the past few years.
An upper limit of 300 years is generally discussed; more typical durations are expected to be
50 to 100 years. While requirements for nuclear safety (criticality, confinement and shielding)
and operational flexibility (retrievability) must be maintained, specific acceptance criteria for
spent fuel cladding integrity must be discussed in the context of the storage technology (wet
versus dry) and expected role of cladding in subsequent fuel cycle operations.
Future conferences should consider storage challenges in the broader context of its role in the
entire fuel cycle. Topics such as long term decay heat rates, transportation challenges,
expectations for cladding integrity in the disposal phase should be included as these topics are
intimately related to storage system performance requirements.
Risk assessments of storage systems performance.
Storage can be regarded as a well-understood and rapidly maturing technology. The
documented safety performance of storage systems has been excellent. In the US,
probabilistic safety analyses of dry storage systems have been initiated by the US NRC.
Preliminary results show extremely low levels of risks. If these results are confirmed and
shown to be representative of a typical independent spent fuel storage installation (ISFSI), the
potential for simplifying or streamlining the regulatory process would exist.
Technical, regulatory, legislative issues.
Technical issues of interest at this time include the condition of a dual-purpose cask and its
contents prior to shipping and its response to accident conditions. This interest is heightened
by the trend toward increasing discharge fuel burnup. In addition, specific countries deal with
specific issues: e.g.: (1) the U.S. and the process for extending the storage license beyond 20
years; (2) the Russian Federation and the legislative and organizational issues for accepting
non-domestic spent fuel; (3) Japan and the optimum approach for monitoring containment and
spent-fuel condition; (4) Bulgaria and the finalization of a licensing framework for dry storage
system.
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Optimizing public safety during transportation.
On the issue of criticality safety, especially in the context of transportation of spent fuel, do
the acceptance criteria for the criticality analyses support the overall objective of minimum
risks to the public? Of primary concern is limited acceptance of burnup credit application.
Wider adoption of burnup credit would lead to a reduction in the number of shipments, and a
corresponding reduction in transportation risks. The relative contributions of the radiological
and non-radiological (more common) risks need to be explicitly considered when defining the
protocols for performing criticality safety analyses (fresh fuel assumption versus burnup
credit methodology).
8. Poster Sessions
The majority of the posters were complementary to the oral presentations, but some addressed
scenario analyses of spent fuel arisings from possible nuclear power programmes in
developing Member States.
Pakistan presented a study on a container for handling and storing the KANUPP reactor fuel.
Indonesia gave an analysis of spent fuel arisings from 3 scenarios based on 600 and 900
MW(e) nuclear power plants and combinations thereof. The Czech Republic looked at the
results of simulations of thermal effects on the CASTOR 440/80 cask from the operation
involved in the evacuation process from the water pool, while Slovakia presented results of
subcriticality analyses of the spent fuel storage baskets being used at Bohunice NPP for
compact storage of spent fuel in the AFR pool. Romania reported the recent construction of
the dry storage facility at the Cernavoda NPP site. Coincidentally, the first spent fuel bundles
were loaded into MACSOR type storage modules on the first day of the conference.
Slovakia showed progress on the implementation of the AFR pool capacity expansion at the
Bohunice NPP site by use of a new compact basket. Slovenia reported on the reracking work
and future plans for further expansion of the pool capacity to accommodate lifetime operation
of the Krsko NPP. Turkey evaluated the spent fuel arisings and management scenarios in a
possible nuclear power programme in Turkey. Kazakhstan reported on the status of spent fuel
storage at the BN-350 reactor, which has been shut down. Russia presented results of tests
carried out in the development of the metal-concrete cask. The tests included measurement of
shielding by gamma ray test and demonstration of a monitoring technique for cladding
integrity of RBMK fuel for long term storage. Ukraine described the research project being
conducted in co-operation with RIAR in Russia, using actual spent fuel rods from a WWER1000 in tests at dry storage conditions.
9. Salient overall observations and conclusions
Currently about 10 000 tonnes heavy metal (HM) spent fuel are unloaded every year from
nuclear power reactors worldwide, of which 8 500 t HM need to be stored (after accounting
for reprocessed fuel). This is the largest continuous source of civil radioactive materials
generated, and needs to be managed appropriately. This annual discharge amount is estimated
to increase to some 11 500 tonnes HM by 2010.
From a global perspective, the storage capacity currently available and under construction
would accommodate spent fuel arisings through 2015. While there is sufficient fuel storage
capacity on a global basis, certain national situations differ and may require urgent attention.
All national programmes anticipate long storage durations. Accordingly, long term storage of
spent fuel is becoming a progressive reality. Several experts said that long term storage of
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spent fuel requires social stability to maintain institutional control. All current operations in
storage programmes rely on industrially mature technologies. The experts demonstrated a
high level of confidence in the wet and dry storage technologies applied, the performances of
the facilities and the good safety records.
Several presentations referred to a 100 years storage period (and even beyond) and as storage
periods grow longer new challenges are arising:
•
•
•
•
•

Advanced technologies for assuring longer time spans;
License extensions for existing facilities;
Increasing awareness of the need to involve society in decision processes;
Institutional frameworks and arrangements that are sustainable over the long term;
Preservation of information, expertise and knowledge.

With a growth in storage duration anticipated, storage is increasingly facing the very same
problems and challenges faced by disposal: involvement and stability of society, monitoring
and ability to predict performance over longer time spans. Participants noted that storage
cannot be looked into in isolation, but has to be seen within the entire back-end of the fuel
cycle. For instance one will have to assure that spent fuel can be handled after storage.
Related measures include data management and material identification systems. Also, risks
associated with storage of power reactor fuel have been analyzed and shown to be very low
and far lower than conventional industrial risks.
Possible IAEA initiatives include:
•

•
•
•
•

Providing assistance in the evaluation and research of the long term behaviour of fuel
and storage components in order to realize the anticipated long storage periods; (e.g.
organizing a regional technical co-operation project on storage issues for Eastern
European spent fuel);
Continuing the exchange of information and data on spent fuel storage technologies and
public acceptance matters;
Broadening the scope of future conferences (e.g. to include safety requirements for
storage facilities, criticality issues, burnup credit, decay heat calculations, transport of
spent fuel, safeguards);
Participants agreed that it is important to collaborate internationally on specific issues
such as fuel integrity, application of burnup credit, code validation, cask component
lifetime, long term performance monitoring;
Representatives of Member States with smaller nuclear programmes informally
expressed continued interest in regional storage initiatives, as well as topic-specific
workshops and training courses.
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