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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social 
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help 
governments respond to new developments and concerns, such as corporate governance, the information economy and the 
challenges of an ageing population. The Organisation provides a setting where governments can compare policy 
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international 
policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands, 
New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the work of the 
OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, 
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

This work is published on the responsibility of the OECD Secretary-General. 
The opinions expressed and arguments employed herein do not necessarily reflect the official 

views of the Organisation or of the governments of its member countries. 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of 
31 countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece, 
Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, Portugal, the Republic of 
Korea, the Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom 
and the United States. The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, the 
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of 
nuclear energy for peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government 
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 
development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law 
and liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and 
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it 
has a Co-operation Agreement, as well as with other international organisations in the nuclear field. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

Within the OECD framework, the NEA Committee on the Safety of Nuclear Installations (CSNI) is an 
international committee made of senior scientists and engineers, with broad responsibilities for safety 
technology and research programmes, as well as representatives from regulatory authorities. It was set up 
in 1973 to develop and co-ordinate the activities of the NEA concerning the technical aspects of the design, 
construction and operation of nuclear installations insofar as they affect the safety of such installations. 

The committee’s purpose is to foster international co-operation in nuclear safety amongst the NEA 
member countries. The CSNI’s main tasks are to exchange technical information and to promote 
collaboration between research, development, engineering and regulatory organisations; to review 
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety 
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and 
research consensus on technical issues; and to promote the co-ordination of work that serves to maintain 
competence in nuclear safety matters, including the establishment of joint undertakings. 

The clear priority of the committee is on the safety of nuclear installations and the design and construction 
of new reactors and installations. For advanced reactor designs the committee provides a forum for 
improving safety related knowledge and a vehicle for joint research. 

In implementing its programme, the CSNI establishes co-operate mechanisms with the NEA’s Committee 
on Nuclear Regulatory Activities (CNRA) which is responsible for the programme of the Agency 
concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It also co-
operates with the other NEA’s Standing Committees as well as with key international organisations (e.g., 
the IAEA) on matters of common interest. 
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FOREWORD 

Many radioactive materials within the nuclear fuel cycle present a significant hazard for 50 years or more. 
Such materials include spent nuclear fuel, high-level waste, legacy waste and other nuclear materials that 
have no current outlet than storage. These materials are often held in long-term storage as an interim stage 
within their lifecycle. Lifecycles can include reuse or disposal. Hazards require effective safety to maintain 
the risk of realising those hazards to as low a level as reasonably possible. Hazards that extend beyond the 
life of a facility in which they are generated require careful management and understanding of their safety. 

Thus, the Working Group on Fuel Cycle Safety in cooperation with the Working Group on Fuel Safety 
aimed within the International workshop to advance the understanding within NEA member countries of 
safety of long term interim storage across the whole of the nuclear fuel cycle by bringing together and 
discussing the strategies and practices of storing High Level Waste and Spent Nuclear Fuels. 

Using the vehicle of Nuclear Energy Agency to draw together, via discussion, the knowledge gained from 
work was delivered on a national level by regulators and operators within member states, the IAEA’s 
“Coordinated Research Project on Demonstration of Spent Fuel Performance during Very Long term 
Storage” and EPRI’s Extended Storage Collaboration Program.  

Such discussions brought a coherent view of good practice sustainable storage of radioactive materials 
within a regulated framework that should be used as guidance for operators and regulators within all 
phases of the nuclear fuel cycle. 

The International Workshop on “Safety of Long Term Interim Storage facilities” was held in Munich, 
Germany, on 21 – 23 May 2013. The workshop was hosted by Gesellschaft für Anlagen und 
Reaktorsicherheit (GRS) mbH. 

The current proceedings provide a summary of the results of the workshop with the text of the papers given 
and presentations made. 
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EXECUTIVE SUMMARY 

1. Introduction 

This report documents the proceedings of the International Workshop on “Safety of Long Term Interim 
Storage Facilities” held in Munich, Germany, at the Hotel Holiday Inn Munich-City Centre on 21 – 23 
May 2013. The workshop was organised by the Committee for the Safety on Nuclear Installations (CSNI) 
of the OECD/Nuclear Energy Agency (NEA) and hosted by the Gesellschaft für Anlagen und 
Reaktorsicherheit (GRS) mbH. 

Ninety registered specialists from operators, industry, national nuclear authorities, technical support 
organizations and research institutes, representing 14 NEA countries and two international organisations 
attended the workshop. A total of twenty nine papers were presented and discussed in an open forum. 

2. Background 

Many radioactive materials within the nuclear fuel cycle present a significant hazard for 50 years or more. 
Such materials include spent nuclear fuel, high-level waste, legacy waste and other nuclear materials that 
have no current outlet than storage. These materials are often held in long-term storage as an interim stage 
within their lifecycle. Lifecycles can include reuse or disposal. Hazards require effective safety to maintain 
the risk of realising those hazards to as low a level as reasonably possible. Hazards that extend beyond the 
life of a facility in which they are generated require careful management and understanding of their safety. 

Thus, the Working Group on Fuel Cycle Safety (WGFCS) in cooperation with the Working Group on Fuel 
Safety (WGFS) aimed within the International workshop to advance the understanding within NEA 
member countries of safety of long term interim storage across the whole of the nuclear fuel cycle by 
bringing together and discussing the strategies and practices of storing High Level Waste and Spent 
Nuclear Fuels. 

3. Objectives and structure of the workshop 

The objective of this workshop was to discuss and review current national activities, plans and regulatory 
approaches for the safety of long term interim storage facilities dedicated to spent nuclear fuel (SF), high 
level waste (HLW) and other radioactive materials with prolonged storage regimes. It was also intended to 
discuss results of experiments and to identify necessary R&D to confirm safety of fuel and cask during the 
long-term storage. Safety authorities and their Technical Support Organisation (TSO), Fuel Cycle Facilities 
(FCF) operating organisations and international organisations were invited to share information on their 
approaches, practices and current developments. 

The workshop was organised in an opening session, three technical sessions, and a conclusion session. The 
technical sessions were focussed on: 

•  National approaches for long term interim storage facilities; 

•  Safety requirements, regulatory framework & implementation issues; 
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•  Technical issues & operational experience, needs for R&D. 

4. Summary of the technical sessions 

Each session consisted of a number of presentations followed by a panel discussion moderated by the 
session Chairs. A summary of each session and subsequent discussion that ensued are provided below.  

Session 1: National approaches for long term interim storage facilities 

This session was chaired by Arturo Bevilacqua (IAEA) and Veronique Lhomme (IRSN, France).  

Seven papers were presented during this session by representatives of research institutes in USA (EPRI) 
and in Norway (IFE), governmental authorities for the nuclear industry in Finland (STUK) and Slovak 
Republic (ÚJD), technical support organizations in Germany (GRS) and France (IRSN) and the public 
company in charge of waste management in Spain (ENRESA). 

The papers discussed the national policy, the regulatory framework and the current situation for storage of 
SF and HLW in various European countries (Germany, Spain, Finland, Norway and Slovak Republic). The 
main activities the EPRI is undertaking to establish the technical bases for extended (long-term) storage 
and the IRSN’s definition of the safety principles and objectives for new storage facilities regarding long-
term storage are also discussed. 

Summary of papers 

Mr John Kessler (EPRI, USA) 
Extended (long-term) Used Fuel Storage: EPRI Perspective and Collaboration Initiatives 

Mr Kessler pointed out the need to technically develop the basis to support the inevitable renewal of 
storage licenses due to the limited reprocessing and no disposal capacities. It was also emphasized that 
transport after storage is an important component to be accounted for. The Extended Storage Collaboration 
Program (ESCP) was launched in 2009, currently brings together nearly 200 members from about 20 
countries and comprises 6 Subcommittees so far. The recently established Subcommittee on Ageing 
Management is looking for participation. 

The 1st Phase of ESCP dealt with a gap analysis that identified the highest priority items are the stress 
corrosion cracking (SCC) of welded stainless steels (SS) canisters and the hydride effects (reorientation 
and embrittlement) of high burnup fuel cladding. The ongoing 2nd Phase of ESCP deals with modeling on 
heat transfer models (effects in SCC and temperature peak at drying) and laboratory testing on 
identification of conditions supporting SS SCC, correlation of marine environments and salt deposition, 
bolts and seals degradation and adequacy of drying. 

Mr Kessler announced that the 3rd Phase of the ESCP, the Full-Scale High-Burnup Extended Storage 
Confirmatory Demonstration, was started in May 2013 with the US DOE providing up to 80% funding to 
address one of the major concerns: The reorientation of hydrides during the initial drying process and its 
relation with the Ductile Brittle Transition Temperature (DBTT) which is a key parameter regarding the 
transport after dry storage. 

Ms Sandra Geupel (GRS, Germany) 
Interim Storage of Spent Nuclear Fuel before Final Disposal in Germany – Regulator’s View 
 
Ms Geupel presented the policy, the regulatory aspects and the SF and HLW storages in operation in 
Germany. The German concept is dry storage of SF and HLW in casks emplaced in storage buildings. The 
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licensing procedure comprises applications for the storage license and for the type B(U) package approval 
(considering that one of the most important requirement is that a storage cask has to be transportable at any 
time during storage). The safety requirements for dry casks storages are published in guidelines (last 
version in 2012) which establish that the confinement of radioactive material is to be ensured by the cask, 
the fuel matrix and the cladding tubes and present the SF related requirements (assuming that the integrity 
of the structure of SF assemblies has to be maintained to ensure the main safety functions). 

Each interim storage facility for SF and HLW will be submitted, every 10 years, to a periodic safety review 
(PSR) which guidelines (adopted in November 2010) are currently under a testing period in two selected 
storage facilities (Gorleben and Lingen) before coming fully into force. Ms Geupel emphasized also on the 
importance for considering ageing management for dry casks storage during the whole storage period. 

Mr Jean-Pierre Carreton (IRSN, France) 
French Approach for Long-Term Interim Storage Safety 
 
Mr Carretonintroduced the results of the work program undertaken by IRSN aiming at defining the safety 
principles and objectives for new storage facilities statement regarding long-term storage (given that the 
magnitude of the “long-term” can be estimated at a few hundred years compared to a few decades for 
current storage). According to this long storage lifetime, it should be sought as far as possible a design 
combining simplicity and robustness, and incorporating sufficient margins to take into account technical or 
regulatory uncertainties related to the time scale referred. In this framework, provisions for surveillance 
and maintenance of the facility and the stored objects, and retrieval, at any time, of the stored objects are of 
primary importance. Hazards of natural and human origins and ageing are also to be considered. 

In France, it is estimated that it is not necessary to set a lifetime for a long-term storage facility; extension 
of operation lifetime is subjected to PSR (every 10 years) where the applicant safety cases have to show 
that the safety requirements are always met. 

Mr Francisco Javier Fernandez Lopez (ENRESA, Spain) 
Spent Fuel Long Term Interim Storage: The Spanish Policy  
 
Mr Fernandez Lopez described the responsibilities of the SF management stakeholders and presented the 
inventories of SF as well as HLW and MLW from reprocessed SF to be stored at the Centralized Interim 
Storage (CIS) facility to be built in Villar de Cañas, Cuenca, after the site selection was approved in 
December 2011. Although the deep geological disposal of SF and HLW is the preferred option for the 
Spanish Nuclear Program, societal acceptance and more studies have still to be developed. In such scenario 
the current priority is the ATC. 

The technology for the CIS was selected by analyzing the currently available wet (pools) and dry (casks, 
silos, niches and vaults). The vault technology was selected for SF and HLW by reviewing existing 
facilities in France (Cascad, Marcoule and La Hague), Hungary (Paks), The Netherlands (Habog) and the 
USA (Fort St. Vrain) and designed by updating a facility proposed in 2003.  The main engineering 
companies to build the CIS have been already selected. A Research Center will support the construction 
and operation of the CIS and it lately will become an integral part of a technological center expected to be 
used by different industries and to serve as a seed for technology based companies. 

Mr Fernandez mentioned that the CIS is being designed for an operational life of 100 years and the 
canisters that contain the SF assemblies are not expected to be opened, however, the wells that contain the 
canisters could be periodically inspected. He also pointed out that the next phase of the project that 
includes the PSAR and the EIA is ongoing. The ATC solves the SF, HLW and MLW storage for the next 
60 years and it is expected to be operational in 2017. 
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Ms Päivi Maaranen (STUK, Finland) 
The Spent Fuel Management in Finland and Modifications of Spent Fuel Storages 
 
Ms Maaranen presented the current SF management organization in which the utilities TVO (Olkiluoto 
NPP operating two 880 MWe BWRs, one 1600 MWe EPR under construction) and Fortum (Loviisa NPP 
operating two 496 MWe VVERs) established Posiva as the organization responsible for the encapsulation 
and disposal of their SF at Olkiluoto. The third utility Fennovoima (Hanhikivi NPP project) has to present 
the plan for managing its SF in 2016 that could be either to join Posiva or to propose other alternative. 

The TVO project to double the wet SF storage capacity at Olkiluoto NPP in order to serve the operating 
reactors as well as the one under construction was presented. Three additional SF pools are being built as a 
major plant modification (adjacent to the existing three SF pools) by applying new safety requirements. 
The facility will have an outside embankment and the pools will be covered by slabs. Details of the 
construction were given and the occurrence of the inward bulging of the protective element wall and the 
loss of air tightness within the radiation protection monitoring area were described. 

Ms Maaranen explained the modifications to the SF storage facilities due to Fukushima Daiichi including 
external cooling water connections (planned before Fukushima Daiichi), independence of power supply for 
water level and temperature monitoring, and on-site transportable fire water supply and improved 
availability of source water. New regulatory requirements for SF pools as the concept of practically 
eliminated occurrences (loss of cooling) and the 72 hours self-sufficiency criterion (monitoring of water 
temperature and level, and water availability) which may be a challenging tasks if applied to old facilities, 
were presented. 

Mr Peter Bennett (IFE, Norway) 
Storage of Spent Nuclear Fuel in Norway: Status and Prospects 
 
Mr Bennett presented an overview of the SF (arisen from irradiation of nuclear fuel in 4 research reactors) 
in Norway. This fuel is currently stored on-site, by the reactor’s operators, in either wet (one site) or dry 
(three sites) storage facilities. 

In 2010/2011, several independent committees (including experts and stakeholders), established by the 
Ministry of Trade and Industry (MTI) of Norway, have advised the Government on, among others, policy 
issues, storage methods and localisation of a storage facility for the long-term management of the SF. But 
the current situation is a strong opposition, from “environmental” organizations, to reprocessing of the 
legacy metallic Uranium fuel and an opposition of local governments in all potential sites where possible 
location for a long-term interim storage facility has been identified. In addition, the organizational and 
financial framework for the storage facility has to be defined as soon as possible (on the principle that the 
polluter pays).  

Mr Juraj Vaclav (ÚJD, Slovak Republic) 
Spent Fuel Management in the Slovak Republic 
 
Mr Vaclav presented the legal framework developed between 2000 and 2006 comprising binding laws 
(describing general requirements) and regulations (describing requirement in more detail) as well as non-
binding guides issued by the regulatory authority ÚJD. SF to be stored encompasses those from the VVER 
reactors at Bohunice and Mochovce NNPs. All the SF from the HWGCR reactor A1 (being 
decommissioned after a partial core melt accident in 1977) has been transported back to the Russian 
Federation. 
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The periodical safety review for SF storage facilities is performed every 10 years e.g. the wet-type Interim 
Spent Fuel Storage Facility (ISFSF) at Bohunice NPP was licensed for the period 2000-2010 and the 
operator prepared in 2009 the Periodical Nuclear Safety Evaluation Report in which 32 corrective 
measures were listed and evaluated to have high, medium and low priority. The inclusion of measurements 
of alpha activity of radionuclides collected on aerosol filters from the ISFSF to the environmental 
monitoring program is an example of high priority measure. After implementing the first priority 
measurements the operator submitted in 2010 the application for a new 10 years operational license of the 
ISFSF which was granted by ÚJD. By the end of 2012 the operator implemented the medium priority 
measures. 

Following the accident at Fukushima Daiichi, ÚJD requested all NPP operators to perform “stress tests” 
and the Special National Report – not covering the ISFSF at Bohunice – was completed in April 2012. In 
2012 the operator of the ISFSF sent to ÚJD the “Program evaluation-review ISFSF response to the 
Fukushima event type” which according to ÚJD evaluation confirms that all goals were met. 

Mr Vaclav also presented the licensing of the C-30 transport container (designed in the former DDR for 
VVER SF) on a 5-year period basis and the reduction of the minimum cooling time before transport 
(ranging from 1.8 to 3.6 years), the R&D activities supported by ÚJD including SF BUC methodology, and 
SF transport and storage in C-30 transport container with T-12 or KZ-48 baskets and the SF monitoring 
system deployed by the operator in the wet-type ISFSF at Bohunice. 

The important points, and recommendations, from the presentations and the open discussion from the floor 
with all the presenters of the session 1 are the following: 

•   Because of the constant acquisition of knowledge on the topic (notably by the way of active and 
planned R&D), we will be better prepared to deal with storage issues regarding high burnup and 
MOX spent fuels than with UOX fuel. 

•   It appears of crucial importance to consider the impact of non-technical aspect (e.g. public 
confidence and political commitment) in the management of radioactive materials including spent 
fuel (e.g. an extreme case is represented by Norway).  

•   Two main concepts are implemented for the storage of spent fuel: Wet storage in pools and dry 
storage in casks (mostly dual-purpose casks, for the storage and transport), vaults and silos. The 
storage in pools does not seem to have been questioned because of the Fukushima accident; but 
lessons learned from this accident must be taken into account, especially regarding the operation of 
the pools.  

•   Regarding long term storage, the magnitude of the “long term” can be estimated at several decades 
to a few hundred years compared to a few decades for current “short term” storage. Current 
experience is limited to about five decades for the storage of spent fuel. 

•   Most of the countries are about to implement a site for long term storage for minimum 50 years but 
design basis must be for 100 years. Given that, it is necessary to take into account safety margins 
and changes in regulations, climate, public confidence and political commitment, etc.  

•   For such a long period of storage, the importance of surveillance and ageing management as well 
as the necessity of doing periodic safety reviews (e.g. every ten years in Germany or France) is 
underlined. It is also important that the recovery of the stored objects at any time during their 
storage should be taken into account in the design of a long term storage facility.  
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•   There is a number of ongoing research programs addressing the technical gaps related to HBU fuel 
behaviour during long-term storage and subsequent transportation. 

Session 2: Safety requirements, regulatory framework & implementation issues 

This session was chaired by Jose Manuel Conde (CSN, Spain) and Jennifer Davis (NRC, USA).  

Eleven papers were presented during this session by representatives from international groups (the 
International Atomic Energy Agency (IAEA) and the Nuclear Energy Agency (NEA)), representatives of 
regulatory bodies from the United States (Nuclear Regulatory Commission) and Germany (Bundesamt für 
Strahlenschutz (BfS)), German Federal Institute for Materials Research and Testing (BAM), operators 
from the United Kingdom (Sellafield Limited, UK) and France (EDF), vendors (AREVA), and 
representatives of TSOs in Germany (TÜV and Öko-Institut). 

Summary of Papers 

The first paper, “IAEA International Working Group on Integrated Transport and Storage Safety Case for 
Dual Purpose Casks (DPC),” was presented by Yumiko Kumano (IAEA).  This paper described 
development of a guidance document for preparation of a safety case for a dual purpose cask.  The 
guidance document is close to finalization, and considers various aspects for demonstrating safety, 
including ensuring safety during transportation, assuming the cask cannot be opened after the storage 
period.  The paper pointed out difficulties based on (1) the difference in licensing processes for storage and 
for transportation, (2) aging of DPC components, (3) technology development, etc.  The working group 
also developed recommendations for changes to be made to existing IAEA documents. 

In the second paper, “Adaptation:  The Key to Successful Interim Storage is Anticipating Change,” 
Jennifer Davis (NRC, USA) described some potential alternative licensing approaches and design 
approaches to account for the possibility of any combination of cladding degradation, storage canister 
degradation, and/or storage overpack degradation.  The paper concluded that adaptive designs may have an 
advantage over more traditional approaches, and although they may be costly to develop, they could be 
more economical over the long term. 

The third paper, “Actual Situation and Further Development of Interim Storage of Spent Nuclear Fuel and 
HighLevel Active Waste (HLW) from the View of the Competent Authority in the Field of §6 Atomic Law 
in Germany,” was presented by Christian Drobniewski of BfS.  This paper described the challenges 
associated with developing regulations and concepts for extended interim storage in the changing 
environment.  It was noted that the final disposal method chosen (still undetermined) will have a huge 
impact on what happens before hand – conditioning and interim storage both depend on the final disposal 
method.  In addition, changes in digital storage could impact documentation integrity.  Recommendations 
included the need for personnel with appropriate experience, the need for basing the safety case for final 
disposal on information gathered during interim storage, and that personnel and logistical issues need to be 
addressed, which is not trivial given the long time periods of applicability. 

Paper number four, “Sustainable Solutions for Nuclear Used Fuels Interim Storage” was presented by 
Marc Arslan of AREVA.  This paper discussed some of the challenges related to extended interim storage 
of spent nuclear fuel at reactor sites, including high burn-ups and associated constraints, and provided 
some potential solutions, including canister storage in concrete overpacks, dry storage in vaults, dual 
purpose casks, and “Universal Canisters generated by recycling”. It also showed important features for wet 
storage especially as regards the retrievability of the SF in the long term , with  no thermally activated 
phenomenon which can affect the  integrity of the used fuel . 
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The fifth paper, “Safety Aspects of Long Term Spent Fuel Dry Storage” was presented by Peter Hinterding 
of TÜV, Germany, who concluded that dry cask storage has demonstrated safe and reliable operation, 
although safety assessments for interim storage facilities can be challenging, and must consider site 
specific conditions.  In addition, storage concepts for very long term interim storage of SNF and high level 
waste  must be developed given the delays in finding final repository solutions. 

Marion Astoux of EDF, France, presented “Safety Considerations for a Wet Interim Spent Fuel Store at 
Conceptual Design Stage,” for a site in Somerset England.  Included in the safety requirements and design 
approach were considerations for criticality control, heat removal, containment, shielding and 
retrievability.  In addition, the lessons learned from Fukushima were considered as design input. 

In the seventh paper, Frank Wille (BAM, Germany) presented a perspective on transportation preparation 
after interim storage of SNF and HLW.  In Germany, all storage casks must also have a transport approval 
certificate.  Challenges identified include the behaviour of aged metal and elastomeric seals, aged packages 
subjected to regulatory test requirements, and the aging behaviour of SNF assemblies. 

Claudio Pescatore (NEA) echoed and expanded on stated concerns regarding record retention in his paper 
“Preserving Records, Knowledge and Memory over Decades and More” using lessons learned from 
hazardous waste disposal.  The paper concluded that loss of records is common, largely due to human 
factors.  Another concern is that orders and established practices are followed without asking “what next?”  
Loss of records can also be impacted by financial factors; therefore, sufficient financial resources must be 
allocated.  One of the comments from the attendees indicated that a lesson learned from when the Yucca 
Mountain project was closed down is that evolving electronic records systems can impact accessibility 
over time. 

In the ninth paper, Gerhard Schmidt (Öko-Institut, Germany) discussed “Periodic Safety Review (PSR) in 
Interim Storage Facilities” based on the current regulations and experience in Germany.  PSRs are 
consistently carried out for nuclear power plants, but until 2010, none had been performed for interim 
storage facilities in Germany.  The paper concluded that the PSR as a holistic view on the facility’s safety 
status allows the user to assess the effects over a ten-year period, identify safety issues, and improve the 
overall safety of the facility. 

The Sellafield site in the UK comprises a wide range of nuclear facilities.  Andrew Buchan (Sellafield Ltd, 
UK) discussed how a number of analysis techniques were used to establish a safety case for fault and 
accident conditions.  The paper “The Safety Assessment of Long Term Interim Storage at Sellafield,” 
illustrates how these analysis techniques were used to facilitate design, operation, resilience evaluation and 
accident management for facilities supporting long-term interim storage at Sellafield.  Fukushima lessons 
learned were applied to the analysis. One conclusion is that, in the event of an emergency, personnel need 
simple guidance – there is no time in an emergency to read big documents. 

The last paper of the session, “Introducing Systematic Aging Management for Interim Storage Facilities in 
Germany,” was presented by Angelika Spieth-Achtnich (Öko-Institut, Germany).  After summarizing the 
technical and regulatory background of interim storage in Germany, the paper identified some 
shortcomings in the applicable guidelines, including no mandatory PSR, and only very general provisions 
for addressing aging.  A draft guideline has been updated to include all kinds of storage facilities, and to 
include a systematic aging management plan.  This aging management plan also includes 
recommendations on non-technical aging issues such as knowledge management and long-term personnel 
planning. The paper concludes that the generation of information on aging can be an important basis for 
safety-relevant verifications for long-term storage.  
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Conclusions and Recommendations 

Difficulties in developing and implementing safety requirements and the regulatory framework for long 
term storage and transportation of spent nuclear fuel can include: (1) the difference in licensing processes 
for storage and for transportation, (2) aging of dual purpose cask components, (3) traditional licensing 
approaches that do not consider long-term storage, (4) potential difficulties in repackaging stored spent fuel 
(for transportation or continued storage, (5) wide range of possibilities for final disposal (includes disposal 
media, disposal geology, and spent fuel packaging, etc), (6) impacts of higher burn-ups on retrievability, 
and (7) lack of systematic aging management programs.   

Recommendations include: 

(1) Base the safety case for final disposal on information gathered during interim storage. 

(2) Preservation of records and knowledge management is a fundamental issue for long term storage. 

(3) Do not leave unresolved questions for future generations. 

(4) Storage concepts for very long term interim storage of spent fuel and high level waste must be 
developed given the delays in finding final repository solutions. 

(5) Although already covered in Session 1, the need to develop Periodic Safety Reviews and Aging 
Management programs was again stressed. 

Session 3: Technical issues & operational experience, needs for R&D 

This session was chaired by Karl Wasinger (AREVA, Germany) and Fumihisa Nagase (JAEA, Japan). 

Ten papers were presented during this session by representatives of research institutes of Japan (CRIEPI 
and JNES), Sweden (Studsvik Nuclear AB) and USA (SNL), independent experts acting on behalf of the 
safety regulatory body of Germany (BAM and TÜV), operators from France (AREVA) and Germany 
(GNS), and of the IAEA. The papers discussed the impact of extending storage periods, operational and 
licensing experiences in storage facilities, results of experiments, and identified necessary R&D to confirm 
safety of fuel and cask during the long-term storage. 

Summary of papers 

With the first paper, Evaristo J. Bonano (SNL, USA) concluded that long-term interim storage could either 
narrow the range of disposal solutions to direct disposal concepts or increase the risk that costly and 
hazardous re-packaging will be required. The paper suggests that eliminating needs for repackaging 
through direct disposal of large storage containers would substantially save cost and mitigate worker doses. 
Contributions from the floor focused mainly on local heat transmission to disposal sites and resulting pre-
cooling requirements 

Toshari Saegusa (CRIEPI, Japan) showed examples and proposals on ageing management, monitoring and 
inspection of spent fuel storage canister, based on their experimental data. Proposals included some ideas 
on monitoring confinement of canisters through measurement of temperature and doses at canister surfaces 
as well as a potential methodology to inspect SF integrity. 

Information on experiences gained from long term dry storage at interim storage facilities at Ahaus and 
Gorleben was given by Lutz Oehlschläger (GNS, Germany). With this paper, the authors reported on cask 
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design and consideration of safety and licensing requirements and informed on inspections and PSA 
performed which demonstrated a high level of safety of the interim storage system used. 

Various PIE techniques available at Studsvik Nuclear, especially related to the verification of the integrity 
of new cladding materials and the behaviour of new fuel designs for higher burnup during long term 
storage were then introduced by Joakim K.-H. Karlsson (Studsvik Nuclear AB, Sweden) followed by a 
paper presented by Herve Issard (AREVA, France) who reviewed current knowledge on spent fuel 
behaviour during storage and in transport after storage as particularly addressed by experiments performed 
under the Fuel Integrity Project (FIP). Herve Issard identified related data gaps and necessary research 
areas, and stated that there is a need for clarifying the time limit linked to cladding embrittlement 
eventually resulting in the need for repackaging for safety with special operation to achieve reprocessing 
and final disposal. 

Tsutomu Hirose (JNES, Japan) introduced results of various integrity tests on mechanical property of 
irradiated fuel cladding and on dynamic load impact on HBU fuel rods considering regulatory judgment 
related to transportation without fuel inspection after long term dry storage.  

The status of storage in Germany was then explained by Gerold Spykman (TÜV, Germany). Base on 
German acceptance criteria, issues to be considered for extending interim storage periods were identified 
and the importance of the management of data and knowledge was emphasized. For this purpose, a data 
management system specifically designed for this purpose was introduced. 

Ken Sorenson of SNL introduced main results from the EPRI/Extend Storage Collaboration Program 
(ESCP) and reported that although needs for the extension of storage period and their priority are different 
among countries, consensus high priority gaps were identified mainly related to hydride effects and 
embrittlement of the fuel cladding, corrosion and stress corrosion cracking of the stainless steel canister, 
particularly in marine environments, and closure system degradation mechanisms. 

As current delays in the selection of a disposal site in German will most likely result results in the need for 
extending current storage licenses originally granted for 40 years period. Under this point of view, Holger 
Völzke (BAM, Germany) summarized technical subjects for fuel integrity, safety evaluation of cask and 
ageing management to achieve safe long-term interim storage. 

Concluding this session 3, Arturo Bevilacqua (IAEA) gave an overview on initial planning, agreements 
and contracts made for the Coordinated Research Project  (CRP) on demonstrating performance of spent 
fuel and related storage systems beyond the long term. The paper informed on specific research objectives 
and gave an overview on future actions related to preparation of the final CRP report, in which the 
feedback received from the EPRI / ESCP program will be considered. 

The outputs from session 3 are summarized as follows. 

•  The tendency to longer-term interim storage raises technical issues and consequently impacts the 
safety and costs of final disposal. 

•  There are data gaps for technical issues related to cladding integrity, such as cladding creep, DHC, 
stress evaluation, high burn-up effect and Helium release, as well as for cask integrity. 

•  Management of data and knowledge as well as ageing management itself are also important. 
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From the discussion of session 3, it is recommended that further analyses and investigations for the 
remaining technical issues are required to decrease data gap and consequently enhance knowledge and 
understanding of potential degradation mechanisms for further improvement of ageing management. 

5. General Conclusions and Recommendations 

Presentations and discussions at the workshop have shown that there is in many countries an interest or 
need for long term storage of spent nuclear fuel and high-level waste, before disposing in a final repository 
or reprocessing the used fuel. In some countries a prolongation of the storage period with respect to 
original planning is already anticipated. The main reasons are delays in site selection or planning and 
licensing of a final repository sometimes in combination with a national nuclear policy to abandon 
reprocessing of spent nuclear fuel from power reactors. Storage periods in the range of 50 to 100 years and 
even longer are being discussed. According to the objective of the workshop the presentations displayed 
the topics from different views of professional background and experience, i.e. facility operators, cask 
vendors, national authorities, experts involved in safety analyses and/or R&D activities and finally 
representatives from international organisations, who provided overview information on gained experience 
and on-going works in their member states as well as international cooperation programs. 

Dry cask storage often using dual purpose casks, dry vault storage and wet pool storage were presented as 
the main storage concepts, currently applied or under development. From the presentations a preference for 
dry cask storage could be stated, but the discussion on this issue revealed specific advantages of both 
concepts. The major advantage of dry cask storage is seen in its reliance on passive components and 
robustness against external impacts. On the other hand pool storage provides direct access for monitoring 
and control of the stored fuel elements and higher flexibility for further steps of spent fuel management, e. 
g. packaging and/or conditioning of the fuel elements after storage.  It was also addressed that use of 
passive cooling is a feasible option for wet storage as well. In any case the required level of safety has to 
be demonstrated and provided by appropriate measures in both storage types, dry and wet storage. 

There is a number of different important aspects and challenges connected to long term storage having 
been illustrated in the presentations and highlighted in more detail in the discussions. These items can be 
assigned to the following four main topics: 

– Technical aspects of ageing, 

– Long term operational issues, 

– Conceptual aspects of long term storage, 

– Regulatory requirements, licensing and surveillance. 

Regarding the technical aspects of ageing, the long term behaviour of the stored fuel and the performance 
of casks are the points of interest. As there is no direct access for monitoring of the fuel during cask 
storage, a demonstration of long term safety based on reliable data and experience is necessary. Current 
national practices of safety analyses and demonstration for licensing were presented, which are being 
approved usually for several decades. Results presented from international cooperation programs and gap 
analyses confirm the need for additional data and information on long term behaviour of the fuel cladding, 
in particular in the range 50 – 100 years and beyond, were the fuel temperature decreases, and also for high 
burn-up and mixed oxide fuel. Also data for material behaviour for cask components like metal gaskets, 
bolts of the lids and trunnions for lifting and transport are needed. In parallel also different methods of 
monitoring fuel behaviour and cask performance during storage are being developed and tested. 
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The second topic comprises all issues and tasks regarding long term operation of storage facilities. These 
are in particular ensuring knowledge management and qualification of operation personnel for more than 
several decades, record keeping on the stored material with regard to storage and for further use or disposal 
after storage, a systematic ageing management program as part of the safety management system, 
monitoring and analyses of operation experience. Also consideration of social aspects (e. g. public 
confidence and political commitment) has been identified as an important issue.  

The topic ‘conceptual aspects’ is related at first to the question, which type of storage e. g. dry cask or wet 
pool storage should be preferred. As already mentioned there can be seen advantages and weaknesses in 
different storage types and a decision on the respective type of storage may besides safety also consider 
site specific conditions. Another important point is the holistic aspect of long term storage. In order to 
minimize the number of handling and conditioning processes and to avoid unnecessary radiation exposure 
to personnel, long term storage should be part of an integrated SF management concept e. g. use of multi-
purpose cask for storage shipment and disposal. 

The last but not less important topic comprises regulatory issues of long term storage. Important questions 
raised at the workshop concern the national approaches for licensing long term storage, e. g. for more than 
50 years, time limitation of operational licenses, requirements for systematic ageing management, periodic 
safety review, demonstration and approval of transportability of spent fuel casks for the whole storage 
period and beyond, anticipated changes in national and international requirements, and finally observation 
of the (generally agreed) principle of not burdening unsolved problems of disposal to future generations.  

Considering all these issues, which were presented and discussed with high expertise, from different points 
of view and based on different areas of experience but always objectively and unprejudiced, the following 
recommendations can be concluded:  

Recommendations 

The following recommendations were derived from the workshop, considering presentations, discussions 
and session summaries. 

•  Important regulatory aspects of long term storage like for instance time limitation of operation 
license, requirements for a safety case on long term storage, PSR, are compiled in the Specific 
Safety Guide SSG-15, issued recently by the IAEA. 

•  Long term storage, in general for 50 years and longer, should preferably be part of an integrated 
fuel/waste management program taking into account also the further use or treatment of the stored 
fuel/waste beyond storage. A license for long term storage should be periodically reviewed and 
integrated in the overall SF management, considering verification of long term safety and 
including social aspects. Appropriate margins and procedures for prolongation of an operation 
license should be provided.  

•  A holistic view of the whole process is needed, jointly analyzing all safety functions involved in all 
back-end stages up to final disposal, which would require a major regulatory effort. A license 
should as a minimum be connected to a commitment for developing further steps of SF 
management beyond storage within a certain short term.  

•  Regarding technical aspects of ageing, the deployment and progress should move towards closing 
the data gaps identified for long term behaviour of fuel rods and fuel cladding , in particular for 
high burn-up and MOx fuels and new cladding materials. Retrievability and transportability of the 
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fuel after storage is an important aspect. Also data on cask performance from on-going experiences 
and testing should be collected, evaluated and published. 

•  Sufficient adherence should be paid to the non-technical aspects of ageing, in particular knowledge 
management, record keeping of stored fuel/waste, personal training and planning. 

•  As both types of storage, wet and dry are providing specific advantages it is up to each country, to 
decide, which type of storage would be more favourable under the respective situation and 
condition. 

•  In order to assess mechanical behaviour of fuel rods such as hoop stress, creeping, effects of 
Hydrogen and/or temperature on cladding ductility, swelling of pellets etc. the availability of 
relevant experimental data would be useful for improving and validating calculations models and 
computer codes (e. g. TRANSURANUS, FRAPCON) for the long term range and for high burn-up 
fuel. Data for improving and benchmarking temperature calculation models for dry cask storage 
seems desirable as well. 

•  Appropriate solutions for long term storage of damaged fuel elements have to be developed. 

•  The delay in the final decision making results in lost opportunities for process optimization. 
Increasing the capacity of the pools and dry storages is not in the way of optimization. 



NEA/CSNI/R(2013)10 

21 
 

LIST OF ABBREVIATIONS 

 
BAM Bundesanstalt für Materialforschung und –prüfung (Germany) 
BfS Bundesamt für Strahlenschutz (Germany) 
BUC Burn-up credit 
BWR Boiling water reactor  
CIS Centralized Interim storage 
CRIEPI Central Research Institute of Electric Power Industry (Japan) 
CRP Coordinated Research Project 
CSN Consejo de seguridad nuclear (Spain) 
CSNI Committee on the safety of nuclear installations (OECD/NEA) 
DBTT Ductile Brittle Transition Temperature 
DHC Delayed Hydriding Cracking 
DOE Departement of Energy (United States) 
DPC Dual Purpose Cask 
EDF Électricité de France 
EIA Environmental Impact Assessment 
ENRESA Empresa Nacional de Residuos Radiactivos (Spain) 
EPR European Pressurized Reactor 
EPRI Electric Power Research Institute (United States) 
FIP Fuel Integrity Project 
ESCP EPRI Extended Storage Collaboration Program 
FCF Fuel Cycle Facilities 
GNS Gesellschaft für Nuklear-Service (Germany) 
GRS Gesellschaft für Anlagen und Reaktorsicherheit (Germany) 
HLW High level (active) waste 
HWGCR Heavy Water Gas Cooled Reactor 
IAEA International Atomic Energy Agency 
IFE Institutt for energiteknikk (Norway) 
IRSN Institut de radioprotection et de sûreté nucléaire (France) 
ISFSF Interim Spent Fuel Storage Facility 
JAEA Japan atomic energy agency 
JNES Japan nuclear energy safety organisation 
MLW Medium level (active) waste 
MOX Mixed oxide fuel (U and Pu) 
MTI Ministry of Trade and Industry 
NEA Nuclear energy agency (OECD) 
NRC Nuclear regulatory commission (United States) 
NPP Nuclear Power Plant 
OECD Organisation for economic cooperation and development 
Öko-Institut Institute for Applied Ecology (Germany) 



NEA/CSNI/R(2013)10 

22 
 

ONR Office of Nuclear Regulation (United Kingdom) 
PSAR Preliminary Safety Analysis Report 
PSR Periodic safety review 
PWR Pressurised water reactor   
R&D Research and development 
SCC Stress Corrosion Cracking 
S(N)F Spent (nuclear) fuel 
SNL Sandia National Laboratories 
SS Stainless steel 
STUK Radiation and Nuclear Safety Authority (Finland) 
TSO Technical Support Organisation 
TÜV Technischer Überwachungsverein (Germany) 
TVO Teollisuuden Voima (Finland) 
UOX Uranium oxide fuel 
ÚJD Nuclear Regulatory Authority of the Slovak Republic 
VVER Russian-designed pressurised water reactor (WWER) 
WGFCS Working group on fuel cycle safety (OECD/NEA/CSNI) 
WGFS Working group on fuel safety (OECD/NEA/CSNI) 

 



NEA/CSNI/R(2013)10 

23 
 

TABLE OF CONTENT 

 
Foreword and Acknowledgements .................................................................................................... 5-7 

Executive Summary .......................................................................................................................... 9-20 

List of Abbreviations .....................................................................................................................  21-22 

Opening Session ..................................................................................................................................  27 

 Bernhard Gmal – Workshop Chair (GRS, Germany) 
 Marisa Bailey – CSNI/WGFCS Chair (NRC, USA) 

Opening and Welcome ..................................................................................................................  29-32 

 Gunter Pretzsch (GRS, Germany) 

NEA Overview and Workshop on Safety of Long Term Interim Storage Facilities Scope and 
Goals  

Radomir Rehacek (OECD Nuclear Energy Agenccy) .............................................................. 33-38 

Workshop Logistics 
Bernhard Gmal (GRS, Germany) .............................................................................................. 39-41 

Challenges Associated with Extending Spent Fuel Storage until Reprocessing or Disposal 
Arturo Bevilacqua (GRS, Germany) ......................................................................................... 43-59 

Session One 
National Approaches for Long Term Interim Storage Facilities .................................................... 61 

 Chair: Bernhard Gmal (GRS, Germany) and Veronique Lhomme (IRSN) 

 Extended used Fuel Storage: EPRI Perspective and Collaboration Initiatives 
John Kessler (EPRI, USA) .............................................................................................. 63-81 

 Interim Storage of Spent Nuclear Fuel before Final Disposal in Germany –  
  Regulator’s view  

Sandra Geupel (GRS, Germany) ................................................................................... 83-100 
 French Approach for Long Term Storage Safety  

Jacob Marciano, Jean-Pierre Carreton, Veronique Lhomme, Marie Therese Lizot  (IRSN, 
France) ........................................................................................................................ 101-119 

 Spent Fuel Long Term Interim Storage: The Spanish Policy  
Francesco Javier Fernandez-Lopez (ENRESA, Spain) ................................................ 121-137 

 The Spent Fuel Management in Finland and Modifications of Spent Fuel Storages  
Päivi Maaranen (STUK, Finland) ............................................................................... 139-147 

 Storage of Spent Nuclear Fuel in Norway: Status and Prospects  



NEA/CSNI/R(2013)10 

24 
 

Peter Bennett, Erlend Larsen (IFE, Norway) .............................................................. 149-161 
 Spent Fuel Management in the Slovak Republic  

Juraj Vaclav (UJD, Slovak republic) .......................................................................... 163-184 
Session Two 
Safety Requirements, Regulatory Framework & Implementation Issues .................................... 185 

 Chair: Jennifer Davis (NRC) and José Manuel Conde (CSN) 

 IAEA’S International Working Group on Integrated Transport and Storage Safety case of 
Dual Purpose Casks for Spent Nuclear Fuels  

Yumiko Kumano (IAEA); Bernhard Droste (BAM, Germany); Makoto Hirose (NFT, 
Japan); John Harvey (NDA, UK); Ingo reiche (BfS, Germany); Dietmar Wolff (BAM, 
Germany); Paul McConnell (SNL, USA); Kasturi Varley (IAEA) .............................. 187-202 

 Adaptation: The Key to Successful Interim Storage is Anticipating Change  
Jennifer Davis, Matthew Gordon (NRC,USA) ............................................................ 203-212 

 Actual Situation and Further Development of Interim Storage of Spent Nuclear Fuel (SNF) 
and Highly Active Waste (HAW) from the View of the Competent Authority in the Field of 
§6   

Christian Drobniewski, Christoph Gastl (BfS, Germany) ........................................... 213-221 
 Sustainable Solutions for Nuclear used Fuels Interim Storage  

Marc Arslan (AREVA, France) .................................................................................... 223-239 
 Safety Aspects of Long Term Spent Fuel Dry Storage  

Wolfgang Botsch, S. Smalian, P. Hinterding (TUEV, Germany); H. Drotleff, Holger 
Völzke, D. Wolff, E. Kasparek (BAM, Germany)  ..................................................... 241-253 

 Safety Consideration for a Wet Interim Spent Fuel Store at Conceptual Design Stage  
Marion Astoux (EDF, France) .................................................................................... 255-269 

 German Approach for the Transport of Spent Fuel Packages after Interim Storage  
F. Wille, D. Wolff, B. Droste, H. Völzke (BAM, Germany) ...................................... 271-284 

Preserving Records, Knowledge and Memory over Decades lessons from the NEA RK&M 
Project  

Claudio Pescatore (NEA) ............................................................................................ 285-297 
Periodic Safety Review in Interim Storage Facilities – Current Regulation and Experiences 
in Germany  

Julia Neles, Gerhard Schmidt (ÖKO, Germany) ........................................................ 299-311 
The Safety Assessment of Long term Interim Storage at Sellafield  

Andrew Buchan (Sellafield Limited, UK) .................................................................. 313-334 
Introducing Systematic Aging Management for Interim Storage Facilities in Germany  

Angelika Spieth-Achtnich, Gerhard Schmidt (ÖKO, Germany) ................................ 335-346 

Session Three 
Technical Issues & Operational Experience, Needs for R&D  ...................................................... 347 

 Chair: Karl Wasinger (AREVA) and Fumihisa Nagase (JAEA)  

Integration of Long-Term Interim Storage with Disposal  
E. J. Bonano, E. Hardin, C. Stockman, E. Kalinina (SNL, USA) ............................... 349-366 

Ageing Management, Monitoring and Inspection of Spent Fuel Storage Canister  
T. Saegusa, H. Takeda, T. Matsumura, Y. Nauchi (CRIEPI, Japan) .......................... 367-381 

GNS Experience on the Long-Term Storage at Dry Interim Storage Facilities Especially in 
 Ahaus and Gorleben  

Lutz Oelschläger, Wilhelm Graf, Matthias Heck (GNS, Germany) ........................... 383-395 



NEA/CSNI/R(2013)10 

25 
 

Post-Irradiation Examinations for Resolving Fuel Issues in Long Term Storage   
Joakim K.-H. Karlsson, A-M Alvarez Holston (Studsvik Nuclear AB, Sweden) ...... 397-413 

Fuel Behaviour in Transport after Dry Storage: a Key Issue for the Management of used 
Nuclear Fuel  

Herve Issard (AREVA, France) .................................................................................. 415-433 
Research on Integrity of High Burnup Spent Under Long Term Dry Storage and Transport  

Tsutomu Hirose, Masaaki Ozawa, Hiromichi Miura, Toshikazu BABA, Katsuichiro 
Kamimura (JNES, Japan) ............................................................................................ 435-453 

Cladding Integrity during Dry Storage: Verification for an Exclusion of a Systematic 
Cladding Failure during a Forty Year Dry Storage Period and Beyond  
 Gerold Spykman (TÜV, Germany) ............................................................................. 455-466 
Overview of technical Issues Associated with the Long Term Storage of Light Water 
Reactor used Nuclear Fuel  
 Ken B. Sorenson (SNL, USA) .................................................................................... 467-478 
Safety Aspects of Long-Term Interim Storage of Spent Nuclear Fuel in Germany  
 Holger Völzke, Dietmar Wolff (BAM, Germany), Bernhard Gmal, Klemens 

Hummelsheim, Sven Kessen, Florian Rowold (GRS, Germany) ............................... 479-492 
CRP on Demonstrating Performance of Spent Fuel and Related Storage Systems beyond 
the Long Term  
 Arturo Bevilacqua (IAEA) .......................................................................................... 493-507 
 
List of participant ....................................................................................................................... 509 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



NEA/CSNI/R(2013)10 

26 
 

 
 
 
 
 
 
 
 
 
 
  



NEA/CSNI/R(2013)10 

27 
 

OPENING SESSION 

 

Opening and Welcome 
Gunter PRETZSCH (GRS, Germany) 
 
NEA Overview and Workshop on Safety of Long Term Interim Storage Facilities Scope and Goals 
Radomir REHACEK (OECD Nuclear Energy Agency) 
 
Workshop logistics 
Bernhard GMAL – Workshop Chair (GRS, Germany) 
 
Challenges associated with extending spent fuel storage until reprocessing or disposal 
Arturo BEVILACQUA (International Atomic Energy Agency) 
 



NEA/CSNI/R(2013)10 

28 
 



NEA/CSNI/R(2013)10 

29 
 

OPENING AND WELCOME 

Gunter PRETZSCH 
Division of Radiation and Environmental Protection 

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS), Germany 

 

Ladies and Gentlemen, Dear Guests! 

A very warm welcome to all of you to the OECD/NEA International Workshop of the Working Group on 
Fuel Cycle Safety of the Committee on the Safety of Nuclear Installations (CSNI) here in the heart of 
Munich, the beautiful capital of Bavaria.  

My name is Gunter Pretzsch, I am the Director of the Division of Radiation and Environmental Protection 
of the Gesellschaft für Anlagen- und Reaktorsicherheit - GRS - with a total of about 60 employees, 
comprising the Departments of Nuclear Fuel, Radiation Protection and Waste Management and Final 
Disposal.  

GRS is the central Technical Support Organisation (TSO) in the field of nuclear safety in Germany, it 
provides expertise and scientific research in nuclear safety, radiation protection, waste management and 
final disposal, predominantly for the German Federal Ministry for the Environment, Nature Conservation 
and Nuclear Safety (BMU), for other federal ministries and offices, ministries of the states of the German 
Federation, but also for the European Commission and other organizations abroad. 

GRS with a total of nearly 450 employees among them 350 scientific staff is a non-profit organisation, 100 
% financed by projects and independent of any political and commercial influences.  

GRS contributes significantly to the advancement of the state of the art in science and technology by its 
own research and development activities, co-operates extensively with international partners and is 
certified after the quality assurance programme of ISO. 

GRS is proud to host this years OECD/NEA International Workshop of the Working Group on Fuel Cycle 
Safety with more than 90 registered participants from 16 countries and international organizations.  

Whereas the last workshop in September 2011 at Toronto, Canada, was devoted to the Safety Assessment 
of Fuel Cycle Facilities - Regulatory Approaches and Industry Perspectives, this years workshop will face 
the problems and challenges of the safety of long term interim storage facilities of spent nuclear fuel and 
high level radioactive waste.  

Thus, the aim of this workshop is to advance the understanding of the safety of long term interim storage 
across the whole of the nuclear fuel cycle by bringing together and discussing, reviewing and sharing 
information on strategies and practices, current national activities, plans and regulatory approaches for the 
safety of long term interim storage facilities dedicated to spent nuclear fuel, high level waste and other 
radioactive materials with prolonged storage regimes among safety authorities and their TSO, fuel cycle 
facilities operating organizations and international organizations.  
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Disposal is the choice as a final destination for the spent nuclear fuel for many NEA member countries. 
Hence, there is a need for a disposal facility or repository for spent fuel or high level waste or other 
radioactive materials generated within the nuclear fuel cycle that have long term hazards from which the 
public requires protection. 

The current approaches for interim storage based on limited storage periods of 40 - 60 years consider  

dry storage in vault, casks and containers or 

wet storage in silos, pools, outside reactor operating areas.  

To date no final repository from commercial reactors is in operation and many NEA member countries 
have expressed their intention to plan for long term interim storage with time periods for storage up to 300 
years.   

Thus, safety of long term interim storage of spent nuclear fuel before direct disposal is an important issue 
of spent nuclear fuel management in many countries.  

Periods for storage may extend significantly e.g. up to 100 years compared to earlier planning of less 50 
years. 

In this context not only technical aspects of ageing are important but also operational and regulatory 
aspects have to be taken into account and will be addressed at the workshop. Some important aspects are 
for instance 

ageing management, 

periodic safety reviews, knowledge management,  

long term behaviour of the used fuel and radioactive materials, of the systems, structures and components 
needed for storage,   

surveillance and possible replacement of storage facilities with the need to transfer the contents, 

increasing importance of extreme natural events impact following Fukushima. 

The licensing and related regulatory framework will have to consider these new prolonged inter-
generational timescales and ensure that safety will be demonstrated until the material is received at the 
repository or other future management routes. Such demonstrations will include appropriate surveillance 
and methods for feeding back the collected operational experience into the storage regime. 

Technical aspects, in particular operational experience and further need for R&D are being discussed and 
supported in international groups, for example of EPRI Extended Storage Cooperation Program (ESCP), 
which will hold a special Session on Friday after this Workshop, and the IAEA Coordinated Research 
Project (CRP). Reports from these activities will be given at the workshop and contribute to the discussion 
on the platform which is provided through the workshop.  

The current situation in Germany concerning electricity production by nuclear power and the policy of 
spent fuel management shows the following picture:  

Atomic consensus in 2000 between government (Social Democrat and Green Parties) and operators - phase 
out, residual amounts of electric power generation.  
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In 2009 new government (Christ Democrat and Liberal Democrat Parties) attempts for life time extensions 
up to 8 years, after Fukushima return to the atomic consensus conditions (more or less).  

In 2011 before Fukushima we had 21,37 GWe installed power in Germany produced by a NPP Fleet 11 
PWR and 6 BWR, at that time 12 power reactors were decommissioned.  

After Fukushima several NPP of older generation were shut down and e.g.  since August 2011 up to now a 
total of 9 nuclear power plants are in use with an installed power of 12,7 GWe, among them 7 PWR and 2 
BWR. Phase out will be accomplished by the year 2022. 

Since 2005, direct disposal is the only allowed option in long term spent fuel management, i.e. no more 
fuel reprocessing in France and Great Britain, termination of national shipments.  

Plutonium from reprocessed fuel will be recycled. 

Dry cask interim storage at NPP sites is the current option. 

Previously used temporary cask storages have been replaced now by 12 modern cask interim storage 
facilities at NPP sites. 

Four central storage facilities are in operation for vitrified HAW and special fuel types, e.g. of research 
reactors. 

Estimates of spent fuel and high level waste till the year 2023 include 

17.250 tHM estimated as burned fuel overall are envisaged for disposal in deep geological formations, 
among them 10.560 tHM spent fuel elements, 

deep geological disposal for all types of radioactive waste is the only way, Gorleben site (salt rock) is not 
the favored site,  

currently a federal law for the site selection process for a deep geological disposal facility is in progress, 
including 

− pluralistic commission reporting to the Parliament, 

− new Office for Nuclear Waste Management under the German Federal Ministry for the 
Environment, Nature Conservation and Nuclear Safety (BMU),  

− criteria for long term safety of 1 Million years,  

− alternative repository sites (5) will be investigated above ground and after evaluation (2) 
below ground in 15 years,  

disposal in a repository will not start of before 2030 according to current plans. 

First experience of dry interim storage of casks in Germany goes back to the 80ies of last century at the 
central interim storage facilities Ahaus und Gorleben. Beginning with the year 2001 step by step interim 
storage facilities at NPP sites were licensed for a storage period of 40 years and erected. Several papers of 
this workshop will illuminate this process.  
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Since that GRS was involved in these works and has gathered comprehensive knowledge and experience, 
e.g. by performing safety assessments in the fields of criticality safety, shielding, radiological 
consequences after sabotage attacks against casks etc. Since 2006 GRS works on behalf of the Federal 
Ministry for the Environment, Nature Conservation and Nuclear Safety on projects concerning various 
aspects of long term interim storage, e.g. harmonization of the national regulatory framework with that of 
the European level, the evaluation of the international state of the art of research and development and the 
needs for Germany to be undertaken in this field.  

With regard to the circumstances mentioned above for Germany also a need of prolonging the interim 
storage period of 40 years and subsequently future planning is obvious. That is another reason why we 
very much appreciate to host this workshop commonly with the NEA here at Munich very close to our 
GRS office location Garching north of Munich.  

I wish you all, also on behalf of our Director General, Prof. Weiss, profound papers, fruitful discussions 
and a successful workshop.  

With these introducing remarks I declare the OECD/NEA International Workshop on Safety of Long Term 
Interim Storage Facilities open.  

Leaving you now with Dr. Bernhard Gmal, the former head of our department for Nuclear Fuel, who spent 
much effort together with his team to prepare this workshop, I know you in good hands for the next days. 

I hope you will have the opportunity to get familiar with the beautiful city of Munich, its surrounding 
landmarks and the Bavarian style of life.  

Thank you! 
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Abstract  

Existing spent fuel storage (SFS) practices are the result of the past presumptions that an end point, e.g. 
sufficient reprocessing and/or disposal capacity, would be available within the short term (approximately 
50 years). Consequently, long term storage (between approximately 50 and 100 years) considerations have 
not been included in planning the back end of the nuclear fuel cycle. 

The present reality shows that no country has yet neither licensed nor built nor operated a deep geological 
repository for spent fuel (SF) and/or high level waste (HLW). Further, present and projected SF generation 
rates – more than 10 000 metric tons of heavy metal (MTHM) a year – far exceed the current capacity for 
disposal – 0 MTHM – or reprocessing – 4 800 MTHM a year – and will continue to do so for the rest of 
this decade. As a result, the SFS periods will extend. Moreover, as the SFM end point – reprocessing 
and/or disposal – is not presently defined with certainty in most countries, SFS periods will extend over 
periods within or beyond the long term in those countries. 

The IAEA has started in October 2010 a programmatic activity to consider challenges associated with 
extending SFS durations. After four consultants meetings and two technical meetings, a need has been 
identified for a SFS framework based on renewable storage periods – with as many renewals as may be 
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needed – to ensure safe and secure SFS until sufficient reprocessing and/or disposal capacity is 
implemented. 

Over the course of the technical meetings, the consultants have worked with delegates of 36 Member 
States and 2 International Organizations to emphasize the importance of establishing programs that can 
provide sufficient confidence that age-related degradation will be recognized and addressed to effectively 
prevent unacceptable consequences. 

This paper considers a number of topics from the perspective of assuring safe and effective SFS as storage 
periods extend including: SFS concepts, packaging of SF, materials performance and ageing management, 
regulatory and other institutional controls, as well as public confidence. 

It revisits the existing practices in the light of the fact that SFS periods are not presently defined with 
certainty in most countries and presents approaches for ensuring safe and effective SFS that extends over 
periods within or beyond the long term by means of facilities, equipment and methods to support multiple 
storage license renewals. 

1. Background and introduction 

Though experience demonstrates that spent fuel (SF) from nuclear power reactors has been safely and 
securely stored in wet and dry condition for decades spent fuel storage (SFS), however, is not the end point 
required to satisfy safety considerations [1, 2]. The end point that needs to be defined and included for the 
safe and sustainable management of SF is either its reprocessing or disposal. The spent fuel management 
(SFM) end point must be implemented in order to terminate either the short term SFS that can last up to 
approximately 50 years or the long term SFS that is not expected to last more than approximately 100 
years [2]. 

It is necessary to draw attention to the fact that extending SFS without implementing the SFM end point – 
i.e. reprocessing or disposal – is an intrinsically unsustainable policy because it imposes unacceptable 
burdens to the future generations. Unsustainable features of such nuclear fuel cycle include the financial 
risk associated with packaging fuel in the absence of acceptance criteria for future reprocessing or disposal, 
escalating storage and ageing management costs, maintenance of institutional controls and additional 
regulatory costs. 

Currently, most of the 30 countries that operate nuclear power reactors as well as all 3 countries that 
operated nuclear power reactors do not reprocess spent fuel and none of these 33 countries dispose of spent 
fuel. Furthermore, just one country operates facilities with enough capacity to reprocess all its spent fuel 
arising on a regular basis and just two countries, even though have not started to build a deep geological 
repository, submitted the applications for construction. 

Even though most countries cannot fully commit to implement the end point of the SFM – because 
insufficient or inexistent public confidence and acceptance turn out in lack of political consensus that 
precludes to implement reprocessing and/or disposal – it is acknowledged the obligation to assure safe and 
secure storage as SFS extends within or beyond the long term. 

Developing the necessary framework for safely and securely extending storage beyond the long term will 
not have the unintended consequence of removing pressure and thus enabling further postponement to 
policy decisions and commitments to implement the SFM end point. Such postponements are being 
repeated in the last decades in most countries even though no framework for extending storage beyond the 
long term exists. 
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This framework based on renewable storage periods will thus neither facilitate nor encourage extending 
SFS duration. It must be recalled that consensus has been reached by the Contracting Parties of the Joint 
Convention [1] so that storage, as regards to SF, means holding of spent fuel in a facility that provides for 
its containment, with the intention of retrieval. Consequently, SFS does not constitute an end point for the 
SFM under any circumstances in 28 out of 33 countries that operate or have operated power reactors and 
are Contracting Parties of the Joint Convention [3]. 

2. Extending SFS one step at a time 

Experience in most Member States demonstrates that spent fuel reprocessing or disposal will not be 
implemented before the spent fuel storage facility and equipment licenses expire. Multiple license renewals 
may be necessary. 

Potential hazards, available technologies, and applicable requirements may change over time. By 
developing a technical and regulatory approach that allows successive renewals for as long as is needed 
and can be justified by the technical basis, safe and secure SFS can be achieved until reprocessing or 
disposal is implemented. The extension of the SFS is addressed one step at a time by focusing on the 
renewal of an existing storage license for another term. 

This process, that follows principles currently used for life extension of nuclear power plants, is built on a 
regulatory framework and storage infrastructure (i.e., facilities, equipment, policies, procedures, etc.) 
designed to ensure safe and secure storage until a policy for implementing the SFM end-state is 
implemented. Further, it addresses safety requirements for the periodical review of the safety assessment in 
accordance with regulatory requirements as well as the safety reassessment in case of significant deviations 
in storage conditions and the re-evaluations to be performed for storage beyond the original design lifetime 
or if – during the design lifetime –  an extension of the storage period is foreseen [2].  

The success of this approach depends upon a licensing renewal process that can reliably identify any 
vulnerability that could jeopardize successful SFS over the length of the next licensing period and on the 
ability of the licensee to take effective corrective actions if and when needed to qualify for license 
extension. License applications would need to be submitted well in advance of license expiration to 
provide sufficient time for any needed corrective actions. Corrective actions could range from enhanced 
monitoring or inspection programs to remediation of degraded SF containers or storage facilities, 
repackaging of spent fuel assemblies (SFA), or even relocating to a new facility. 

The number of license renewals of an existing facility will increase as long as compliance with 
requirements can be demonstrated, however, the accumulated cost of maintenance and upgrades will in 
practice favour new facilities. 

3. Ensuring safe and secure SFS 

The principles of safe and secure SFS are well understood and will not change over extended storage 
periods. 

The fundamental requirement of ensuring protection of the public and environment from radiation hazards 
as established in the IAEA Specific Safety Guide [2] is achieved if four fundamental safety functions – 
namely, confinement, shielding, subcriticality and thermal management – are maintained during all 
normal, off-normal, and design basis accident conditions. These safety functions are well understood and it 
is reasonable to assume that they will underpin any future SFS regulation. In addition, maintaining SFA 
retrievability – often cited as a necessary safety function – will facilitate its transfer from one system to 
another, if needed, before transport to storage, reprocessing and/or disposal facilities. However, due to the 
difficulty of verifying retrievability of SFA as storage extends and the difficulty of restoring it once 
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compromised, it may be more effective to design systems that can handle degraded SFAs and strategies are 
being considered in which the retrievability is not ensured for individual SFAs but for the SF canister or 
cask. 

4. Extending lifetimes of existing SFS 

Ageing Management Programmes can ensure that safety-significant systems, structures and components 
(SSCs) are monitored and that unacceptable effects of degradation are prevented and/or mitigated. 

Demonstrating compliance with requirements as storage extends may be more challenging for storage 
concepts in which the SF is sealed in a welded metal canister or bolted lid metal cask prior to storage due 
to the added costs of any necessary inspections of the SFA and/or its packaging components. 

Confidence exists in the safety of SFS for at least 60 years and, in some cases, storage periods of and even 
beyond 100 years are considered [4]. Although today’s SFS systems are able to provide for storage beyond 
the original licensed period, understanding age-related degradation processes of SFAs as well as SFS 
facilities becomes increasingly important as SFS periods are extended. Successful renewal of SFS licenses 
will depend on ensuring that ageing is sufficiently understood and managed in order to maintain safety-
related functions. 

Though a broad knowledge base exists on the behaviour of existing SFAs and SFS facility materials, 
references for periods longer than a few decades are seldom found [5-7]. Further, evolving operating 
conditions and materials, such as higher burnup fuels and new fuel and cladding types, may also require 
testing to understand relevant age-related degradation under extended SFS. 

Activities undertaken to ensure continued safety of SFS are referred to as ageing management and include 
monitoring and inspection of key components along with analyses, testing, and any research, development, 
and demonstration programs needed to determine their operational lifetimes [8].  

Frameworks for developing ageing management programs are provided by the IAEA [9] and the U.S. 
Nuclear Regulatory Commission (NRC) [7]. The Federal Institute for Materials Research and Testing 
(BAM; Germany) [10] and the Electric Power Research Institute (EPRI; USA) [11] have also been 
involved in developing approaches to ageing management. 

Consensus standards are being developed to provide guidance and to ensure rigor in the development and 
testing of materials used in SFS systems [5-6]. These standards, however, should be understood only as a 
general starting point for the evaluation of materials degradation as the storage period extends. Neither 
high burnup (HBU) SF (> 45 GWd/MTHM) nor mixed Uranium-Plutonium oxide (MOX) SF is included 
in the stated considerations. 

Much of the technical basis for current SF license extensions comes from the CASTOR® V/21 
confirmatory study performed in the USA [7, 12-15]. This cask, which contained low burnup 
~ 30 GWD/MTHM UOX SFAs, was loaded dry, never went through a drying cycle and opened after 15 
years of storage. Examinations confirmed that there were no deleterious effects. 

Several studies were recently conducted to identify possible degradation mechanisms, to analyse their 
potential impact on safety as SFS periods extend, and to identify knowledge gaps between anticipated 
technical needs and existing technical data [15-19]. Furthermore, a number of studies have identified the 
need for a full-scale HBU SF storage and transport confirmatory demonstration project as an essential part 
of developing the technical basis [6, 15-16, 20-22]. 
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International efforts already underway include an active IAEA Coordinated Research Project for the period 
2012-2016 presented in Session 3 of this International Workshop [23] that addresses some of the 
knowledge gaps identified by the EPRI Extended Storage Collaboration Program (ESCP). Other efforts 
include those coordinated by the Nuclear Energy Agency of the Organisation for Economic Co-operation 
and Development (OECD/NEA) and the EPRI presented in Session 1 of this International Workshop [24]. 
Due to the common needs, high costs, and the long timeframes associated with obtaining the data needed 
to address the knowledge gaps and develop an appropriate full-scale demonstration, international 
cooperation and coordination is encouraged. 

5. Siting and design of future SFS 

Facility and equipment design and site selection can reduce risks associated with extending storage and 
the costs of ensuring and demonstrating continued safety. 

It is important to recognize that most of the facilities and storage systems that will be needed to store SF 
beyond the long term until the SFM end point is implemented have not yet been designed or built. Facility 
design, site selection, and operations can significantly impact the issues and associated costs for extending 
storage.  

Operating licenses for SFS systems designed for extended storage must contemplate a broader range of 
scenarios that could occur over the longer time period including the potential for increased magnitude and 
likelihood of floods and earthquakes, the effects of ageing; and the impacts of changing societal values and 
policies. 

There is agreement on the benefit of storing SF in offsite centralized facilities that allow reactor sites to be 
fully decommissioned, to return land back to unrestricted community use and to reduce the costs of 
operations, maintenance, and security by avoiding duplication, in particular, if transport of aged SF 
packages should come into question because the infrastructure for restoring transportability (i.e., 
inspection, repackaging, overpacking, etc.) could be very costly if duplicated at multiple sites. However, 
some potential disadvantages include the difficulty of finding a site that meets the technical and 
societal/political criteria, the public acceptance of the host community (concerns about the site becoming a 
de facto disposal facility, costs and risks of transport) and the upfront investment costs. 

Controls that do not rely on an external input (e.g. energy supply, human action, etc.) to properly perform 
their functions are referred to as passive controls and are thus more reliable and are preferred for 
maintaining safety. As SFS periods are extended, passive controls become increasingly important due to 
their increased reliability, lower operating cost, and reduced reliance on maintaining institutional controls. 

The storage of unpackaged SF as bare SFAs allows to postpone the packaging until future requirements for 
transport and acceptance criteria for disposal are known, thus minimizing the handling of SF and avoiding 
the need for premature packaging that could result in additional risks, costs, and radioactive wastes 
generation if repackaging is needed due to degradation of the previous package. Unpackaged i.e. bare SFA 
is typically stored in pools that require a large capital commitment for construction, may also result in 
considerable expenses associated with active systems such as water treatment and/or ventilation systems 
and may pose risks from severe accidents that could affect the entire population of stored SFAs. However, 
storage of bare SFAs preserves the ability for direct monitoring and inspection of the SF throughout the 
storage period that could substantially reduce the technical gaps and associated research and development 
needed to predict SF condition and make it much easier to demonstrate compliance with safety 
requirements during storage and also with transportation requirements following an extended storage 
period. 
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The storage of packaged SF using dry cask storage systems (DCSSs) can be deployed incrementally until 
the SFM end point is implemented, thus reducing the capital investment. Operational costs are also low 
due to increased reliance on passive safety features. However, packaged SF is not directly accessible for 
inspection, which could result in the additional costs and risks associated with opening and possibly 
repackaging SF due to material degradation concerns. The integrity of the canister or cask is of paramount 
importance, thus reducing the need to rely on the condition of the SFAs, because it ensures confinement of 
radionuclides, enhances criticality safety by precluding intrusion of a moderator and maintain an inert 
environment that precludes oxygen, humid air, and water, which could initiate or accelerate degradation 
processes. There are two approaches of storage of packaged SF: To package SFAs with the intent of 
demonstrating that system will continue to meet all applicable requirements for the duration of storage and 
for subsequent transport or to plan for the possibility that future repackaging may be necessary or 
desirable. 

6. Regulatory considerations 

Regulatory frameworks should be evaluated to ensure effectiveness with respect to renewing storage 
licenses. 

The regulatory body provides oversight of SFM activities until the end point i.e. reprocessing or disposal is 
achieved. Regulatory review and oversight is provided by periodically renewing or reassessing the safety 
basis of storage facilities and associated ageing management programs, approving new technologies that 
will improve initial design life, maximize capacity and minimize costs, enhancing current regulatory 
frameworks with new approaches to address uncertainties during extended storage; and ensuring 
appropriate compatibility and integration with reprocessing and disposal regulatory frameworks. Key 
regulatory roles may include: To perform research activities, to develop licensing basis and support 
decisions, to enhance the regulatory framework (e.g., rules and guidance), to implement licensing, 
inspection and oversight activities, and to implement public outreach and communication. 

The regulatory body should anticipate the need to extend SFS and develop an appropriate regulatory 
framework that supports periodic renewals. Key licensing considerations may include the frequency for 
relicensing, lead-times for initiating relicensing, the appropriate length of time that should be assumed for 
ageing performance analyses, and the frequency of key ageing management actions. It also must ensure 
that regulations, guidance, and inspection programs are adequate to implement ageing management 
programs that will enable SFS to be extended until the SFM end point is achieved. Regulatory frameworks 
for extending SFS may require reconsideration of both the likelihood and severity of design basis accident 
conditions based upon the possibility of multiple renewals. 

Regulators should consider the advantages of risk-informed, performance-based approaches to address the 
technical uncertainties of the long term storage of SF. Some regulatory frameworks are currently based on 
deterministic approaches where performance objectives (e.g., dose limits) must be satisfied for specified 
sets of normal conditions and postulated design basis accidents. Ageing management programs are also 
generally deterministic or prescriptive in nature, based on conservative engineering judgment. Given the 
potential uncertainties associated with the possibility of multiple SFS license extensions, risk-informed and 
performance-based approaches may provide additional alternatives for ensuring SFS safety within or 
beyond the long term. Risk analyses provide a better understanding of the probability and consequence of 
specific ageing degradation failures. Regulatory and operational frameworks sometimes include implicit 
assumptions about the storage duration; the condition of the fuel, packaging, and/or equipment 
technologies for transport or disposal that may influence or limit potential solutions. By focusing on 
performance and results while leaving flexibility to the licensee as to the means for meeting them, the 
regulatory framework becomes independent of assumptions. Hence, performance-based regulation can 
provide the flexibility needed to accommodate different SFM steps. 
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7. Infrastructure considerations 

The INPRO methodology has been developed specifically to determine whether or not a given innovative 
nuclear system is sustainable by assessing it along its life time from design to decommissioning in seven 
areas: Economics, Infrastructure, Waste Management, Proliferation Resistance, Physical Protection, 
Environment and Safety [25, 26]. Many of the factors that will either facilitate or obstruct the deployment 
of nuclear power relate to infrastructure including legal, institutional, industrial, economic and social i.e. 
other than technical aspects [26, 27]. 

This methodology as applied to the area infrastructure will be used to deal with the institutional 
infrastructure, finance infrastructure, socio-political infrastructure to allow long term commitment and 
public acceptance; and appropriate human resources infrastructure required for the safe and secure SFS 
beyond the long term until reprocessing and/or disposal are implemented. The factors or topics considered 
in the area of infrastructure – identified as user requirements in the INPRO framework – are legal and 
institutional, industrial and economic, political support and public acceptance, and human resources [27]. 

8. Conclusion 

The output of this IAEA programmatic activity will be a Nuclear Energy Series (NES) Technical Report 
intended to provide guidance for key policy and decision makers responsible for establishing policies and 
programs for SFM. It will draw attention to the intrinsically unsustainable feature of extending storage 
beyond the long term without implementation of the SFM end point (reprocessing and/or disposal) and 
acknowledge the challenges for extending SFS beyond the long term by identifying technical and 
infrastructure considerations necessary to ensure that ageing mechanisms are sufficiently understood and 
managed to provide a sound basis for extending SFS beyond the long term in a safe a secure manner until 
the implementation of the SFM end point. 

The last consultants’ meeting to finalize the draft document will be held on 27-29 May 2013 at the IAEA 
Headquarters in Vienna. Experts from France, Germany, Japan, the Russian Federation, Sweden and the 
USA will participate in the meeting and decide on options for the final draft in order to better address an 
audience of policy and decision makers. The final document will be sent to the Publication Committee in 
2013 and is expected to be published in 2014 or 2015. 
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EXTENDED USED FUEL STORAGE: EPRI PERSPECTIVE AND COLLABORATION 
INITIATIVES 

John Kessler 
Electric Power Research Institute, USA 

Keith Waldrop 
Electric Power Research Institute, USA 

 

Abstract 

This paper describes three main activities the Electric Power Research Institute (EPRI) is undertaking to 
establish the technical bases for extended (long-term) storage: the Extended Storage Collaboration 
Program (ESCP); inspection of stainless steel (SS) used fuel dry storage canisters currently in service; and 
a proposed data collection from a full-scale, bolted lid, metal cask containing high burnup (>45 
GWd/MTU) used fuel (the “Demo”).  ESCP is a voluntary organization focused on information sharing 
and providing the opportunity for more formal collaboration.  The SS canister inspection program involves 
visual examination, canister surface temperature measurements, and collection of contaminants 
accumulating on the canister surfaces during operation.  The Demo program involves the use of a specially 
instrumented lid allowing for the introduction of thermocouples inside the loaded cask as was as providing 
the ability to collect cask cavity gas samples. 

1. The Extended Storage Collaboration Program (ESCP) 

The Extended Storage Collaboration Program (ESCP) is a group of organizations being coordinated by 
EPRI to investigate aging effects and mitigation options for the extended storage of used nuclear fuel and 
HLW followed by transportation.  In November 2009 EPRI convened a workshop of over 40 
representatives of the nuclear industry, federal government, national laboratories, and suppliers of used 
fuel dry storage systems to discuss potential issues associated with extended dry storage of used fuel, i.e., 
storage considerably beyond the term of current and recently proposed U.S. Nuclear Regulatory 
Commission (NRC) regulations. The proceedings from that workshop were provided in an EPRI report1  
Current membership in ESCP is well over 150 participants from more than 20 countries.  The ESCP is 
purely voluntary (no dues are collected) and is open to organizations who are pursing or planning to initiate 
work related to extended (or “long-term”) storage.   

While the focus of the ESCP is on extended storage, the “vision of success” statement for the entire ESCP 
program is to “provide the technical bases to ensure safe, extended used fuel storage (greater than 60 years) 
and future transportability.” [emphasis added].  Hence, those systems, structures, and components (SSCs) 
of the dry storage systems that will also be used for future transportation will need to be evaluated for the 
safety functions for both storage and transportation.  For many potential long-term degradation 

                                                      
1  Used Fuel and HLW Extended Storage Collaboration Program: November 2009 Workshop Proceedings. EPRI report 1020780,  

2010. 
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mechanisms, the evolution of the storage system and used fuel properties during the prolonged storage 
period will affect transportability and subsequent retrievability. 

The planned ESCP activities are comprised of three, broad elements: 

Conduct data “gap” analyses to determine which data gaps need to be filled prior to establishing a firm 
technical basis for extended storage.  At present, several organizations have completed such gap analyses.  
Hence, this ESCP objective is essentially completed.  A summary of the highest priority gaps and “cross-
cutting” data needs is provided in Table 1 and 2, respectively; 

Conduct various experiments and modelling activities focused on understanding individual degradation 
mechanisms (“separate effect tests” (SETs)) or subsets of mechanisms in “small-scale” tests or models.  
Work in this area has been underway for over 20 years, although the number of new testing and modelling 
activities has dramatically increased in recent years.  There are still many SETs, small-scale tests, and 
modelling activities that need to be done over the next decade or two to complete the bulk of the data and 
cross-cutting needs provided in Tables 1 and 2.  While it is not possible to summarize all the completed, 
ongoing, and planned work in any one paper in this conference, some of this work is described as part of 
the proceedings of this NEA conference; 

Conduct one or more data collection activities using a full-scale, instrumented storage system containing 
high burnup (>45 GWd/MTU) used LWR fuel (referred to as “the Demo” throughout this paper).  EPRI is 
in the initial stages of planning the Demo; the U.S. Department of Energy (DOE) will be providing the 
bulk of the funding to EPRI for this activity. 

 
 

Table 1. Gap Analyses – Highest Priority Items (and Ability to Inspect) 

Data Gap Inspectability 

Welded stainless steel (SS) canister stress-
corrosion cracking (SCC) 

In-situ inspection on the outside possible, but 
difficult.  May require additional measures. 

High burnup cladding: hydride effects 
(reorientation, embrittlement) 

Not inspectable without unloading the cask or 
canister followed by rod extraction and 
destructive examination. 

Bolted lid casks: corrosion, embrittlement, and 
mechanical degradation of bolts 

Inspection possible, but requires new 
procedures. 

Fuel pellet swelling 
Not inspectable without unloading the cask or 
canister followed by rod extraction and 
destructive examination. 
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Table 2. Analyses – Cross-Cutting Needs 

Cross-Cutting Issue Comments 

Improved thermal modeling Need for “best estimate” thermal models.  
Requires benchmarking data. 

Stress profiles Primary stresses of interest: SS canister welds; 
used fuel cladding during drying and storage. 

Degradation monitoring systems May need development of new NDE 
instrumentation and delivery systems. 

Adequacy of drying Not possible to monitor free water after 
canister/cask closure. 

Examine casks at Idaho National Laboratory 
(INL) 

Supplements initial cask inspection in 2000 (total 
storage time is now ~28 years).  Low burnup fuel. 

Retrievability: fuel transfer options Possible change in primary barrier to radionuclide 
release from fuel (not inspectable) to the SS 
canisters (inspection possible).  Potential impact 
on repackaging options. 

Sub-criticality: burnup credit (BUC) Regulatory differences between countries.  Some 
require additional data for “full” BUC. 

2. EPRI Plans for In Situ Inspection of Welded Stainless Steel Used Fuel Dry Storage Canisters 

One of the areas of concern identified in Table 1 and in, for example, in NUREG/CR-70302, has been the 
effect of atmospheric salt deposition on welded stainless steel (SS) dry storage canisters, and the potential 
for chloride-induced atmospheric stress corrosion cracking (SCC).  To address this, the ESCP formed a 
subcommittee for marine atmospheric SCC. During 2011, this committee identified surface temperature 
and chemistry of surface deposits, particularly density of chlorides into those deposits, and among the 
knowledge gaps that needed to be filled in order to do realistic research into atmospheric SCC of canisters.  

At the same time, Calvert Cliffs Nuclear Power Plant personnel were planning visual examinations of their 
“lead” canister (one of the oldest canisters with higher decay heat loads) during 2012 for their independent 
spent fuel storage installation (ISFSI) license renewal.  This canister had been in service for approximately 
17 years at the time of inspection (June 2012).  The welded SS canister systems at Calvert Cliffs were 
thought to be accumulating airborne sea salts on the canister external surfaces from the nearby Chesapeake 
Bay.  The ISFSI at Calvert Cliffs uses the Nutech horizontal modular storage (NUHOMS®) system (Figure 
1).  The NUHOMS® design is a horizontal canister system composed of a dry shielded canister (DSC) 
placed inside a reinforced concrete horizontal storage module (HSM).  The DSC is a welded SS canister 
that provides confinement and criticality control for the storage and transfer of irradiated fuel. The DSC 
contains a basket with guide sleeves providing individual storage locations for each fuel assembly. The 
HSM is a reinforced concrete unit that provides radiation shielding and air flow.  The NUHOMS® systems 

                                                      
2  Atmospheric Stress Corrosion Cracking Susceptibility of Welded and Unwelded 304, 304L, and 316L Austenitic Stainless 
 Steels Commonly Used for Dry Cask Storage Containers Exposed to Marine Environments, U.S. Nuclear Regulatory 
 Commission Report NUREG/CR-7030, 2010. 
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are cooled by natural convection with outdoor air entering from the lower front of the concrete overpack 
(red line in the lower left of Figure 1), and exiting through the two roof vents at the top of the concrete 
overpack (upper set of red lines).  The HSM penetrations for air flow are protected from debris intrusions 
by wire mesh screens during storage operation.  The DSC support structure consists of a structural steel 
frame with rails to provide for sliding the DSC in and out of the HSM and to support the DSC within the 
HSM during storage.  These NUHOMS® systems are stored outdoors on a concrete pad near the power 
plant. 

In addition to the visual examination of the lead cask, Calvert staff agreed to assist EPRI in additional data 
collection on their “oldest, coldest” (in service for nearly 20 years) DSC.  A combination of visual exams, 
canister surface temperature measurements, and surface contaminant samples were taken on the oldest, 
coldest DSC in June 2012.  Access paths are shown in red in Figure 1.  The straight path through the door 
entering the annular space between the canister and the storage module was the one selected for the surface 
inspections (temperature and surface contaminant collection). The roof vent at the rear (red path at the 
upper right) was used for visual inspection access. 

Figure 2 is a photograph of the top cover weld of the “lead canister” (highest decay heat canister in storage 
for the longest amount of time).  The weld appeared in pristine condition with no degradation or rust 
observed.   

Figure 3 shows that a layer of dust accumulated on the top surfaces of the DSC, and that there is evidence 
of dripping water.   

Figure 4 shows that the bottom of the DSC appears dust-free.  Figure 4 also shows evidence of a rust 
bloom.  At present, it is thought that this rust bloom is superficial and may be caused by residual carbon 
steel on the plate rollers when the DSC SS plates were rolled into hemispheres prior to welding.  No visual 
evidence of corrosion along the vertical seam welds or circumferential welds was found. 

Visual examination of the “cold canister”, the oldest canister with low decay heat, showed no evidence of 
corrosion on the DSC.  This is relevant as SCC is potentially more likely at lower temperatures where the 
relative humidity on the DSC SS surface could be high enough to cause deliquescence of soluble salts 
deposited on the surface. 

While surface temperature measurements on the “cold canister” were attempted, it is not clear if the 
measurements taken truly represented the DSC surface temperature or the air layer just above the DSC.  
Measured temperatures corresponded to thermal model predictions for the air layer.  The cold canister 
bottom end (facing the door of the HSM) temperature was measured to be 44.4°C; temperatures along the 
top of the cold canister DSC were in the range of 40.0 to 48.3°C. 

Chemical analyses of the surface contaminants are not yet completed. 

EPRI is also planning two or three more inspections in 2013 and 2014 of in-service SS dry storage 
canisters located at other sites near the ocean. 

3. EPRI Plans for Conducting a Full-Scale Dry Storage System Demonstration 

There are multiple R&D approaches to filling data gaps.  These include, but are not limited to: 

Existing literature survey for available data and models; 

“Separate effects testing” (SET), usually at the laboratory scale; 
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In-service inspections and monitoring; 

Small-scale, longer-term tests;  

New model development; and 

Full-scale confirmatory tests (often called the demonstrations or “demos”). 

 
Figure 1. NUHOMS® Horizontal Storage Module at the Calvert Cliffs Nuclear Power Plant 
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Figure 2. Lead Canister Top Cover Weld 

 
 
 

Figure 3. Top of the Lead Cask DSC 
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Figure 4.  Rust Bloom on the Bottom of the Lead Cask DSC 

     

Some combination of all of these approaches will be required.  This section will discuss a “demo” program 
proposed by EPRI.  

In 1986, Virginia Power (now, Dominion Generation) initiated a research program to provide additional 
SNF storage at its Surry station using dry storage technologies.  The US Department of Energy (DOE) and 
EPRI signed cooperative agreements with Virginia Power to demonstrate dry storage technologies at a 
federal site; selection and shipping of SNF to the federal site for storage; and the design, licensing, and 
initial operation of an ISFSI at the Surry station.  The cooperating agreement program called for more than 
one cask design to be demonstrated at the Surry ISFSI and at the Idaho National Laboratory (INL, at that 
time, the Idaho National Engineering Laboratory).  Among the multiple cask designs tested at INL was the 
CASTOR V/21 (Figure 5) metal storage cask.  Virginia Power and EPRI documented the full-scale 
application of metal cask fuel storage technologies at the Surry station.3 

Some 14 years after initial loading of this CASTOR V/21 cask, the cask was reopened at INL, the fuel 
assemblies and cask internals were visually examined, and several fuel assembly rods were removed for 
subsequent non-destructive and destructive examination.  No visual evidence of fuel assembly or cask 
degradation was observed.  Examination of the fuel rods also showed no degradation (e.g., no corrosion or 
detectable creep), and that some “creep life” (creep prior to rupture) was determined by conducting creep 
testing. 

Since the 1990s, almost all used fuel being removed from the reactors have burnups in excess of 45 to 50 
GWd/MTU.  This is considerably higher than the burnup of the PWR assemblies in the CASTOR V/21 
cask discussed above (maximum assembly average burnup of 35.7 GWd/MTU).The higher burnups have 
caused NRC to be concerned about the ability of the used fuel to remain intact during transportation such 
that the fuel is retrievable and will not become critical after a transportation accident.  To date, NRC has 
granted very few transportation Certificates of Compliance (CoC’s) for DPCs containing higher burnup 
used fuel.  Furthermore, NRC has yet to grant a storage CoC extension beyond 20 years for higher burnup 
used fuel dry storage systems. 

                                                      
3  The Castor-V/21 PWR Spent-Fuel Storage Cask: Testing and Analyses, EPRI report NP-4887, 1989. 
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Earlier this year, EPRI initiated a demonstration program like that done for the CASTOR V/21 in 1985, but 
with the intent to use three different kinds of high burnup PWR fuel.  The plan involves use of a TN-32 
bolted lid metal cask with an instrumented lid in a manner similar to that for the CASTOR V/21.  Recently, 
DOE announced its intent to provide up to 80% of the funding for EPRI to conduct this demonstration.  
The demonstration will be conducted at Dominion’s North Anna plant in Virginia in the USA.  A detailed 
test plan will be developed during the first 26 weeks of the study.  Some of the fuel assemblies to be used 
in the Demo will have burn-ups in excess of 50 GWd/MTU for each of the following three cladding types: 
standard Zircaloy-4, Zirlo™, and M5™. The high burn-up assemblies planned for demonstration purposes 
will range in average assembly burn-up from 50 GWd/MtU to 67 GWd/MtU. The final fuel loading will be 
determined during the course of the initial 26 week study. 

The highest priority gaps (Tables 1 and 2) to be addressed in the high burnup Demo will include the 
following: 

Main cross-cutting data gap: realistic thermal models so cladding temperatures during drying and 
subsequent storage can be predicted more accurately. Given that the degree of hydride reorientation is a 
function of temperature, knowing the actual cladding temperatures is important.  Hence, the test plan will 
include temperature measurements inside the Demo Cask at various axial and radial locations; 

High burn-up cladding mechanical properties: rod internal gas pressure and fission product content, 
hydride concentration, hydride orientation, oxide thickness, other wall thinning, ductility, creep.  The test 
plan will include approaches to obtaining these data during pre- and post-test rod characterization. The 
fission product concentration in the rod plenum will also provide an indication of the fraction of fission gas 
released from the pellets. 

Figure 5. CASTOR V/21 Showing the Thermocouple (TC) Leads Through the Modified Lid [EPRI, 
1986] 
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The test plan will include several activities to characterize the used nuclear fuel (UNF) cladding prior to 
and after the drying and storage period. Intact rods from “sister” assemblies (assemblies with similar 
reactor operating histories) would be extracted prior to the test and shipped to one or more labs with 
appropriate hot cell capabilities. Initial rod testing would include profilometry to determine the initial 
cladding dimensions. Post-test profilometry data would then be compared to the pre-test data to determine 
if cladding creep occurred.  Several destructive examinations would then follow the initial profilometry 
measurements: 

Rod puncture tests for internal gas pressure and composition; 

Rod sectioning and de-fueling for subsequent cladding examination at the same or another hot cell; 

Cladding data collection: 

Hydride concentration; 

Hydride orientation; 

Oxide thickness; 

Ducility at various temperatures (Charpy, ring compression, tensile methods are all possibilities); 

Optional: creep testing at various combinations of rod pressure and temperature as an indirect measure of 
remaining ductility and/or ductility recovery at higher temperatures. 

The notional schedule for initiating the proposed Demo is to submit the storage license application in 2015, 
obtain the storage license in 2016, and loading the cask in early 2017.  It is anticipated the cask will be re-
opened after at least ten years of storage to inspect the fuel and cask internals for signs of degradation over 
the storage period. 
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INTERIM STORAGE OF SPENT NUCLEAR FUEL BEFORE FINAL DISPOSAL IN GERMANY 
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G. Arens, Ch. Götz 
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) 

S. Geupel, B. Gmal, W. Mester 
Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH 

 

Abstract  

For spent nuclear fuel management in Germany the concept of dry interim storage in dual purpose casks 
before direct disposal is applied. The Federal Office for Radiation Protection (BfS) is the competent 
authority for licensing of interim storage facilities. The competent authority for surveillance of operation is 
the responsible authority of the respective federal state (Land). 

Currently operation licenses for storage facilities have been granted for a storage time of 40 years and are 
based on safety demonstrations for all safety issues as safe enclosure, shielding, sub-criticality and decay 
heat removal under consideration of operation conditions. In addition, transportability of the casks for the 
whole storage period has to be provided. Due to current delay in site selection and exploration of a disposal 
site, an extension of the storage time beyond 40 years could be needed. This will cause appropriate actions 
by the licensee and the competent authorities as well. 

A brief description of the regulatory base of licensing and surveillance of interim storage is given from the 
regulators view. Furthermore the current planning for final disposal of spent nuclear fuel and high level 
waste and its interconnections between storage and disposal concepts are shortly explained. Finally the 
relevant aspects for licensing of extended storage time beyond 40 years will be discussed. Current 
activities on this issue, which have been initiated by the Federal Government, will be addressed. On the 
regulatory side a review and amendment of the safety guideline for interim storage of spent fuel has been 
performed and the procedure of periodic safety review is being implemented. A guideline for 
implementing an ageing management programme is available in a draft version. Regarding safety of long 
term storage a study focussing on the identification and evaluation of long term effects as well as gaps of 
knowledge has been finished in 2010. A continuation and update is currently underway. 

1. Introduction – German policy for spent fuel management 

For spent nuclear fuel management in Germany the concept of dry interim storage in dual purpose casks 
before direct disposal is being pursued. According to an amendment of the Atomic Energy Act (AtG) in 
April 2002, spent nuclear fuel from power reactors, which has not been shipped to the reprocessing 
facilities in France or the UK until 30 June 2005, has to be stored at the NPP sites in dry storage and 
transport casks. Beginning from the year 2002, dry cask storage facilities were commissioned and started 
operation stepwise at twelve NPP sites. In addition, the earlier commissioned centralised storage facilities 
at Ahaus and Gorleben are used for the interim storage of spent fuel from different types of reactors (light 
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water reactors, THTR Thorium High Temperature Reactor, Rossendorf research reactor) and vitrified high 
level waste returned from reprocessing abroad. The interim storage facility “Zwischenlager Nord” (ZLN) 
near Greifswald is used for the storage of spent fuel from the Greifswald and Rheinsberg nuclear power 
plants of Soviet design. 

Due to pending site selection process for a spent fuel disposal facility, the probability increases that an 
extension of the licensed storage period beyond 40 years will be needed. For extended storage periods all 
relevant safety demonstrations have to be in line with the intended extension time and the current state of 
technology. In the following sections an overview on the activities and provisions initiated and planned by 
the German supervising authority BMU with regard to interim storage of spent fuel and vitrified high level 
radioactive waste before final disposal is presented. Table 1 provides an overview of the current dry 
storage facilities. 

Table 1. Status of the storage facilities at the NPP sites and the central storage facilities 

 
Nuclear Power Plant 

Site 
In Operation 

since 
Positions for Casks  

with Storage Capacity 
Emplaced  
[tHM] as  

of 12 / 2012 

No. of  
Emplaced Casks  
as of 12 / 2012 

On-site storage facilities 
Biblis 2006      135 pos.;   1,400 tHM  519   51 
Brokdorf 2007      100 pos.;   1,000 tHM  144   14 
Brunsbüttel 2006        80 pos.;      450 tHM    78     9 
Grafenrheinfeld 2006        88 pos.;      800 tHM  204   20 
Grohnde 2006      100 pos.;   1,000 tHM  186   18 
Gundremmingen 2006      192 pos.;   1,850 tHM  371   41 
Isar 2007      152 pos.;   1,500 tHM  244   25 
Krümmel 2006        80 pos.;      775 tHM  175   19 
Lingen/Emsland 2002      125 pos.;   1,250 tHM  327   32 
Neckarwestheim 2006      151 pos.;   1,600 tHM  377   41 
Philippsburg 2007      152 pos.;   1,600 tHM  357   36 
Unterweser 2007        80 pos.;      800 tHM    82     8 
Obrigheim Application 

from  
April 22, 2005 

       15 pos.;      100 tHM   

Sum    1,450 pos.; 14,125 tHM 3,064 314 
Central storage facilities 

Ahaus (TBL-A) 04 / 1987      420 pos.;   3,960 tHM 64 329 
Gorleben (TBL-G) 09 / 1983      420 pos.;   3,800 tHM     37 *) 113 
Greifswald (ZLN) 11 / 1999        80 pos.;      585 tHM     583 **)   74 
  *) Plus 3,024 CSD-V canisters. 
**) Plus 140 HAW canisters from the Karlsruhe reprocessing plant (WAK). 
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2. Regulatory aspects 

The storage of spent fuel and radioactive waste with significant contents of fissile materials requires a 
license under § 6 of the Atomic Energy Act4. This refers to the on-site interim storage facilities at the 
nuclear power plants and the central storage facilities for spent fuel containers at Gorleben, Ahaus and 
Greifswald. Superior preconditions for licensing are, for example, a need for storage, adequate precautions 
to prevent damage resulting from the stored fuel, adequate provisions for covering the legal liability to pay 
compensation for damage, protection against disruptive action, etc. The licensing authority in this instance 
is the BfS, whilst supervision is performed by the competent authority of the respective Land. 

Detailed safety requirements for dry interim storage are written down in “Guidelines for dry interim 
storage of spent fuel and heat generating high active waste in casks” originally issued in 2001 and now 
available in the revised and amended version of 20125. Basic safety issues of the German approach are: 

The main safety goals, in particular safe enclosure of the radioactive inventory, sub-criticality, radiation 
shielding and decay heat removal, are provided by the casks. 

The current operation licenses have been granted for a storage period of 40 years. 

According to current practice, the approval of type B(U) for public transport of the casks must remain valid 
for the whole storage period, license partially takes credit of the approval. 

The casks are monitored for leakage of the double lid system. 

Safety-related installations of the storage facility are subject to in-service inspections whose frequency is to 
be stipulated in accordance with the safety significance of the components to be tested. No inspection or 
monitoring of the stored inventory and the inside of the casks are performed. 

Transportability of the casks and manageability of the fuel elements must be assured at the end of storage 
period. 

Within due time, as a rule six years before the license for storage will expire, the licensee has to provide 
evidence for further disposal of the stored nuclear fuel. If necessary, an extension of the storage period has 
to be applied for. For the fuel elements it had to be demonstrated that no systematic failure of the fuel rods 
will occur during the storage period and that the fuel assemblies will keep their geometric arrangement, 
which is also a precondition for transportability of the casks and for a later handling in a conditioning plant 
prior to disposal. 

In order to sustain a continuous high safety level over the whole period of storage and also to be in line 
with international requirements and practices, the procedure of periodic safety review was included into the 
regulatory system for interim storage facilities. In November 2010, the Nuclear Waste Management 
Commission (ESK) handed the Federal Ministry for the Environment, Nature Conservation and Nuclear 
Safety (BMU) a recommendation of guidelines for the implementation of a periodic safety review (PSR) 

                                                      
4  Gesetz über die friedliche Verwendung der Kernenergie und den Schutz gegen ihre Gefahren (Atomgesetz – AtG),   

zuletzt geändert am 20. April 2013 
5  ESK guidelines for dry cask storage of spent fuel and heat-generating waste, revised version of 29 November 2012 
 (http://www.entsorgungskommission.de/englisch/downloads/eskempfehlungesk30llberevfassung29112012e.pdf) 
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for interim storage facilities6. The main objectives are to “demonstrate the fulfilment of the basic protection 
goals (as listed above) and the resulting requirements with regard to 

summarised documentation and evaluation of all events and findings within the review period with regard 
to the safety level and operating reliability of the interim storage facility, and minimisation of the radiation 
exposure, 

up-to-date safety assessment in accordance with the state of the art in science and technology with regard 
to 

− the safe and reliable continued operation of the interim storage facility, 

− the impacts of ageing mechanisms on the condition of the interim storage facility and its 
installations, and on the transport and storage casks and their inventories, 

− the compliance with the safety requirements for the handling and later removal of the 
transport and storage casks, and 

derivation of findings and measures for further operation.” 

The result of the PSR should demonstrate the fulfilment of the basic protection goals for the remaining 
licensed operation time. A PSR for storage facilities has to be performed every ten years. 

Currently the application of the guidelines is tested in pilot PSR’s for two selected storage facilities 
(Gorleben and NPP Emsland). GRS and Öko-Institut are attending the process in terms of technical 
assistance for the BMU. This approach should allow identifying problems and uncertainties regarding the 
implementation of the guidelines. As a result, a report about the lessons learned and recommendations for 
optimisation of the process and the guidelines is intended. 

In January 2012, the ESK issued a draft recommendation of guidelines for the surveillance of technical 
ageing during long term interim storage. According to these guidelines, the ageing monitoring programme 
in storage facilities needs to distinguish between 

the surveillance of facility-specific ageing aspects in each storage facility, 

the cross-facility surveillance of ageing aspects specific to certain systems and components, 

the surveillance of generic ageing aspects (e.g. long term behaviour of materials) which is performed 
centrally through the manufacturers based on special arrangements or contracts. 

 
Basic recommendations are as follows: 

At intervals of at least 10 years or as warranted, accessible outer surfaces of the transport and storage casks 
have to be inspected on a random basis. 

Recurrent settlement measurements have to be performed for the storage building. 

                                                      
6 ESK recommendations for guides to the performance of periodic safety reviews for interim storage facilities for   

irradiated fuel elements and heat-generating radioactive waste (PSÜ-ZL), 4 November 2010 
 (http://www.entsorgungskommission.de/englisch/downloads/eskepanlage1esk14homepageen.pdf) 
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The condition of the storage building as well as of the components necessary for interim storage have to be 
inspected by walk-down and suitable measurements. 

The results of recurrent inspections have to be evaluated. 

3. Interdependencies with disposal concept 

In Germany, the handling of radioactive materials and the disposal of radioactive waste are governed by 
the Atomic Energy Act. According to this act, radioactive residues must be properly disposed of as 
radioactive waste. All spent fuel from nuclear power plants is intended for disposal, with the exception of 
those delivered to a reprocessing plant up until 30 June 2005. 

As early as in the 1950s, nuclear waste management was included in all planning activities. A 
Memorandum of the German Atomic Commission, an advisory committee to the former Ministry for 
Atomic Issues, of 9 December 1957 already pointed out the need for comprehensive development in the 
field of waste management. The importance of this issue was emphasised by the legislator in an 
amendment of the Atomic Energy Act in 1976 which included the new § 9a that demanded the proper 
disposal of radioactive waste. 

Under the direct disposal concept, spent fuel is to be packed in casks suitable for disposal after having been 
held in storage for several decades (a period of 40 years has been applied for and approved), and these 
casks are then to be sealed and emplaced in galleries or bore holes in deep geological formations. The 
prototype of a facility for the packaging of the spent fuel in casks that are suitable for disposal has been 
constructed. 

Since no repository has yet been implemented which is capable of accommodating spent fuel and heat-
generating radioactive waste, there are only conceptual considerations available on the design of such a 
repository. 

In September 2010, the Federal States Committee on Nuclear Power has adopted safety requirements for 
the disposal of heat-generating radioactive waste7 and the BMU has published these for specification of the 
state of the art in science and technology. These requirements are based on a discussion process in which 
the BMU, BfS, GRS and the advisory committees ESK, SSK (Commission on Radiological Protection) 
and RSK (Reactor Safety Commission) were involved. The requirements apply to the planning, further 
exploration, construction, emplacement operations and decommissioning of such a final repository, and 
also address the required monitoring and evidence preservation measures following its decommissioning. 
During the emplacement operation phase up to the sealing of the shafts or ramps, retrieval of the emplaced 
waste containers must be possible. Furthermore it must be ensured that the waste containers can be 
retrieved for a period of 500 years after the closure of the repository in case of emergency. These 
requirements, however, must not impair the long-term safety of the repository. 

Gorleben 

 
At the Gorleben site, underground exploration of the salt dome started in 1986. The exploration was to 
establish whether the salt dome was suitable for a repository, especially for heat-generating radioactive 
waste. Between 2001 and 2010, exploration work was temporarily suspended to clarify conceptual and 

                                                      
7 BMU, Safety requirements governing the final disposal of heat-generating radioactive waste, 30 September 2010  
 (http://www.bmu.de/fileadmin/bmu-

import/files/english/pdf/application/pdf/sicherheitsanforderungen_endlagerung_en_bf.pdf) 
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safety-related questions. From October 2010 to December 2012, the exploration of the Gorleben salt dome 
was continued. In parallel, a preliminary safety analysis on the issue of long term safety was prepared in 
March 2013. Previously the Gorleben salt dome was designated mainly for disposal of vitrified high active 
waste from reprocessed nuclear fuel, which was initially the accepted concept of spent fuel management. 
Between 1979 and 1995, several projects have been performed in order to compare safety issues, to 
demonstrate feasibility and to develop a concept for direct disposal of spent nuclear fuel. As a result, the 
direct disposal of spent fuel after interim storage has been accepted by the Government as an equivalent 
way of spent fuel management besides reprocessing. In 2002 finally reprocessing of spent fuel from power 
reactors was ruled out by amendment of the Atomic Energy Act. Since 1 July 2005, the delivery of spent 
fuel from power reactors for reprocessing abroad is prohibited. 

Site selection for a HLW repository 

The long-lasting dispute on the suitability of the Gorleben site to host a deep geological repository for high 
level radioactive waste (HLW) was the most serious obstacle on the way to find a final solution for the 
management of this kind of waste in Germany. In order to overcome the gridlocked situation and to 
achieve a consensus between the opposing parties and groups in German society, the German government 
decided to initiate a new site selection process for a HLW repository. This new policy is supported by most 
of the political parties in Germany. In April 2013, the Minister-Presidents of the German Federal States 
and the chairmen of five parliamentary groups in the German Bundestag agreed to initiate a new site 
selection process based on scientific criteria and highest safety standards, starting with a blank map of 
Germany without any site proposals. This process may also include investigation of host rock formations 
other than salt, e.g. clay and granite. One of the key provisions is that there are no premature decisions by 
excluding individual sites. As a prerequisite for reaching a decision based on broad consensus, 
transparency and public participation in all phases of the stepwise procedure are ensured. 

As a first step, a new law is to be prepared in which the key elements of such a site selection process are to 
be laid down. It stipulates that the site selection procedure shall be prepared by a joint Federal 
Government/Länder committee of 24 members representing different interests. Until the end of 2015, the 
committee will have to work on proposals in relation to issues such as safety requirements and criteria for 
site exclusion and site selection, respectively, for each geological formation. These will then form the basis 
for determining the location of the repository site as well as the kinds of rock that are best suited to this 
purpose. Decisions on the individual phases of the selection procedure will be taken by the Bundestag via 
the adoption of corresponding legislation and include, in the final stage of the procedure, decisions on 
locations for surface and underground exploration. The procedure will include the following phases: 

Evaluation phase for the review of legal provisions and the definition of basic criteria, 

Identification of suitable regions, surface and underground exploration, site comparisons and proposals, 
selected site to be written into federal legislation, 

Plan approval procedure for the safety assessment of the selected site, 

If possible, construction of the repository after judicial review of the plan approval procedure. 

The final decision for a repository site shall be taken by 2031. For the present, the Gorleben salt dome will 
not be excluded as a possible candidate site. However, underground exploration in Gorleben will not be 
continued and no research laboratory will be built on this site. 

Due to the long time span until a HLW repository will be ready for operation, an extension of the storage 
period for the spent fuel elements will probably be necessary. This requires a new evaluation of safety 
issues for long term storage and an extension of the existing licenses. 
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Container concept 

The reference concept for direct disposal of spent fuel envisages the removing of the fuel rods from the 
fuel assemblies in an aboveground plant, the packaging of the fuel rods in self-shielding and sealed thick-
walled casks and emplacing them in deep geological formations for disposal. The POLLUX reference 
concept is named after the type of cask used. In order to demonstrate the conditioning technique, the 
construction of a pilot conditioning plant (PKA) was finished at Gorleben in the year 2000. Pursuant to the 
agreement between the Federal Government and the utilities of 11 June 2001, the licensing procedure is 
complete, but use of the facility is licensed only for the repair of defective casks for spent fuel from light-
water reactors and for vitrified high active waste from reprocessing as well as for the handling of other 
radioactive materials. As a prerequisite for the start of pilot operation, the license requires the naming of a 
repository site and the qualification of the conditioning procedure. The plant is licensed for a throughput of 
35 tHM/a. 

The reference concept for the direct disposal of spent fuel has reached technical maturity. The concept 
envisages a drift emplacement of the casks. There is a prototype of a self-shielding and sealed thick-walled 
POLLUX cask. The proof of the technical reliability for the under-ground handling technique was 
furnished in the 1990s in a comprehensive above-ground experimental programme on full-scale shaft and 
drift transport and emplacement technique. About 2,000 emplacement cycles were performed; this 
corresponds to the total expected quantity of light-water reactor fuel to be disposed of. 

To simplify the operation of the repository and to avoid large and expensive disposal casks, the so-called 
BSK 3 concept was developed as an alternative. It is also based on the conditioning of fuel assemblies, but 
instead of using the POLLUX cask, the fuel rods are inserted into a non-shielding canister that can be 
placed in boreholes. Thus, the same handling procedures and techniques that are used for the disposal of 
reprocessing residues can be used for the disposal of spent fuel. The BSK 3 canister is designed to contain 
fuel rods from up to 3 PWR fuel elements or from up to 9 BWR fuel elements. The shaft hoisting 
technology for the concept of fuel rod canister is the same as for the POLLUX concept. In an experimental 
programme on full scale, the basic feasibility and the reliability for canister storage in boreholes was 
demonstrated in 2009. Preliminary studies show that the costs for the repository operation can be reduced 
significantly and the total costs for casks for spent fuel can be reduced by about 50 %8. 

4. Technical and operational aspects 

End of 2010, GRS and Öko-Institut finished a collaborative study commissioned by BMU on safety 
aspects of long term interim storage of spent fuel and vitrified high level waste9. The main focus of the 
work aimed on the identification and evaluation of long term effects which may affect the safety of interim 
storage during and beyond the currently licensed storage period of 40 years. By evaluating relevant 
publications, an overview on the state of science and technology has been provided, followed by an 
analysis and discussion of technical aspects like e.g. the long term behaviour of spent fuel elements, casks 
and storage systems. In this regard, generic analyses have been performed for storage periods up to 100 
years, e.g. pressure build-up inside the fuel rods based on burn-up and depletion calculations for 4.4 % 
enriched UO2 fuel with a burn-up of 50 GWd/tHM. Furthermore, a systematic screening in consideration 
of possible ageing effects and material degradation has been applied to safety related systems, structures 
and components. Beside technical aspects, also long term operational aspects like e.g. personnel planning 
or knowledge transfer were addressed. In this context also a concept of an ageing management plan for 
                                                      
8 R. Graf and W. Filbert, Disposal of Spent Fuel from German Nuclear Power Plants − Paper Work or Technology?, 

TOPSEAL 2006, Olkiluoto, 17-20 September 2006 
9 A. Ellinger et. al., Sicherheitstechnische Aspekte der langfristigen Zwischenlagerung von bestrahlten 

Brennelementen und verglastem HAW, GRS-A-3597, April 2010 (in German) 



NEA/CSNI/R(2013)10 

90 
 

German dry cask storage facilities has been developed and described10, based on available international 
documents and recommendations for ageing management, in particular from IAEA and US NRC. From the 
results and findings gained in that project, recommendations were derived, which were directed also to the 
implementation of a PSR and a systematic ageing management and addressed potential safety issues in 
case of a needed extension of the storage period. Some of the results and recommendations of the study 
are: 

There were no findings, which could raise concerns about the appropriateness of the current concept 
licensed for 40 years storage. 

The casks used for storage are consistent with the state of science and technology in order to meet the 
safety goals and are fabricated according to the highest level of quality assurance. 

Current limitation of licenses to 40 years is not based on technical reasons e.g. from anticipated ageing 
effects, but was previously set with regard to the expected start-up of the a repository for spent fuel and 
heat-generating radioactive waste. 

There are no perceptions from national and international experience, which would basically challenge a 
possible extension of the storage period beyond 40 years. 

The report concluded that, based on the analyses performed, neither indication of unexpected degradation 
effects nor of insufficient justification of safety during the planned regular period of storage was found. In 
case of an extension of the allowed storage period, additional safety justification regarding behaviour of 
the stored fuel, the casks and the facility will be required, taking into account the experience and 
knowledge gained from current operation and international R&D programmes underway. 

Since the investigations finished in 2010, the long term interim storage internationally gained increasing 
attention caused by pending site selection process for a disposal facility in numerous countries. 
Consequently, different research and development projects as well as working groups were initiated, e.g. 
by DOE and NRC, EPRI, IAEA and OECD/NEA, aiming at a better understanding of degradation 
processes and on identifying and closing knowledge gaps. 

GRS is in charge of a follow-up project concerning safety related questions of long term interim storage of 
spent fuel and vitrified high active waste. With the Federal Institute for Materials Research and Testing 
(BAM) there is a new partner participating in the project. BAM is internationally acknowledged for its 
technical expertise and experience in the field of safety evaluation for the long term performance of interim 
storage containers and all associated components under storage-specific operational conditions. To this 
end, BAM takes an active part in working groups of EPRI and IAEA and collaborates with several 
research institutes. Scientific findings in this international exchange of experience and an overall update on 
the state of science and technology represent a major part of the work. Subjects regarding the long term 
behaviour of spent fuel elements and the components of the casks will be dealt with in greater detail. 
Previously performed generic analysis relating to fuel cladding integrity will be extended by GRS. The 
main tasks are improving the calculation model and investigating the long term behaviour of high burn-up 
UO2 fuel (up to 60 GWd/tHM) and MOX fuel. 

Long term experiments for the gaskets supported from the cask vendor GNS (Gesellschaft für Nuklear-
Service mbH) are now operational for 19 years and deliver useful information which also will be 

                                                      
10 B. Gmal et al., Systematic Approaches for an Ageing Management Program at Spent Fuel Interim Storage 

Facilities, Proceedings of the OECD/NEA Workshop on Ageing Management of Fuel Cycle Facilities, Paris, 5-7 
October 2009, Report No. NEA/CSNI/R(2010)4, pp. 151-167 
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evaluated. Further important components of the casks are the polymer moderator elements and their 
behaviour under long term influence of radiation and heat. Contributing to the work, Öko-Institut will give 
an up-to-date overview of experience gained in national and international ageing management 
programmes. With storage periods up to 100 years or even longer, non-technical ageing and obsolescence 
management play an important role and thus have to be considered. Another main part of the work will 
examine special aspects and questions regarding the German interim storage concept, e.g. the impact of 
decommissioning nuclear power plants on-site or further needs for additional investigations and measures 
to allow a longer operation of interim storage facilities and a final transportability of the casks. 

5. Conclusions 

In the German concept for spent fuel management, dry interim storage in transport and storage casks until 
it can be disposed of in a deep geologic repository is an important part. Since 1 July 2005 discharged spent 
fuel from power reactors is to be stored at the NPP sites in suitably designed dry interim storage facilities. 

The relevant regulations for spent fuel storage have been subject to a benchmarking process for compliance 
with internationally accepted requirements of the WENRA Working Group of Waste and 
Decommissioning (WGWD), and have been updated recently. In particular the requirement of a periodic 
safety review every ten years was included, and requirements for a systematic ageing management 
programme by the operator were released in a draft version. 

The current licenses for storage are valid for 40 years. Due to delay of the site selection for a geological 
repository, a necessary extension of the period for interim storage could occur. This situation, if it happens, 
will cause additional tasks for the operators and for the supervising authority as well, which need some 
preparation time in advance. The legislative and technical base for prolongation of the interim storage 
needs to be provided. This requires demonstration and justification for safe storage in accordance with the 
state of science and technology for a time period beyond the currently licensed period. Besides fulfilment 
of the basic safety goals during storage also the requirements of transportability of the casks and possibility 
of safe handling of single fuel assemblies after storage are to be met. Therefore, currently important issues 
also from regulators point of view are: 

To gain experience from storage operation underway with regard to the long term behaviour of fuel 
assemblies and casks, 

To identify and close gaps of knowledge, in particular regarding the long term behaviour of stored fuel, 
including high burn-up and mixed oxide fuel, and 

To participate in international co-operations on these issue in order to share knowledge and experience 
with other countries. 
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Abstract  

IRSN presents its statement regarding long-term storage facilities; in France, the regulatory documents do 
not define the long term duration. The storage facility lifetime can only be appreciated according to the 
needs and materials stored therein. However, the magnitude of the long-term can be estimated at a few 
hundred years compared to a few decades for current storage. Usually, in France, construction of storage 
facilities is driven from the necessity various necessities, linked to the management of radioactive material 
(eg spent fuel) and to the management of radioactive waste. 

Because of the variety of “stored materials and objects” (fission product solutions, plutonium oxide 
powders, activated solids, drums containing technological waste, spent fuel…), a great number of storage 
facility design solutions have been developed (surface, subsurface areas, dry or wet conditions…) in the 
World. 

After describing the main functions of a storage facility, IRSN displays the safety principles and the 
associated design principles. The specific design principles applied to particular storage (dry or wet spent 
fuel storage, depleted uranium or reprocessed uranium storage, plutonium storage, waste containing tritium 
storage, HLW and ILLW storage…) are also presented. 

Finally, the concerns due to the long-term duration storage and related safety assessment are developed. 
After discussing these issues, IRSN displays its statement. The authorization procedures governing the 
facility lifetime are similar to those of any basic nuclear installation, the continuation of the facility 
operation remaining subject to periodic safety reviews (in France, every 10 years). The applicant safety 
cases have to show, that the safety requirements are always met; this requires, at minimum, to take into 
account at the design stage, comfortable design margins. 

1. Introduction 

A storage facility is a nuclear facility, or a part of a nuclear facility, whose function is to ensure the setting 
on standby of radioactive materials or radioactive objects and their future retrieval, under safe conditions 
for the protection of human health and the environment. 

Usually, construction of storage facilities is driven from the necessity: 

To adapt to transport cask availability and processing capacities, including temporary process failures 
(industrial flexibility, buffers); 

To wait during radiological decay and decrease of heat generation; 

To wait for conditioning solutions to be available; 
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To adapt to deferred processing and treatment decisions; 

To accommodate ancient waste retrieved from old storage facilities during site clean-up programs; 

To adapt to the development schedule of disposal facilities, especially deep geological facilities. 

In the current situation, these conditions are still valid and the need for new storage capacities to be built is 
not likely to decrease in the short or medium term. 

A great number of storage facility design solutions have been developed taking into account the variety of 
“stored materials and objects” such plutonium oxide powders, activated solids, spent fuel assemblies, 
drums containing technological waste… 

Storage facilities design has to adapt to: 

existing situations resulting from past operations (contamination, physico-chemical form and properties, 
mixture of radioactive and non radioactive substances, pre-existing conditioning steps…); 

operations to be performed prior, during and after storage itself (receipt / analyses, inspections, controls, 
re-packaging / retrieval); 

foreseen operations (transport, processing, pre-treatment, decontamination and declassification) some of 
which may not yet be accurately defined (re-use, conditioning, discharge and disposal). 

From the lessons learned of the French and International feedback of existing storage facilities, IRSN has 
undertaken a work program aiming at defining the safety principles and objectives, as well as the design 
bases and the operating rules for new storage facilities. The goal of this work is to provide 
recommendations that help reaching a commonly agreed substantiated safety demonstration in order to: 

ensure a high level of safety during operations; 

reduce the occurrence of incidental situations of internal and external origins; 

limit the consequences of incidental situations on the operators, on the public and the environment; 

anticipate the alteration of the stored “objects and materials”; 

enable the retrieval of the stored “objects and materials”. 

In addition, the feedback experience derived from the Fukushima accident should be included. 

Although the work program leaded by IRSN concerning storage facilities of diversified radioactive 
materials or objects, this article will focus on the storage of spent fuel and high level waste (HLW). Issues 
related to long-term storage will also be addressed here after. 

2. Objectives and Safety Principles  

2.1. Safety functions applicable to any nuclear facility 

The article 3.4 of Title III of Order dated February 7, 2012, laying down the General rules for basic nuclear 
installations defines the fundamental safety functions for nuclear facilities:  
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control of the nuclear chain reaction; 

control of the thermal power due to radioactive material and reactions; 

radioactive material containment; 

radiation protection of the workers, the public and the environment. 

2.2. Safety functions applicable to any nuclear facility 

The fundamental safety functions applicable to nuclear facility are of course applicable to storage facilities. 

Some specific safety functions could be defined for storage facilities: 

surveillance, maintenance of the facility and of the stored objects; 

management of the stored objects (traceability, radiological inventory, storage mapping, etc.); 

retrieval at any time, under conditions planned, of stored radioactive objects (packages). 

The safety provisions for a storage facility should be justified as for any nuclear facility, in accordance 
with the defense in depth principle. All the internal and external hazards taken into account in the nuclear 
facility safety case have to be studied for storage facilities. 

In particular, the prevention of the radioactivity spreading hazard should be ensured by the interposition of 
barriers between the radioactive substances contained in the storage facility and the environment. The 
choice of the barrier materials should take into account sustainability. Static barriers are supplemented if 
necessary by a dynamic containment.  

In addition, depending on the nature of the radioactive materials to be stored, risks such as criticality, 
radiolysis and thermal releases have to be analyzed, as well as the internal risks (in particular the risks 
associated with handling operations).  

2.3. Surveillance and Maintenance 

Monitoring throughout the storage period should be performed both by monitoring the facility and its 
environment (monitoring of containment barriers, radiation monitoring and environmental surveillance) 
and by monitoring the stored objects. This should include the periodic retrieval of some adequately 
selected packages to estimate the effect of ageing and to anticipate generalized damages on packages, to 
trigger timely corrective actions in case of anomalies (early retrieval of the stored objects, repackaging or 
transfer of packages in a new facility). 

This “active” monitoring requires: 

to be able to have access to packages stored under easy conditions. Therefore, handling means should 
always be available, implying the necessity of maintenance to ensure the sustainability of handling 
equipment;  

to have an examination cell for expertise of stored packages; 

to have means for repackaging if necessary. 
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In any case, the storage facility should be designed so as to be able to detect the degradation of stored 
packages and identify involved packages, in order to initiate corrective actions. 

In addition, maintenance and availability of equipment, replacement and supply of components (especially 
those bound to I&C) or equipment must be ensured throughout the storage period. 

2.4. Retrieval 

The radioactive objects stored can have a definitive future only outside of the storage facility, which 
implies their retrieval. Thus retrieval means should be planned at the storage facility design. 

3. General Design Principles 

For storage facilities, two “envelop” design options can theoretically be defined: 

Safety relies almost integrally on the stored “objects” and the design constraints are minimal on the facility 
(i.e. storage of spent fuel transport casks); 

Safety relies almost integrally on the facility and the design constraints are minimal on the stored “object” 
(i.e. storage of fission product solutions). 

3.1. Design of storage facility 

General national regulations regarding nuclear facilities other than reactors are applicable to storage 
facilities (e.g. sitting, quality control, radiation protection…) 

The safety provisions adopted should be linked with the conclusions of the potential risk analysis and must 
be substantiated, as for any nuclear facility. 

Periodical safety reviews are necessary, even if a long lifetime of several decades was considered in the 
design phase 

IRSN can be stated from French and international operational feedback that general design principles may 
be the following: 

storage lifetime and performance are coherent with the schedule foreseen for the retrieval; 

design takes all necessary access to the storage facility into account, including intervention in incidental 
situations; 

it is preferable to dedicate the storage facility to objects of similar nature – if different types of objects have 
to be stored, a clear segregation is organized;  

need for complementary storage capacity may be considered (buffer): 

− to mitigate industrial risks (increase of production, stop of a treatment installation or disposal 
downstream, unavailability of handling devices…), 

− to enable reaching one (or many) deteriorated object(s); 

− to rearrange the storage; 
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modular design is favoured to facilitate retrieval and control of the stored objects and to avoid the “first in 
– last out” constraint; 

use of passive systems is favoured (insofar as they do not disturb and do not complicate operations); the 
need for control, automation and human intervention is minimized, thus a simple and robust design of the 
“active” equipments is sought; 

need for surveillance of the stored objects is taken into account right from the start of design: the means of 
inspection of the stored objects are available, at the facility or elsewhere; 

means needed for the retrieval operations are defined and may be present in the facility at the start of 
loading operations; 

record keeping of the data is organized; 

surveillance of the facility as well as stored objects play a key role for the early detection of degraded 
situations. In some cases, surveillance may imply the design of a dedicated inspection cell in the storage 
facility; 

storage of bulk waste in vaults, trenches, shafts or silos, especially below ground surface, will have to be 
avoided; 

characterization of radioactive objects is essential. It is not limited to the knowledge of the radioactive 
content of the objects or materials, but includes a number of different information such as origin, level of 
contamination, process specification, integrity of the container, complete physico-chemical description, 
evolution forecast… 

Regarding the storage facilities of spent fuel, high or intermediate level waste (HLW or ILLW), the 
cooling systems have to be designed taking into account: 

the maximum heat generation capacity to be stored and may consider the evolution of radioactivity (e.g. 
decrease of short-lived emitters, but also transformation of 241Pu into 241Am); 

margins to cover uncertainties due to the predictable climatic variations, in the medium term; 

temperature limits may be assigned to a number of equipments participating in the safety demonstration 
(joints, materials, civil engineering structures…), both in normal and incidental situations;  

if possible, passive natural convection system are to be preferred to active systems, however in some cases, 
the possibility to activate temporarily a complementary active ventilation system may be required; the local 
effects of wind on the efficiency of the natural convection system are paid attention; 

dead zones or local hot-spots may be identified through thermal modeling of the facility and eliminated. 

Regarding the surveillance, the design principles of particular relevance for storage facilities should be the 
following: 

The need for surveillance of the stored objects and of the facility itself is a specificity of this type of 
facility who are usually operated by a limited number of staff; 

The design of the facility may enable: 
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− to reach the objects stored under “easy” and safe conditions (minimizing the number of 
handling operations); 

− to have safe access or to have vision of some particular parts of the facility (lower levels of 
package piles…); 

− To continuously or regularly control defined parameters, the periodicity of the controls is 
adapted to the identified risks and to the foreseen evolution rates; 

In some cases, samples can be pre-positioned in the facility in order to follow evolution rates (metallic 
corrosion or cement alteration); 

Families or groups of stored objects of same production dates or characteristics may need to be identified 
and traced in the records, in order to enable segregation of the group if a specific evolution phenomenon is 
identified. 

3.2. Stored Objects 

Conditioning consists in a succession of operations which are aimed at confining the radioactive 
substances “as close as possible to the source” in order to reduce as much as possible the design and 
operation constraints of the storage and disposal facilities. 

The transformations brought to the radioactive materials during the conditioning steps can have a more or 
less reversible character (vitrification or cementation is non reversible / drying or simple conditioning in 
boxes or drums is reversible). 

Conditioning steps should not be detrimental to the safety of the future operations and of the future 
facilities due to receive the conditioned object. During the design of the conditioning steps, the future 
treatment, processing, storage operations must be taken into account. 

More specifically for waste, treatment and conditioning that may have occurred prior storage, lead to the 
definition of a waste package. 

The waste package have to be designed in order to provide an adapted barrier of containment during 
foreseen operations and in the different envisaged environmental conditions that may be encountered in the 
future storage and disposal facilities. 

The containment capacity of waste package may then participate to the safety demonstration of storage 
facilities, transport operations, repackaging and pre-disposal operations, handling operations and disposal 
facility including long-term safety. 

Conditioning can be used to reduce the need of relying on active provisions while ensuring safety of the 
storage facility in normal conditions and to provide safety margins in case of partial or total loss of one or 
more of these active provisions. The following properties are likely to ease the design constraints on the 
storage facility: 

absence of significant physico-chemical modification of the waste matrix of containment or 
immobilization (re-crystallization, fracturing…) under the storage conditions in order to keep its initial 
containment capacity; 

low chemical reactivity with the environment (corrosion, oxidation …) limiting object degradation and 
favouring its easy retrieval; 
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low gases generation (radiolysis, chemical reaction, overpressure,…) not able to lead to significant 
deteriorations of the package or infer particular risks of explosion; 

capacity to limit the doses received by the workers and the public under storage conditions (high number of 
packages), as well as in incidental and accidental situations; 

inflammability as low as possible; 

sufficient mechanical properties; 

thermal properties enabling passive cooling provisions to be used or enabling to ensure the absence of 
degradation of the stored object and of its environment in situation of temporary loss of the cooling system; 

geometrical and physical characteristics participating in the prevention of criticality. 

The safety demonstration may require that the evolution of the above properties is controlled during the 
time of storage. 

4. Specific design principles applied to particular storage  

The specific design principles applied to particular storage (dry or wet spent fuel storage as well as HLW 
and ILLW storage…) are presented here after. 

4.1. Spent fuel wet storage 

From the lessons learned of the feedback of wet storage is located in reactor pools, in the reprocessing 
plants (Sellafield, La Hague) and in centralized storage before final disposal (CLAB-Sweden). IRSN 
considers that the following specific provisions could be recommended for the design of the 
implementation of a future wet storage: 

monolithic concrete structures where a metallic layer (generally stainless steel) is present on the internal 
faces of the pool basin 

water level participating to shielding and cooling, should be adapted to handling operations; 

partial or total loss of water should be avoided through passive design provisions, in this respect, particular 
attention should be paid to seismic risks, mechanical failures, extension of structures due to temperature 
rise in incidental and accidental situations, aircraft crashes, by design, the water circuits are connected to 
the pool basin above a minimum water level considered sufficiently safe; 

at least two static containment barriers should be presented: the fuel cladding and the pool basin and 
circuits. In incidental and accidental situations, the retention basin (surrounded the pool) and the building 
should be able to passively retain the water. In normal conditions the static barriers should be completed by 
an active containment system designed to contain the gaseous and liquid effluents (ventilation, pool water 
purification and treatment); 

surveillance of the water quality, temperature, level, leakages, of stored assemblies, of the pool basin 
should be organized; 

leaks on the metallic layer of pool basin, deterministic loss of cooling system and electrical should be 
considered in the design as a result of Fukushima accident with means to re-feed pools with water in order 
to take into account the absence of mitigation possibility in case of dewatering of spent fuel storage pool.  
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4.2. Spent fuel and high level waste (HLW) dry storage 

Prior to place the spent fuel in dry storage, wet storage for an adequate period of time is required for heat 
decay.  

There are different designs of dry storage facilities such as air cooled vaults (CASCAD in France, MVDS 
in USA, WYLFA in UK), metallic or concrete transport casks (CASTOR in Germany, CONSTAR in USA, 
TN24), near surface drywell (ICPP –USA), concrete canister storage (NUHOMS –USA, CC-Canada). 

The HLW design storage for vitrified waste packages could be in vault (vitrified containers storage in La 
Hague) or in transport casks (TS28 in Gorleben Germany).  

From the lessons learned of the feedback of existing dry storage facilities implemented in France and in 
other countries, IRSN estimates that the specific recommendations could be taken into account the 
following for designing the future dry storage facilities: 

modular organization; 

two static independent containment barriers, fuel cladding is not considered as a barrier; 

the first barrier isolates one or a limited number of spent fuel assemblies or vitrified containers; 

the spent fuel assemblies or waste packages and containers (or tubes) are dried and inert atmosphere is 
present in the containers (or tubes), the volume of oxidant gases and water vapor are drastically limited; 

the second barrier (shaft, canister, container, well…) is filled with dried air or inert gas of a different 
nature; 

integrity of the two barriers is controlled during storage; 

cooling with natural convection outside the second barrier is favored; 

the storage itself is inside a concrete building or a transport cask that may participate to the shielding. 

5. Long-term storage  

5.1. Issues related to the long-term storage 

The order of magnitude of the "long term" is announced secular compared to a few decades used in the 
designing of the existing storages. 

The operator or the designer, who plans to achieve a long-term storage facility, wishes to make profitable 
his investment. Also, it is normal to take into account the "long term duration" parameter as an essential 
basic element of the facility design, taking design margins. However, the codes and standards used for the 
facility design are valid only for a period of several decades (up to 50 years). Beyond this period, the codes 
and standards do not exist, leading to issues related to several types of dimensioning situations (seismic 
level, snow and wind, corrosion, ageing of materials, etc.). 

In addition, the storage facility and the stored radioactive objects should be designed in order to allow 
some adaptability to the safety rules in force in the coming decades. On this point, the experience feedback 
from the last twenty years highlights the significant evolution of safety practices. This shows, if it needed, 
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that it is not possible for such a facility as for any basic nuclear installation to define a long lifetime a priori 
at the design stage. 

Also, given the long storage lifetime and the interest of limiting the interventions, it should be sought as far 
as possible a design combining simplicity and robustness, incorporating sufficient margins to take account 
of technical or regulatory uncertainties related to the time scale referred. 

Natural environmental evolutions are difficult to forecast for a long period of time. It could be the same for 
human activities around the site (transport evolution, industrial activities…). 

Moreover, the notion of "long term duration" should also lead to question about the sustainability of the 
facility management by an operator and its control by the nuclear regulatory safety authority, over a period 
of time when a decline or disappearance of nuclear industrial activity could be possible. 

In this case, the scenarios of loss of control of the installation for limited periods may be considered, 
provided that such accidents are taken into account in the design of the facility. These scenarios can be 
compared to degraded operation as for any basic nuclear installation. But this is not obvious in the design 
of the facility.  

In addition, the scenario of final forgotten of the storage (hypothetical scenario) should be analyzed by the 
designer or the operator. Given the high activities and / or the long period of radionuclides of radioactive 
objects stored, this scenario cannot be accepted, insofar as the radiological consequences would be 
definitely unacceptable. 

5.2. Ageing  

By the nature of long-term storage facility, the fundamental safety parameter to be considered for this type 
of facility is the ageing. Indeed, any industrial facility is subject over time to a number of defects of the 
components of mechanical, thermal or chemical type. 

These defects can have effects on the components by changes in material properties because of ageing 
embrittlement by irradiation, and/or the propagation of pre-existing defects at the manufacturing of the 
components. 

Thus, lifetime of a storage facility or radioactive objects to be stored is affected by normal wear of 
components which depends on one hand on their age, and on the other hand on surveillance, inspections 
(expertise) and maintenance activities whose they are the subject.  

In order to avoid as much as possible significant ageing of components, the designer should take into 
account for the anticipated lifetime, this phenomenon both in the design and the realization of its facility as 
well as of the packages that will be stored. If the ageing phenomenon cannot be avoided, the designer 
should attempt to predict its magnitude, in order to ensure acceptable safety margins during the set 
lifetime. The programs of facility surveillance and expertise of radioactive object set up by the operator for 
the facility lifetime are expected to ensure that the objectives remain in the envelope of the requirements. 

IRSN estimates that it is not necessary to set a lifetime for a long term storage facility. In fact, the safety 
principles governing the long term storage are similar to any storage facility; extension of operation 
duration remains subjected to periodic safety reviews. These safety reviews will have to permanently show 
that the safety requirements, particularly the margin requirements, are met. 
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6. Conclusion  

The demonstration of storage facility safety cannot be established a priori for the whole lifetime planned 
for the facility; it should be established with the rules in force by showing the adequacy of the design to the 
expected lifetime, i.e. its ability to meet the safety requirements defined at the design stage. Safety of the 
facility and stored radioactive objects (nuclear spent fuel, HLW…) should remain in compliance with the 
safety initial level. In addition, it should be ensured that the facility and radioactive objects stored meet 
safety developments translated in particular by new regulations. The compliance of the facility should then 
be validated by means of periodic safety reviews. 

Beyond the necessary safety verification during operation, safety reviews (currently made on the basic 
nuclear installations with a 10-year frequency) must lead to the establishment of a comprehensive 
statement taking into account the feedback and helping to identify complementary actions to be 
undertaken. Thus, the objectives set for safety reviews allow verifying that there is no drift or deviation and 
that the safety requirements at the time of this review are met taking into account the experience feedback 
and the evolution of knowledge. This review may lead to implement compensatory measures, to retrieve 
prematurely and repackage the stored radioactive objects or, depending on the storage installation, in the 
event of the occurrence of crippling defects, to anticipate the stopping of facility operation and move the 
stored radioactive objects to a new storage, recycling facility or a disposal facility.  

Finally, IRSN estimates that it is not necessary to set a lifetime for a long term storage facility. In fact, the 
safety principles governing the long term storage are similar to any storage facility, of which extension of 
duration of operation remains subjected to periodic safety reviews. These safety reviews will have to 
permanently show that the safety requirements, particularly the margin requirements, are met. 
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SPENT FUEL LONG TERM INTERIM STORAGE: THE SPANISH POLICY 

Javier Fernández-López 
HLW Engineering Dpt., ENRESA, Spain 

 

Abstract 

ENRESA is the Spanish organization responsible for long-term management of all categories of 
radioactive waste and nuclear spent fuel and for decommissioning nuclear installations. It is also in charge 
of the management of the funds collected from waste producers and electricity consumers. The national 
policy about radioactive waste management is established at the General Radioactive Waste Plan by the 
Government upon proposal of the Ministry of Industry, Energy and Tourism. Now the Plan in force is the 
Sixth Plan approved in 2006. The policy on spent nuclear fuel, after description of the current available 
options, is set up as a long term interim storage at a Centralized Temporary Storage facility (CTS, or ATC 
in Spanish acronym) followed by geologic disposal, pending technological development on other options 
being eligible in the future. After a site selection process launched in 2009, the site for the ATC has been 
chosen at the end of 2011. The first steps for the implementation of the facility are described in the present 
paper. 

1. Introduction 

ENRESA is the Spanish organization responsible for long-term management of all categories of 
radioactive waste and nuclear spent fuel and for decommissioning nuclear installations. It is also in charge 
of the management of the funds collected from waste producers and electricity consumers. The national 
policy about radioactive waste management is established at the General Radioactive Waste Plan by the 
Government upon proposal of the Ministry of Industry, Energy and Tourism. ENRESA presents every four 
years or when so required a draft of such Plan as well as a yearly report, which includes the financial 
provisions. Now the Plan in force is the Sixth Plan11, which was approved in 2006. The Plan states the 
current Spanish situation in terms of radioactive waste generation; it discusses the different options 
available for radioactive waste management and sets the different ways of management. For the spent fuel, 
the preferred option is an open cycle and its final disposal at a deep geological repository. As this option 
needs ample societal acceptation and technical development, it is decided to store the spent fuel 
temporarily. For the number of nuclear facilities and the size of Spanish program, a centralized storage is 
chosen. The Plan prioritizes the establishment of such a facility but admits ad-hoc solutions for nuclear 
installations for as long as the centralized facility is not in operation. This interim solution also allows for 
further technical development in the field of deep geological disposal, but also in advanced reprocessing 
options, to let future generations take a decision on the fate of spent fuel. The Plan also establishes an 
important R&D program to cope with all this objectives. 

Given these premises, the Spanish Government launched a route plan to develop a centralized temporary 
storage facility in Spain. It was called ATC, for its Spanish acronym: “Almacén Temporal Centralizado”. 

                                                      
11 General Radioactive Waste Plan. 6th Revision, June 2006. Ministry of Industry, Spain.  
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This will receive all the HLW and spent fuel of the Spanish nuclear program, including those generated in 
previous reprocessing contracts of Spanish fuel abroad. This installation should then accommodate some 
7000 t of heavy metal (around 20.000 fuel assemblies for 40-y operation of NPPs), vitrified HLW and 
MLW from those reprocessing contracts and MLW whose contents are not able to be managed at the 
existing facility of El Cabril for MLW, LLW and VLLW. In particular, the MLW coming from very 
activated reactor parts and operational wastes that will arise during D&D of NPPs. The expected 
operational life of the ATC is 60 years. The ATC will also be part of a bigger Technological Center, 
including laboratories for research and development in the field of radioactive waste management; and a 
business development center as well. 

ENRESA, as the public company in charge of the radioactive waste management in Spain, assists the 
Authorities and the Ministry of Industry, Energy and Tourism in this task. After screening of the different 
technologies available for a centralized facility, a conceptual design was developed using vaults with 
passive cooling (Fig. 1). This was called Generic Design as its intention was not to be associated to any 
site. The Generic Design was presented to the CSN, the independent Authority for Nuclear Safety in Spain, 
and got its approval in 200612. 

Figure 1: Conceptual design of the ATC main process 

 
 
The Spanish Government, then, launched a site selection process13, following a COWAM (COmmunities 
and WAste Management) approach, namely, a volunteering process to host the site. The Government set 
an Inter-ministerial Commission with representatives from six different ministries. This Commission was 
assisted by a Technical Advisory Committee to prepare the criteria and specifications that the different 
candidates had to meet to volunteer for hosting the site. The site selection process was launched in 2009. 
14 municipalities volunteered all over Spain (islands were excluded from the process). 6 of them were 
excluded for administrative reasons (lack of fulfillment of any of the requirements requested in the site 
selection procedure). In 2010, the Commission released a report14 characterizing the remaining 8 
candidates, being all of them classified as “acceptable” and, among them, 4 were classified as “suitable” 
(Fig. 2). In December 2011, the Government decided Villar de Cañas (Cuenca) as the selected site15. The 

                                                      
12 CSN Agreement of June 28th, 2006 
13 Secretary of State for Energy Resolution, dated December 23rd, 2009, published in the BOE that same day. 
14 Report of the Inter-ministerial Commission www.emplazamientoatc.es 
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Government also requested ENRESA to design, build and operate the ATC and attached Technological 
Center; and declared the whole facility as an essential public service. 

Figure 2: “Acceptable” candidates for the site selection process 

 
 

2. The ATC components 

As the ATC facility will be a nuclear installation according to Spanish regulation, the different facilities 
that constitute the whole will be distributed in two sections: the nuclear-related installations within the 
“nuclear island” (Fig. 3) and the rest, considered in the conventional area. 

                                                                                                                                                                             
15  Secretary of State for Energy Resolution, dated January 18th, 2012, in which the Cabinet of Ministries Agreement dated  

December 30th, 2011, is published. (BOE January 20th, 2012) 

VILLAR DE 
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Figure 3: Facilities in the “nuclear island” 

 
 

ATC: Main process 

The main process of the ATC, the storage of spent fuel and other HLW/MLW, is performed in a series of 
attached buildings of around 283 m long (including 12 vaults grouped in 6 modules), 37 m width and 26 m 
height. Natural draft stacks have 19 m height above the roof, for a total of 45 m height. The building for 
auxiliary services and the MLW module are also attached. The preliminary lay-out is shown at the Fig. 4 
per the Generic Design.   

Figure 4: Generic Design Layout for the ATC main process 
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MLW Module 

Building with the following dimensions: 19 x 50 x 12 m and thick shielding walls. Its final dimensions 
would be determined when the expected inventory and package types will be confirmed.  

Storage for loaded casks 

This building will receive loaded casks. It will serve for the expected inventory needs, especially during 
the first years of operation. It adds flexibility for the operation of the main facility, acting as a buffer. It 
will also serve to release at-reactor interim storage facilities currently in operation. Finally, it can be 
commissioned earlier than the main facility. Its dimensions are 80 x 40 x 21 m (approx.).  

Cask Maintenance Facility 

This facility is designed to provide for an adequate maintenance of the different range of casks to be used 
in the transport of spent fuels and other kinds of waste. It will be attached, in principle, to the reception hall 
of the ATC. It will include a hot cell for decontamination of the internal cavity of casks, another cell for 
internal maintenance and one position for external maintenance. The dimensions of this building are 60 x 
46 x 24 m approx. Next to this facility, an empty cask packing is also considered.  

Spent Fuel and Radioactive Waste Laboratory 

This facility belongs to the Technological Center in which the ATC is included. But, due to its nuclear 
characteristics, it shall be included in the “nuclear island”. It will be a building whose dimensions are 85 x 
42 x 13 m (preliminary) and will have several concrete and metallic cells, as well as glove boxes to 
perform studies on spent fuel and other wastes in support of ENRESA R&D objectives for long term 
storage and disposal. 

Support facilities: 

This set of buildings includes a General Services building: operation personnel, radiological protection, 
access control, laundry, etc.; a Technical Services building for electrical transformers, diesel generator, 
service water distribution systems, etc.; a Physical Security Post to give Access control to the “nuclear 
island” and others. 

Conventional buildings 

This set of buildings give support to ENRESA operations. It consists of the Administrative offices of 
ENRESA, services such as archive, cafeteria, support engineering offices, rooms for courses and 
formation, water purification and distribution systems, residual water management, electrical substation 
and distribution centers, meteorological and ambient data station, etc. 

The conventional laboratories, being part of the Technological Center, are also included. They are the 
following: 

– Environmental and Process Characterization Laboratory; 

– Materials Laboratory;  

– Robotics and Industrial Prototypes Laboratory.  
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Finally, an area will be left to allow for the development of businesses, whether for ENRESA or for other 
companies’ support. An industrial area will be developed including some industrial warehouses and a 
building for start-ups. 

3. First steps of the implementation of the ATC facility 

The village of Villar de Cañas offered in its candidacy file three land areas in its municipality. Once the 
Spanish Government decided Villar de Cañas as the selected site, ENRESA had to perform a preliminary 
characterization of the three areas prior to buy any of them. These works were performed in the first 
semester of 2012, after which a part of the land proposed was bought. Then, the first phase of the full 
characterization works could then be started, whose results will be used for the Environmental Impact 
Assessment (EIA) and for the Preliminary Safety Analysis Report (PSAR). The works performed include 
assessments in different fields: geography, sociology, geology, seismicity, hydrology, hydrogeology, etc. 
The second phase of the characterization of the land has also been launched and will go on during the first 
steps of the construction of the facility. This phase will deepen the knowledge of the site obtained during 
the first phase and will acquire data for the remaining needs not addressed yet. 

The ATC Generic Design is being updated taking into account the regulatory improvements performed 
since 2006, including post-Fukushima considerations, and the updated inventory of wastes to be stored at 
the facility. Some installations that were not previously considered have been included such as the Cask 
Maintenance Facility and the Loaded Cask Building. A preliminary design for the Spent Fuel and 
Radioactive Waste Laboratory has also been developed in the past years. ENRESA is now working in the 
detailed design of the facility, including the nuclear-related and conventional buildings needed, and getting 
the necessary support for performing the next steps in the construction of the whole. The results of these 
works, including those of the first phase of the characterization, will be used for the EIA and for the PSAR, 
needed for having the Construction Permit. Another important milestone is to classify for industrial use the 
land were the facilities will be built, as the site was offered as “green field”, in relation to nuclear-related 
installations. 

A R&D Program is being built around the needs of the facility, also for the contents of the Technological 
Center. A Life Management Plan considering three main axes is considered: waste behavior, in particular, 
spent fuel; concrete parts and metallic components. In fact, the SSC important for safety in the ATC all 
have to consider the behavior of these materials. Further details are given in another reference16. 

Being the planned operational life for the storage facility 60 years, the design life objective has been 
increased up to 100 years. In any case, when talking of periods of decades, assumptions of longer storage 
periods should be considered. Design life meaning has a twofold focus. On the one hand, safety is the 
paramount objective, i.e. maintaining all safety functions such as confinement, shielding, heat evacuation, 
criticality and integrity. On the other hand, future decision-making on spent fuel management options must 
not be jeopardized and the possibility to retrieve spent fuel assemblies in good conditions must be 
considered. 

A prime concern is the durability of the facility with minimum maintenance, especially in the non-
accessible parts. Durability studies for longer storage periods and surveillance of the SSCs important to 
safety have to be considered during the initial steps of the basic design and during the detailed design 
development, especially when considering the strong accessibility limitations inherent to the facility 
(temperatures, radiation).  

                                                      
16  Zuloaga, P. et al.: “Ageing management program for the Spanish low and intermediate level waste disposal and spent fuel high 

level waste centralized storage facilities”, AMP 2010, Toronto. 
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Spent fuel canisters can be retrieved from the storage wells and reopened in the existing hot-cell. Spent 
fuel assemblies can then be inspected and re-canistered. Other wastes are normally conditioned in metallic 
packages. The integrity of those wastes can be assured by keeping the packages in good conditions. 
Inspection of some packages is also considered. 

Periodic inspection of the wells’ atmosphere allow for checking canister and well integrity (both metallic 
components).  A complete vault has been planned as a reserve, in order to allow a vault to be emptied in 
case of necessity and to permit entrance, inspection and repair of the evacuated vault. Naturally, this would 
only be considered in exceptional circumstances. 

The thick walled reinforced concrete structure providing support, shielding and physical protection will be 
designed according to ENRESA previous experience for integrity of concrete for L&MLW disposal. A 
consideration will be added to take into account the HLW specificities, such as higher radiation field and 
temperatures. 

The different works are along with communication campaigns for the locals and other stakeholders to take 
advantage of the opportunities this facility will have for the community and its surroundings. 

4. Conclusions 

The Spanish General Radioactive Waste Plan establishes the Government Policy about Radioactive Waste 
Management and Nuclear Installations Decommissioning. High Level Waste and Nuclear Spent Fuel 
management priority is its interim storage at a centralized storage facility. Given these premises, the 
Spanish Government launched a site selection process that ended in December 2011 with a decision for 
siting that facility in Villar de Cañas (Cuenca). The first steps of the construction of the facility are 
presented and described.  
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THE SPENT FUEL MANAGEMENT IN FINLAND AND MODIFICATIONS OF SPENT FUEL 
STORAGE 

Päivi Maaranen 
Finnish Radiation and Nuclear Safety Authority, STUK 

 

Abstract 

The objective of this presentation is to share the Finnish regulator’s (STUK) experiences on regulatory 
oversight of the enlargement of a spent fuel interim storage. An overview of the current situation of spent 
fuel management in Finland will also be given. In addition, the planned modifications and requirements set 
for spent fuel storages due to the Fukushima accident are discussed. 

In Finland, there are four operating reactors, one under construction and two reactors that have a Council 
of State’s Decision-in-Principle to proceed with the planning and licensing of a new reactor. 

In Olkiluoto, the two operating ASEA-Atom BWR units and the Areva EPR under construction have a 
shared interim storage for the spent fuel. The storage was designed and constructed in 1980’s. The option 
for enlarging the storage was foreseen in the original design. 

Considering three operating units to produce their spent fuel and the final disposal to begin in 2022, extra 
space in the spent fuel storage is estimated to be needed in around 2014. The operator decided to double 
the number of the spent fuel pools of the storage and the construction began in 2010. The capacity of the 
enlarged spent fuel storage is considered to be sufficient for the three Olkiluoto units. 

The enlargement of the interim storage was included in Olkiluoto NPP 1&2 operating license. The 
licensing of the enlargement was conducted as a major plant modification. The operator needed the 
approval from STUK to conduct the enlargement. Prior to the construction of this modification, the 
operator was required to submit the similar documentation as needed for applying for the construction 
license of a nuclear facility.  

When conducting changes in an old nuclear facility, the new safety requirements have to be followed. The 
major challenge in the designing the enlargement of the spent fuel storage was to modify it to withstand a 
large airplane crash. The operator chose to cover the pools with protecting slabs and also to build a landfill 
embankment and concrete structures outside the storage. The designing of the cover slab structures is an 
optimisation task between safety issues that are partly opposite to each other.  

The construction phase of the enlargement caused some unexpected events. Synchronization of the 
construction phases with implementation of modifications in systems already in use in the original facility 
proved out to be more challenging than was originally considered.  

The construction license application of the spent fuel encapsulation plant and the underground disposal 
facility was submitted at the end of 2012. These facilities are considered to receive the spent fuel also from 
Loviisa NPP. Operation of the final disposal units is estimated to begin in 2022. 
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1. An overview of the spent fuel management in Finland 

In Finland, there are four operating reactors, one under the construction and two reactors that have a 
Council of State’s Decision-in-Principle to proceed with the planning and licensing of a new reactor. The 
first nuclear power plant (NPP) units owned by Fortum Power and Heat Oyj (Fortum) were built in Loviisa 
in South-Eastern Finland on the coast of the Gulf of Finland. They began commercial operation at 1977 
and 1980. The Loviisa reactor units are soviet design VVER-440 PWR reactors. In Olkiluoto, there are two 
operating ASEA-Atom BWR units and an Areva EPR under construction. The BWR units began their 
operation in 1978 and 1980. The Olkiluoto NPP units are owned by Teollisuuden Voima Oyj (TVO). TVO 
also has a Decision-in-Principle to construct a fourth reactor unit in Olkiluoto. Fennovoima is a newcomer 
the Finnish in nuclear energy sector. Fennovoima has a Counsil of State’s Decision-in-Principle to proceed 
with the planning and licensing of a new reactor unit in Hanhikivi, Pyhäjoki. The site is situated in 
Northern Ostrobothia, on the coast of the Bothnian Bay. 

The spent fuel from Loviisa NPP units was transported to the Soviet Union for reprocessing until 1996. 
Since then, the spent fuel of the two Loviisa units has been stored in a spent fuel interim storage. 

In Olkiluoto, all the spent fuel of the two operating reactors has been stored in the spent fuel interim 
storage after being cooled enough in the fuel pools of reactor units. The interim storage is soon going to be 
full of the spent fuel from OL 1&2 units. Considering that the OL 1&2 have some decades of operating 
time left and the OL3 unit to start its operation in the future, more space for the spent fuel is needed at the 
interim storage. The final disposal of the spent fuel is planned to begin in 2022. These aspects set the 
boundary conditions for the amount of extra space needed at the interim storage. TVO, the operator in 
Olkiluoto NPP site, decided to double the number of the spent fuel storage pools to have six pools 
altogether after the enlargement. This enlargement project of will be discussed later in this paper. 

Posiva Oy is the company responsible for the final disposal of spent nuclear fuel of its owners. The owners 
are the two operating nuclear power companies Fortum and TVO. The final disposal of spent nuclear fuel 
is planned to begin in 2022. Posiva has submitted an application for the construction license of the 
encapsulation plant and the final disposal facility in the end of 2012. In the encapsulation plant the spent 
fuel bundles are packed in cast-iron-copper canisters. Packed canisters are then transferred from the 
encapsulation plant to the underground disposal facility to be disposed in deposition holes. 

The Decision-in-Principle of Fennovoima is valid until 2015 and it has to apply for a construction license 
before that. In the construction license application, Fennovoima has to present a plan about the spent fuel 
disposal. The options for Fennovoima are to co-operate with existing power companies or to design its own 
final disposal facility. 

2. Regulator’s experiences of supervising the enlargement of a spent fuel interim storage 

In Olkiluoto, the operator TVO is enlarging the spent fuel interim storage. The enlargement of the interim 
storage was included in Olkiluoto NPP 1&2 operational license. The licensing of the enlargement project is 
conducted as a major plant modification. Prior to the construction of this modification, the operator was 
required to submit to STUK as detailed documentation as needed for applying for the construction license 
of a new nuclear facility.  

Originally, the spent fuel interim storage had three storage pools in a row. The enlargement of the storage 
consists of three new pools. Thus, after the enlargement, there will be six pools in a row. 

The original spent fuel storage was commissioned in 1988. When conducting changes in an old nuclear 
facility, the new safety requirements have to be followed. The major challenge in designing the 
enlargement was to modify it to withstand a large airplane crash (APC). The operator designed a landfill 
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embankment and concrete structures outside the interim storage. These structures will protect the fuel 
pools from direct impact in case of APC. The fuel pools are covered with cover slabs to prevent damaging 
of the fuel by falling debris or facility structures caused by the APC.  

The designing of cover slab structures is an optimisation task between the safety issues that are partly 
opposite to each other. The cover slabs for the spent fuel pools are dimensioned to be light enough to ease 
the handling but strong enough to withstand the impacts followed by APC to the storage building. 

The embankment is dimensioned to be high enough to protect the pool structures from the direct airplane 
impact. The material of the embankment is compacted but still loose enough not to form sharp and heavy 
pieces at the airplane impact. 

The acceptability of the solutions that the licensee presents to meet the regulatory requirements is not 
always obvious. In many cases the licensee has presented many options to meet the criteria and has then 
chosen the most suitable one considering all the aspects. To evaluate the acceptability of the chosen 
solutions comparing and experimental analysis is often needed. 

3. Safety of the operating spent fuel storage during enlarging constructions 

Protective structures 

The enlargement of the operating spent fuel interim storage is a challenging task. The safety of the stored 
spent fuel has to be taken into account in every phase when conducting the enlarging activities such as 
construction work at the vicinity of spent fuel pools and implementing system modifications. 

The construction of the enlargement is implemented in several stages. First, all the structures of the new 
pools were constructed outside the existing storage building. After all the new structures were completed, 
the new and the existing parts of the building are to be integrated. Before this phase, the end wall of the 
existing storage building has to be pulled down to form a single continuous space for the existing and the 
new pool rooms. 

The end wall of the existing part of the storage building is a boundary of the radiation protection 
monitoring area. Therefore, before pulling it down, the pools of the existing storage had to be protected 
from the construction activities. The furthermost pool of the three existing pools was empty of spent fuel 
and water. This pool was reserved to be an evacuation pool of the original storage facility. The evacuation 
pool was covered by hollow-core slabs to protect the pool from building activities. The hollow slabs also 
formed a working surface for construction of the temporary protective element wall. The middle pool 
beside the evacuation pool was filled up to its maximum capacity of spent fuel. The middle pool was also 
covered to protect the spent fuel from the construction works done in the vicinity. The cover of the middle 
pool was made of light structured sandwich elements: a core of mineral wool with steel sheets.  

The temporary protective element wall was built between the evacuation pool and the middle pool to 
replace the end wall as a boundary of monitoring area. The temporary wall was also built of sandwich 
panel elements and supported by steel structures. The temporary wall was dimensioned to withstand the 
underpressure from the inside of the building and to meet the leak tightness requirements.  

Scheduling of the enlargement project phases 

The phases of the enlargement have to be carefully planned not to disturb the operation, or risk the safety 
of spent fuel storage, when enlarging the systems and structures of the spent fuel storage. In the OL spent 
fuel storage, the exhaust air ventilation fans of radiation monitoring area were changed to larger ones in an 
early phase of the enlargement project. The new fans were dimensioned for the needs of enlarged storage 
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building, and thus, were clearly over-dimensioned for the needs of existing storage building. This feature 
led to problems with the temporary protective wall when a malfunction of supply air fans occurred. 

The storage has two parallel supply air trains and analogously two parallel exhaust air trains. Normally, 
there is monthly change of train in service, but once the change of trains did not occur as expected. The 
running air supply fan stopped as expected, but the parallel one did not start. However, the change of trains 
at the exhaust air trains took place as expected. As the supply air ventilation was completely stopped, and 
the new exhaust air fans were too efficient, the situation caused an excessive underpressure inside the 
storage building.  

At the same time preparations were made outside the end wall to begin the pulling down of the wall. An 
opening was made to the end wall and the temporary wall was exposed to the atmospheric pressure. 

The excessive underpressure inside the storage building, caused by the malfunction of the supply air train, 
was estimated to be about 10 times greater than the design value of underpressure inside the storage 
building. This caused an inward bulging of the temporary protective wall, which was dimensioned to 
withstand an underpressure three times greater than the design value. The excessive underpressure caused a 
displacement of some elements of the temporary protective wall resulting in a loss of air tightness, 
although the major part of the temporary wall and supporting structures remained in their position. At this 
point the opening of the end wall was covered to restore the underpressure of the storage building. As a 
backup function the stopped fan had restarted to restore the supply air function. 

The initiating event of the occurrence was later identified to be the control automation of the supply air 
train. The protection of the supply air fan tripped due to high temperature of the incoming water to the 
supply air heater. The set value for its maximum temperature was identified to be too low because the 
protection tripped due to a slightly higher than normal temperature. 

4. The planned modifications for spent fuel storages due to the Fukushima accident 

Due to the stress-tests for the nuclear power operators after the Fukushima accident, STUK required the 
operators to investigate how the nuclear power plants are prepared to and will survive with exceptional 
natural phenomena and disturbances in external power supply. 

At Olkiluoto site the operator identified the following necessary modifications to improve the safety of 
spent fuel storage: 

a connection to the storage building to feed cooling water from an external source, 

spent fuel pool water level and temperature monitoring systems that are independent of power supply and 
that can withstand the design earthquakes, 

improve storm water drainage, 

prevent the seawater from flooding the storage building by plugging the space between the sea water pipe 
culvert and pipes,  

transportable fire water pumps at the site, and 

improved availability of raw water at the site. 

Some of the modifications caused by these requirements were designed within the enlargement project, 
already before Fukushima accident. An example of this kind of modification is a cooling water connection 
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in the outside wall of the storage building. This connection allows feeding of cooling water to the fuel pool 
cooling system from a source outside the storage building. 

At Loviisa site, the planned improvements due to stress tests are: 

to analyse seismic resistance of fuel pools, 

to add connections to feed cooling water from external sources, 

to improve the route for steam to flow out via exhaust air conditioning, and 

to improve the availability of water level and temperature monitoring. 

5. Regulatory requirement modifications due to Fukushima 

The stress tests revealed also some needs to modify the regulatory requirements. The new requirements 
will be implemented in YVL-guides during 2013. The requirements affecting the spent fuel storages are 
partly those the operators have already considered. The two main requirements are the concept of 
practically eliminated occurrences and the 72 h self-sufficiency criterion. 

The concept of practically eliminated occurrences means that occurrences that may lead to early or vast 
radioactive release must be practically eliminated. For spent fuel storages this requirement means that the 
loss of cooling, which could lead to severe damages of spent fuel, must be practically eliminated. 

For the spent fuel storages the 72 h self-sufficiency criterion means that in the event of loss of plant’s AC 
power distribution systems there has to be resources at the site for at least 72 hours that enable fuel pool 
water level monitoring and cooling water availability. 

6. Conclusions 

This paper gives an overview of spent fuel management in Finland. The enlargement project of the spent 
fuel interim storage has emphasized the significance of detailed planning of modifications in this type of 
projects. Applying the new requirements to old structures is a challenging task. The lessons learned from 
Fukushima are taken seriously and the effects on regulatory requirements are carefully considered. 
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Abstract  

Spent Nuclear Fuel (SNF) in Norway has arisen from irradiation of fuel in the JEEP I and JEEP II reactors 
at Kjeller, and in the Halden Boiling Water Reactor (HBWR) in Halden. In total there are some 16 tonnes 
of SNF, all of which is currently stored on-site, in either wet or dry storage facilities. The greater part of 
the SNF, 12 tonnes, consists of aluminium-clad fuel, of which 10 tonnes is metallic uranium fuel and the 
remainder oxide (UO2). Such fuel presents significant challenges with respect to long-term storage and 
disposal. 

Current policy is that existing spent fuel will, as far as possible considering its suitability for later direct 
disposal, be stored until final disposal is possible. 

Several committees have advised the Government of Norway on, among others, policy issues, storage 
methods and localisation of a storage facility. Both experts and stakeholders have participated in these 
committees. 

This paper presents an overview of the spent fuel in Norway and a description of current storage 
arrangements. The prospects for long-term storage are then described, including a summary of 
recommendations made to government, the reactions of various stakeholders to these recommendations, 
the current status, and the proposed next steps. 

A recommended policy is to construct a new storage facility for the fuel to be stored for a period of at least 
50 years. In the meantime a national final disposal facility should be constructed and taken into operation.  

It has been recommended that the aluminium-clad fuel be reprocessed in an overseas commercial facility to 
produce a stable waste form for storage and disposal. This recommendation is controversial, and a decision 
has not yet been taken on whether to pursue this option. An analysis of available storage concepts for the 
more modern fuel types resulted in the recommendation to use dual-purpose casks. In addition, it was 
recommended to construct a future storage facility in a rock hall instead of a free-standing building, and 
possible locations have been identified. 

A further recommendation was that a public organisation, independent of the producer of the spent fuel, be 
founded to manage the SNF and that this organization also should have the responsibility for managing 
radioactive waste in Norway. Funding and operation of this organisation should be based on the principle 
that the polluter pays. 
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1. Inventory of spent fuel in Norway 

Spent nuclear fuel (SNF) in Norway today has arisen from three heavy water research reactors: JEEP I, 
which was operated at IFE’s Kjeller site from 1951 to 1967; JEEP II, also located at Kjeller, and in 
operation from 1966 to the present; and the Halden Boiling Water Reactor (HBWR) in Halden, which 
commenced operation in 1959 and is still in use. (Another reactor, NORA, was operated at Kjeller from 
1961 to 1968. The fuel, which was identical to that used in JEEP I, was returned to the USA, and thus is 
not discussed further in this paper.) 

Some spent fuel from JEEP I was used in a pilot reprocessing plant at the Kjeller site, which was in 
operation from 1961 to 1968, and later decommissioned. The second core loading of the HBWR was 
reprocessed in Belgium in 1969. The recovered uranium and plutonium was sold for civilian use, and the 
waste was disposed of in Belgium. With these exceptions, all Norwegian spent fuel is currently stored at 
Kjeller and in Halden. 

The JEEP I and the HBWR 1st charge fuels were metallic uranium clad in aluminium, while the JEEP II 
fuel is 3.5% enriched UO2 clad in aluminium. With the exception of the first charge fuel, the majority of 
the HBWR fuel is UO2 clad in Zircaloy, and is thus similar to commercial light water reactor fuel. 

The JEEP 1 fuel was, as mentioned above, all discharged by 1967, with typical burn-ups in the range from 
200 to 400 MWd/t U. 

On average, JEEP II fuel elements are irradiated for 10 years, to a burn-up of 15000 - 16000 MWd/t U. 
The JEEP II core contains about 220 kg of fuel, and approximately 45 kg per year is discharged. 

The HBWR first charge fuel was irradiated from 1959 to 1962, for 1000 hours at low temperature and 
power, and the average rod burn-up was approximately 12 MWd/t U. Currently, the majority of the HBWR 
fuel is discharged after reaching a burn-up of approximately 30-40000 MWd/t U. The core contains 
approximately 0.4 tonnes of uranium, and approximately 80 kg per year is discharged. 

There is in addition spent experimental fuel from the research program conducted in the HBWR. Although 
the amount is small, this fuel will present challenges in its future management as there are several types of 
fuel, with varying dimensions. This experimental fuel is not discussed further in this paper. 

In total Norway has some 16 tonnes of spent fuel, of which six tonnes are stored at Kjeller and 10 tonnes in 
Halden. There is approximately 12 tonnes of aluminium-clad fuel, of which 10 tonnes is metallic uranium 
fuel and the remainder oxide (UO2). Details are given in Table 1. 

2. Organisation and responsibilities 

All four research reactors in Norway together with the associated spent fuel storage facilities have been 
operated by Institutt for energiteknikk (Institute for Energy Technology, IFE), which has been an 
independent foundation since 1980. Previously, from its establishment in 1948, the organisation was state-
owned and operated as Institutt for atomenergi (Institute for Atomic Energy, IFA).  

Current policy is that existing spent fuel will, as far as possible considering its suitability for later direct 
disposal, be stored until final disposal is possible17. However, while there is capacity in the current storage 
facilities for spent fuel arisings for several years into the future, there is recognition that the current storage 
                                                      
17  Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste Management, National 

Report from Norway, fourth review meeting, 14–23 May 2012, Norwegian Radiological Protection Authority Report 
StrålevernRapport § 2011:8, http://www.nrpa.no/dav/8c934d921b.pdf. 
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arrangements are not appropriate for long-term intermediate storage and that they do not constitute an 
endpoint for the fuel, and thus that other facilities and/or routines will be required. 

Table 1. Inventory of SNF in Norway  

 JEEP I JEEP II 
HBWR 1st 

charge HBWR 

Fuel material Metallic U UO2 Metallic U UO2 

Cladding Al Al Al Zircaloy 

Enrichment, 
wt% 

Natural 3.5 Natural 6 

Discharge 
burnup, 
MWd/t U 

1 - 1000 15 000 12 40 000 

Irradiation 
period 

1951 - 
1967 

1966 - 
present 

1959 - 
1962 

1962 - 
present 

Total mass U, 
tonnes 

3.1 2.0 6.7 3.5 

New arisings, 
kg/year 

0 45 0 80 

Current 
storage 

Dry, IFE 
Kjeller 

Dry, IFE 
Kjeller 

Dry, IFE 
Halden 

Wet, IFE 
Halden 

 
State funding for the Norwegian research reactors is managed through the Ministry of Trade and Industry 
(Nærings- og handelsdepartementet). Thus, it is also this organisation that has taken the lead in the 
definition of arrangements for the long-term management (i.e. intermediate storage and final disposal) of 
spent fuel in Norway. The Ministry has appointed committees comprised of various stakeholders and 
technical experts to provide independent advice and make recommendations. A broad cross section of 
stakeholders is included in the committees, including local government, community representatives, Non-
Government Organisations, experts in geology, safety analyses and SNF management, and the Directorate 
of Public Construction and Property (Statsbygg). These recommendations, if accepted, will then form the 
basis of government policy. At present, however, the organisational and financial arrangements for long-
term spent fuel management have not been defined. 

3. Current spent fuel storage arrangements 

The aluminium-clad spent fuel from the three reactors is currently stored in separate dry storage facilities. 

After discharge, JEEP I fuel was initially stored in aluminium baskets in a wet storage facility for periods 
up to 10 years. Transfer of the fuel to the JEEP I dry storage facility started in 1961, and the final transfer 
took place in 2000. All fuel elements were inspected and repacked into tight stainless steel baskets in 1982. 
The JEEP I dry storage facility consists of top and bottom concrete slabs, with the top one at ground level 
and the bottom approximately 3 m underground. There are 97 vertical holes in each block, and in each hole 
is positioned a 2.7 m long stainless steel pipe (to hold the aluminium baskets), which is fixed into the 20-
cm thick slab. The top of each tube is covered with a metal cap and an expansion gasket. The space around 
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the tubes between the two slabs is filled mainly by sand. The storage block is covered by a free-standing 
building. 

Spent fuel from JEEP II is stored in water-filled wells (with a purification system) for six to 12 months. 
The fuel elements are then packed into tight stainless steel cans before transfer to the dry storage facility. 
This consists of a concrete block with its top at ground level, located beneath a building specifically 
designed for loading and unloading of transports of radioactive material. The concrete block drains through 
a pipe to a delay tank. The block houses 84 vertical steel tubes, of depth 3 to 3.5 m. After insertion of the 
stainless steel cans, the tubes are sealed with lead plugs.  

The 1st charge HBWR fuel was placed in wet storage for approximately three years. In 1962, the rods were 
dried and loaded into aluminium storage capsules. Inspection showed that all the fuel rods were intact. 
These capsules were loaded into the dry storage facility, which consists of a concrete shell with 2 m thick 
walls, with a 1 m thick front shield of reinforced concrete. There are 202 holes in the front, in which 7 m 
long steel tubes are fitted horizontally. The aluminium storage capsules are placed in the steel tubes. A 
metal frame to support the tubes is fitted inside the concrete shell. The steel tubes are cooled by natural 
circulation of air. This facility, together with wet storage ponds, is positioned inside a building fitted with a 
ventilation system. 

The Zircaloy-clad UO2 fuel from the HBWR is stored in one of two wet storage facilities at the reactor site, 
each of which consists of steel-lined pits. A forced-circulation water loop maintains the required 
temperature, and includes a purification system to maintain water quality. 

4. Process to date 

In 2001, the “Bergan-committee” submitted its recommendations for an overall policy on spent fuel 
management. The two main recommendations were that the decision on a final disposal method should be 
delayed while awaiting technical developments in other countries, and that immediate work should be 
started on an intermediate storage facility, in which the SNF should be stored for 50 – 100 years pending 
the construction of a final disposal facility18. The reprocessing option was not considered because it was 
“not in accordance with the official Norwegian positions”. Export of spent fuel for storage abroad was not 
recommended, mainly due to ethical considerations and due to a presumed low public acceptability. 

In 2004, the “Foshaug-committee” was established to make recommendations on possible intermediate 
storage methods and to identify critical points with regard to choice of technical solution and location19. As 
options for intermediate storage, further investigation was recommended into dry storage in a concrete 
structure or transportable storage containers. It was suggested that a future committee should choose the 
final technical solution and location of the storage facility. The need for a technical review of safe storage 
of metallic uranium fuel and fuel with Al cladding was identified because of the reactivity of metallic 
uranium and because there existed no current international method suitable for storage of metallic fuel. 
Again, the use of reprocessing as an option for the metallic uranium/aluminium-clad fuel was not 
investigated in depth. 

                                                      
18  Bergan et al, Vurdering av strategier for sluttlagring av høyaktivt reaktorbrensel, Norges offentlige utredninger 2001: 30. 

(Investigation of strategies for final disposal of high active reactor fuel, in Norwegian.). 
http://www.regjeringen.no/Rpub/NOU/20012001/030/PDFA/NOU200120010030000DDDPDFA.pdf 

19  Foshaug, E. et al, Etablering av nytt mellomlager for høyaktivt avfall, 2004. (Establishment of a new interim storage facility 
for high active waste, in Norwegian.) http://www.regjeringen.no/upload/kilde/nhd/rap/2004/0028/ddd/pdfv/220783-
mellomlagerrapportjuli04.pdf 
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The most recent recommendations, made by the “Stranden-committee” in 2011, build on these earlier ones. 
This committee, comprised of a wide range of stakeholders and technical experts, was given the mandate 
to find the most suitable technical solution and localisation for intermediate storage for spent nuclear fuel 
and long-lived waste20. (One of the authors of this paper (EL) was the committee’s Technical Secretary.) 
The following options were to be investigated and assessed against each other: 

1. Modification of existing facilities in Halden and/or at Kjeller. 

2. A new storage facility in Halden and/or at Kjeller. 

3. A new storage facility for spent fuel and long-lived intermediate level waste.  

The committee was also to assess the competence required for long term storage, how to maintain this 
competence, and decommissioning requirements. 

Since approximately three-quarters of the spent fuel consists of metallic uranium fuel and/or fuel with Al 
cladding, and with the recognition that this fuel presents significant challenges because of its chemical 
reactivity and physical instability, a “Technical Committee” (comprising solely of technical experts) was 
appointed to recommend methods to condition such fuels to render them eligible for interim storage and 
final disposal21. One of the authors of this paper (PB) was chairman of this committee, and the other 
members were from IFE, Studsvik Nuclear AB (Sweden) and the International Atomic Energy Agency 
(IAEA). 

Following the issue of the recommendations of these two committees, the Ministry of Trade and Industry 
arranged for a wide-ranging public consultation. The public in general were invited to give comments on 
the recommendations, while many organisations were specifically requested to do so. These organisations 
included relevant government ministries and directorates; local government in the communities which host 
the research reactors and current storage facilities, and which were identified as possible hosts for a new 
interim storage facility; the Norwegian Radiological Protection Authority (Statens Strålevern); IFE and 
other research establishments; and self-identified environmental groups, including Friends of the Earth 
Norway (Norges Naturvernforbund) and Greenpeace22. In the following, the main recommendations of 
these two most recent committees are summarised together with the main reactions to them given by 
various stakeholders. 

5. Summary of main recommendations and reactions 

Recommendation 1: metallic uranium fuel / fuel with aluminium cladding should be reprocessed 

Although the amount of SNF in Norway (16 tonnes) is very small in comparison with countries with 
commercial nuclear energy generation, the majority of the fuel presents significant challenges because of 
its chemical reactivity and physical instability and is therefore unsuitable in its current form for storage and 

                                                      
20 Stranden, E. et al, Mellomlagerløsning for brukt reaktorbrensel og langlivet mellomaktivt avfall, Norges offentlige utredninger 

2011: 2. (Interim storage solution for spent nuclear fuel and long-lived medium active waste, in Norwegian.) 
http://www.regjeringen.no/upload/NHD/Vedlegg/Rapporter2011/NOU2011_2.pdf 

21 Bennett, P.J. et al, Recommendations for the conditioning of spent metallic uranium fuel and aluminium clad fuel for interim 
storage and disposal, Technical Committee on Storage and Disposal of Metallic Uranium Fuel and Al-clad Fuels, 2010. 
http://www.regjeringen.no/upload/NHD/Vedlegg/rapporter_2010/tekniskutvalgsrapport2010.pdf 

22 The comments received by the Ministry of Trade and Industry are available (in Norwegian) at 
http://www.regjeringen.no/nb/dep/nhd/dok/horinger/horingsdokumenter/2011/utredning-om-mellomlagerlosning-for-
bruk/horingsuttalelser1.html?id=655024 
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deposition. It was therefore recommended that the fuel should be stabilised before being transferred to an 
interim storage facility and subsequently to a final repository. This stabilisation should be done 
immediately: long term storage with postponed decision on final treatment (often called “wait and see”) is 
unethical as it places a burden on future generations. The only proven and available stabilisation process is 
reprocessing. Further, it is neither cost-effective nor environmentally sound to construct a domestic 
reprocessing facility for the small amount of SNF, and thus a contract is required with a commercial 
supplier. In practice, there are two options: AREVA’s Cap La Hague facility in France, and the Mayak 
facility in the Russian Federation (the Technical Committee was not authorised by the terms of its mandate 
to consider UK facilities at Sellafield as an option). 

The majority of those who responded had no comments on the proposal to reprocess. However, some 
environmental groups, including Friends of the Earth Norway and Greenpeace, oppose reprocessing under 
all circumstances and have demanded that this recommendation be rejected. Others, including the 
Norwegian Radiological Protection Authority, are of the opinion that it needs to be shown that there are no 
other options to reprocessing. However, no other realistic technical solution apart from “wait and see” has 
been proposed by these stakeholders as an alternative.  

Recommendation 2: storage in dual purpose casks 

Dual purpose storage and transport casks were identified as the most suitable storage concept. The main 
reason behind this recommendation was that the fuel would be ready for transport to a repository at the end 
of the intermediate storage period. It was also considered an advantage that the casks are autonym and 
therefore not dependent on external systems or structures to maintain safety, security and radiation 
protection. This would give a large degree of flexibility if it was found necessary to move the storage to 
another site in the future. There is wide experience in the use of such casks, both for in- and out-doors 
storage. They are suitable for storage both of spent fuel assemblies (the current HBWR fuel – UO2 in 
Zircaloy cladding – does not require reprocessing) and the products of reprocessing, including uranium 
product, PuO2 and vitrified high level waste. 

Recommendation 3: storage in a mountain tunnel 

Building a storage facility inside a mountain tunnel would give several advantages compared with an 
outside building, although both alternatives were considered acceptable solutions. A tunnel facility would 
give a high level of protection against external impacts, stable storage conditions, low energy costs and low 
maintenance costs. Investment costs for a tunnel facility were considered to be comparable to a 
standardized industrial building and at least a factor three lower than the costs of a building designed to 
withstand a high level of external impact. 

Recommendation 4: one, central storage facility 

Because the quantity of spent fuel is very limited, a new facility should be made to store both spent fuel 
and long lived radioactive waste (of which Norway has a minor quantity consisting of non-irradiated 
uranium, used long lived radioactive sources), as well as the products arising from the proposed 
reprocessing of metallic uranium / Al-clad fuel. 

Recommendation 5: siting 

The primary recommendation was to establish the new intermediate storage facility on the site of the 
Halden reactor. Alternative locations were a site approximately 1 km outside the HBWR reactor site, a site 
10 km from the JEEP II reactor site and a site 60 km from both sites. 
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All sites were selected based on a geology and topology suitable for a mountain tunnel. Additional criteria 
were road standard, availability of infrastructure and potential conflict with other interests. All the 
proposed sites were considered to have a low value for alternative applications, including as recreation 
areas. 

Without exception, local government in the communities identified as possible hosts have rejected the 
recommendation. Those not currently hosting nuclear facilities are against the establishment of such 
facilities in their communities. Perhaps more surprisingly, the communities that currently host the research 
reactors and associated storage facilities also rejected the building of a new storage facility on the current 
sites even though there is nearly 60 years’ experience of spent fuel storage and that the primary advantage 
of a new facility based on a cask concept would be improvement of barriers compared to the existing 
facilities and that it would be well protected against extreme external impact. 

Recommendation 6: administrative arrangements 

The organisational and financial framework for an interim storage facility should be defined as soon as 
possible by the government, including definition of the financial responsibility for legacy and future waste 
arising. A public sector organisation, independent of the producer of the spent fuel, should be founded to 
manage the SNF, and this organization also should have the responsibility for managing radioactive waste 
in Norway. Funding and operation of this organisation should be based on the principle that the polluter 
pays. 

IFE, as the operator of the research reactors, had no objection to these principles, but is of the opinion that 
costs for management of legacy fuel should be borne by the state since the then governments made the 
decisions to build, commission and operate the research reactors. Furthermore, IFE, as a non-profit 
organisation, cannot meet the costs of legacy fuel management. 

5. Recent developments 

On March 15, 2013, the Ministry of Trade and Industry issued a call for tender for a “choice of concept 
study” on a new intermediate storage facility for spent nuclear fuel and radioactive waste. This is a direct 
result of the Stranden Committee’s identification of the need for thorough mapping of the geological, 
topographical and environmental conditions at any proposed storage site. 

All government projects with a budget of over 750 million must be evaluated in line with quality assurance 
requirements for major public investment projects. The call for tender has been advertised nationally and 
internationally to ensure the necessary nuclear expertise is obtained. The ministry estimated that the work 
would require nine months to complete. 

6. Summary 

Spent Nuclear Fuel (SNF) in Norway has arisen from irradiation of fuel in the NORA, JEEP I and JEEP II 
reactors at Kjeller, and in the Halden Boiling Water Reactor (HBWR) in Halden. In total there are some 16 
tonnes of SNF, all of which is currently stored on-site, in either wet or dry storage facilities. The greater 
part of the SNF, 12 tonnes, consists of aluminium-clad fuel, of which 10 tonnes is metallic uranium fuel 
and the remainder oxide (UO2). Such fuel presents significant challenges with respect to long-term storage 
and disposal. 

Current policy is that existing spent fuel will, as far as possible considering its suitability for later direct 
disposal, be stored until final disposal is possible. Several committees have advised the Government of 
Norway on, among others, policy issues, storage methods and localisation of a storage facility. Both 
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experts and stake holders have participated in these committees. Three major recommendations have been 
made recently: 

1. Legacy fuel with aluminium cladding, which accounts for approximately 75 per cent of SNF in 
Norway, should be reprocessed in order to produce a stable waste form suitable for long term 
interim storage and final disposal. Since the amount of SNF requiring stabilisation is small (12 
tonnes), it is neither cost effective nor environmentally sound to construct and operate a domestic 
facility, and thus overseas commercial services should be used. 

2. A new facility should be constructed for interim storage of spent fuel and the products of 
reprocessing of legacy fuels. This facility should be based on the principle of dual purpose 
transport and storage casks. The preferred location of this facility is the site of the Halden 
Reactor, while alternative sites have been identified close to IFE’s Kjeller site, which hosts the 
JEEP II reactor, and in between the Halden and Kjeller sites. 

3. A public sector organisation, independent of the producer of the spent fuel, should be founded to 
manage the SNF, and this organization also should have the responsibility for managing 
radioactive waste in Norway. Funding and operation of this organisation should be based on the 
principle that the polluter pays. 

A wide-ranging public consultation exercise has been held. The recommendation to reprocess is 
controversial, and self-identified environmental organisations have been voracious in opposing it. While 
the principle of a new interim storage facility is accepted (also by the environmental organisations), local 
government in each of the communities identified as possible hosts has rejected the recommendation for 
the location of the facility. 

At the time of writing of this paper, little progress has been made on these questions of reprocessing and 
the location of an interim storage facility. However, a call for tender has been issued for choice of concept 
study on a new intermediate storage facility for spent nuclear fuel and radioactive waste. 
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Abstract  

The skills in handling spent fuel have been collected in Slovakia for more than 35 years. During this time 
period a well-established spent fuel management system was created. 

The Slovak Government established the basic policy of spent fuel management in several resolutions. In 
2008, the Slovak Government accepted in its Decision Nr. 328/2008 “The proposal on the strategy of the 
back-end of the nuclear power engineering”. The state supervision on nuclear safety of spent fuel 
management is performed by the Nuclear Regulatory Authority of the Slovak Republic (UJD). The 
legislative framework in the Slovak Republic is based on acts and regulations. Act No. 541/2004 Coll. on 
Peaceful Use of Nuclear Energy is the main legislative norm. 

In Slovakia there are four nuclear power units in operation. These units produce about 300 spent fuel 
assemblies (approximately 36 ton of heavy metal) a year. For temporary storage of the spent fuel after its 
terminate reloading from the reactor core the at-reactor spent fuel storage pools are used. After at least 2.5 
years of storage in the at-reactor pools, the spent fuel is removed to the Interim Spent Fuel Storage Facility 
(ISFSF).  

In 2009 the UJD approved the spent fuel transportation container C-30 for next utilization. The license was 
issued for the transport of spent nuclear fuel from four units in operation as well as from two shut-downed 
units.  

UJD supports various research tasks under the Research & Development program (R&D). A methodology 
on burnup credit application has been developed. 

Another R&D project is focused on determination of the relation between the spent fuel residual heat 
generation and surface temperature of the transport container C-30.  

In 2005 the operator of the ISFSF started installation of an inspection stand. The stand is intended to be 
used for dismantling of leaky assemblies. By the end of 2009 first two modules – visual inspection and 
gamma spectroscopy - were put into operation.  

New requirements on spent fuel management (higher burnup, residual heat generation, shorter cooling 
time, new licenses …) have required a new approach from UJD. We have started several projects, which 
results will be used for a better understanding of spent fuel behavior during its storage, transportation and 
deposition. 
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1. Introduction 

First NPP in former Czechoslovakia was put into operation in 1972 at Jaslovské Bohunice site. All spent 
fuel was transported to former Soviet Union in seventies to nineties.  

In Slovakia there are eight VVER nuclear power units four of them in operation, two in decommissioning 
phase and two under construction. Units in operation produce about 300 spent fuel assemblies 
(approximately 36 ton of heavy metal) a year. For temporary storage of the spent fuel after its terminate 
reloading from the reactor core the at-reactor spent fuel storage pools are used. The spent fuel is stored 
inside a base grid located in the bottom area of the spent fuel pool. The base grid of all units at V2 NPP 
Jaslovské Bohunice was designed to store 319 spent fuel assemblies and 60 hermetic casings for defective 
fuel assemblies. Based on a project change at EMO 1, 2 MPP Mochovce a new compact grid was designed 
and manufactured with capacity of 603 fuel assemblies and 54 hermetic casings. After at least 2.5 years of 
storage in the at-reactor pools, the spent fuel is removed to the Interim Spent Fuel Storage Facility (ISFSF).  

The original design of VVER-440 units presumed, that after three years cooling time in the spent fuel 
storage at-reactor pools, the spent fuel will be transported into the former Soviet Union. Later, the Soviet 
side has started to require the storage of spent fuel for at least 10 years in the localities of nuclear power 
plants. Due to this, a ISFSF was built in Jaslovské Bohunice for the needs of VVER-440 units.  

ISFSF is a nuclear installation, which serves for temporary and safe storage of spent nuclear fuel from the 
VVER reactors before its further processing in a reprocessing plant or before its definite disposal. It is 
designed as a wet storage, and it was commissioned in 1986. Active operation began in 1987. 

Since 1989 also spent fuel from NPP Dukovany in the Czech Republic was stored in ISFSF. After the 
construction of storage in the Czech Republic, this fuel has been during 1995-1997 gradually transported 
back to NPP Dukovany. 

ISFSF has been during 1997 – 1999 reconstructed in order to increase the storage capacity and seismic 
upgrade. Total storage capacity of ISFSF after reconstruction and seismic improvement is almost three 
times as big as the designed one - increase from the original 5.040 to the current 14.112 spent fuel 
assemblies -1.694 t HM. 

The capacity has been continuously increased through replacement of the original T-12 baskets with new 
baskets KZ-48 (completed in 2007) and will be sufficient to store all spent nuclear fuel produced during 
operation of units Jaslovské Bohunice NPP 1- 4. Since 2006 the spent fuel from Mochovce NPP is being 
transported to the ISFSF after six to seven years cooling time in at-reactor pools. 

2. Legal framework 

The Slovak Government established the basic policy of spent fuel management in several resolutions. In 
2000 the Slovak Government adopted the power policy of the Slovak Republic that is also related to the 
concept of fuel cycle back-end. In 2008, the Slovak Government accepted in its Decision Nr. 328/2008 
“The proposal on the strategy of the back-end of the nuclear power engineering”. The material contains the 
philosophy of the spent fuel management including the deep geological repository development. 

The state supervision on nuclear safety of spent fuel management is performed by UJD. 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 requirements.  

Act No. 541/2004 Coll. on Peaceful Use of Nuclear Energy regulates the conditions for use of nuclear 
energy for peaceful purposes, the obligations and rights of legal persons and natural persons in the use of 
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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, state supervision upon nuclear safety 
at nuclear installations, procurement and use of nuclear materials, management of radioactive waste and 
management of spent nuclear fuel.  

Regulation No. 53/2006 Coll. on Radwaste and Spent Nuclear Fuel Management describes general 
requirements placed upon radioactive waste management and spent fuel management. Spent fuel shall be 
managed to minimize the effect of ionizing radiation exerted upon operators, population and environment; 
to maintain subcriticality; remove residual heat and minimize generation of radioactive waste.  

Regulation No. 57/2006 Coll. on the Details of Transport of Radioactive Materials and Radioactive Waste 
regulates the process and methods of road, rail, water and air transport of radioactive material, radioactive 
waste from nuclear facilities and spent nuclear fuel and the scope and content of the documentation 
required for issuance of approval for transport of radioactive material.  

Guide of UJD on Construction and Operation of Spent Nuclear Fuel Storages describes requirements for 
design and operation of spent nuclear fuel storage, especially fulfillment of safety functions. Guide 
provides detailed information on realization and control of these functions during the whole operating life. 
Guide was developed according to the IAEA requirements for spent fuel handling.  

3. Periodical safety review 

According to the Act No. 541/2004 Coll. the license holder for the operation of a nuclear installation is 
obliged to perform periodical, comprehensive and systemic assessments of nuclear safety, taking into 
account the current state of knowledge in the field of nuclear safety assessment, and to adopt measures to 
remove any deficiencies found and to eliminate their occurrence in the future23, every ten years. The 
Regulation No. 49/2006 (replaced by the Regulation No. 33/2012 Coll. on the regular, comprehensive and 
systematic evaluation of the nuclear safety of nuclear installations) on periodical nuclear safety evaluation 
describes the focus and scope o said evaluation. 

The periodic evaluation is focused on: 

a) comparing the level of nuclear safety achieved on the nuclear installation with the current 
requirements for nuclear safety and proper technical practice, 

b) assessing the cumulative effects of nuclear installation aging, the influence of alterations to 
nuclear installation which have been conducted or are under consideration, operational 
experience and technological development on nuclear safety, 

c) determining substantiated alterations to nuclear installation with the goal of maintaining the 
required level of nuclear safety or increasing it to a level approximating modern nuclear 
installation in the world, 

d) demonstrating that the required level of nuclear safety is ensured until the next periodic 
evaluation or the end of the permit’s validity, based on results in each field of examination.24 

 
                                                      
23 Section 23 Paragraph 2 of Act No. 541/2004 Coll. 
24 Section 2 Paragraph 2 of Regulation No. 49/2006 Coll. 
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The scope of the periodic evaluation is divided into the following areas: 

a) the nuclear installation project, 

b) the current condition of the nuclear installation, 

c) installation qualification, 

d) aging management, 

e) safety analyses and their uses, 

f) nuclear installation operational safety, 

g) use of experiences from other nuclear installation and research results, 

h) organization and administrative management, 

i) quality management system, 

j) operational regulations, 

k) human factor, 

l) emergency planning evaluation, 

m) radiological effect on the environment, 

n) nuclear installation operation after expiration of its service lifetime calculated by the project.25 

Following the requirements mentioned above the operator of the ISFSF, Nuclear and Decommissioning 
Company Jaslovské Bohunice (JAVYS) prepared in 2009 ISFSF Periodical Nuclear Safety Evaluation 
Report. Report analyses all issues described above. As a result of the analyses a set of corrective measures 
divided into groups according their priorities is listed in chapter 5 “Integrated plan of realization of 
corrective measures”. From 32 corrective measures 21 have been evaluated as measures having high 
priority (implementation by the end of 2010), 7 having medium priority (implementation by the end of 
2012) and 4 low priority (implementation by the end of 2014).  

 
Examples of high priority measures: 

1. Ensure completion of project documentation so that the requirements described in  
Regulation 53/2006 Coll. Section 16 Paragraph 2 Letter g (conditions for the carriage of heavy 
loads over the spent fuel storage facilities) are fulfilled. 

2. Add relevant chapters to the ISFSF Safety report reasoning limits and conditions. 

3. Include to the program of environmental monitoring measurement of alpha activity of 
radionuclides collected on aerosol filters from ISFSF air-condition quarterly (or 
biannually).  

                                                      
25 Section 2 Paragraph 3 of Regulation No. 49/2006 Coll. 
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Examples of medium priority measures: 

1. Ensure completion of project documentation for spent fuel disposal concept after the end of the 
storage. 

2. Process as a controlled document list of devices that are subject to the requirements of legislation 
to monitor their service life. 

Examples of low priority measures: 

1. Establish a system of periodic review of the implementation of the limits and conditions 

2. Develop a methodology according to SAT WENRA, Issue Q.4.2 and determine 
expert guarantee its correct application. 

Last chapter “Final evaluation” summarizes all findings. According to this chapter finding are divided into 
two groups. First group describes positive (strength) findings - the requirements of the reference materials 
(WENRA, UJD Guide, IAEA, expert opinion), where the investigator found an exact match or fulfillment 
of this requirement is beyond current legislation requirements. Second group describes negative (weak) 
finding – where deficiency was found in an area which does not achieve a level of current standards and 
good practice.26 

The operational license for the ISFSF was determined in Decision No. 152/2000 at the end of 2010. 
JAVYS applied in 2010 for a new 10 years operational period. The application contained, in addition to 
other, updated “ISFSF Preliminary safety report” with implemented findings from periodical safety review 
mentioned above. Only high priority findings have been implemented.  

After thorough assessment of the application UJD issued a new operational license for ISFSF for next 10 
years by Decision No. 444/2010. 

By the end of 2012 JAVYS submitted to UJD document describing the fulfillment of medium priority 
measures. 

4. Stress tests 

After an earthquake and tsunami on 11 March 2011, which caused loss of cooling of reactor cores and at-
reactor spent fuel storage pools at Fukushima Daiichi NPP, UJD ordered realization of “stress tests” at all 
NPP units in Slovakia.  

At the 5th Review Meeting of The Convention on Nuclear Safety, the Contracting Parties adopted a 
common declaration regarding the events in Japan - Fukushima. At the same time the Contracting Parties 
agreed to convene an Extraordinary Review Meeting of the Contracting Parties to the Convention in 2012, 
during which on the basis of special national report the measures adopted and lessons learned will be 
reviewed, which were made in connection with the events in Japan. In April 2012 the Special National 
Report of the Slovak Republic was completed. However report does not cover the ISFSF. 

In July 2011 UJD requested JAVYS to prepare similar analysis also for ISFSF. Following events have 
been identified: 

                                                      
26 ISFSF Periodical Nuclear Safety Evaluation Report, JAVYS, 2009 
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1. earthquake stronger than envisaged in the project, 

2. extensive flooding as contemplated in the project, 

3. other external environmental conditions that could be the Bohunice site for induced loss of safety 
functions, 

4. extended time of complete loss of own electrical power consumption, 

5. extended period of incapacity of residual heat removal, 

6. degradation in terms of cooling the spent fuel storage pools. 

In 2012 JAVYS realized “Program evaluation – review ISFSF response to the Fukushima event type”. 
After evaluation of analyses results in this program UJD confirmed, that all goals were met. Chapter 
"Seismic event" has been added to an operating document "Addressing failure conditions in ISFSF". The 
evaluation points of this program have shown that: 

1. the implementation of safety functions is ensured for ISFSF for spent fuel storage initiating 
events referred above, 

2. ISFSF after realization of seismic upgrading and expansion of spent fuel storage capacity has 
increased its nuclear safety and reliably meet all safety requirements in accordance with current 
legislation and using knowledge and measures to analysis the impact of events on the ISFSF 
project referred above. 

3. ISFSF is operated by qualified personnel and the implementation of safety culture meets the 
requirements for nuclear safety.27 

5. Spent fuel transportation 

In 2009 the UJD approved the spent fuel transportation container C-30 for next five years period according 
to national legislation. The license was issued for the transport of spent nuclear fuel from four units in 
operation as well as from two shut-downed units. In order to be able to start the decommissioning of shut-
downed units earlier, the licensee requested specific conditions for the transport. The residual heat was 
increased and the cooling time was decreased. Minimum cooling time depends on initial enrichment and 
basket type and varies from 2.8 to 3.6 years. 

After shut down of first unit of V-1 NPP by the end of 2006 the operator, in order to shorten the transition 
period from operation to decommissioning, applied for a new license for transport of spent fuel form V-1 
NPP to ISFSF. The residual heat production for one assembly was increased to 800 W, which is also limit 
for ISFSF. Minimum cooling time has been determined to be 1.8 year. 

 

6. Research and Development 

UJD has supported various research tasks under the Research & Development program (R&D). The 
Division of Nuclear Materials implemented a task of the burnup credit (BUC) application in the criticality 
calculation of the VVER-440 fuel assemblies in cooperation with Nuclear Power Plants Research Institute 
                                                      
27 Program evaluation – review ISFSF response to the Fukushima event type, JAVYS, 2012 
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(VUJE). The aim was to examine possibilities of the VVER-440 spent fuel storage and transport with 
higher original enrichment in the existing storage and transport facilities. It consists of the analysis of the 
possibility to transport and store the VVER-440 spent fuel with original enrichment up to 5% 235U in the 
existing C-30 transport container with T-12 or KZ-48 baskets and in the at-reactor spent fuel storage pools. 

We have developed methodology for BUC utilization, taking into account actinides only, and we have 
validated the SCALE 6.0 (6.1 respectively) system as a tool for VVER-440 fuel. The second part of the 
project included fissile products.  

In order to have validated results three Slovak organizations (VUJE, JAVYS, UJD) have joined an 
international consortium focused on further investigation of nuclide composition of VVER-440 spent fuel 
within the framework of project ISTC #3958. The UJD also prepared a guide on BUC application in 
Slovakia.  

The BUC will be necessary for the licensing of the new fuel with enrichment of 4.87% 235U in at reactor 
pool and in basket KZ-48. 

Last item is the preparation of the safety reports (for transport and storage) for the new fuel with average 
enrichment 4.87% 235U in basket KZ-48 with burnup credit application.  

Another R&D project is focused on determination of the relation between the spent fuel residual heat 
generation and surface temperature of the transport container C-30. The residual heat generation is 
calculated by special software. During the transportation of the spent fuel the surface temperature of the 
transport container is limited. The results of this project will enable better anticipation of the surface 
temperature and residual heat release.  

The project simulates real condition during the transport of spent fuel in transport container C-30 with 
basket KZ-48 inside. In each position in the basket KZ-48 we placed a dummy assembly in order to have 
the same volume of water inside the transport container C-30. Every second dummy assembly has an 
electrically heated coil. Temperature is measured inside of the transport container as well as on selected 
spots on surface. The results have been processed and a mathematical dependency between known heat 
and surface temperatures has been calculated. 

7. Spent fuel monitoring 

In 2005 the operator of the ISFSF started installation of an inspection stand. The stand is intended to be 
used for dismantling of leaky assemblies. Besides, the stand will be used for various measurements and 
monitoring of the condition of spent fuel. The inspection stand SVYP-440 will have following modules: 

– Remote visual inspection of the selected surfaces of fuel assemblies and their components, 

– Ultrasonic inspection of the cluster fuel elements, 

– Eddy-current inspection of clad integrity of the individual fuel elements, 

– Gamma spectrometry of the individual fuel elements, 

– Measurement of length of the fuel column in cluster of the fuel elements,  

– Spectroscopy measurement of length of fuel column of the individual fuel elements, 

– Optical measurement of length of the individual fuel element, 
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– Diameter and ovalness measurement of the individual fuel element by induction method, 

– Optical measurement of deflection, torsion and length of the fuel assembly, 

– Mechanical measurement of clearance between fuel and clad of the individual fuel elements, 

– Eddy current measurement of oxide depositions on clad of the individual fuel elements, 

– Oxide deposition sample intake from clad of the individual fuel elements and their consequent 
analysis, 

– Pressure measurement of the fission products inside the individual fuel elements. 

By the end of 2009 first two modules – visual inspection and gamma spectroscopy - were put into 
operation. The visual inspection of the spent fuel assemblies will enable to control the condition of the 
assemblies, whereas the gamma spectrometry will enable to measure burnup and selected nuclides. 

8. Conclusion 

New requirements on spent fuel management (higher enrichment, higher burnup, residual heat generation, 
shorter cooling time, new licenses, and others) have required a new approach from UJD. UJD has started 
several activities, which results will be used for improvement of nuclear safety of spent fuel during its 
storage, transportation and deposition. 
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Abstract 

Spent nuclear fuel is generated from the operation of nuclear reactors and it is imperative that it is safely 
managed following its removal from reactor cores. Reactor pools are usually designed based on the 
assumption that the fuel will be removed after a short period of time either for reprocessing, disposal, or 
further storage. As a result of storing higher burn-up fuel, significantly increased timeframe till disposal 
solutions are prepared, and delays in decisions on strategies for spent fuel management, the volume of 
spent fuel discharged from reactors which needs to be managed and stored is on the increase. 
Consequently, additional storage capacity is needed following the initial storage in reactor pools. 

Options for additional storage include wet storage or dry storage in a dedicated facility or in storage casks. 
One of these options is the use of a Dual Purpose Cask (DPC), which is a specially designed cask for both 
storage and transport. 

The management of spent fuel using a DPC generally involves on-site and off-site transportation before 
and after storage. Most countries require package design approval for the DPC to be transported. In 
addition, it is required in many countries to have a licence for storage of the spent fuel in the DPC or a 
licence for a storage facility that contains DPCs. Therefore, demonstration of compliance of the DPC with 
national and international transport regulations as well as with the storage requirements is necessary. 

In order to address this increasing need among Member States, the IAEA established an international 
working group in 2010 to develop a guidance for integrating safety cases for both storage and transport in a 
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holistic manner. The working group consists of experts from regulatory bodies, Technical Support 
Organizations, operators for both transportation and storage, and research institutes. 

This activity is planned to be completed by 2013. Currently, a technical report has been drafted and is 
expected to be finalized in the near future. 

In this paper, the IAEA’s activity on demonstration of the safety of DPCs in a holistic manner is described, 
and then an overview of the draft document is provided. The difference between the conventional storage 
cask concept and the DPC concept is also highlighted. 

1. Introduction 

The management of spent fuel from nuclear power reactors is an important concern relating to use of 
nuclear energy. While a majority of countries have yet to decide on the final destination of spent fuel, 
storage period is de facto increasing. 

In June 2010, the IAEA hosted the International Conference on Management of Spent Fuel from Nuclear 
Power Reactors. This conference was organized to exchange information on the state-of the art technology 
on spent fuel storage, on the perspectives for long term storage and on the operation of storage facilities. 
The conference was also intended to discuss the safety framework of spent fuel management and to discuss 
issues related to spent fuel ageing, integrity and long term data management. The conference was attended 
by more than 200 participants from over 40 countries. Discussions addressed  themes such as strategic 
issues and challenges of spent fuel management, safety and licensing of spent fuel storage and 
transportation, operating experience in spent fuel storage, advancement and lessons learnt on current 
practices and technological innovations for spent fuel storage.  

During the conference, several Member States presented their projects for utilizing the concept of dual 
purpose cask (DPC) as an attractive option due to their flexibility and efficiency in the handling of spent 
nuclear fuel. A DPC is a cask that is designed for both transportation and storage of spent nuclear fuel. The 
management of spent fuel using a DPC involves both storage of spent fuel and its transport before and after 
storage. At present, most Member States utilising DPCs require a transport licence to be held for the 
transport of DPCs. In many Member States, a licence for the storage of spent fuel in DPCs or a licence for 
a storage facility that contains DPCs is also a requirement. To improve the effectiveness of the licensing 
process for DPCs, the concept of a ‘holistic approach’ was proposed at the conference28. This approach 
considered the interface issues arising between both storage and transport, and recommended the 
development of integrated safety case for both transport and storage with supporting safety assessments. At 
the conference, Member States agreed to move forward with this initiative in developing guidance for 
integrated safety cases for both storage and transport of DPCs. It was suggested that the IAEA take the lead 
in exploring this issue with Member States that are confronted with this issue.  

To address the conference recommendation, the IAEA initiated a “Joint Working Group on Guidance for 
an Integrated Transport and Storage Safety Case for Dual Purpose Casks for Spent Nuclear Fuel”(WG)29 in 
April 2011 to develop guidance for an integrated safety case for both transport and storage by DPCs under 
the support of the Transport Safety Standards Committee (TRANSSC) and the Waste Safety Standards 
Committee (WASSC). TRANSSC and WASSC are the standing bodies of senior experts from Member 
States in waste and transport safety. Members of the committees provide advice on the development, 

                                                      
28  Izuru Hanaki, “Interface Issues Arising between Storage and Transport for Storage Facilities Using Storage/Transport Dual 

Purpose Dry Metal Casks”,  International Conference Management of Spent Fuel from Nuclear Power Reactors, IAEA, 31 
May – 4 June 2010, Vienna, Austria 

29  http://www-ns.iaea.org/tech-areas/waste-safety/spent-fuel-casks-wg.asp?s=3 
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review and revision of IAEA Safety Standards relating to waste or transport safety. Their functions are not 
only to develop Safety Standards, but also to recommend activities and areas for improvement to enhance 
the overall programme including the application of the safety standards. Since the WG is intended to 
develop a technical document that supports the IAEA Safety Standards in relation to the transport and 
waste safety, both TRANSSC and WASSC supported this activity as a joint programme. 

2. Objectives and scope 

2.1 Objectives 

The project started in 2011 and was envisaged as a 3 years project in 2011. The intention was to develop an 
IAEA technical document on an Integrated Safety Case for a DPC as well as providing recommendations 
for changes to be made to existing IAEA Safety Standards relevant to the licensing and use of transport 
and storage casks for spent nuclear fuel to the IAEA Safety Standard Committees as necessary. 

The document is to be prepared as a supporting document to the relevant IAEA Safety Standards, such as 
Regulations for the Safe Transport of Radioactive Material (SSR-6)30 and  Advisory Material for the IAEA 
Regulations for the Safe Transport of Radioactive Material Safety Guide (TS-G-1.1)31 for transport safety, 
and Predisposal Management of Radioactive Waste General Safety Requirements Part 5 (GSR Part 5)32 
and Storage of Spent Nuclear Fuel (SSG-15)33 for waste safety. The document aims to assist designers, 
vendors, operators, applicants, regulators, technical support organisations, etc. in the development and 
review of the safety case and supporting safety assessment. The document contains guidance that can be 
used, irrespective of how the safety case and safety assessment process is addressed within individual 
national regulatory frame works.  

An Integrated safety case for a DPC aims to support the application for the package design approval for 
transport and the application for the licensing of the storage facility as part of the safety case for the storage 
facility. The integrated safety case for a DPC is considered as a collection of scientific and technical 
arguments, justifications and evidence in compliance with international and national regulations for both 
transport and storage.  

2.2 Scope 

At the start of the project, it was decided that the storage period considered in this activity would be limited 
up to about  100 years. Some Member States anticipate much longer storage periods and several research 
activities have been conducted to gain confidence on such an extended storage period. However, taking 
into account the definition described in SSG-15, the storage period is limited to less than approximately 
100 years in this activity. 

It was also decided that this activity only considers dual purpose metal dry storage and transport casks. If a 
canister is contained within a DPC as a part of its internals, it is considered as a component of the DPC in 
this document. 
                                                      
30  INTERNATIONAL ATOMIC AGENCY, Regulations for the Safe Transport of Radioactive Material 2012 Edition, IAEA 

Safety Standards Series No. SSR-6, IAEA, Vienna (2012) 
31  INTERNATIONAL ATOMIC ENERGY AGENCY, Advisory Material for the IAEA Regulations for the Safe Transport of 

Radioactive Material, IAEA Safety Standards Series No. TS-G-1.1 (Rev. 1), IAEA, Vienna (2008) 
32  INTERNATIONAL ATOMIC ENERGY AGENCY, Predisposal Management of Radioactive Waste, IAEA Safety Standards 

Series No. GSR Part 5, IAEA, Vienna (2009) 
33  INTERNATIONAL ATOMIC ENERGY AGENCY, Storage of Spent Nuclear Fuel, IAEA Safety Standards Series No. SSG-

15, IAEA, Vienna (2011) 
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Note that the integrated safety case for a DPC defined in this activity does not cover a safety case of a DPC 
storage facility. Therefore, it needs to be complemented by another safety case for storage facilities where 
the DPC will be stored if necessary. 

3. Concept of integrated safety case for a Dual Purpose Cask 

Regarding the storage of radioactive waste, GSR Part 5 requires that “Waste shall be stored in such a 
manner that it can be inspected, monitored, retrieved and preserved in a condition suitable for its 
subsequent management. Due account shall be taken of the expected period of storage, and, to the extent 
possible, passive safety features shall be applied. For long term storage in particular, measures shall be 
taken to prevent degradation of the waste containment”. The management of spent fuel using a DPC 
involves storage of spent fuel as well as on-site and off-site transportation before and after storage. It is 
required in many countries to have a licence for storage of the spent fuel in the DPC and/or a licence for a 
storage facility that contains DPCs. In addition, most countries also require package design approval for 
the DPC to be transported.   

Therefore, safety assessment and approval or licensing procedures need to consider the differences 
between the two DPC configurations, i.e., the DPC transport package design and the DPC storage cask 
design. A DPC provided for transport is usually equipped with impact limiters and often has a one-lid 
closure system. The DPC transport package needs to be designed not only to comply with current transport 
regulations, but also to be potentially used in an operational mode that is different from usual transport 
packages. More specifically, the DPC transport package needs to be transported after several decades of 
storage and therefore it needs to use ageing-resistant packaging components. 

A DPC when used for storage is usually not equipped with transport impact limiters, but often has a 
closure system with additional lids, with lid interspace pressure monitoring. The DPC storage package 
needs to be designed so that it meets regulations for on-site activities including storage and on-site 
transport, which are very often different from transport regulations. Nevertheless, most of the safety 
relevant DPC components are the same for both purposes. 

 The concept of an integrated safety case for a DPC aims to support the application for the 
package design approval for transport and the application for the licensing as a storage cask (as part of the 
safety case for the storage facility). The integrated safety case for a DPC can be a collection of scientific 
and technical arguments including safety assessments in support of: 

a) The demonstration of compliance with the IAEA transport regulations SSR-6 for off-site 
transport, including transport after storage, 

b) The demonstration of compliance with the international standards and national regulations for dry 
storage of spent fuel as they apply to the DPC during its storage period and with the regulations 
for associated on-site transport. 

When developing the safety case, the description of the DPC and its contents, impact conditions and 
acceptance criteria are major boundary conditions. The term “impact conditions” means all basic data for 
the safety assessment arising from normal, off-normal, and accident conditions of storage and routine, 
normal, and accident conditions of transport. The impact conditions for off-site transport are given in SSR-
6. The impact conditions for storage need to be specified based on national regulations and an assessment 
of the operational conditions at the storage facility. “Acceptance criteria” are based on regulatory limits 
that the DPC and the storage facility are required to meet. Figure 1 shows the concept of acceptance 
criteria in this document. Since the DPC is used for both transport and storage, it is required to comply 
with national and international transport regulation as well as international standards and national 
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regulations related to the storage in the country. Furthermore, considering the interface issues between the 
storage facility and the DPC, it is explicitly described that the acceptance criteria for the DPC need to 
cover all the requirements that arise from the design of the storage facility. It is important that the impact 
conditions and acceptance criteria be selected based on a careful review of the regulatory requirements and 
operational limits and conditions of the storage facility. Of course, the acceptance criteria can also be set in 
a much more restrictive manner. In this case, the assessment of current and future storage facilities will be 
able to gain some additional margin. 

Figure 1. Conceptual drawing of the relationship between acceptance criteria, design specifications, 
and regulations 
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4. Guidance for preparation of a safety case for a Dual Purpose Cask containing spent fuel 

This section provides an overview of a technical guidance document developed by the WG. The WG is 
developing a document titled “Guidance for preparation of a safety case for a Dual Purpose Cask 
containing spent fuel”. At the beginning of the project, it was decided to develop this guidance document 
utilizing a structure of a technical guide on Package Design Safety Reports for the Transport of 
Radioactive Material (European PDSR Guide)34, which was developed for transport casks. Since an 
integrated safety case for a DPC needs to consider scientific and technical arguments and provide evidence 
in support of demonstration of compliance with international standards and national regulations during its 
storage period, considerations on ageing management are important.  

One of the challenging issues for the integrated safety case for a DPC is how to deal with interface issues. 
Examples of interface issues discussed by the WG were: 

 
How to manage the interfaces between the safety cases for the DPC, storage facilities, nuclear power plants 
and the final destination of the DPC. 

How to define all of the acceptance criteria that the spent fuel must meet. Fuel is usually subjected to a 
number of processes before it is stored in a cask, including irradiation in the reactor, handling operations 
and pool storage. The entire history of the spent fuel before cask storage can influence the physical 
integrity of the fuel rods and the structural components. Therefore, this information provides important 

                                                      
34  Package Design Safety Reports for the Transport of Radioactive Material (European PDSR Guide ISSUE 2),(2012) 
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input for the safety case. In the safety case, there should be well defined acceptance criteria that the spent 
fuel must meet before it is considered to be fit for both cask storage and transport. 

How the safety case for DPCs relies on the availability of hot cells, cooling pools, reserve storage capacity 
and other maintenance facilities which may be present at the storage sites or at other remote sites. As a 
basic concept, DPCs can be designed so that the lid, which is part of the primary containment boundary, 
does not need to be opened for inspection or maintenance during storage or transport after storage, as long 
as safety is demonstrated using elementary test results, mock-up test results or computer analysis, etc.. This 
is a great advantage of dual purpose metallic casks because actions to open lids require additional 
equipment, such as hot cells, and such actions may themselves cause unnecessary accidents. However, 
some systems use casks which have a single containment boundary. In such circumstances, it is necessary 
to provide maintenance facilities which can be used to handle the cask in the event of failure of that 
containment boundary. 

 
The WG proposed a structure of an integrated safety case for a DPC as shown in Fig. 2 taking into 
consideration the important aspects on safety case for predisposal waste management facilities described in 
IAEA General Safety Guide on The Safety Case and Safety Assessment for the Predisposal Management 
of Radioactive Waste (GSG-3)35  

In this structure, Part 1 provides a generic consideration and contents of the safety case. Part 1 also 
provides information on administrative matters, specification of radioactive contents, specifications of the 
DPC, DPC performance criteria, and compliance with regulatory requirements, operation, maintenance, 
and management systems as a part of the safety case. Part 2 provides both generic and specific 
considerations for technical assessments of the safety case. 

In the following subsections, overview of some key issues on developing an integrated safety case for a 
DPC is described. 

                                                      
35  INTERNATIONAL ATOMIC ENERGY AGENCY, The Safety Case and Safety Assessment for the Predisposal Management 

of Radioactive Waste, IAEA Safety Standards Series No. GSG-3, IAEA, Vienna (2013) 
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Figure 2. Proposed structure of a safety case for a Dual Purpose Cask 
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4.1 Ageing issue 

Safety-related components are subject to degradation mechanisms and ageing processes which depend on 
the component itself and its operational and environmental conditions. In order to maintain the licensing 
not only for storage but also for transport after storage, it is essential to consider ageing issues carefully 
and to have a sustainable ageing management plan. Therefore, the proposed structure of the integrated 
safety case has a separate section “Ageing considerations”.  

For licensing of the DPC for any storage facility or for any transport campaign, it has to be ensured that the 
entire history of ageing of the DPC and contents is considered and that the specified maintenance and 
monitoring had been completed. Components of the fuel and container/packaging are especially important 
because of the potential for degradation processes to lead to fuel fragmentation, loss of container integrity, 
and other structural alterations that could directly impact containment, subcriticality control and/or 
retrievability of the internals. Thus, it is important to evaluate the potential degradation phenomena over 
time and their impact on the functions important to safety.  
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In the proposed safety case structure, the section “Ageing consideration” addresses possible ageing factors 
for each safety-related component. Design considerations against ageing deterioration needs also to be 
addressed in this section. In addition, it is important to describe how to inspect the integrity of the DPC and 
its contents for ensuring safety of transportation after the storage period. When spent fuel is transported, 
generally various inspections are required such as; 

1. External appearance 

Leak tightness 

Pressure retention 

Dose rate 

Subcriticality 

External surface temperature 

Lifting capability 

Weight measurement 

Condition of contents  

Surface contamination 

Of these, items 3), 5), and 9) are difficult to perform after storage. Therefore it is important to consider 
alternate means of inspection in combination with the ageing evaluation in order to give assurance that the 
DPC can be safely transported even after a long storage period. 

Storage in a DPC can be generally licensed with state-of-art knowledge. However, periodic reassessments 
of the condition of the DPC system with respect to new regulations and advancements in technology are 
important to ensure that the DPC licensing basis remains in compliance throughout the storage period 
during which ageing mechanisms may cause changes from the original licensing basis.  

Since an ageing programme for the DPC over the period of long term storage has an important role to 
minimize uncertainties in the safety relevant functions of the system for which may otherwise be impaired 
by ageing mechanisms, an ageing management programme needs to be addressed also under the section 
“Management systems”. Since the operational period of the DPC is considered to be longer than several 
decades, it is important to establish a systematic action plan and to describe it in the safety case so as to 
provide confidence that the storage and transport systems will perform adequately and that specified 
requirements will be fulfilled. 

4.2 Gap Analysis 

It is important to periodically update the safety case from the beginning of the design until the end of 
transport after storage. Since the operational period of the DPC package is considered to continue for at 
least several decades, a gap analysis needs to be conducted and the safety case has to be updated 
appropriately whenever the related regulations are changed or new technology is developed during storage. 

A transport package design approval is normally issued for a period of a few to several years. At the end of 
the approval period the licence needs to be revalidated for the next period by a demonstration of 
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compliance with the current transport regulations. Since the transport regulations as in particularly defined 
in SSR-6 may change from time to time, it is important to perform gap analyses between the current and 
the revised provisions with every change of regulations. If a gap is revealed, it is important to consider 
transitional provisions as appropriate so that DPCs licensed under the old transport regulations can be 
transported, when they comply with the specified transitional provisions. Regarding a storage licence 
(storage facility operational licence), it could be issued for a period of up to several decades. Nevertheless 
it is important to conduct a gap analysis and the safety case needs to be updated if any associated 
regulations are changed or new technology is developed during storage. 

In the proposed structure of the safety case for the DPC, the consideration on gap analysis is addressed 
under “Compliance with Regulatory Requirements” and “Management Systems”. 

5 Conclusions 

A number of Member States have been utilizing DPCs or showing interest on DPCs as an attractive option 
for storage of spent fuel. The DPC needs to be designed and operated so that it can be safely stored and 
transported even after long period of storage. Since the DPC’s lifecycle is generally considered longer than 
several decades, it is important to develop and maintain an integrated safety case that considers both 
storage and transport. The WG has been developing a technical guidance document describing an 
integrated safety case. The WG has also provided recommendations for further improvement of the IAEA 
Safety Standards related to the transport and waste safety. On completion of the work, this technical 
document is expected to be published to support the IAEA Safety Standards on transport and storage of 
spent fuel.  

 



NEA/CSNI/R(2013)10 

196 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 
 
 

197 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 

198 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 
 
 

199 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 

200 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 
 
 

201 
 

 
 

 
 

 



NEA/CSNI/R(2013)10 

202 
 

 
 

 
 



NEA/CSNI/R(2013)10 
 
 

203 
 

ADAPTATION: THE KEY TO SUCCESSFUL INTERIM STORAGE IS ANTICIPATING 
CHANGE 

Matthew Gordon 
United States Regulatory Commission, United States of America 

 
 
Historically, engineering structures have been in use far beyond their original intended lifespans.  One 
particularly notable example is the Eiffel Tower in Paris, France, which was originally intended to be 
dismantled after 20 years, but still stands 124 years after it was constructed.  In the United States, dry 
storage systems (DSSs) for spent nuclear fuel have been renewed for 20 years beyond an initial 20-year 
licensing period.  Since 2011, the initial and renewal license terms of DSSs have been increased up to 40 
years.  Similar to the Eiffel Tower, these passive structures were intended to be used for a set time period, 
but have been successfully operated for time periods longer than planned.  DSSs, which are required to 
meet regulatory requirements regarding criticality, containment, shielding and fuel retrievability, may 
include materials that have the potential for degradation or potential failure over an extended time span.  
Continued safe and successful operation of DSSs require an effective aging management program, which 
includes inspection, maintenance, and mitigation of potential age related degradation of the systems, 
structures, and components important to safety.  Therefore, designers should consider designs and 
materials that anticipate degradation of these systems and components to ensure adequate protection of the 
public and the environment over extended storage time frames.  This paper discusses a potential adaptive 
approach to DSS design that allows for inspection, maintenance, and mitigation of DSS material 
degradation.  This approach does not rely on fuel geometry for criticality control, rather it allows for fuel 
reconfiguration under the assumption that the fuel cladding degrades by some unidentified mechanism over 
an extended time frame.  This adaptive approach (which may require changes in regulatory requirements) 
also proposes that the canister (not the fuel assemblies) is the retrievable waste form and emphasizes the 
advantages of designing contingency containers ready for fabrication immediately prior to canister 
shipment if canister damage or degradation warrant.  Finally, additional considerations for more robust 
overpack designs that permit easier inspection of the overpack and canister are discussed.  The views 
expressed herein are those of the author and do not constitute a final judgment or determination of the 
matters or the acceptability of any licensing action that may be under consideration by the U.S. Nuclear 
Regulatory Commission. 

Introduction 

Historically, engineering structures have been in use far beyond their original intended lifespans.  The 
Proserpina Dam in Spain, for example, has been irrigating farmland in Badajoz, Spain for approximately 
two millennia.  In modern times, the Eiffel Tower in Paris, France, which was originally intended to be 
dismantled after 20 years, still stands 124 years after it was built.  In the United States, dry storage systems 
(DSSs) for spent nuclear fuel (SNF) were intended to be used for a set time period prior the preparation of 
a geological repository, but have been successfully operated for time periods much longer than initially 
planned.  These passive structures were initially licensed for 20 years but many have been renewed for 
another 40 years.  Since 2011, changes to the U.S. Code of Federal Regulations (CFR) have been made to 
increase both the initial and renewal license terms of DSSs up to 40 years.   
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As the path for extended interim storage continues to be developed from both a policy and operational 
standpoint, the potential for degradation of DSSs components related to the DSSs primary functions 
(maintaining criticality control, containment, shielding and retrievability of fuel) over extended time 
frames will require effective aging management programs.  These programs, which include inspection, 
maintenance, and mitigation should become “living” documents, able to incorporate lessons learned from 
operational history and research, as well as adjust to changing regulations as long as interim storage is 
implemented.  Currently, the USNRC uses NUREG-1927, the “Standard Review Plan for Renewal of 
Spent Fuel Dry Cask Storage System Licensees and Certificates of Compliance”36 as the formal guidance 
for license renewals of DSSs.  This guidance was published in 2011, after two license renewal evaluations 
of DSSs had been performed by the staff.  An updated guidance is currently being developed by staff at the 
USNRC to improve the renewal process for DSSs.  Given future uncertainties in policy and technical 
issues that may influence interim SNF storage, vendors of DSSs and utilities should give consideration to 
designs and materials that anticipate degradation of these systems and components to ensure adequate 
protection of the public and the environment over extended storage time frames. 

Discussion 

DSSs are composed of three primary systems, the fuel cladding, canister, and radiation shielding.  The fuel 
cladding integrity and configuration is primarily responsible for criticality control and retrievability.  The 
function of the canister is to be the primary containment for the radionuclides.  Depending on the DSS 
design, the radiation shielding may consist of borated epoxies, carbon steel laminates or concrete.  Current 
engineering analyses of DSSs assume that the fuel cladding will maintain its integrity during the initial 
licensing period.  Given the dry, inert environment of DSSs, this may be a reasonable engineering 
assumption for 20 years and perhaps even for much longer, but ultimately the integrity of the fuel cladding 
can be verified only by opening the canister.  Low-burn up fuel (≤ 35 GWd/MTU) was examined after 16-
years of storage at the Surry Power Station and showed no signs of cladding degradation.37  This 
experimental confirmation was the underlying basis for the integrity of the spent fuel cladding for the first 
20-years of storage.  Visual examinations of low-burn up fuel following subsequent openings of bolted 
casks due to failure of the outer seal have also verified that the cladding has remained intact.38   

Potential concerns for the extended storage of high-burnup fuel (≥ 45 GWd/MTU) due to the dissolution of 
hydrogen during drying operations and precipitation of radial hydrides upon cooling are currently being 
investigated by USNRC at USDOE laboratories.39   Experimental results have shown that high burnup 
cladding undergoes a ductile to brittle transition temperature (DBTT).  While there may be a number of 
additional factors, the DBTT appears to be dependent on the cladding alloy.  To address this and other 
technical issues regarding the storage of high burnup spent fuel, plans for a cask demonstration project to 
confirm the regulatory compliance for the storage of high-burnup fuel in DSSs for extended time frames 
are being considered in collaboration between the USDOE and utilities with input from the USNRC.  In 
November 2012, the DOE began a procurement process for a cask demonstration project to monitor the 
properties of high burnup fuel over extended storage time frames.40  While the information gleaned from 
such a project will be invaluable, undoubtedly new fuel claddings, higher burnups, higher enrichments, and 

                                                      
36  “Standard Review Plan for Renewal of Spent Fuel Dry Cask Storage System Licensees and Certificates of Compliance.” U.S. 

Nuclear Regulatory Commission, March 2011.  (USNRC ADAMS Accession Number: ML111020115). 
37  NUREG/CR-6831, “Examination of Spent PWR Fuel Rods after 15 Years in Dry Storage,” Argonne National Laboratory.  

September 2003.  (USNRC ADAMS Accession Number: ML032731021). 
38  “Submittal of Independent Spent Fuel Storage Installation (ISFSI) Cask Event Report,” December 2010.  (USNRC ADAMS 
 Accession Number: ML110060275). 
39  M.C. Billone, T.A. Burtseva, and R.E. Einziger, “Ductile-to-Brittle Transition Temperature for High-Burnup Cladding Alloys 
 Exposed to Simulated Drying-Storage Conditions,” in the Journal of Nuclear Materials Volume 433, Issues 1–3, February 
 2013, pages 431–448. 
40  “A High Burnup Fuel Cask Demonstration Project,” US Department of Energy Solicitation Number: SDE-SOL-0005019.   
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modifications to fuels and claddings will be made over the coming years.  While guidance on renewing 
licenses for high burnup fuels already stored in DSSs beyond 20 years is being developed within the 
USNRC, there is an implicit understanding that the licensing basis for the dry storage of these claddings 
and fuels may require additional, extended research of new fuels and claddings fall outside the scope of the 
initial cask demonstration project.  In addition, these demonstration projects will not be able to produce a 
statistically significant sampling of cladding properties for the growing population of fuel assemblies 
already loaded into dry cask storage.  If a degradation mechanism is present which undermines fuel 
cladding integrity over an extended storage is identified, is it reasonable to assume the SNF in from every 
DSS can be repackaged?  Given the increasing use of DSSs, the number of required fuel handlings 
required for repackaging if a degradation mechanism becomes operable during the extended storage will 
likely number in the hundreds of thousands.  If fuel assemblies had to be repackaged to meet regulatory 
compliance, where would the fuel assemblies be placed?  An environment more benign than a dry helium 
atmosphere is difficult to conceive of, much less engineer.  Therefore relying on the fuel cladding for 
criticality control, which is not readily accessible to inspection, and has temperature dependent properties, 
may not be the most advantageous regulatory approach for guaranteeing safety and retrievability of SNF 
for extended storage, particularly if a degradation mechanism cannot be mitigated.  

1. Designing for changing cladding properties 

A more adaptive engineering approach assumes that, over time, cladding degradation can take place and 
that fuel can become reconfigured such that if moderator intrusion were to occur, the package would still 
remain subcritical.  Hypothetical criticality scenarios performed at the Oak Ridge National Laboratory of 
moderator intrusion have already been explored for some transportation packages of SNF.41  In one 
particular scenario, the fuel cladding was removed entirely from the criticality analysis, which resulted in a 
modest increase in the effective neutron multiplication factor (keff).  A follow-up industry study indicated 
that fuel reconfigurations also increased keff, but to a lesser degree.42  Some of the more realistic 
reconfiguration scenarios showed keff decreased as fuel geometry changes occurred.42  As recently 
demonstrated, currently used fuel claddings may become embrittled due to hydride reorientation at lower 
temperatures.39  In such instances, the safety analysis for transportation of embrittled fuel may be not 
conservative during a hypothetical accident condition.  By shifting the safety basis for the storage and 
transportation of SNF away from a requirement for cladding integrity, the uncertainty regarding the 
condition of the fuel cladding over extended storage time frames is removed.  The adoption of such an 
approach does not preclude taking precautions during the loading and storage of the fuel to avoid 
damaging the cladding (e.g., adequate drying of the fuel, minimizing peak cladding temperatures, etc.).  
This approach is not without some precedent. For example, the system performance assessment presented 
in the application for the geological repository at Yucca Mountain took no credit for the integrity of the 
fuel cladding following emplacement in the repository.43 Designing for reconfiguration of fuel is one 
potential path to address uncertainties regarding cladding properties. 

In addition to criticality considerations, designs which rely on cladding integrity to meet the regulatory 
requirements for retrievability may be impacted by unknown cladding properties.  While the 
aforementioned cask demonstration project may alleviate or raise more concerns regarding retrievability of 
high burnup SNF, in principle there are three distinct engineering approaches to this issue.  First, is to 
gather a sufficiently large dataset of properties to establish that current and future fuel claddings will be 
retrieveable.  This approach, although comprehensive, would require a significant expenditure of time and 

                                                      
41  NUREG/CR-6835, “Effects of Fuel Failure on Criticality Safety and Radiation Dose for Spent Fuel Casks,” K. R. Elam, J.C. 
 Wagner, C.V. Parks, Oak Ridge National Laboratory, September 2003. 
42  “Fuel Relocation Effects for Transportation Packages,” A. H. Wells, A. Machiels, A.H. Wells, EPRI Report 1015050.  June 
 2007. 
43  Yucca Mountain Safety Analysis Report, Section 2.3.7.6, page 2.3.7-35.  U.S. Department of Energy, February 2009.  

(USNRC ADAMS Accession Number: ML081560518). 
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resources now, and in the future.  The second is to put each fuel assembly in an auxiliary container 
(termed, “canning”).  This approach is feasible, but additional handling has the potential for incurring 
additional radiation exposure to workers.  It is also costly to utilities, in that it takes additional loading 
time, and can require additional DSSs for a given amount of spent fuel.  The third option is to reconsider 
the definition of the retrievable waste form entirely.  Under this approach, the retrievable waste form is the 
fuel canister, rather than the individual fuel assemblies within the canister.  In the United States, the 
potential implications of this change are currently being explored by the NRC staff, with stakeholder 
input.44  

2. Designing for changing canister conditions 

Earlier DSSs were integrated systems with bolted-lids.  Gamma and radiation shielding were incorporated 
into theses designs, which were transportable with the attachment of impact limiters.  More recent designs 
of DSS use a modular approach, where the canister is loaded in a transportation overpack or a concrete 
storage overpack that provides radiation protection.  The canister in the DSS is a  key component for both 
containment of radionuclides and criticality control (as the latter requires the intrusion of a moderator).  
Although canisters are robust and corrosion resistant, potential for changes in different environmental 
conditions over extended  time periods need to be evaluated.  Operational experience has shown that under 
certain conditions, stainless steel piping, operating at elevated temperatures near bodies of salt water can 
undergo stress corrosion cracking.45  It has been observed that atmospheric stress corrosion cracking (SCC) 
occurs within a specific range of temperatures (35 – 80 °C), salt concentrations (≥ 0.1 mg) and relative 
humidities (> 20%).46  Degradation of a canister from SCC at a weld or elsewhere has the potential for a 
number of undesirable effects. For example, loss of the internal inert atmosphere of the canister, followed 
by intrusion of moisture and oxygen, could lead to further oxidation of cladding or the UO2.  Examination 
of the canister surfaces for incipient SCC is made significantly more difficult by the radioactivity of SNF.  
Radiographic techniques are negated due to the high radiation field, which also impairs solid-state devices 
used in phased-arrays.  Qualified, remote dye-penetrant inspections have not been documented in literature 
and the effectiveness of visual inspections to detect SCC are questionable.47,48  Some initial efforts have 
been made by industry to measure the canister surface temperature and surface salt concentration of in-
service canisters at a dry storage facility located near a salt-water estuary. The complete results of this 
examination are still waiting for public release.49 Inspection or monitoring of loaded canisters may be made 
easier by redesigning the overpacks, allowing for better access for monitoring devices while still 
maintaining shielding functions and allowing circulation of air to cool the DSS.   

 However, SCC may not be a potential issue for canisters loaded with recently discharged fuel, as the 
decay heat may be high enough to prevent moisture on the surface of a loaded canister from deliquescing 
deposited salts.  Temperature monitoring of canister surfaces alone may be sufficient to demonstrate that 

                                                      
44  “Retrievability, Cladding Integrity and Safe Handling of Spent Fuel at an Independent Spent Fuel Storage Installation and 

During Transportation Federal Register Notice,” Federal Register Volume 78, Number 12, Pages 3853-3854, Thursday, 
January 17, 2013.  (Federal Register Document Number: 2013-00478) 

45  “Potential Chloride-Induced Stress Corrosion Cracking Of Austenitic Stainless Steel And Maintenance Of Dry Cask Storage 
System Canisters,” Information Notice 2012-20.  United States Nuclear Regulatory Commission.  (USNRC ADAMS 
Accession Number: ML12319A440)   

46  Mintz, Todd S. et al.  “Coastal Salt Effects on the Stress Corrosion Cracking of Type 304 Stainless Steel,” Corrosion 2013, 
 March 17-21, 2013, Orlando, Florida.  National Association of Corrosion Engineering.  (USNRC ADAMS Accession Number: 
 ML13016A127) 
47  NUREG/CR 6943, “A Study of Remote Visual Methods to Detect Cracking in Reactor Components,” S.E. Cumblidge, M.T. 
 Anderson, S.R. Doctor, F.A. Simonen, A.J. Elliott, Pacific Northwest National Laboratory, November, October 2007. 
48  NUREG/CR 6860 “An Assessment of Visual Testing,” S.E. Cumblidge, M.T. Anderson, S.R. Doctor, Pacific Northwest 
 National Laboratory,  November 2004. 
49  Calvert Cliffs, Independent Spent Fuel Storage Installation - Response to Request for Supplemental Information, July 27, 
 2012.  (USNRC ADAMS Accession Number: ML12212A216) 
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SCC is not an operating mechanism.  In light of the difficulties associated with detecting SCC cracks on 
the canister surfaces, it may be prudent for utilities to consider a hypothetical SCC through-wall crack and 
perform a consequence analysis until qualified techniques are developed for detecting SCC in high 
radiation fields.  Typical SCC cracks are on the order of 5 – 300 microns which may permit the release of 
CRUD and radionuclides (if the fuel is damaged), particularly during an accident such as impact, 
earthquake or fire.  No formal consequence analysis has been conducted on the potential effects of SCC on 
a DSS, yet, but such an analysis could be used to inform any mitigating actions that may be required from 
a breached canister.  Any consequence analysis should include the severe scenario of oxygen intrusion into 
a SCC-induced crack and further oxidation of UO2 inside damaged fuel cladding, resulting is splitting of 
fuel rods.  Fortunately, this potential scenario is minimized by competing temperature affects.  Oxidation 
of the fuel pellets and subsequent splitting of the rods may only be a significant risk if the temperature of 
the fuel is above ~250oC 50 which likely corresponds to an exterior canister temperature above 80oC. 

Given uncertainties associated with extended storage time frames, it appears highly advantageous to 
anticipate the potential of storing or transporting SNF in a degraded canister.  This scenario can be 
addressed more easily if it is considered during the design phase by assuming that a secondary canister will 
be fit around the primary (internal) canister at some future point.  This secondary canister can either be 
kept in a storage overpack or transported.  The only significant design alteration is to design the 
transportation and storage overpacks to accommodate the space for a secondary canister.  

3. Designing for changing overpack conditions 

The degradation of reinforced concrete structures is well understood and should be expected over extended 
time frames.  When designing for changing conditions, designers of DSS overpacks should give significant 
thought on how the overpack will be inspected and repaired after SNF has been loaded.  External spallation 
of concrete due to freeze-thaw mechanisms is easily observable and can be repaired using conventional 
methods.  Concrete internal to the overpack, however, should be carefully protected from potential 
intrusion of water that can induce degradation, as accessibility for repair would be problematic.  Overpack 
designers may wish to consider how internal concrete surfaces could be accessed if the SNF canister was 
temporarily unloaded to make repairs if they become necessary.  Internal mechanisms of concrete 
degradation, e.g., alkali silica reactions, can be avoided entirely, by judicious choice of aggregates 
following strict specifications for the allowable amount of soluble silica and alkalis.  It should be noted that 
codes governing the specifications for aggregate selection for nuclear concrete may not be the most 
conservative construction codes available.  While concrete degradation is inevitable, it can be slowed 
significantly by designing for durability, not strength as many concrete codes prescribe.  Low water-to-
cement ratios, and the addition of air entrapment agents and pozzolans can significantly increase the 
resistance of the concrete to freeze-thaw damage, sulfate attack, and carbonation and while lowering the 
permeability of concrete to chlorine ions.  Nevertheless, the steel reinforcements within the concrete will 
eventually be exposed to neutral pHs due to carbonation.  A neutral pH environment will make the steel 
more susceptible to corrosion.  Therefore designers should consider how the conditions of steel 
reinforcements can be monitored and what mitigating actions can be taken to ensure that corrosive agents, 
such as chlorides, do not diffuse through the concrete to cause corrosion of the reinforcement.  In the most 
extreme scenarios, site-owners should allow adequate space to construct additional concrete overpacks, so 
if any particular overpack becomes too degraded the canister can be readily moved.    

 Industry may choose to impose stricter requirements for the construction of the overpacks than what is 
required by the regulations.  As an example, current safety analysis reports provided to the USNRC include 
requirements for the 28-day compressive strength of concrete used in overpacks, but this requirement 

                                                      
50  R. Einziger and R. Strain, “Oxidation of Spent Fuel at Between 250 and 400°C,” EPRI-NP-4524, Electric Power Research 

Institute.  April 1986. 
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(which ensures current regulatory compliance) does not address durability issues.  Utilities that impose 
durability requirements for concrete used for overpacks on vendors may avoid expensive, future repairs.   

4. Designing for uncertainty in regulatory change 

It is reasonable to assume that as more knowledge and operational experience is gained, regulatory 
requirements for the storage and transportation of SNF will change over long time periods.  While it is 
impossible to accurately predict the future of SNF regulation, it would appear highly advantageous to 
utilities that have possession of SNF to think beyond the current regulatory requirements and consider how 
to minimize the potential overall burden of SNF stewardship.  Recent operational experience is 
demonstrating that the initial 20 or even 40 year design requirements may not meet the regulatory 
requirements if the time frames are extended long enough.  As such, utilities may be put into positions 
where demonstrating regulatory compliance beyond 20 years requires performing examinations on DSSs 
that are both monetarily expensive and dose-prohibitive.  Therefore, vendors should build flexibility into 
the initial design.   

The nuclear industry, as well as other industries, often take a reactive approach to government regulation.  
What is unique to the nuclear industry is the time frames that licensees are responsible of their product.  As 
such, a significant backlog of DSS may already be loaded if or when the applicable regulations are 
changed.  Therefore, more than any other industry, the industry should consider imposing requirements 
from DSS vendors that go beyond the current regulatory framework. Minimum compliance with the 
current set of regulations may be expedient, but as regulations change over extended time frames, utilities 
may choose to consider additional factors in their requirements from spent fuel vendors. 

Conclusion 

Future regulatory and environmental conditions that may affect the storage of SNF are not static.  
Therefore, designs which take an adaptive engineering approach assuming degradation in safety related 
systems, structures and components related to the storage and transportation of SNF have a significant 
advantage over more traditional approaches.  Utilities may choose to become more involved in the design 
process of DSSs, so that DSSs not only meet current regulatory requirements, but also take into 
consideration mitigation of aging effects related to DSSs. 

Disclaimer 

This paper was prepared by an employee of the United States Nuclear Regulatory Commission. The views 
expressed herein are those of the author and do not constitute a final judgment or determination of the 
matters or the acceptability of any licensing action that may be under consideration by the U.S. Nuclear 
Regulatory Commission.  It presents information that does not represent official staff position. The NRC 
has neither approved or disapproved its technical content. 
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Christoph Gastl 

Bundesamt für Strahlenschutz (Federal Office for Radiation Protection) 

Christian Drobniewski 

Bundesamt für Strahlenschutz (Federal Office for Radiation Protection) 

 

Abstract  

According to the German atomic law the storage of nuclear material has to be licensed following § 6 by the 
competent authority in this field, which is the Federal Office for Radiation Protection. 

Interim storage in its actual form started in 2002 in the interim storage facility next to the NPP Lingen. 

Since this time each NPP erected its own storage facilities and three central storage facilities have been 
built. The spent nuclear fuel (SNF) and the vitrified high level waste (HAW) will be stored there until final 
disposal. The time span from now on to the point of opening of a final disposal facility shall be presented 
from a regulators point of view, divided into different phase which could spread from years to decades. 
Special attention shall be drawn on the different aspects influencing the licensing process and its duration 
at the moment and in future including the capabilities of the competent authority. 

1. Introduction 

The Federal Office for Radiation Protection foresees three different stages in the timescale of interim 
storage. In the current first one, modifications of existing storage licenses and one interim storage left to be 
licensed and erected are in the licensing procedure according to § 6 atomic law. This includes also 
applications for new casks. Following those licenses a phase of applications will arise to take care of 
remaining exotic inventory like damaged fuel elements, high or low burnup elements etc. These are 
especially important as the major part of demolishing of shutdown NPPs can only start when all nuclear 
fuel is safely stored outside the NPPs. 

The next stage will begin after the shutdown of the nuclear power plants (NPPs) wherein the storage sites 
have to be independent of a neighbouring plant including its infrastructure in terms of safety and security. 
The process of reaching this autarky has to be reached and maintained until the final disposal site is 
starting its operation. During this period changes in regulatory framework and technological progress may 
influence existing licenses. 

The third stage is entered when the currently granted licenses will expire and a final disposal facility isn’t 
in operation yet. This means there will be an urgent need for extended interim storage. Important inputs for 
this task are the findings of the periodic safety examination (PSÜ). Reaching the final stage of 
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conditioning, repackaging and transport to a final disposal facility will be strongly connected to the 
decision in which way the disposal will be done.  

2. Developments in National and European Regulations 

2.1 National developments 

As long as § 6 atomic law licenses are granted to cover all the different casks and inventory, the 
technological progress is continuously transferred into the safety concept of interim storage. This is notable 
in the frequent changes of the atomic law, the developments in the environment protecting law, progress in 
the rules for radiation protection and renewal of specified technological rules eg KTA (earthquakes, crane) 
and last but not least the last version of the “Leitlinie für die trockene Zwischenlagerung” which has been 
modified to address and include the newest technological and scientific knowledge. In the stage of ongoing 
storage without any new licenses needed, it might be necessary to include new technological development 
in existing licenses to cover future findings. Latest at the renewal or prolonging of existing storage 
facilities and the connected licenses, the new base of knowledge has to be considered. 

2.2 European developments 

As progress is made in the European Union towards the harmonisation of national laws, this is likely to 
occur in the field of nuclear waste disposal as well. First examples are already under discussion and 
national law is changing.  

At this point we will have to accept different safety assessments in different countries. This is for instance 
notable in the different cask design found in different member states (two lids or one), as well as in 
different concepts for handling low level waste or the requirements for the storage building itself. Also the 
question whether or how the licensing of interim storage facilities is to be bound on limited time or not will 
be a probable topic. There might soon be also a discussion about the question how member states without 
any suitable host rock for final disposal are going to handle this and under which circumstances export of 
such material could be allowed.  

3. Timeframes and their distinct challenges 

As depicted in the introduction, the actual and viable future situation for the interim storage in Germany is 
showing several distinct timeframes with their own challenges. After the present timeframe with the 
licensing of cask types and modifications for different types of inventory, the next stage will be the autarky 
of the interim storage facilities after the shutdown of the NPPs. As the search, preparation and operation of 
a final disposal site is probable to exceed the primary set licensing time of 40 years for the interim storage 
facilities, it will be necessary to renew or extent the lifetime of the current facilities. Finally the preparation 
for the final disposal has to be ensured. 

3.1 Interim storage after ending of the NPP service 

The actual storage concept in Germany for spent nuclear fuel (SNF) and high active radioactive waste 
(HAW) is based on the dry interim storage in metallic casks. Changes in this concept might happen in 
future times by public interest and/or local authorities. This could be initiated by changes in the local 
surrounding of the storage site as well as changes in the organisation structure of the former NPP owner. 
Another driving force for conceptual changes might be the question if a centralization of all storage sites 
after demolition of all NPPs is viewable in order to make common use of special infrastructure like the 
pilot conditioning plant in Gorleben. This would although require a common understanding about the 
necessity or beneficial aspects of such centralization, especially in the public opinion. Connected to this 
issue is the fact that the autarky of the storage facilities has to be secured after the NPPs cease their 
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operation.  Furthermore the concept of storage might be changed by happenings in the security field 
closely connected to technological progress. 

3.2 Extension of licenses after the first 40 years of storage 

After forty years of dry interim storage the current licenses will expire. An extension or a new license can 
only be granted if the requirements are met at this time. This requires detailed knowledge about the 
happenings and accidents during the past. All experience of the periodic safety assessment (PSÜ) and 
accompanying experiments will be needed. Major aspect is of course the protection against radiation and 
radioactive release. This is mainly provided by the cask with its body and lid system. This includes devices 
like manometric switch and self-sealing-coupling. To guarantee the function for times over the already 
determined forty years a careful determination of bolts and gaskets used to seal the flask as well as an 
examination of possible corrosion effects from out- or inside the body, degradation of used moderator- and 
or absorberelements by radiation and or thermal loadings, internal cladding or other surface protecting 
layers is necessary. Also the handling devices like trunnions and their connecting screws have to prove 
mechanical stability. 

Inside the flask the basket design has to allow removal of the inventory and the fuel elements need to stay 
in a shape which allows handling. Effects like gas evolution or hydrogen embrittlement have to be 
examined. 

Beside the cask, the site and the storage building itself with its technical installations have to be reviewed. 
This includes the inspections of the building and ensuring of maintenance and repairs, as well as the 
probably exchange of technical machinery if necessary. Connected to this is also the documentation of the 
stored inventory with the probably changing storage system for this data. The surroundings of the storage 
site are also to be taken into account. Due to the demolition of the NPPs, the usage as an exclusively 
industrial area might have ceased. Due to public interest the surroundings might be wanted as space for 
new buildings. Also possible changes in air traffic, like newly established flight routes and the change in 
size of used airplanes have to be addressed. 

After demolition of the NPP the groundwater level could be affected which my lead to consequences for 
the storage building. 

Finally the question if there will be another fixes license period is given or a license “until final disposal 
site is available” has to be addressed, especially taking public and political interests into account.  

3.3 Preparations for final disposal  

In our understanding the time during the interim storage should be used to gain knowledge and to decide 
about the way and location of final disposal. If already decided or at least depicted, the decisions for a 
disposal site or at least host rock should influence the licensing of the interim storage facilities, so that the 
needs for the final disposal can be met beforehand. Especially the sort of host rock has a great influence on 
the casks suitable for the final disposal. Therefore it might become necessary to reload of all currently 
stored casks. This is of course a major aspect in the question if a centralized interim storage is to be 
preferred or not. Installing reloading facilities on each storage facility site is obviously a suboptimal 
choice, especially if the surroundings of the storage facility have changed as depicted in 3.2. On the other 
hand, securing the usage of the present storage casks for the final disposal might not be viewable as it 
might constrain the parameters for the search for the final disposal site. Therefore, following the discussion 
process and the changes in technology and science connected to final disposal is a necessity for the 
competent authority to ensure a proper licensing for the interim storage facilities and the smooth transition 
into the final disposal regime when ready.   
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4. Situation of the § 6 atomic law competent authority itself 

The competent authority in the field of § 6 atomic law has to consider the above mentioned challenges and 
ensure the necessary resources. This includes not only the actual the personal and logistic necessities to 
deal with the licences applied for but also the specific needs occurring due to the future developments. 
Even after the successful decommissioning and demolition of all NPPs in Germany the need for extension 
licenses will require a competent authority which has the knowledge acquired during the last decades. This 
is an especially important aspect as the knowledge management for the decades to come has to be ensured 
beforehand. Given the long timeframe the preservation of an appropriate amount of competent staff as well 
as the connected knowledge transfer from one “staff generation” to another is a key aspect for a successful 
prolonged interim storage with the goal of a safe final disposal. Furthermore taking part in ongoing 
international discussions and sharing expertise in licensing procedures with international partners has to be 
continued and deepened as the connection between the European countries will be further intertwined.            

5. Conclusion 

 The Federal Office for Radiation Protection is and will be challenged in several ways in the field of 
prolonged interim storage. As depicted the timeframe will require a close monitoring of present and future 
changes in the field, including technological, scientific and regulatory changes. Beside the normal 
licensing process, it is therefore necessary to keep, maintain and establish a sufficient amount of personal 
to successfully fulfil those challenges. Each separate step in the timeline until a final disposal facility is in 
operation will influence the work of the regulatory body. As changes in design, eventual delays in search 
and preparation of the final disposal site are probable to happen, the challenges for the regulatory body will 
change and therefore generation, accumulating and reviewing of the knowledge in the field of interim 
storage is imminent for a safe and secure storage until the final disposal is made possible.    
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Marc Arslan, Dominique Favet, Hervé Issard, Amaury Le Jemtel, Caroline Drevon 
Areva Back End Business Group, France 

 
 

Abstract 

AREVA has a unique experience in providing sustainable solutions for used fuel management, fitted with 
the needs of different customers in the world and with regulation in different countries. These solutions 
entail both recycling and interim storage technologies. 

In a first part, we will describe the various types of solutions for Interim Storage of UNF that have been 
implemented around the world for interim storage at reactor or centralized  

Pad solution in canisters dry storage , 

vault type storages for dry storage, 

dry storage of transportation casks (dual purpose) 

pools for wet storage, 

 
The experience for all these different families of interim storages in which AREVA is involved is 
extensive and will be discussed with respect to the new challenges : 

increase of the duration of the interim storage (long term interim storage) 

increase of burn up of the fuels  

 
In a second part of the presentation, special recycling features will be presented. In that case, interim 
storage of the used fuels is ensured in pools. This provides in the long term good conditions for the 
behaviour of the fuel and its retrievability. 

With recycling, the final waste (Universal Canister of vitrified fission products and compacted hulls and 
end pieces): 

is stable and licensed in many countries for the final disposal (France, UK, Belgium, NL, Switzerland, 
Germany, Japan, upcoming: Spain, Australia, Italy).  
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Presents neither safety criticality risks nor proliferation risks (AREVA conditioned HLW and LL-ILW are 
free of IAEA safeguard constraints thanks to AREVA process high recovery and purification yields). 

 It can therefore be safely stored in interim storage for more than 100 years before final disposal  

Some economical considerations will also be discussed. In particular, in the case of long term interim 
storage of used fuels, there are growing uncertainties regarding the future needs of repackaging and 
transportation, which can result in future cost overruns. Meanwhile, in the recycling policy, costs are well 
known, as they are based on a long experience and are therefore stable and predictable. 

1. Introduction  

A sustainable back end policy is a policy which: 

is reliable in the long term (IAEA defined the long term as between 50 to 100 years ) 

is not affected by high level of uncertainties (technical questions to solve, change in the regulations, 
evolution of basic UNF characteristics etc…) 

answers globally to a present need but takes into account the future needs 

does not leave to future generations unsolved questions for a long time  

 
While recycling complies with these requirements as will be illustrated later (§4 and 5), the present 
challenge for countries not yet engaged in a recycling policy, is related to Long Term Interim Storage 
(LTIS) of Used Nuclear Fuels (UNF) before recycling or disposal  

In the frame of LTIS, the global need is: 

safe interim storage on the reactor site, transport to a centralized Interim Storage (IS) for a LT storage, 
repackaging and transport to the final storage with, if needed, adjustment of the capacity of containers  

retrievability of the UNF in the long term , as required by all the pre-cited operations. 

 
Technical solutions have been developed in all countries, meeting the needs of the utilities and the current 
requirements from the Safety Authorities and regulatory systems. These solutions are very diverse and may 
be divided in four families. AREVA has a unique experience within all of these solutions: 

Pad solution in canisters dry storage  

Vault dry storage solution  

Casks ( transportation casks for dry storage ) 

Centralized pool storages  
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2. Historical elements 

A few decades ago, complete and consistent strategies for back end were defined in different countries. At 
the time, the IS on reactors sites was temporary and short term (less than 20 y) as Centralized IS and final 
disposal were to come soon.   

There are at present two main families of countries: 

countries which are being  implementing  a full back end  solution: 

− Sweden and Finland for open cycle 

− France or the Netherlands for example for closed; (in this case mainly disposal of vitrified 
waste) 

countries which encountered a delay on the implementation of a global back end solution including IS and 
Final disposal. In these countries the new challenge is related to extended IS on reactor sites with higher 
burn up and associated constraints 

After densification of the reactor pools, without other solution, utilities are using dry storage as the back up 
solution to make room in their pools. 

3. Dry Interim Storage solutions  

In the United States, the Nuclear Regulatory Commission in its request for comments (Ref 1) this year 
stated that retrievability of UNF is admitted for 40 years IS with low burn up fuels (up to  45 GWd/t rod 
burn up) and for 20 years for high burn up fuels (more than 45 GWd/t) (ref 1 ) 

Beyond these values currently admitted throughout the world, the demonstration will rely on extensive 
R&D that is still to be defined. 

An R&D program has been launched decades ago in France for example (PRECCI program by the 
CEA/EdF/AREVA; ref 2) to assess the different options in the frame of the Public Debate. This program 
confirmed the prevalence of recycling policy. This study was followed later on by other countries in the 
world.  

NRC established in ref 3 the 18 top level questions to be solved for extended storage and transportation of 
UNF. During dry storage, UNF is submitted to thermally activated phenomena. Some of these questions 
are discussed in ref 5. 
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3.1. Pad in canister solution 

   
 
This solution was developed initially for a short term IS on reactor sites (see §2) 
The UNF is placed in leak tight inerted welded canisters inside a massive concrete bed for shielding, 
outside the reactor on the site. 
Its advantages are related to natural passive cooling and high capacity of UNF IS. 

NUHOMS® systems for example are widely used in USA. . In total, 500 NUHOMS® systems have been 
ordered. Nuhoms® system can accept from 61 to 69 BWR used fuels, and from 32 to 37 PWR used fuels 

 

 
 

3.2. VAULT dry storage solution  

Vault solution has been developed in several countries for both purpose of open cycle or closed cycle 
waste (implemented in France in CASCAD for fuel assemblies from research reactor) and later on in 
Habog Facility in the Nederlands. Such facility can accommodate UC and UNF. 
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The concept will be implemented in the Spanish ATC (see picture): here, small canisters (typical capacity 
6 UNF) are stored in a protected building with natural convection cooling.Both types of canisters can be 
stored (vitrified fission products UC generated by recycling or canisters containing UNF). 

The possibility of control of the LT behaviour of the fuel can be taken into account with a dedicated hot 
cell. Control can be also implemented through continuous remote monitoring of each well. In addition, the 
vault is equipped with a hot cell for unloading of the transport casks and repackaging in canisters. After IS, 
it enables repackaging of UNF in transport casks. 

The modular concept of vaults give flexibility: in construction several additional vaults can be delayed to 
cope with future needs for an increased capacity. 

The advantages are related to passive cooling in a protected building and higher flexibility which is leaving 
open the solutions for the future. 

3.3. Cask Interim Storage solution 

AREVA has developed metallic dual purpose (storage and transport) casks with more then 200 casks 
ordered: it is the TN®24 family. Casks are in operation in USA, Japan, Belgium, Switzerland, and 
Germany, Italy. The capacity reaches 40 PWR FA or 97 BWR FA, and maximum 65 to 70 GWd/t burn 
ups, cooling times 5 to 7 years for the contents accepted in these storage designs. 

TN NOVA TM system is the latest system designed. It is a canister system with storage over pack which can 
be tilted vertically. 
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The advantages are modularity, high capacity, passive cooling and dual purpose storage and transport 
capability. 

Containment and dose are monitored during the interim storage.  

4. Pool centralized Interim Storage solution 

 
 
 

4.1. Basic features  

This solution provides favourable features for the Long Term behaviour of LWR UNF during interim 
storage: 

each UNF remains accessible; monitoring enables to detect failures 

there are no thermally activated phenomena which could affect the retrievability of the UNF. Temperature 
of the pool is limited to 50°c  
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there is a very satisfactory return of experience since 50 years and for huge volumes of diverse UNF in the 
world  

This solution provides in addition, a high level of flexibility: 

characteristics of UNF could evolve (burn up for example or residual power of the UNF ) with new designs 
in the future or new fuel management in the reactors  

easy to optimize the choice of precise UNF to optimize the next step (recycling or transportation in casks 
for final repacking and disposal ) 

can accommodate a wide range of casks including future changes which can occur in the future casks  
designs  

ensuring future retrievability of UNF it leaves  open the two paths for the future : closed cycle or open 
cycle  

The main criticism especially after Fukushima event, on the pool solution is its “active cooling “feature, 
whilst the behaviour of dry storage did not rise any concern during the accident .This question is dealt with 
in next paragraph 4.3 where a passive cooling solution for Interim Pool Storage that is in operation is 
listed. 

4.2. Lessons learnt from Fukushima event on IS of UNF in pools  

It is important to distinguish between the reactors pools and the common pool for Fukushima site. 

The common pool is a centralized IS, separated from the reactors without any connection with the reactors 
systems .In this common pool there were no concern during and after the accident (no common mode 
failures and low residual power after cooling in the reactor pools). 

Each reactor is equipped with a dedicated pool and many questions were raised on the risk of water 
uncovery of the UNF, especially on the pool of reactor n°4 which had the highest residual power. 

it can be stated now that there is no evidence of gross leakage in the reactor pools . Several days of grace 
period were available before actions were taken to prevent risks of water uncovery. 

Reactor pools function is related to the reactor normal operation and a high level of densification of the 
reactor pools for UNF storage purpose should be avoided in order to maintain high safety margins .In 
Fukushima, interim storage was safely ensured in a common pool. 

4.3. Discussion on the active cooling in centralized pools  

Normal active cooling of a pool needs pumps and heat exchangers which enable a very efficient and 
reliable cooling: 28 kW/m2 in pool instead of 2 to 3 kW/m2 in passive dry condition. That means in 
addition a cost reduction in pool solution if important quantities of UNF are involved. 

Of course passive normal cooling design is always possible and AREVA reference exist as well (Goesgen 
in Switzerland for example) 

In the case of  centralized IS of UNF in  pools the thermal inertia of the water of the pool combined with a 
low level of residual power , is the important safety feature, the evolution of temperatures in case of total 



NEA/CSNI/R(2013)10 

230 
 

failure of  electrical supply is slow and provide long grace time (several days) before water uncovery of 
stored UNF. The mitigating actions are simple with external water supply. 

Good engineering and design features (ex leak detection etc…) of the pool enable the highest level of 
safety required and controlled by the safety authorities 

In fact, in severe accidental conditions the passive behaviour of the centralized pool provides a high level 
of safety leaving long time to react with simple mitigation measures. 

It is worth to point out that for GEN3+ EPR™ reactors planned to be constructed on Hinckley Point site in 
UK, EDF has decided the option of a  centralized pool on the site, for storage during up to 100 years of the 
total quantity of UNF produced by 2 EPR™ reactors during 60 years of operation.(high burn-up fuel) 

This option, in a country which did not decided yet for recycling , is part of a  flexible and  sustainable 
policy taking into account all the possible future needs for recycling or direct disposal and possible 
changes in the design of fuels or transport  characteristics, in the future... 

5. Advantages of recycling policy 

Recycling presents clear advantages regarding potential LTIS for countries which will not have in the short 
and medium term a final disposal. It is a sustainable solution per se that increases public acceptance and 
does not leave the solving of key issues to next generations. 

 Final waste for disposal resulting from reprocessing consists  mainly in the vitrified fission products , as 
well as  the compacted hulls and end pieces 

It is an  important difference with UNF which is a living material with possible evolutions during IS, which 
have to be monitored : with recycling the final waste is not subject to evolution and a LTIS before final 
disposal presents no concern, even beyond the long term 

The waste is contained in the Universal Canister.  
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Interim Storage of the Universal Canisters is ensured in Vault type solution.  (EVLH in La Hague or 
HABOG (COVRA) in Netherlands; see picture) or in casks (Switzerland, Belgium, Germany) 

The Universal Canister offers safety features of utmost importance: 

− stability in the long term and easy qualification for LTIS and final disposal, 

− no significant plutonium content which results in no criticality risks and no risks of 
proliferation (the UC is not under safeguards), 

− the final volume, the radio toxicity and radioactive lifetime of waste are strongly reduced. 

− all the costs are known because it is an industrial reality and under a continuous progress 
policy. 

− costs are predictable and stable (no volatility due to for example natural Uranium costs) and 
are not subject to significant uncertainties in the long term. 

6. Conclusions 

There is a wide variety of AREVA interim storage solutions licensed and in operation in the world. They 
all present different advantages and all comply with the utilities requirements and the safety authorities 
regulations.  

Recycling is sustainable: mastering of each step after fuel irradiation in the reactor, transports, centralized 
interim storage of UNF, LTIS of UC, and final disposal of UC .It is an industrial reality with no significant 
uncertainties and under continuous progress policy. 

In the case of differed decision on the final choice between recycling or direct disposal, solutions can be 
built, that secure the highest level of safety, sustainability and flexibility and ensure the best conditions for 
UNF retrievability after LTIS. These solutions combine in a smart and responsible way both dry and wet 
storage solutions, taking into account their performance and limits along time. 
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Abstract  

As a consequence of the lack of a final repository for spent nuclear fuel (SF) and high level waste (HLW), 
long term interim storage of SF and HLW will be necessary. As with the storage of all radioactive 
materials, the long term storage of SF and HLW must conform to safety requirements. Safety aspects such 
as safe enclosure of radioactive materials, safe removal of decay heat, subcriticality and avoidance of 
unnecessary radiation exposure must be achieved throughout the complete storage period. The 
implementation of these safety requirements can be achieved by dry storage of SF and HLW in casks as 
well as in other systems such as dry vault storage systems or spent fuel pools, where the latter is neither a 
dry nor a passive system. After the events of Fukushima, the advantages of passively and inherently safe 
dry storage systems have become more obvious. 

In Germany, dry storage of SF in casks fulfils both transport and storage requirements. Mostly, storage 
facilities are designed as concrete buildings above the ground; one storage facility has also been built as a 
rock tunnel. In all these facilities the safe enclosure of radioactive materials in dry storage casks is 
achieved by a double-lid sealing system with surveillance of the sealing system. The safe removal of decay 
heat is ensured by the design of the storage containers and the storage facility, which also secures to reduce 
the radiation exposure to acceptable levels. 

TÜV and BAM, who work as independent experts for the competent authorities, inform about spent fuel 
management and issues concerning dry storage of spent nuclear fuel, based on their long experience in 
these fields. All relevant safety issues such as safe enclosure, shielding, removal of decay heat and 
subcriticality are checked and validated with state-of-the-art methods and computer codes before the 
license approval. In our presentation we discuss which of these aspects need to be examined closer for a 
long term interim storage. It is shown how dry storage systems can ensure the compliance with the 
mentioned safety criteria over a long storage period.  
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1. Introduction 

High level waste accrues from the production of energy by nuclear power stations spent nuclear fuel and 
from reprocessing of used nuclear fuel. The SF can be repossessed whereby the radioactive residues have 
to be stored for a period of time. An alternative approach as practiced in Germany is to directly dispose SF 
in an interim storage facility. In both cases, the SF or the HLW has to be stored in a safe and secure way 
until they are finally disposed. For interim storage different technical concepts have been established 
ranging from wet storage in pools to dry storage in facilities or in transport and storage casks. The events 
of Fukushima in March 2011 have shown the different impacts on wet and dry storage concepts and their 
specific advantages and disadvantages. One advantage of dry cask storage is that this concept doesn't 
require active safety components and its inherent safety prevents activity release even under extreme 
accident conditions. 

Currently the dry storage of SF and HLW is gaining more and more importance worldwide, because dry 
storage features advantages in safety and logistics. This paper describes different systems for dry storage of 
SF and HLW and explains their specific advantage in combination with dual purpose casks based on BAM 
and TÜV experience. 

 2. Safety regulations and requirements 

As with the storage of all radioactive materials, the storage of SF and HLW must conform to safety 
requirements. Following safety aspects must be achieved throughout the storage period: 

All unnecessary radiation exposure and contamination of man and nature must be avoided  

All radiation exposure or contamination of man or nature must be kept as low as reasonably achievable 
(ALARA) 

These goals are achieved by 

Secure encapsulation of the activity 

Safe discharge of the decay heat 

Subcriticality  

Shielding of gamma and neutron radiation 

In Germany, the basic requirements are defined in “Guidelines for dry interim storage of irradiated fuel 
assemblies and heat-generating radioactive waste in casks” edited by the German Waste Management 
Commission51. The IAEA formulates retrievability as another major safety goal52. This aspect can be 
fulfilled through shipping the SF or HLW in casks for further treatment after interim storage. Additional 
requirements may arise from the transport regulations. Therefore, dual purpose casks suited and approved 
for both transportation and storage are utilized in many countries. 

The implementation of the safety requirements is achieved through different storage systems in different 
ways. In case of wet storage, SF is stored in spent fuel pools with active cooling systems. The water in the 

                                                      
51  Recommendation of the Nuclear Waste Management Commission (ESK) of 29.11.2012: Guidelines for dry interim storage of 

irradiated fuel assemblies and heat-generating radioactive waste in casks (in English) 
52  IAEA Safety Standards, Storage of Spent Nuclear Fuel Specific Safety Guide No. SSG-15 
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pools provides heat dissipation and shielding; the activity is encapsulated as long as the fuel rods remain 
intact. Where necessary, additional filtration of the outgoing air must ensure that no activity is released into 
the environment. This concept of wet storage is used for spent fuel pools inside nuclear power plants and 
e.g. at the reprocessing facilities in Sellafield and La Hague. These systems are cheaper in installation but 
more expensive during operation compared to dry storage in casks. This aspect becomes more and more 
relevant with increasing storage periods. 

For dry storage of SF and HLW different concepts are in use worldwide. These include HLW storage in 
concrete vaults with natural air-cooling, e.g. at Cogema, La Hague, or SF stainless steel canisters being 
stored in concrete over-packs. Other storage casks consist of various materials such as concrete, forged 
steel or ductile cast iron. 

3. Spent fuel storage in Germany 

In Germany, SF and HLW from reprocessing of SF are stored in thick-walled metal dual purpose casks 
with a double lid system approved for transportation and storage. This concept allows SF to be removed 
from nuclear power plants during operation or during later decommissioning. SF can be stored on-site or 
elsewhere, e.g. in centralized storage facilities.  

Initially, dry storage of SF in Germany was realized in two central storage facilities in Ahaus and Gorleben 
starting in the 1980’s. This concept was implemented for BWR/PWR-SF and THTR (thorium high 
temperature)-SF from commercial nuclear power plants. Highly active, vitrified radioactive waste from 
reprocessing of SF in France had already been stored in Gorleben. Public discussion about the risk of 
transportation of SF and HLW in Germany and possible contamination on casks and transport vehicles 
during transportation resulted in a transport ban and subsequent change of the legal basis and lead to the 
construction of on-site storage facilities, which are located adjacent to the nuclear power plants. This 
concept avoids any unnecessary transportation of SF. For these on-site storage facilities three designs were 
chosen: two differing storage building-types and a tunnel-design due to site specific geographic conditions. 
In some cases the dual purpose casks containing SF were stored in small concrete shelters for a pre-interim 
storage period limited to 5 years prior to the completion of licensing and construction of the main on-site 
interim storage facility. 

Figure 1: Loading of dual purpose casks with SF and interim storage facility with tunnel design 53 

  
 

Together, cask and building assure the compliance with all safety requirements. The building protects 
casks additionally from harmful weather conditions, external impacts or man-made hazards. Safe and 
                                                      
53  Images kindly provided by GKN  
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secure enclosure of the radioactive material as well as subcriticality is ensured by the cask design. Safe 
heat removal and shielding is achieved through the combination of cask and building structure. Therefore it 
is sufficient to apply passive systems relying on natural convection of air, which are usually maintenance 
free and operate reliably over long periods of time. The double lid systems of the casks represent 
redundancy of the enclosure system and, regarding a hypothetical seal failure during an interim storage 
period of up to 40 years, allow installing a self-monitoring system. Besides the self-monitored seal function 
of the casks, periodic reviews monitor the overall conditions of the interim storage facility during storage 
operation. Furthermore, an ageing management concept is active to monitor long-term and ageing effects 
of the whole facility. 

Meanwhile, beside the two central storage facilities, many other on-site storage facilities for dry cask 
storage are in operation at operating nuclear power plants as well as shut-down reactors such as Interim 
Storage North (ZLN). The competent authorities assigned TÜV NORD Nuclear and BAM as independent 
experts in the licensing procedure for all necessary safety expertises regarding the application, erection and 
operation of the storage facilities for all above-mentioned sites. TÜV NORD Nuclear and BAM have 
checked and reviewed all safety assessments and documentations in the fields of cask designs, location, 
building structures and technical equipment, heat removal, shielding, subcriticality and safety under 
operational and accidental conditions. For some of these sites, TÜV NORD Nuclear and BAM are still 
charged with the supervision of the sites during operation (always on behalf of the local competent 
authorities). New cask designs and changes in operation procedures, building structures or technical 
equipment are checked and reviewed by BAM and TÜV NORD Nuclear continuously. Furthermore TÜV 
NORD Nuclear and BAM lead a German-wide interchange-platform of experience concerning all loadings 
of SF or HLW into casks, so all relevant information is available to all involved experts organizations, 
competent authorities, and utilities.  

Based on this long-standing and fruitful common work, BAM and TÜV NORD Nuclear have gained 
extensive and unique knowledge and experience that can be used beneficially for similar studies or projects 
in other countries, especially where dry storage concepts may be considered for the safe long-term 
management of SF and HLW at present or in the future54.  

4. Site specific safety assessment 

Any application for SF and HLW interim storage has to assess safety under consideration of the above 
mentioned safety requirements, taking into account all site-specific aspects including cask handling and 
possible severe incidents or accident scenarios such as fire or cask drop from a crane. In Germany all 
safety assessments have to be reviewed and evaluated by the competent authority and its experts. Due to 
similar or identical technical solutions concerning buildings, casks and operational procedures, many 
aspects are equally relevant for several sites. Thus, safety demonstrations may be transferred in whole or in 
part from one site to another to reduce effort. Some common safety aspects are explained in the following: 

Heat removal: All storage facilities are designed in such a way that the cooling of the casks is performed 
passively by natural convection of air. The cooling air enters the building at the sides, flows around the 
casks and is released at the roof. Hence, decay heat removal is ensured by natural convection without 
active systems even under accident conditions and without any need of intervention by working personnel. 
Apart from such surface storage halls, rock tunnels can also be used for dry storage of SF. At 
Neckarwestheim nuclear power plant (GKN), this concept is used due to the specific geography of the site 
location. There, decay heat removal is ensured by natural convection from the rock tunnel to the surface by 
additional shafts.  

                                                      
54  http://www.tuev-nord.de/de/storage.htm 
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Shielding: On account of the thick concrete walls of the storage buildings, or for rock tunnels the 
surrounding rock, and the chosen thick-walled cask design, the dose rate outside the storage buildings is 
reduced effectively to acceptable levels where no further measures for the protection of the workers on the 
site or the public outside need to be established. Only due to the casks, the dose rate within the storage 
building is reduced to a level where handling, emplacement and displacement of casks as well as service 
operation can take place whenever necessary.  

Subcriticality: In order to secure nuclear subcriticality, potential effects of accidents are taken into 
consideration. In case of dry storage, e.g. re-positioning of fissile material inside the cask is excluded by 
the design of the cask and the spent fuel basket. 

Safe enclosure: The strategy of dry storage of SF and HLW practiced in Germany gives a maximum level 
of safety for design basis accidents and even beyond design basis accidents. This includes on the one hand 
external hazards such as fire, earthquakes, flooding, landslides, shockwave, lightning strike or airplane 
crash and on the other hand internal incidents such as handling failures or cask drops. The casks and the 
storage building provide effective protection of the encapsulated activity and guarantee the compliance 
with the safety requirements. Even after collapse of the storage building, caused by beyond design basis 
accidents (e.g. aircraft crash), the casks remain intact and no activity will be released. This high level of 
safety is established by using passive safety systems and a matching combination of cask and storage 
building. Even in the Fukushima event, storage casks with SF were not affected significantly by the 
earthquake or the tsunami55. However, the storage pools inside the nuclear power plants, depending on 
active cooling systems, caused massive problems and release of activity after their cooling failed. By using 
thick-walled dual purpose casks with double lid sealing systems, the activity remains encapsulated under 
normal operation and even under severe accident conditions without active measures.  

If casks have to be repaired, for example in case one barrier of the double lid sealing system fails, different 
concepts exist. The casks can be unloaded in the nuclear power plant or – if this option is no longer 
available – the double lid system can be reestablished by adding an additional third lid above the secondary 
lid that is welded to the cask body, for example. 

5. Cask design testing and approval 

As mentioned before, thick-walled dual purpose casks are the main safety component of dry interim SF 
and HLW storage in Germany. These casks have to demonstrate safety with regard to all relevant 
objectives. The concept implies a monolithic cask body with integrated neutron shielding components that 
is closed by a monitored double lid barrier system with metal seals. Further details are described in the 
recently revised ESK guideline56. 

In Germany, BAM is the competent authority in design testing and evaluation of all quality assurance 
measures within the transport license approval procedure. Furthermore, BAM is also involved as expert 
organization in the storage licensing procedures by the competent authority for the cask related aspects. 
This enables high efficiency and comparative evaluation methods for similar technical and scientific 
aspects. A major aspect of BAM design testing for interim storage concern safety demonstrations for a 
cask drop inside the storage building without shock absorbers in the most severe drop orientation. This 
requires a systematic study of handling procedures to determine from which positions a cask drop has to be 
considered and which are the most severe scenarios with regard to drop orientation, drop height and target. 
Subsequently, safety demonstrations for selected, especially severe drop scenarios can be performed by 

                                                      
55  http://www.brattle.com/NewsEvents/NewsDetail.asp?RecordID=1177 
56  Recommendation of the Nuclear Waste Management Commission (ESK) of 29.11.2012: Guidelines for dry interim storage of 

irradiated fuel assemblies and heat-generating radioactive waste in casks (in English) 
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experiments and/or numerical calculations. BAM operates state of the art equipment in both fields 
including a large drop test facility for cask gross masses up to 200 metric tons and a 2.400 metric tons 
unyielding concrete foundation in compliance with IAEA requirements. The high-performance computer 
systems are equipped with all major finite element codes such as ABAQUS®, LS-DYNA® and ANSYS®. 
The analysis of cask drop scenarios needs demanding dynamic measurements and/or calculations including 
specific material data and sophisticated stress and strain evaluation procedures. Verification of numerical 
models and calculation results by full-scale model or component tests is usually necessary. Furthermore, 
adequate modelling of the foundation or impact limiting structures is essential. BAM has broad experience 
and competence in these experimental as well as numerical test methods. 

Other major issues for the interim storage safety evaluation consider the long-term performance of cask 
systems and components under operational conditions during the entire storage period which is 40 years in 
Germany so far. Because dual purpose casks are equipped with a double lid system, the proper function of 
the metallic barrier seals is essential. Not only for that reason, quality assurance measures for fabrication, 
assembling and loading procedures and cask operation are of particular importance as well. Each cask has 
to be fabricated in accordance with approved manufacturing and testing plans. Finally, certificates of 
compliance are issued for transport as well as storage purposes and with these documents the cask can be 
loaded and assembled for transport and storage use. Cask loading under wet conditions in a spent fuel pool 
requires very accurate dewatering and drying procedures afterwards to prevent any relevant corrosion 
effect during the subsequent storage decades. 

BAM safety evaluation reports on cask safety under normal operation and accident conditions in 
combination with TÜV NORD Nuclear safety evaluation reports on inventory and site specific safety 
aspects form the major basis for any storage license issued by the Federal Office for Radiation Protection 
(BfS) as the competent authority in Germany. Licenses have been issued for all applied storage facilities so 
far and on that basis all storage facilities have been operated safely without any major problems. 

For the future, extended storage periods are an upcoming issue due to delays of establishing a deep 
geological repository for heat generating nuclear waste in Germany. With regard to that aspect and further 
international and European developments, guidance documents for periodic safety inspections and ageing 
management have been improved recently and are currently tested with selected storage sites. Furthermore, 
additional research and development is essential to gain required data on the long-term performance of 
materials and components like metal seals and polymer components for neutron radiation shielding. BAM 
has already started such investigations by experimental and analytical methods and an additional test 
facility with heating and cooling chambers and specific measurement equipment is nearly completed on the 
BAM Test Site Technical Safety57. 

6. Conclusions 

Dry and wet storage of SF is established throughout the world in a safe and reliable manner. While wet 
storage is used in Germany at all nuclear power plants during plant operation, dry storage in dual purpose 
casks is the established concept for long-term interim storage of SF and HLW whether on-site or in 
centralized interim storage facilities. Dry storage systems are usually characterized by passive and inherent 
safety functions ensuring safety even in case of severe incidents or accidents. After the events of 
Fukushima, the advantages of such passive and inherent safe dry cask storage systems have become more 
obvious. Safety assessment and evaluation procedures are sometimes challenging but have been performed 
successfully for many interim storage facilities throughout Germany. Additional licenses are required for 
various new or modified cask designs and additional spent fuel configurations in the future especially 
under consideration of the German phase-out decision.  

                                                      
57  BAM TTS, see http://www.bam.de/en 
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Delays in the national site selection for a deep geological repository will likely result in the need for 
extended interim storage periods with significant consequences for additional long-term safety 
demonstrations for dry interim storage as well as subsequent transportation.  

In Germany the licensed interim storage period for SF and HLW is generally limited to 40 years and in 
some cases the storage operation has already reached 20 years. So the challenge arises to define and solve 
all safety related topics, if interim storage periods have to be extended far beyond the 40 year limit. 
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SAFETY CONSIDERATIONS FOR A WET INTERIM SPENT FUEL STORE AT CONCEPTUAL 
DESIGN STAGE 

Marion ASTOUX 
EDF CIDEN, France 

 

Abstract 

EDF Energy plans to build and operate two UK EPRs at the Hinkley Point C (HPC) site in Somerset, 
England. Spent fuel from the UK EPRs will need to be managed from the time it is discharged from the 
reactor until it is ultimately disposed of and this will involve storing the spent fuel for a period in the fuel 
building and thereafter in a dedicated interim facility until it can be emplaced within the UK Geological 
Disposal Facility. EDF Energy has proposed that this interim store should be located on the Hinkley Point 
site which is consistent with UK policy.  

This Interim Spent Fuel Store (ISFS) will have the capability to store for at least one hundred years the 
spent fuel arising from the operation of the two EPR units (sixty years operation). Therefore, specificities 
regarding the lifetime of the facility have to be accounted for its design. The choice of interim storage 
technology was considered in some depth for the HPC project and wet storage (pool) was selected. The 
facility is currently at conceptual design stage, although its construction will be part of main site 
construction phase.  

Safety functions and safety requirements for this storage facility have been defined, in compliance with 
WENRA “Waste and Spent Fuel Storage – Safety Reference Level Report” and IAEA Specific Safety 
Guide n°15 “Storage of Spent Nuclear Fuel”. EDF technical know-how, operational feedback on existing 
storage pools, UK regulatory context and Fukushima experience feedback have also been accounted for. 
Achievement of the safety functions as passively as reasonably practicable is a key issue for the design, 
especially in accident situations. 

Regarding lifetime aspects, ageing management of equipments, optimisation of the refurbishment, climate 
change, passivity of the facility, and long-term achievement of the safety functions are among the subjects 
to consider. Adequate Operational Limits and Conditions will also have to be defined, to enable the long-
term achievement of the safety functions. Refurbishment operations will have to be thought and optimised 
early in the design, especially as maintenance and replacement of components will have to be done without 
any transfer of the spent fuel to another facility, and with respect towards safety functions and 
requirements.  

Preliminary safety assessment of the ISFS at conceptual design stage has then been performed, including 
the deterministic analysis of potential faults and internal/external hazards. The consequences of the design 
basis incidents and accidents as well as design extension conditions have derived. As a result additional 
aspects have been identified to consider in the basic design phase, so that the facility can comply with the 
safety requirements and objectives, including the long-term related aspects. 
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Introduction 

This article presents a concept of an underwater interim spent fuel store at conceptual design stage, and the 
safety aspects related to this kind of facility. An overview of the design of the facility is given (§1), as well 
as safety requirements (§2). Specificities related to the the lifetime of the facility are presented in §3, as 
well as lessons learnt from Fukushima event, which have an impact on the design of the facility (§4).  

1. Overview of the facility 

The facility will need to store approximately 6800 assemblies, which corresponds to the spent fuel arising 
from the operation of two EPR units, with an operating life of 60 years. The operational design life of ISFS 
is at least 100 years58. The facility will have two operating phases: 

Operation when the infrastructure of the operating EPR units is available 

Autonomous operation after EPR shutdown and decommissioning 

The autonomous operation of ISFS is taken into account from its conception. 

The facility will accept failed fuel and will be able to perform the necessary operations specific to the 
conditioning and safe storage of failed assemblies where failure has occurred in transfer from the fuel 
building or during storage in the ISFS (conditioning of failed assemblies in storage bottles59).  

The ISFS is composed of: 

The main building, which contains the reception, conditioning and retrieval halls, where the incoming fuel 
assemblies will be received in the transfer cask, placed in the storage racks60 and retrieved after storage 
(inverse of the reception process), 

The storage hall with a pool of demineralised non-borated water, containing the fuel assembly storage 
racks61 (made of boronated stainless steel), the immersed heat exchangers, the pool water filtration, 
purification and the skimming systems.  

The technical rooms (ventilation equipment, electrical equipment, control rooms, the make-up water tanks, 
etc.) 

The heat sink equipment which comprises air-water heat exchanger towers outside the building, immersed 
heat exchangers within the pool, and the piping that connects them.  

A discharge stack: the facility will have discharge monitoring in accordance with regulatory requirements. 

                                                      
58  Life extension is a possibility via refurbishment or replacement of equipment 
59  A bottle is a device in which a failed assembly can be put. It retains solid particles, but not gases. 
60  Or bottles, in the case of failed fuel assemblies where failure has occurred in transfer from the fuel building or during storage 

in the ISFS 
61  The storage racks are mobile: the rack is handled rather than the fuel assemblies (this limits the depth of pool required and the 

potential drop heights) 
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If needed (to be confirmed by future safety analysis), the electricity generation units which ensure the 
safety functions of the facility in case of loss of power. 

Unloading by immersion has been chosen, because it offers the flexibility to adapt to future transport cask 
technology as the cask does not need to be “fitted” to the pool (unloading/loading method used in the fuel 
building). 

The spent fuel pool is semi-embedded into the ground. This design limits the height of the ISFS building 
making it less vulnerable to external hazards and limiting the handling risks associated with lifting 
operations. 

The heat sink will be a mixed passive/active system with the objective of remaining as passive as possible 
in incidental and accidental situations. The immersed heat exchangers are passive, however the air-water 
heat exchangers can function either in passive mode (air circulates either by natural convection through the 
towers) or in active mode (forced circulation with the use of the fans of the air-water heat exchanger 
towers). Its change from a passive system into an active system is dependent on the external air 
temperature and the thermal power of the assemblies stored in the pool. The relatively low heat load within 
the ISFS in relation to the large volume of water in the pool means that, even if all cooling were to be lost, 
there would be a very long time before the water level in the pool would fall to the extent that spent fuel 
cooling and hence cladding integrity could be at risk - a “grace period” of at least 500 hours before the fuel 
is uncovered. 

2. Safety Functions: requirements and design arrangements 

Safety functions and safety requirements have been defined for this storage facility, based on WENRA 
“Waste and Spent Fuel Storage – Safety Reference Level Report” and IAEA Specific Safety Guide n°15 
“Storage of Spent Nuclear Fuel”. EDF technical know-how, and operational feedback on existing storage 
pools have also been accounted for to establish those generic requirements. They have to be adapted to the 
specific regulatory context of the country where the facility is built. 

The safety functions that are assigned to long-term underwater spent fuel stores are the following: 

control of sub-criticality, 

residual heat removal, 

containment of radioactive materials, 

radiation shielding (limitation of external and internal exposure of workers and members of the public to 
ionising radiation), 

retrievability of spent fuel assemblies (particularly during interim storage). 

The safety functions will be performed at all times and in all operating conditions (normal operations, 
incident situations, accident situations, design extensions conditions62). They will be performed passively 
as far as reasonably practicable. 

 

                                                      
62  Design Extensions Conditions (DEC): “beyond design” situations corresponding to multiple failures situations used to identify 

additional safety measures 
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2.1. Control of sub-criticality 

The storage facility is designed so that the fuel is kept sub-critical with sufficient safety margin, even 
during an accident or post-accident situation. The constructive provisions alone guarantee sub-criticality 
(no active means of control). Sub-criticality must be ensured in non-boronated water. The acceptance 
criteria regarding the safety function “sub-criticality” are the following: 

Safety functions Normal Incident Accident DEC 

Criticality keff ≤ 0.95 keff ≤ 0.98 keff ≤ 0.98 keff ≤ 0.98 

 

For the ISFS at conceptual design stage, sub-criticality is ensured by: 

The geometry and design of the facility, the transfer cask, the storage racks, 

The mass of fuel (quantity of fuel assemblies and of missing fuel rods, fuel enrichment) 

The presence of neutron absorbing materials, either in the transfer cask or the racks; for the ISFS, this will 
have to be guaranteed through periodic confirmation that neutron absorbers meet their functional 
specification. 

Geometry has to be ensured even in accident or post-accident situation (e.g. in case of an earthquake). No 
burn-up credit is taken into account for the design of the facility. 

2.2. Residual heat removal 

The residual heat of spent fuel must be removed to maintain the integrity of containment barriers. Decay 
heat must be removed in order to keep the temperature of fuel and storage structures (buildings, facilities, 
etc.) within acceptable limits in all envisaged operating situations. 

 The casks, in which the spent fuel assemblies are transferred / transported, are designed to efficiently 
evacuate residual heat passively when horizontal.  

The fuel must be kept underwater during storage, whatever the operating conditions. The facility must be 
designed in such a way that the cooling is as passive as reasonably practicable, particularly in an accident 
situation. The selected heat sink design (see §1) complies with this requirement. 

The pool is designed so as to minimise the risk of a leak, and adequate water level monitoring 
arrangements are in place to prevent the fuel from being uncovered. The risk that the assemblies are 
uncovered due to an accidental emptying of the storage pool has to be almost completely eliminated by 
design. Notably, should any pipes be connected to the pool, they would be designed so that if drainage 
occurs, this event shall not lead to the uncovering of the assemblies. 

 Water temperature (and chemistry) must be compatible with long-term integrity of fuel and storage 
structures.  

If boiling occurs during storage, the structures and equipment needed to ensure the cooling must withstand 
boiling/work during boiling. It must be possible to restart a cooling system after the pool has reached 
boiling point without any of the components sustaining any damage. 
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The acceptance criteria regarding the safety function “residual heat removal” are the following: 

Safety function Normal Incident Accident DEC 

Residual heat 
removal 

T compatible w/ 
long-term integrity 
of fuel and storage 
structures 

T in pool ≤ 80°C T in pool ≤ 80°C No fuel uncovery 

2.3. Containment 

For the spent fuel, the containment of radioactive materials is generally accomplished by placing at least 
two successive independent containment barriers63 between the spent fuel pellets and members of the 
public, during all phases of the process. The use of a single containment barrier is considered to be 
sufficient for radioactive materials other than fuel (filters, resins, etc.), due to the reduced risk for workers 
and general public in case of loss of the containment system. In case of a cladding failure incompatible 
with the failed assembly’s long-term integrity, it must be possible to restore containment (conditioning of 
failed assemblies in storage bottles) in reasonable timescales.  

The temperature and chemical composition of the pool water must be controlled to prevent the risk of 
degradation through chemical alteration (corrosion in particular). In particular, if the pool water reaches 
boiling point, this must not degrade the containment barriers. Furthermore, it must be guaranteed that the 
risk of exposing the assemblies in the pool is practically eliminated.  Notably, water make-ups have to be 
designed to compensate small leaks that may occur during storage, in normal operations. If any pipes 
should be connected to the pool, they would be designed so that if drainage occurs, this event shall not lead 
to the uncovering of the assemblies.  

Generally speaking, operations carried out in the storage area must be designed so as to limit risks to the 
containment barriers.  

The acceptance criteria regarding the safety function “containment” are the following: 

Safety functions Normal Incident Accident DEC 

Containment 

2 containment 
systems ; integrity 
of the containment 
systems 

Integrity of at least 
one containment 
system  
Restoration of the 
degraded 
containment system 
in reasonable 
timescales 

Integrity of one 
containment 
system  

Integrity of one 
containment system 

 
 

 

 

 
                                                      
63 A containment barrier can be a combination of active and passive physical means. 
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The containments barriers are presented in the following table: 

Operations First barrier Second barrier 

Cask reception Transfer cask + sealed cap Not needed (robustness of transfer cask, 
which can withstand hazards) 

Preparation to 
unloading 

Cladding / bottle 
Cask 
Pipes connected to the cask’s inner 
cavity (when relevant ) 

Unloading, transfer, 
storage 

Cladding / bottle 
Water + pool + HEPA filters of 
extraction system 

Retrieval see above (facility fully reversible) 

Wastes and 
effluents 
management 

Gases: none 
Particles: Water + HEPA filters 
Solid: waste container 
Resins, liquids: dedicated tanks 

- 

2.4. Radiation shielding 

Radiation shielding for workers is provided. In addition, the ALARA approach is implemented for the 
design of the facility. 

Besides, the facility is designed so as to minimise the irradiation of workers during routine operations, and 
maintenance, testing or refurbishment operations. The interim spent fuel store facility must be designed in 
such a way that no accident will require any countermeasures to protect the population. 

The facility must be designed to enable optimal evacuation of personnel in the case of an incident or 
accident situation leading to exposure to ionising radiations. Its design must also ensure accessibility to the 
means required to manage a post-accident situation (located in an area where exposure to ionising radiation 
will remain as low as possible in a post-accident situation).  

The acceptance criteria regarding the safety function “radiation shielding” are the following: 

Safety functions Normal Incident Accident DEC 

Radiation shielding 

Compliance with regulatory 
values for the public 
Ability for authorized personnel 
to access permanently the 
entrance and storage halls  

Compliance 
with regulatory 
values for the 
public and for 
the workers 

No 
countermeasure 
on the 
population 

- 

 
Regarding general public, in addition to what exists regarding workers, arrangements are taken so that the 
level of exposure remains lower than the value defined for the public. The transport cask, the pool water, or 
the waste containers, constitute radiological barriers that prevent the external exposure for general public. 
If needed, radiological shields are put in place so that the external exposure remains lower than the value 
defined for public exposure. 
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2.5. Retrievability 

Retrievability consists in ensuring the possibility of removing and packing assemblies in a transport cask 
(if needed) within a reasonable time regarding safety, whether in normal, incident or accident situations 
(particularly after an earthquake). This implies: 

being able to extract the assemblies from the storage racks, even after an accident,  

in normal or incident operating conditions, guaranteeing the mechanical integrity of the assemblies and the 
availability of handling means, so that an assembly can be retrieved and transported in the short term 
without any particular constraints, 

in post-accident situations, to have suitable handling means to ensure, if needed, the retrieval and transport 
of the assemblies, within a reasonable time regarding safety. 

The acceptance criteria regarding the safety function “retrievability” are the following: 

Safety 
functions Normal Incident Accident DEC 

Retrievability - 

Assemblies remains 
mechanically sound  
Handling 
equipments 
available in short 
term 

After the accident, 
capability to extract 
the assemblies from 
the racks if needed 
Handling equipments 
available in reasonable 
time span   

After the accident, 
capability to extract the 
assemblies from the racks 
if needed 
Handling equipments 
available in reasonable 
time span  that can be 
longer than the accident’s  

 
The geometry of the racks must not be modified during storage (resistance to ageing, irradiation, etc.) nor 
during accidental or in post-accidental situations (e.g. seismic event). 

Retrievability in the ISFS is ensured by means of design arrangements which enable the following:  

The mechanical integrity of the assemblies must be guaranteed so as to ensure their ability to be handled. 
This is related to the control of the water physical and chemical characteristics during the whole lifetime of 
the facility. 

The geometry of the racks must not be modified during storage (resistance to ageing, irradiation, etc.) nor 
in accidental condition (e.g. seismic event). 

The handling equipment must be repairable after an accident, so as to ensure the retrievability of the 
assemblies. 

3. Specific considerations regarding the design of the facility 

The design of a spent fuel storage facility shall incorporate passive safety features as far as reasonably 
practicable so as to minimise dependence to active systems for the performance of safety functions.  

A reserve storage capacity is required and must be available at any time, for inspection, recovery, 
maintenance and repair purposes. The reserve storage capacity is at least designed according to the 
operation that will need to move the greatest number of assemblies. 
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Climate change liable to occur during the facility’s life shall be taken into account in the analysis of risks 
related to this installation (particularly external flooding and extreme weather conditions), so as to set up 
appropriate measures during the design. 

Finally, the structures and equipment used must also be capable of resisting ageing and irradiation: 

Fuels and assemblies ageing 

One safety function of the facility is the retrievability of the fuels, which includes the retrieval of the fuels 
at the end of storage. The assemblies will have to be in a suitable state (structural integrity of the 
assemblies, fuel integrity) to allow their retrieval. The structural integrity of fuel and assemblies relies on: 

assemblies under water at all times, 

water physical and chemical characteristics that guarantee lack of impact due to corrosion on the 
assemblies in the long-term. 

So as to control the safety function “containment”, the facility should allow for the ability to perform 
visual controls on assemblies during the facility lifetime, to verify the cladding integrity.   

Equipment ageing 

Ageing of the equipment is taken into account at design stage through the following arrangements: 

use of age-resistant materials, 

use of radiation-resistant materials, 

surveillance of the equipment performances, 

facility refurbishment. 

Through refurbishment it is possible to anticipate the ageing of a facility and maintain the facility's 
performance via upgrades or replacement of systems. Equipment that cannot be replaced will be designed 
to have a lifetime longer than the ISFS lifetime. 

Liner ageing 

The integrity of the liner has to be guaranteed in the long-term. It relies on compliance with the water 
physical and chemical characteristics, as well as on the quality of the liner, whose welds have been 
controlled prior to commissioning. The liner should not be replaced, thus it will be designed to have a 
lifetime longer than the ISFS lifetime, and accounting for appropriate margins regarding that aspect. The 
liner can be repaired underwater.  

4. Lessons learnt from Fukushima  

Following the Fukushima accident, the UK’s Chief Inspector of Nuclear Installations, Dr Mike 
Weightman, was asked by the Secretary of State for Energy and Climate Change to advise on the 
implications of the events in Japan, and at Fukushima in particular, for the UK. A report has been issued64, 

                                                      
64  Dr. Weightman Final Report – Japanese earthquake and tsunami: Implications for the UK Nuclear Industry, HM Chief 

Inspector of Nuclear Installations. ONR, September 2011 
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and contained recommendations for the enhancement of the safety of UK nuclear facilities and 
infrastructure. Those recommendations will be considered for the ISFS Basic Design, but do not question 
the design principles identified during Conceptual Design.  

In a very severe event, such as the one at Fukushima, the most important objective is to prevent the spent 
fuel in the pool from becoming uncovered. If this can be assured, fuel cladding integrity can be maintained 
and significant releases of radioactivity prevented. The relatively low heat load within the ISFS proposed 
for Hinkley Point C in relation to the large volume of water in the pool means that, even if all cooling were 
to be lost (active + passive components), there would be a very long time before the water level in the pool 
would fall to the extent that spent fuel cooling and hence cladding integrity could be at risk. Very 
conservative analysis based on the assumption of a complete loss of pool water cooling together with a 
failure to add any water to the pool indicates a “grace period” of at least 500 hours (nearly 3 weeks) before 
the fuel could become exposed. 

Sub-criticality is ensured through the design of the racks within which fuel assemblies will be restrained, 
and pool water is not boronated. This is another measure taken to minimise reliance on active systems to 
ensure safety and also makes the provision of make-up water under extreme accident conditions simpler 
for operators. 

In order to maintain the integrity of the fuel cladding barrier during storage, the pool water chemistry needs 
to be controlled. At Fukushima seawater was used in some instances to provide cooling in place of the 
normal demineralised water supplies because this was the only option available65. The pool water 
chemistry control system will be designed to deliver high reliability and great attention will also be given 
to providing systems for refilling spent fuel pools in emergencies. 

Finally, The HPC ISFS will be designed and constructed to withstand severe external hazards. The pool 
will be partially embedded below ground level. The civil structures will be designed to meet the required 
seismic criteria. The pool will have a stainless steel liner and any leakage will be contained in a void space 
below the pool and monitored. The design will also minimise the need for bottom penetrations and lines 
that are prone to siphoning faults. 

5. Conclusion 

A safety assessment of the ISFS at conceptual design stage has been performed, and proved that all the 
requirements assigned to long-term underwater spent fuel stores could be respected, including compliance 
to radiological limits and limiting values assigned to the facility in the UK context.  Additional aspects 
have also been identified to consider in the basic design phase. Specific considerations regarding long-term 
aspects will be considered for the following design phases, as well as lessons learnt from Fukushima 
events. These additional elements are not liable to challenge the design of the ISFS, nevertheless the safety 
assessment will be reviewed at each design stage to ensure the compliance to all the requirements assigned 
to this facility.  

                                                      
65  However, there is no report of this having been necessary for the “common pool” that was used to store longer cooled spent 

fuel at the site. 
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Federal Institute for Materials Research and Testing (BAM), Berlin, Germany 

 

Abstract 

In Germany the concept of dry interim storage of spent nuclear fuel in dual purpose metal casks is 
implemented, currently for periods of up to 40 years. The casks being used have an approved package 
design in accordance with the international transport regulations. The license for dry storage is granted on 
the German Atomic Energy Act with respect to the recently (in 2012) revised “Guidelines for dry cask 
storage of spent nuclear fuel and heat-generating waste” by the German Waste management Commission 
(ESK) which are very similar to the former RSK (reactor safety commission) guidelines.For transport on 
public routes between or after long term interim storage periods, it has to be ensured that the transport and 
storage casks fulfil the specifications of the transport approval or other sufficient properties which satisfy 
the proofs for the compliance of the safety objectives at that time. In recent years the validation period of 
transport approval certificates for manufactured, loaded and stored packages were discussed among 
authorities and applicants. A case dependant system of 3, 5 and 10 years was established. There are 
consequences for the safety cases in the Package Design Safety Report including evaluation of long term 
behavior of components and specific operating procedures of the package. 

Present research and knowledge concerning the long term behavior of transport and storage cask 
components have to be consulted as well as experiences from interim cask storage operations. Challenges 
in the safety assessment are e.g. the behavior of aged metal and elastomeric seals under IAEA test 
conditions to ensure that the results of drop tests can be transferred to the compliance of the safety 
objectives at the time of transport after the interim storage period (aged package). Assessment methods for 
the material compatibility, the behavior of fuel assemblies and the aging behavior of shielding parts are 
issues as well. 

This paper describes the state-of-the-art technology in Germany, explains recent experience on transport 
preparation after interim storage and points out arising prospective challenges. 

1. Introduction 

The use of metallic transport casks for dry interim storage of spent nuclear fuel (SNF) can be designated as 
a German invention. In 1978 the company GNS started the approved application for the first CASTOR® 
cask (CASTOR® Ia) with a monolithic cask body made of ductile cast iron (DCI), closed by a bolted 
double lid system with metallic seals. A first CASTOR® Ic-Diorit cask was loaded and put to interim 
storage in Switzerland in 1983; in 1986 spent fuel storage in CASTOR® V/21 casks began in Surry, VA, 
USA. After implementation of two central storage facilities (Gorleben, Ahaus), the German 
decommissioning policy switched over to spent fuel storage in CASTOR® V casks on at-reactor storage 
sites since 2000. The central storage facility at Gorleben is mainly used now for interim storage of vitrified 
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high-level waste (HLW) in dual purpose casks. The storage facility at Lubmin (Interim Storage North, 
ZLN) is used for all spent fuel of the decommissioned eastern German NPPs of the VVER type and 
various German research reactor fuel. 

The paper describes the German approval procedure for transport licensing including requirements 
regarding documents for application. Details about safety case requirements based on international and 
national regulations are given. Furthermore requirements concerning interim storage and related licensing 
procedures are explained. Finally, BAM research activities concerning long term behavior of components 
and materials are explained and references are given. 

2. Approval of Transport Package Design 

In Germany casks for interim storage are dual purpose casks. Every storage cask has to have a transport 
approval certificate at time of storage placement and over the storage time as well.  Usually a Type B(U) 
approval (accident resistance package according to IAEA transport regulations TS-R-1 [1]) with Germany 
as country of origin is necessary [12, 14]. In accordance to German guideline R003 [2] the package design 
assessment and the approval procedure are conducted by the Federal Office for Radiation Protection (BfS) 
and the Federal Institute for Materials Research and Testing (BAM). The assessment has to base on a 
Safety Analysis Report, provided by the applicant. 

Requirements on Application Documents 

The application documents must include at least the information required by the applicable paragraphs of 
TS-R-1 [1]. Compliance with all applicable requirements for the requested design approval shall be 
demonstrated by providing a Safety Analysis Report. The Safety Analysis Report must include in 
particular: 

a) the modes of transport for which a design approval is requested together with the relevant 
dangerous goods transport regulations; 

b) a detailed description of the proposed radioactive contents including the following information, 
as applicable: nuclides/nuclide composition, activity and mass, physical and chemical state, 
geometric shape, arrangement, irradiation parameters, materials of manufacture, nature and 
characteristics of the radiation emitted, heat capacity to be dissipated and mass of fissile material; 

c) a reproducible illustration, showing the make-up of the package, including impact limiters, 
devices for thermal insulation and packaging inserts, if applicable; 

d) a detailed description of the design and its components, i.e. the complete drawings, parts lists, 
material specifications etc. 

e) the safety demonstration showing plausibly that the design meets all the requirements of the 
applicable regulations according to (a) above. The demonstration has to cover in particular: 

− demonstration of mechanical stability for routine, normal and accident conditions of transport 
for the components of the containment system, the components of the shielding, the 
components of the confinement system for ensuring subcriticality and the attachments for 
lifting by crane and for transport on public traffic routes [13], 

− demonstration of thermal behavior for routine, normal and accident conditions of transport 
including an evaluation of thermal stresses and the thermal behavior of the components of the 
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containment system, the components of shielding and the components for ensuring 
subcriticality, 

− demonstration that the limits for the release of radioactive material for normal and  

−  accident conditions of transport are met [14], 

− demonstration that for the maximum radioactive contents the dose rate limits for normal and 
accident conditions of transport are met, 

− for fissile material, demonstration of subcriticality for routine, normal and accident 
conditions of transport; 

f) the quality assurance and monitoring programme for design, manufacturing, documentation 
and use including all instructions necessary for use (including special stowage provisions or other 
instructions, e.g. for safe heat dissipation or for ensuring criticality safety), maintenance and re-
testing/reinspection as well as for operations during transport and in-transit storage. The experiences 
and involvement of the competent authority in this field in Germany are described by Wille [14]. 
All specifications must be considered by the user of the package to ensure the loading, the transport, 
the operation and the periodic inspections according to regulatory requirements. Up to now the design 
assessment was determined by the evaluation of the materials used with regard to their properties and 
compatibilities for short periods (transport periods). This suitability evaluation is supplemented by the 
specification of a system of periodic inspections (after 15 transports but not later than 3 years, after 60 
transports but not later than 6 years, before one-time transport after interim storage), which should 
guarantee that the package complies the specifications before transport on public routes [14].  

The safety demonstration of a design can be accomplished by using the results of tests performed with 
prototypes or models of appropriate scale, by reference to previous satisfactory demonstrations of a 
sufficiently similar nature, by calculation, when the calculation procedures are generally agreed to be 
suitable and conservative or by a combination of these test methods. 

Reference to test results of designs similar to the design for which approval is requested is permissible if 
the similarity can be demonstrated sufficiently by justification and validation. 

If computer codes are used for safety demonstration it is up to BfS and BAM to require additional 
documents to show suitability and appropriate validation of these codes, such as: 

documents to show the extent and results of verification/validation of the code including the determination 
and justification of safety factors, if appropriate (conservatism), 

documents to show the verification of these codes on the basis of comparisons of calculations and other 
investigations (e.g. measurements), examples are explained by Wille [12], 

justification for the applicability of these codes including a statement of possible sources of errors, 
particularly for conditions for which sufficient verification has not yet been provided, 

assessment of the effects of modelling assumptions and simplifications as well as any other calculational 
parameter with influence on the analysis results, particularly on safety margins against the limits for safety 
related parameters and 

justification of input parameters. 
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Furthermore, the competent authorities may require proofs of qualification for staff members performing 
the calculations [11]. 

Design Assessment 

BfS and BAM carry out the comprehensive safety assessment of the design (design assessment). They 
assess the safety demonstration of a design with respect to compliance with the regulations. In detail, BAM 
carries out the safety assessment with respect to the mechanical and thermal design, the release of 
radioactive material and quality assurance. Required tests with prototypes, models or single components 
are performed by BAM.  

BfS carries out the safety assessment with respect to shielding, criticality safety and compliance with the 
activity limits concerning the radiological properties.  

BfS summarizes the results of the complete procedure and issues the design approval certificate. 

Design Approval 

Design approval is granted if the design assessment has been concluded with positive results. The approval 
certificate is generally issued for a validity period of three (1985 Edition of the regulations) and five years 
(1996 Edition of the regulations). The competent authority may consider a deviation from this validity 
period if the applicant requests any other validity period and substantiates such request. In Germany it is 
possible for package designs which are compliant to the current regulations [1] (1996 Edition of the 
regulations) to get a 10 year approval certificate. The hereby associated requirement is an exclusion of a 
further manufacturing of the particular package design. For example, this procedure can be used for 
package designs whose loaded casks are stored in an interim storage site and a new manufacturing is not 
planned or impossible. Depending on the cask design, particular time intervals of maintenance and 
updating of the Safety Analysis Report are determined. 

The validity of the approval certificate will be extended upon application if the legal regulations have not 
changed materially and safety related objections against an extension of the validity period can not be 
raised, either. Such application shall include documents to show that all applicable requirements continue 
to be met. This includes, e.g., an assessment of the influence of advanced technical standards on the design 
as well as the practical experience feedback from using the design, particularly concerning the quality 
assurance and monitoring programme. 

Except as required in the design approval certificate and subject to legal regulations (e.g., legal changes, 
transitional periods), a valid design approval certificate authorizes the manufacture of an unlimited number 
of packagings. Subject to other required approvals (e.g., shipment approval), any package may be 
transported if at the time of transport the following documents are available: a valid design approval 
certificate, a certificate of the inspections carried out before commencement of operation (certificate of 
acceptance) and the certificates of re-testing/reinspection as required. 

3. Licensing for Dry Storage 

Spent fuel and vitrified high active wastes from reprocessing are stored in interim storage facilities which 
are licensed on the basis of § 6 of the German Atomic Energy Act [8] and taking into consideration the 
“Guidelines for dry cask storage of spent fuel and heat-generating waste” [9]. The storage facility contains 
all technical and security infrastructure for operation, casks with the radioactive contents under dry and 
inert conditions and a building containing the casks and all handling, maintenance and monitoring 
equipment. Interim storage sites have been licensed as centralized facilities like Ahaus or Gorleben at first 
in the 1980’s  and later on – mainly after 2001 – due to changes of the German Atomic Act as at-site 
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facilities at all German NPP locations. The storage period was generally limited to 40 years for 
administrative reasons because it was expected to have a final repository available after that time. In the 
meantime major delays in the repository siting and exploration procedure occurred and therefore extended 
storage periods may become relevant in the future.  

Safety goals for dry interim storage casks are the same as for transport packages: Safe enclosure of the 
radioactive inventory, subcriticality, shielding, and decay heat removal in a way that safe enclosure, 
subcriticality and shielding are not affected. The main safety goals are guaranteed by the dual purpose 
casks and only shielding is additionally supported by the storage building which also protects casks from 
environmental conditions. Furthermore, the storage license holders have to demonstrate spent fuel element 
integrity before loading and fuel rod integrity during interim storage (no systematic fuel rod failure). The 
casks are thick-walled and made of forged steel or ductile cast iron containing a permanently monitored 
double barrier lid system with long term resistant metal seals. The cask inventory is carefully vacuum dried 
and filled with inert gas after loading to avoid corrosion effects and ensure effective heat removal. As a 
basic requirement each cask design for dry interim storage has to be transportable to and from the storage 
site at any time and for that reason it needs a valid Type B transport license. Because accident safe Type B 
casks have demonstrated their safety level within the transport licensing procedure all these safety 
assessments can be used by applicants for storage licenses as well if appropriate. Additionally, different 
operation conditions inside the storage facility require adapted or additional safety assessments. Especially 
mechanical accident scenarios are significant different in comparison to Type B(U) test conditions due to 
cask handling without impact limiters and different drop orientations, drop heights and target stiffness. 
Another difference is the long term performance of all cask components which has to be assessed and 
evaluated for the applied storage period. Because of the dry and inert storage conditions and the only use of 
passive safety relevant systems maintenance and inspections procedures are very limited during storage 
operation which is under permanent supervision by the operator, responsible state authorities and their 
technical experts. Furthermore, a formal periodic safety inspection procedure including aging management 
is in a two year test phase and is expected to be implemented to all interim storage facilities subsequently. 
This systematic approach allows to summarise lessons learned, technical changes and optimization 
measures and to share the experience with other facilities and licensing authorities. Finally, such an 
information pool might be a good basis for possible future lifetime extension applications. 

Storage licenses are issued by BfS on basis of safety assessments by the applicants which are usually the 
utilities of the NPPs and not the transport license holder. The safety assessment evaluation is performed by 
technical experts on behalf of BfS like BAM for all cask specific issues including quality assurance and the 
TÜV for facility and inventory specific issues. 

As mentioned before, transportation after storage is essential to all casks stored in interim storage facilities 
whether they are centralized or on-site. Permanent demonstration of transportability is required by all 
issued licenses for all casks being in storage. So far it is common understanding of all stakeholders in 
German interim storage business that valid Type B approvals for all cask designs during storage and not 
only at the beginning is a necessary prerequisite. On the other hand any individual cask has to demonstrate 
compliance with the transport license prior to transportation as it is discussed later in this paper.  

4. Long Term Behavior of Components and Materials 

During long term interim storage the main driving forces of aging effects are:  

Gamma radiation,  

Neutron radiation,  
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Decay heat,  

Outer corrosion effects (e. g. moisture, and air pollution),  

Relaxation, creeping, corrosion of screwed and sealed lid systems, basket, and fuel rods.  

Degradation effects strongly depend on the type of material. All main cask components responsible for the 
safe enclosure are usually made of metal like cask body, lids, barrier seals, and bolts. Additionally, 
polymers are used for supplementary neutron shielding components, auxiliary seals and decontamination 
coatings. In general, damaging effects by radiation depend on dose rates, type of radiation and material 
structure. Metals are generally more resistant than polymers. Degradation effects may result in quantitative 
changes of specific material properties or modifications in material structure which may decrease the 
effectiveness of cask components. 

Current investigations performed by BAM focus on the long term behavior of metal seals as the essential 
component for the safe enclosure, on the long term behavior of polymer materials as components for 
neutron shielding and on the aging mechanisms and low temperature behavior of elastomeric auxiliary 
seals. These investigations shall generate a better data base for understanding and quantification of aging 
effects and have been summarized before by Völzke [3]. More details with respect to aging management 
fundamentals and the investigation programs performed by BAM have been published during the 
PATRAM conference 2010 by Erhard [4], Jaunich [5], and Wolff [6]. Specific results from the BAM metal 
seal investigation program were published by Völzke [7]. These include extrapolation of seal pressure 
force decrease and decrease of elastic seal recovery depending on the temperature level and with respect to 
seal performance evaluation under normal operation and accident conditions during and after long term 
storage. More investigations including inspection programs will be necessary in the future to answer 
arising questions concerning safety functions during transport after long term storage or with respect to 
extended storage periods. 

5. Tests and Checks for Transport Ability after Storage 

In principle, it has to be ensured before transport that the package complies with the specifications of the 
approval certificate. This also applies when transport is performed after interim storage. Until now, the 
evaluation of the long term behavior (stability) was not an explicit part of the design assessment while the 
approval procedure according to the transport regulations.  

The transport regulations assume casks which are only for transport. In this case the whole package is 
completely accessible before loading and again after transportation and unloading. For this reason  periodic 
inspections can be provided for all essential components and sections. Periodic inspections are required 
after 3 respectively 6 years or 15 respectively 60 shipments. 

During and after interim storage the packaging is not accessible for complete periodic cask inspections in 
sense of the approval certificate. The specifications in the test-plan for the periodic inspections after 
interim storage should cover the sections accessible from the outside, ensure the leak-tightness according 
to the specifications and where appropriate provide measurements which allow conclusion to the 
inaccessible sections. 

Examples are: 

Accessible Sections 
Visual inspection of surfaces (e.g. decontamination coatings), visual but also surface crack 
inspection, load testing of the attachment system, , replacement of components (when necessary) 
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Compliance of the containment system with specifications 
Inspection of the pressure monitoring device and inspection of tightening torques of the lid bolts, 
performance of leak-tightness (e.g. leakage rate measurements) 

Measurements (conclusion to inaccessible sections) 
Verification of the shielding effectiveness, e.g. regarding the effectiveness of neutron radiation 
shielding material in the shell of the packaging, the bottom of the packaging or between the lids. 

Following the described measures in accordance with the current approach and the derived questions it 
appears to be reasonable to expand the considerations with respect to long term behavior as part of the 
approval procedure for transport and storage casks. 

6. Quo vadis – Challenges and Prospective Work  

Work on Characteristics of Long Term Behavior of Materials and Components 

Until now the plans for periodic inspection contain restrictive determinations of inspection steps for an 
one-time transport after 40 years. According to the understanding of the state-of-the-art of technology there 
are steps such as a load test of the complete load attachment system and the complete inspection of the 
tightening torque of the screws as a part of the containment system implemented. However, these 
determinations do not cover all questions concerning the properties of components respectively material 
after interim storage of many years. Various questions on long term behavior of components and materials 
resulting from the particular operation state (storage) of the transport package arise. 

In the following several points relating long term behavior and the fulfillment of IAEA requirements (e.g. 
test conditions) are named for future discussion. 

behavior of aged metallic and elastomeric seals as a part of the containment system 

transferability of drop test results (e.g. tightness, mechanical material behavior, deformations)  regarding 
the compliance of the safety objectives before a transport after interim storage (aged package) 

transport of defect spent fuel assemblies/rods – warranty of leak-tightness of enclosures such as quivers for 
defect spent fuel rods under accident conditions of transport  

behavior of aged spent fuel assemblies/rods 

behavior of aged impact limiters 

change of material properties of shielding components (e.g. influence of radiation) 

Basically it is to be ensured that during and after the interim storage period the package fulfills the 
requirements of the IAEA transport regulations, means the package has to meet the specifications of the 
approval certificate. It could also mean the package has to have sufficient properties to fulfill the 
appropriate safety cases. 

Regulatory Work 

Since many countries operate interim spent fuel storage in dual-purpose casks, the integrated safety 
assessment and a harmonized approved/licensing approach became evident at an international level, 
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organized by IAEA in joint WASSC/TRANSSC (Waste Safety Standards Committee/Transport Safety 
Standards Committee) activities. Between April 2011 and April 2013 three meetings of a “Joint Working 
Group on Guidance for an Integrated Transport and Storage Safety Case for Dual-Purpose Casks for Spent 
Nuclear Fuel” took place. A “Guidance for preparation of a safety case for a dual purpose cask containing 
spent fuel” was developed on basis of the European Guide for Package Design Safety Analysis Report 
[10]. This IAEA-TECDOC shall be published until end of 2013, and shall contain guidance in dual 
purpose cask safety assessment criteria and methods for on-site transport, interim storage and post-storage 
off-side transport. An important issue is the introduction of periodic “gap analyses” to react on changes of 
regulations, standards and technical knowledge in order to update safety cases during long storage periods. 
The working group also elaborated recommendations to TRANSSC to consider these categories of 
packages in the transport regulations (SSR-6, SSG-26) in a proper manner concerning maximum transport 
period clarification, transitional arrangements and introduction of ageing considerations. 
Recommendations to WASSC are to extend Safety Guide “Storage of Spent Fuel” (SSG-15) with the 
guidance document section on ageing management, and to support member states in developing methods to 
investigate on-site transport and handling drop accidents. Current information on the IAEA activities can 
be taken from a specific website [15]. 

7. Conclusions 

Safety assessment of spent nuclear fuel transport casks, as well as of dual purpose casks for spent nuclear 
fuel storage is based on well established methods. For future applications a better harmonization of both 
licensing (transport and storage) areas appears reasonable. In any case specific considerations of transport 
safety aspects after interim storage should be followed. For that purpose research on aging mechanisms, 
incorporation of storage related property changes into the transport safety case, and regulatory 
developments are necessary. 

References 

[1] International Atomic Energy Agency (IAEA). Regulations for the Safe Transport of Radioactive 
 Material, 2009 Edition, Safety Standard Series No. TS-R-1, Vienna, 2009. 

[2] Guideline for the design approval procedure of packages for the transport of radioactive material, 
 of special form radioactive material and low dispersible radioactive material (R003), 
 Verkehrsblatt No. 23, 2004 December 15, p. 594. 

[3] H. Völzke, and D. Wolff, “Safety Aspects of Long Term Dry Interim Cask Storage of Spent Fuel 
 in Germany”, Paper#3314, 13th International High-Level Radioactive Waste Managment 
 Conference (IHLRWMC), Albuquerque, NM, USA (April 10-14, 2011). 

[4] A. Erhard, H. Völzke, U. Probst, and D. Wolff, “Ageing Management for Long Term Interim 
 Storage Casks”, Paper#61, 16th International Symposium on the Packaging and Transport of 
 Radioactive Materials (PATRAM 2010), London, UK (Oct. 03-08, 2010).  

[5]  M. Jaunich, W. Stark, and D. Wolff, “Comparison of low temperature properties of different 
 elastomer materials investigated by a new method for compression set measurement”, Polymer 
 Testing, 2012, 31, (8), 987-992. 

[6]  D. Wolff, K. von der Ehe, M. Jaunich, M. Böhning, and H. Goering, “(U)HMWPE as Neutron 
 Radiation Shielding Materials: Impact of Gamma Radiation on Structure and Properties”, In: 
 Effects of Radiation on Nuclear Materials: 25th Volume, STP 1547, ASTM International, Editor: 
 T Yamamoto, 2013. 



NEA/CSNI/R(2013)10 
 
 

279 
 

[7]  H. Völzke, U. Probst, D. Wolff, S. Nagelschmidt, and S. Schulz, “Seal and Closure Performance 
 in Long Term Storage”, PSAM11 & ESREL 2012, Helsinki, Finland (June 25-29, 2012). 

[8]  AtG – Act on the Peaceful Utilization of Atomic Energy and the Protection against its Hazards 
 (Atomic Energy Act – AtG) of December 23, 1959 (Federal Law Gazette I, p. 814), as Amended 
 and promulgated on July 15, 1985 (Federal Law Gazette I, p. 1565), last Amendment by Article 1 
 of the Act amending the Atomic Energy Act of March 17, 2009 (Federal Law Gazette I, p. 556). 

[9]  Guidelines for dry cask storage of spent fuel and heat-generating waste, Recommendation of the 
 Nuclear Waste Management Commission (ESK), Revised version of 29.11.2012. 
 http://www.entsorgungskommission.de/englisch/downloads/eskempfehlungesk30llberevfassung2
 9112012e.pdf 

[10]  F. Nitsche, I. Reiche, J. Stewart, and S. Whittingham:“European technical guide on package 
 design safety reports for transport packages containing radioactive material”, Packaging, 
 transport, storage & security of radioactive material, 2008, 19, (2), 87-93. 

[11]  BAM: Richtlinie für numerisch geführte Sicherheitsnachweise im Rahmen der Bauartprüfung 
 von Transport- und Lagerbehältern für radioaktive Stoffe. BAM-Gefahrgutregel BAM-GGR 008, 
 Rev. 0, Berlin, 2003. 

[12] F. Wille, B. Droste, K. Müller, and U. Zencker, “Recent experiences in mechanical design 
 assessment of spent fuel and HLW casks by Competent Authority in Germany”, Proceedings 
 WM 2010 Conference, Phoenix, AZ, USA, March 7-11, 2010. 

[13]  F. Wille, B. Droste, K. Müller, and U. Zencker, “Mechanical design assessment approaches of 
 actual spent fuel and HLW transport package designs”, Packaging, transport, storage & security 
 of radioactive material, 2010, 21, (4), 203-207. 

[14]  F. Wille, B. Droste, F. Koch, and S. Komann, “Design Assessment of Spent Fuel and HLW 
 Transport Casks”, INMM 49th Annual Meeting, Nashville, TN, USA (July 13-17, 2008). 

[15]  http://www-ns.iaea.org/tech-areas/waste-safety/spent-fuel-casks-wg.asp?s=3 

 



NEA/CSNI/R(2013)10 

280 
 

 

 

 



NEA/CSNI/R(2013)10 
 
 

281 
 

 

 

 



NEA/CSNI/R(2013)10 

282 
 

 

 

 



NEA/CSNI/R(2013)10 
 
 

283 
 

 

 

 



NEA/CSNI/R(2013)10 

284 
 

 

 

 
 



NEA/CSNI/R(2013)10 
 
 

285 
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LESSONS FROM THE NEA RK&M PROJECT 
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Introduction 

 The RK&M Project "Preservation of records, knowledge and memory across generations" is tasked with 
assembling evidence, information and carrying out research that will help the member organizations 
identify and implement a strategic plan for providing useful information to future generations concerning 
the disposal of radioactive waste in geological formations. 

The recent ICRP guidance [1] is adamant on maintaining oversight of these facilities for as long as 
practicable, even after closure. One should not plan the end of oversight, but only plan against the potential 
loss of oversight. One of the means to maintain oversight is to maintain records, knowledge and memory. 

In the case of long term storage, preservation of records, knowledge and memory is a key issue. Depending 
on the duration of long term storage there is an increasing probability that information relative to long term 
storage will be lost because of disruptions in society. This may result in a situation where the interim 
storage becomes a final disposal with inadequate safety features and therefore presents high risks to future 
generations.      

As part of its programme of work, the project has been seeking to gain insights on loss, misuse and also on 
recovery of records and knowledge from other areas than geological disposal.  To this effect, a recent study 
under completion examines past experiences in the field of hazardous waste disposal.  The final report 
should be available in Autumn 2013. This paper presents an overview of that study and its findings 

General approach 

A. Case study identification 

The study identified 20 major cases of interest  in Switzerland, Germany, and the USA (over). Indeed, 
there exists a very great number of reported disposal and contaminated areas (around 50,000 in 
Switzerland; over 300,000 in Germany).  The study cases were selected based on expert opinion as well as 
on  their specificity  so as to have a degree of representativeness of factors for records and memory loss. 
Example of study cases are: 

US barracks in southern Germany 

Waste dump of Würenlingen (AG) 
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Waste disposal and clean-up policy of the Canton of Zürich 

Gas plant Kehl (Germany / French occupation zone, BRD) 

B. Study method 

The study was based both on a literature survey and on further contacts with competent experts / state 
officials that could give additional information or insight. These are sensitive cases (issues concerning 
personnel, errors, legal and financial consequences, etc.) 

Very difficult to get valuable robust information 

Experts/state officials: prudent 

Build confidence that information is used in a fair way 

C. Factors for case studies’ analysis  

Having selected the study cases, it was chosen to investigate the causes for records and knowledge 
degradation or loss.  Six classes of factors were utilised for analysing each case study.  These are reported 
in Table 1. 

Table 1: Six classes of factors for records and knowledge degradation or loss   

1. TECHNICAL / ENVIRONMENTAL FACTORS 
 

1.1 Site degradation (partly also of technical installations) 
1.2 Re-cultivation of old disposal sites / camouflage 
1.3 No records or poor archives 
1.4 No or insufficient update of records (e.g. maps, plans) 
1.5 Loss /destruction of archives 

    
2. ECONOMIC FACTORS 

 
2.1 No or insufficient budgets  

  
3. HUMAN FACTORS 

 
3.1 Loss of memory / knowledge due to changes in personnel 
3.2 General disinterest in the area of RKM preservation 
3.3 Negligence in the accomplishment of duties 
3.4 Ignorance and/or incompetence 
3.5 Haughtiness 
3.6 Underestimation of effective risks 
3.7 Misunderstanding of information and records 
3.8 Criminal activities (e.g. falsification of documents, illegal disposal)  
3.9 Deliberate restraint / manipulation of data, information and records 

    
4. STRUCTURAL FACTORS 
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4.1 Major disruptions (e.g. war, economic crisis, bankruptcy)  
4.2 Structural deficiencies (e.g. lack of structural competence)  
4.3 No or poor structural continuity 

    
5. REGULATION / LAWS 

 
5.1 Lack of regulation / laws 

    
6. COUPLED PROCESSES (E.G. IGNORANCE AND ECONOMICS) 

 
 

Main Findings  

Loss of memory exists but it is rare over timescales of a 100 years or so, and only appears in the case of 
historical disruptions.  Loss / degradation of records is much more common. 

What was lost in the first place is information on the content and the danger of the waste, on the precise 
deposition location within the waste site, and information on the quantities and the packaging of waste. 

Understanding the available, recorded information is not a large issue 

Human factors and the safety culture at the time are the main cause for records and memory loss:  

− Many examples show that the responsible staff did not want to know much about the dangers 
and long-term consequences of their decisions and acts. The omissions were committed 
knowingly and are often characteristic of the culture at the time of the events. 

−  Even if the responsible staff were/is generally aware of negative consequences, no action 
was/is taken to prevent further damage. Orders and established practices are followed without 
asking “what next ?”..  

− There might have been an issue of too relaxed approach by the Authorities and Industry: 

− One officer described the practice of waste management in his area as an active process of 
memory loss since environmental pollution is not acute.  

− The Authorities are doing as much as administratively necessary, nothing more. 

− Industry also tends to only do the minimum that the law and regulators require, which is a 
reflection of the times. The loss of information can be high in these cases 

− no or insufficient records may be left behind. 

− when the responsible staff retires or leaves the company, information can be lost 
forever.  

Yet, waste disposal is a multi-generation project and issue, and it may take generations before the need for 
good records manifest itself needed. 
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Economic and financial factors are the second cause for records and memory loss (no budget = no 
record = no archive):  

− Much information on waste disposal sites was lost because of missing budgets for recording. 
This problem appears in nearly all cases investigated.. 

− Systematic documentation and its maintenance require human and financial resources, which 
were provided in a sufficient manner only in the rarest of cases.  

− Short-term economic priorities should be balanced against long term potential liabilities.  

 
Technical or environmental factors are onlt the third cause for records or memory lossy 

− Knowledge and memory loss can sometimes be related to loss of archives materials 
themselves or natural disasters  

Main Observations  

The safety culture of the past is not that of today 

− Yet we are reminded that preservation of records, knowledge and memory are important 
components of a safety culture 

− Safety culture should extend beyond the not so close future and embrace durable 
development considerations.  

International standards and guidance on radioactive waste management will give some assurance that the 
national regulation will be adequate and that an appropriate safety culture will exist in connection with the 
implementation of long term storage. Maintaining this safety culture in the long term is more problematic.   

Preservation of RK&M is a fundamental issue for long term storage, since periodic maintenance is 
necessary while a final management option has to be found. The preservation of those records is important 
for subsequent disposal operations. 

The issue of allocating sufficient financial resources for ultimate waste management is paramount when 
the option of long term storage is chosen. Part of these resources need to be used for RK&M.        

Recommendations 

Keeping in mind the above observations, some recommendations are as follows: 

Analyze and supplement existing laws and guidance in order to preserve RK&M for the planned duration 
of long term storage.  

− These should have requirements on the financial means to preserve RK&M and should be 
proportionate and realistic in their demands. 

− These laws and regulations should be enforced 
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Only a very limited part of the original information can be passed on to the future. Ensure that the process 
of information reduction is done in such a way that relevant information is not irreversibly lost. 

Regular syntheses of current knowledge can support this process. 

…one final thought 

Our current generation must create the foundations for a system of preservation of RK&M that can serve 
our descendants as a basis to make their decisions. 

The NEA project RKM preservation is an important element in this process. 
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Abstract  

Periodic safety reviews in nuclear power plants in Germany have been performed since the end of the 
1980s as an indirect follow-up of the accident in Chernobyl and, in the meantime, are formally required by 
law. During this process the guidelines governing this review were developed in stages and reached their 
final form in 1996. Interim storage facilities and other nuclear facilities at that time were not included, so 
the guidelines were solely focused on the specific safety issues of nuclear power plants. 

Following IAEA’s recommendations, the Western European Nuclear Regulator Association (WENRA) 
introduced PSRs in its safety reference levels for storage facilities (current version in WGWD report 2.1 as 
of Feb 2011: SRLs 59 – 61). Based on these formulations, Germany improved its regulation in 2010 with a 
recommendation of the Nuclear Waste Management Commission (Entsorgungskommission, ESK), an 
expert advisory commission for the federal regulatory body BMU. 

The ESK formulated these detailed requirements in the “ESK recommendation for guides to the 
performance of periodic safety reviews for interim storage facilities for irradiated fuel elements and heat-
generating radioactive waste”.  

Before finalization of the guideline a test phase was introduced, aimed to test the new regulation in practice 
and to later include the lessons learned in the final formulation of the guideline. The two-year test phase 
started in October 2011 in which the performance of a PSR will be tested at two selected interim storage 
facilities. Currently these recommendations are discussed with interested/concerned institutions. The 
results of the test phase shall be considered for improvements of the draft and during the final preparation 
of guidelines. 

Currently the PSR for the first ISF is in an advanced stage, the second facility just started the process. 
Preliminary conclusions from the test phase show that the implementation of the draft guideline requires 
interpretation. The aim of a PSR, to be a comprehensive and systematic review of all safety issues of a 
facility, based on the current state of science and technology, with a clear description of the safety 
standards to be applied and a traceable evaluation of the facility’s current status against those standards, 
including identification and evaluation of interdependencies, is currently not completely reached. The 
current conclusion is that the guideline requires upgrades to improve this implementation process. 
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1. Experiences with PSRs in Germany up to now 

Periodic safety reviews in nuclear power plants have been performed in Germany since the early 1990s. 
Guides to the PSR requirements66 are specified since 1996 so that they are carried out uniformly 
throughout Germany.  

Generally the safety review complements the continuous monitoring under the regulatory control. The PSR 
results are submitted to the regulatory body and will be reviewed by independent experts on behalf of the 
supervisory authority. 

Safety reviews were carried out in the nuclear power plants Biblis A, Biblis B, Neckarwestheim 1, 
Brunsbüttel, Isar 1, Unterweser, Philippsburg 1, Grafenrheinfeld, Krümmel, Gundremmingen B, Grohnde, 
Gundremmingen C, Philippsburg 2, Brokdorf, Isar 2, Emsland, Neckarwestheim 2, Obrigheim and Stade 
between 1998 and 2010. 

Following the establishment of PSR in nuclear power plants those safety reviews have been introduced at 
other plants, too. The first safety review at the Gronau uranium enrichment plant was carried out in 2003. 
PSRs at the fuel fabrication plant at Lingen and for nuclear research reactors followed. 

Picture 1: Timeline of PSRs for different types of nuclear facilities 

 

 

                                                      
66  Bekanntmachung der Leitfäden zur Durchführung von Periodischen Sicherheitsüberprüfungen (PSÜ) für 

Kernkraftwerke in der Bundesrepublik Deutschland vom 18. August 1997 (BAnz. 1997, Nr. 232a), 
http://www.bfs.de/de/bfs/recht/rsh/volltext/3_BMU/3_74_1.pdf 
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Up to 2010 no PSR were so far necessary and carried out for interim storage facilities for low and 
intermediate level radioactive wastes and waste treatment plants. Medium term, the regulation is also 
planned on these facilities. 

With the ESK recommendation PSÜ-ZL67 a framework for the implementation of PSRs in interim storage 
facilities for spent fuel and high active waste is introduced. The reasons for the late introduction of PSRs 
for this type of facilities were manifold: 

Only dry storage in robust storage containers, that provide permanent safe isolation, criticality safety and 
heat transfer by means of completely passive systems, is seen as safe enough for the storage of spent fuel 
and high-active waste in Germany. 

Until 2002 only two central facilities of that type were in operation in Germany, each of those stored only 
few casks with very limited inventory. Only after the construction of several decentralized ISFs at the 
reactor sites and after the operating period of those reached several years, the necessity for PSRs grew. 

The grown waste management tasks and the time frame to be considered for the interim storage however 
lead to important arguments for a PSR: 

The number of dry storage facilities for spent fuel and/or high active waste has risen to 17 facilities since 
2002. The interim storage time will take a few decades, as a repository for those wastes will not be 
available before 2035. 

During the storage time there are both, deliberate and unintended, changes within the facility, in the 
operating organization, of the regulatory framework, in the neighborhood of the facility etc., happening, 
that promote a periodic review. It may well be that accumulated modifications, interactions, operating 
experiences in the own as well as in other storage facilities, and ageing result in unfavorable developments 
for the facility’s overall safety status. The PSR as a holistic view on the facility’s current safety status 
allows comprehensively to assess these effects for the ten-year period, to identify safety detriments and to 
improve the overall safety of the facility. 

2. Legal Framework – PSR in Interim Storage Facilities 

Following IAEA’s recommendations, WENRA introduced PSRs in its safety reference levels for storage 
facilities and improved the formulations. According to WENRA-WGWD Report (Version 2.1) these are 
the SRLs 59 – 6168: 

S-59: The licensee shall carry out at regular intervals a review of the safety of the facility (PSR). The 
review shall be made periodically, at a frequency which shall be established by the national regulatory 
framework (e. g. every ten years). 

                                                      
67  ESK recommendations for guides to the performance of periodic safety reviews for interim storage facilities for 

irradiated fuel elements and heat-generating radioactive waste (PSÜ-ZL), 2010-04-11, 

 http://www.entsorgungskommission.de/englisch/downloads/eskempfehlungesk30llberevfassung29112012e.pdf 
68 WENRA Working Group on Waste and Decommissioning (WGWD): Waste and Spent Fuel Storage Safety 

Reference Levels Report, Version 2.1, February 2011 

 http://www.wenra.org/media/filer_public/2012/08/30/wgwd_v1-2waste-and-spent-fuel-storage-safety-reference-
levels.pdf 
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S-60: The scope and methodology of the PSR shall be clearly defined and justified. The PSR shall confirm 
the compliance with the licensing requirements. It shall also identify and evaluate the safety significance of 
differences from applicable current safety standards and good practices and take into account the 
cumulative effects of changes to procedures, modifications to the facility and the operating organization, 
technical developments, operational experience accumulated and ageing of SSCs. It shall include 
consideration of the acceptance criteria for waste and spent fuel packages and unpackaged spent fuel 
elements and any deviation from these criteria during storage. 

S-61: The results of the PSR shall be documented. All reasonably practicable improvement measures shall 
be subject to an action plan. 

The requirements in 2009/71/EURATOM of 25.06.2009, Article 6 Section 2 and 3 require the member 
states to systematically check and evaluate safety and to improve safety in their nuclear facilities 
continuously. This more general formulation can be interpreted as requirement to implement periodic 
safety assessments. 

Those requirements were taken as a basis to formulate the PSR guidelines by ESK. Their specific 
requirements are: 

The PSR is to be conducted at intervals of 10 years. 

The assessment has to be based on laws, ordinances, applicable technical rules and regulations in the 
Federal Republic of Germany, operating experience and the state-of-the-art in science and technology. 

The PSR shall update the description of the facility and consider all safety-relevant changes in respect to 
e.g. modifications made to the facility, changed regulatory requirements, changes in the management 
organization. The evaluation of own and external safety-relevant operating experience in different areas 
shall be included. The accident analyses submitted must be checked under current boundary conditions. 
Also the ageing management and the safety management are to be reviewed. 

The operator has to summarize the results of the safety review for an informative overall picture. Where 
necessary, safety improvements shall be described and time information on implementation periods 
included in an action plan. 

The nuclear supervisory authority shall assess the review and confirm the safety status of the interim 
storage facility. 

As additional document addressing ageing aspects ESK has prepared a draft guideline. Like the PSR draft 
guideline, this additional document was released to be tested during the PSR process (details on the 
implementation process see below). 

3. Implementation – test phase 

As requirements for and experiences with PSRs for other facilities are quite different from those for 
storage facilities ESK and BMU decided to test the draft guideline before coming into force and to include 
the lessons learned in the test phase to improve the draft. Picture 2 illustrates an overview on this process. 
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Picture 2: PSR implementation test phase I 

 

The picture shows the involved parties and their functions during the test phase in a simplified way. The 
process was started with the draft guideline of the ESK. BMU has released the draft for application in this 
test phase. The operator performs the assessment and provides draft versions of the report. The supervising 
state agency checks the PSR for factual correctness, for compliance with the applicable standards and 
approves the action plan if necessary.  

The experts monitoring the PSR test phase shall advise the operator of the interim storage facility and 
provide recommendations. Their task is to identify lessons learned in the implementation process and to 
report those back to ESK.  

With the result of the test phase I ESK plans to finalize the PSR guideline, so that federal regulator BMU 
can finally publish the guideline (see picture 3). 

Picture 3: Planned finalization of the PSR guideline 

 

 
This two-year test phase started in October 2011. The performance of a PSR will be tested for two selected 
interim storage facilities. The two selected interim storage facilities are: 
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Transportbehälterlager Gorleben (TBL-G), a central interim storage facility mainly for heat generating 
waste from reprocessing, in operation since 199569, operator: GNS Gesellschaft für Nuklear-Service mbH, 
and 

Standortzwischenlager Lingen (SZL), a local interim storage facility for spent fuel from the nuclear power 
plant Emsland, in operation since 2002, operator: Kernkraftwerke Lippe-Ems GmbH (subsidiary company 
of RWE Power AG and E.ON Kernkraft GmbH). 

Picture 4: Left: TBL Gorleben (Source: GNS), right: Interim Storage Facility Emsland (Source: 
faz.net) 

 

 
The two selected interim storage facilities comprise the different types of interim storage facilities in 
Germany. The TBL Gorleben is the oldest interim storage facility located in Lower Saxony. It is the 
second largest storage facility in Germany. Currently 108 casks have been placed in TBL-G. The building 
concept is a forerunner to today’s WTI building concept. The SZL Lingen is one of the 12 local interim 
storage facilities in Germany, which have been built with termination of reprocessing. Currently 26% of 
the storage capacity of SZL Lingen is occupied. The SZL Lingen is a single-nave building according to 
STEAG building concept. 

The PSR test-phase started with TBL Gorleben in 2011. Draft papers from GNS have been discussed in 
May and October 2012 and the last draft was issued in April 2013. Discussion is still ongoing. The 
competent state regulatory agency will review the draft. GNS schedules the finalization of the PSR till 
September 2013.  

The PSR in SZL Lingen will be started in the second half-year 2013. So the experiences of the first PSR in 
an interim storage facility benefit the second process. 

4. PSR for TBL Gorleben – Preliminary results for improving the guideline 

While the preparation process for the first PSR for an ISF is still underway, the following preliminary 
conclusions can be drawn. 

A standard document for any nuclear facility, also part of the safety case for the facility, is the description 
of the facility. Any safety assessment has to be based on a current description of the facility and its safety 
systems, so the ESK guideline required an update to this document. The operator has chosen to remove 

                                                      
69  Year of the first cask loaded into the facility. 
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safety related parts from the description and to move those descriptions to the evaluation section of its 
report. As the descriptions alone are not a safety evaluation as to be expected in a PSR, these have to be 
associated with safety criteria and safety evaluations. As these associated parts are mostly missing, this 
lead to a predominance of descriptions rather than safety evaluations. 

The report currently misses to name the applicable safety standards, so that no clear safety evaluations can 
be made because the basis for evaluations is missing or left unclear. 

Completely missing in a systematic way is the identification of differences to current safety standards, their 
safety-related evaluation and, if necessary, the derivation of an action plan to improve the safety features of 
the facility. As this should be the major outcome of a PSR, one of the most characteristic elements is 
missing in the current draft. 

Additional improvements have been recommended. 

The identified weaknesses of the current draft should be reason enough to improve the guideline. As the 
main goals of a PSR, well-formulated in the guideline’s first sections, contrast widely with the 
implementation result, such improvements seem to be necessary to yield a higher PSR quality. The 
guideline can be extended for this purpose by processing information with a focus on the safety 
assessment. In particular, the development of an action plan should be highlighted. 

5. Conclusions 

Preliminary conclusions from the test phase show that the implementation of the draft guideline requires 
interpretation. The aim of a PSR, to be a holistic, comprehensive and systematic review of all safety issues 
of a facility, based on the current state of science and technology, with a clear description of the safety 
standards to be applied and a traceable evaluation of the facility’s current status against those standards, 
including identification and evaluation of interdependencies, is currently not completely reached. The 
current conclusion is that the guideline requires upgrades to improve this implementation process. 

The test phase also demonstrates that the view of the regulator and those of the operator differs widely. The 
philosophy of the PSR as a holistic safety check, following a 10-year operating period of the facility, was 
interpreted in a very different way. Even though intense communication was offered by the monitoring 
team, efforts to approximate the different understanding failed. 

Currently the process is still underway. Checking of the PSR report by the supervising state agency has 
still to be performed. The second PSR, for a decentralized storage, will be performed later on. From these 
experiences further changes to the process will result and improvements for the guideline will be 
recommended.  
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THE SAFETY ASSESSMENT OF LONG TERM INTERIM STORAGE AT SELLAFIELD 

Andrew B Buchan,  
Sellafield Ltd, UK 

 

Abstract  

The Sellafield site comprises a wide range of nuclear facilities, including operating facilities associated 
with the Magnox reprocessing programme, the Thermal Oxide Reprocessing Plant (THORP) and a range 
of waste treatment plants.    

The operational life of some of the site facilities currently extends to 2120, requiring the retrieval, 
treatment, consolidation and safe extended storage of a variety of radioactive materials.  Sellafield has 
utilised its existing safety assessment processes to inform and prioritise studies into beyond design basis 
events and resilience evaluation required following Fukushima by UK regulators and industry bodies such 
as WANO. 

There are significant differences between NPPs, for which the ENSREG “stress tests” were originally 
intended, and the Sellafield site which is instead centred around two reprocessing facilities (Magnox and 
THORP), with a supporting infrastructure of waste processing and storage facilities, coupled with a legacy 
of high hazard older facilities.  In the former case the consequences of a catastrophic failure are promptly 
realised, leading to significant problems such as fuel failure / meltdown in AGRs and LWRs respectively 
in the event of complete loss of cooling.  At Sellafield, the processes are carried out at comparatively low 
temperatures and pressures with relatively low rates of change following any loss of cooling.  Instead the 
consequences of catastrophic failure at Sellafield are more directly related to the very large inventories of 
radioactive materials, including high level liquid wastes and unprocessed fuels, present in specific plants 
and to the condition of the ageing assets, holding legacy wastes. 

The paper will consider how a number of analysis techniques have been used to establish a safety case for 
fault and accident conditions, i.e. design basis analysis (DBA), probabilistic safety analysis (PSA) and 
severe accident analysis (SAA)   

DBA is focused on the key safety measures for those initiating faults that are most significant in terms of 
frequency and unmitigated potential consequences  

PSA looks at the full range of fault sequences and allows full incorporation of the reliability and failure 
probability of the safety measures and other features of the design and operations   

SAA considers significant but unlikely accidents where off-site consequences are likely to significantly 
affect the critical group and provides information on their progression, within the facility and also beyond 
the site boundary.  
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The paper will illustrate how these techniques have been utilised to facilitate design, operation, resilience 
evaluation and accident management of facilities supporting long term interim storage at Sellafield.  

1. Background 

The Sellafield site comprises a wide range of nuclear facilities, including operating facilities associated 
with the Magnox reprocessing programme, the Thermal Oxide Reprocessing Plant (THORP) and a range 
of waste treatment plants and interim storage facilities.  Interim storage facilities include fuel storage 
ponds, legacy waste silos, solid intermediate level waste stores and encapsulated waste stores.  

Whilst reprocessing operations are planned to cease in the next five to seven years, the operational life of 
some of the site facilities currently extends to 2120, requiring the retrieval, treatment, consolidation and 
safe extended storage of a variety of radioactive materials.  Sellafield has utilised its existing safety 
assessment processes to inform and prioritise studies into beyond design basis events and resilience 
evaluation required following Fukushima by UK regulators and industry bodies such as WANO. 

There are significant differences between Nuclear Power Plants, for which the European Nuclear Safety 
Regulators (ENSREG) “stress tests” were originally intended, and the Sellafield site which is instead 
centred around two reprocessing facilities (Magnox and THORP), with a supporting infrastructure of waste 
processing and storage facilities, coupled with a legacy of high hazard older facilities.  In the former case 
the consequences of a catastrophic failure are promptly realised, leading to significant problems such as 
fuel failure / meltdown in Advance Gas Reactors (AGRs) and Light Water Reactors (LWRs) respectively 
in the event of complete loss of cooling.  At Sellafield, the processes are generally carried out at 
comparatively low temperatures and pressures with relatively low rates of change following any loss of 
cooling.  Instead the consequences of catastrophic failure at Sellafield are more directly related to the very 
large inventories of radioactive materials, including high level liquid wastes and unprocessed fuels, present 
in specific plants and to the condition of the ageing assets, which hold legacy wastes. 

2. Safety Assessment Approach  

The safety assessment of nuclear chemical plants and support facilities at Sellafield has been developed 
over a number of decades and range of techniques has been applied to ensure high levels of safety for both 
the workforce and the general public. Sellafield has been an active participant in best practice 
benchmarking via peer assists in nuclear operations for a number of years through WANO membership.  In 
addition, Sellafield has been keen to promote good practice in safety assessment of nuclear facilities in 
both national and international fora.  70 

For many years, Sellafield Ltd, formerly British Nuclear Fuels Ltd (BNFL) made use of probabilistic 
safety assessment (PSA) and comparison with a set of radiological risk criteria, as a principle means of 
demonstrating the adequacy of safety of new designs of non-reactor nuclear plant.  The relevant 
radiological risk criteria were defined essentially in such a way that the overall risk from a plant, if the 
criteria were satisfied, would be at the ‘broadly acceptable’ level; there was in addition, an overriding 
obligation to demonstrate that any residual risk was ALARP (as low as reasonably practicable). 

Whilst there had always been an element of deterministic assessment of safety, this had not been by use of 
any formal analysis technique.  However, in the late 1990s, the requirement to demonstrate the adequacy of 
safety by means of a formal and structured deterministic method, in addition to the use of PSA, was 

                                                      
70  CSNI Report,   Use and Implementation of Safety Cases by Regulators and Nuclear Site Operators on Fuel Cycle Facilities in 

NEA Member Countries Jan 2006, CSNI/SEN/FCS(2006)1.   
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addressed.  This highlighted some degree of non-compatibility between the deterministic and probabilistic 
approaches, and identified the need for changes to the method in use for the design of safety measures. 

A previous paper 71 describes the resultant appropriate deterministic analysis technique, and illustrates how 
the requirements of both the deterministic and probabilistic techniques have been integrated within a single 
method for specifying the design requirements for safety measures. 

A guide to the design of safety measures using PSA was in use within Sellafield Ltd (formerly BNFL) for 
several years and has been used on many major projects.   Like other methods of this type, it takes as a 
starting point the list of possible initiating faults which have been identified as having the potential to lead 
to accidents, generally involving a release of radioactivity, and hence result in harm to an individual.  For 
each such initiating fault the method involves determining the severity of the potential accident in terms of 
effective radiological dose to an individual, and estimating the frequency with which the initiating fault 
will occur.  These are illustrated in Figure 1. 

It is generally found that, following use of the method on a typical project, when the full, detailed 
Probabilistic Safety Analysis (PSA) is performed, the probabilistic risk criteria are satisfied.  Note that this 
PSA scheme, whilst specifying the required reliability, makes no stipulation regarding the configuration, or 
actual design, of the necessary safety measures.  Provided the relevant equipment has a suitably high 
reliability, it could be engineered such that it offers only a single line of protection, as opposed to two or 
even three lines.  In the case of a single line of protection, of course, a single failure could prevent the 
safety measure from functioning. 

However, there is a requirement to demonstrate that a design is adequately safe using deterministic criteria, 
in addition to the probabilistic risk criteria.  Doing so leads to safety arguments that are more robust, and 
ensures that there is no over-reliance on the sometimes complex mathematical manipulations required for 
PSA.  The deterministic approach provides a demonstration of adequate degrees of fault tolerance and 
defence-in-depth. 

When faced with the need to incorporate a formal deterministic analysis into an assessment process 
strongly based on PSA, it was found that the deterministic criteria, as originally proposed, were too 
restrictive for application to non-reactor nuclear plant.  A set of deterministic criteria has been produced 
which, whilst still making a valid contribution to demonstrating the adequacy of safety, does not lead to an 
unreasonable level of safety measures being required.  These are illustrated in Figure 1.  The deterministic 
criteria have been in use for several years alongside the probabilistic criteria, and have resulted in 
reasonable and appropriate designs of safety measures to protect against a wide range of initiating faults on 
a wide range of non-reactor nuclear plants.  A very comprehensive overview of the development of safety 
assessment with UK nuclear chemical plant has been published recently72.  

3. Fukushima and Beyond Design Basis Events  

Following the massive earthquake and subsequent tsunami that struck Fukushima Daiichi NPP in Japan on 
11 March 2011, Governments, Regulators and the Nuclear Industry established review programmes to 

                                                      
71

 S Drake, Application of Deterministic criteria in addition to Probabilistic Safety Analysis, OECD Fuel Cycle Safety 
 Conference,  Paris September 2004. 
 
 

72
 PW Ball, Developments in Safety Assessment over the Last Thirty Five Years, The Journal of the Safety and Reliability 

Society, Vol 32 No 4,  
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examine the robustness of their own facilities, and to provide a focus for the learning emerging from 
Fukushima.  In Europe the EC supported the development of “stress tests” by ENSREG which were 
deployed by national regulatory bodies. The output from these ENSREG tests has now been publicly 
reported for UK facilities by the Office for Nuclear Regulation (ONR).   In respect of non-NPP facilities 
e.g. Sellafield, the ONR instructed Site Licence Companies to apply the ENSREG “Stress tests” and to 
report the resultant findings. The ENSREG “stress tests” required evaluation of the resilience of a large 
number of facilities on the Sellafield site and of the integrated site as a whole.  Sellafield has an existing 
programme of safety cases which are subject to regular review and update through the Long Term Periodic 
Review (LTPR) process, a key component of the site licence arrangements.  A safety case is required for 
all high and medium nuclear hazard facilities on the site; safety cases are also prepared for key utilities and 
infrastructure systems.   

To provide a manageable and proportionate basis for applying the ENSREG “stress tests” across a complex 
site such as Sellafield with over two hundred active facilities it was necessary to focus on significant 
plants.  Accordingly all safety cases were reviewed for significant potential fault sequences with an off-site 
consequence threshold of 10 mSv to the critical group.  This threshold is an existing accident risk threshold 
and hence these faults could readily be identified from extant hazard analysis document.  These safety case 
documents had been subject to full internal verification and regulatory review, thus providing a substantive 
foundation for this work.  

To support the requirement to analyse beyond design basis events and the subsequent loss of safety critical 
utilities (as experienced at Fukushima) Sellafield Ltd has developed and applied two further processes, 
Severe Accident Analysis and RESilence Evaluation Process (RESEP), to enable a more developed 
understanding of both potential fault states and the required responses.   These processes use the very 
developed understanding already in place as a result of a comprehensive program of safety cases 
underpinned by extensive DBA and PSA studies.  The focus of the RESEP was to look at prolonged outage 
of services; the SAA focus was to look at plant damage states, this included plant process faults within the 
safety case, and a range of external events. 

4. Severe Accident Analysis  

Severe Accident Analysis (SAA) was developed to allow a comprehensive evaluation of high consequence 
scenarios and provide, when used in conjunction with the outputs of the RESEP process, an enhanced 
understanding of time-related severe emergency management issues for key plants at Sellafield.  This 
understanding will then form a key input to the development of Severe Accident Management Strategies 
(SAMS) for a range of facilities at Sellafield.  These will give strategic guidance on incident response and 
management, inform tactical emergency response instructions, inform the procurement or development of 
equipment specifically required for emergency response and, in addition, develop future emergency 
exercise programmes.  

SAA is hence complementary to existing DBA analysis and PSA techniques and uses a best estimate 
approach to determine the magnitude and characteristics of accident consequences and considers so-called 
‘cliff edge’ effects so as to identify reasonable practicable preventive or mitigating measures for Beyond 
Design Basis Accidents (BDBA) and to provide a basis for emergency plans and Severe Accident 
Management Strategies (SAMS).   

For a diverse and complex nuclear fuel cycle site such as Sellafield, SAMS are key to - 

identifying vulnerable plant areas/systems;  

dealing with external hazards at a site as well as facility level;  
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dealing with domino effects where an incident in one facility/area may have an impact on others; and  

prioritising the response across the site.  

 
As there are common fault initiators, consequence escalation pathways and response strategies, plants have 
been grouped and prioritized, depending on the type, form, magnitude and radiotoxicity of the potential 
release.  The approach to SAA is shown in Figure 1.  In developing the approach to SAA, Sellafield Ltd 
undertook benchmarking visits with EDF (British Energy) who had a well developed and respected process 
for reactors; in addition it reviewed severe accident events in the petrochemical process sector such as 
Deep Water Horizon and Buncefield.  Key to the process is the identification of fault states and the key 
safety functions which have to be maintained to reduce potentially significant offsite doses.  An analysis is 
then carried out of how these key safety functions could be maintained or restored noting any constraints 
(such as high dose rates, the potential for release of contamination or adverse chemical reaction).  These 
modified responses, along with any identified improvements, are then incorporated into Severe Accident 
Management Strategies. A typical output is shown below in Table 1 

Table 1:  Critical Safety Function Identification 

  Shielding Cooling Containment Criticality Control 

Safety Case Bulk shielding 
is robust  

Cooling may 
be lost to the 
vessel if the 
service 
pipework is 
disrupted as a 
result of a H2 
ignition 

Primary containment 
may be lost if vessel 
damaged as a result 
of a H2 ignition 

No issue It may not be possible to empty vessels
using the installed emptying system if 
the vessel integrity is lost.  Large 
volumes of water may be added to 
vessel / cell 

External  
Hazard 

Bulk shielding 
is robust to 
external 
hazards 

The vessel vent 
system is 
vulnerable to a 
seismic event / 
vehicle impact 

Containment is 
robust to external 
hazards 

No issue  No issue 

5. Resilience Evaluation Process (RESEP)  

The RESEP process has been developed as a structured and consistent approach to resilience assessment 
for the Sellafield site that satisfies the requirements of the ENSREG stress tests. Additionally, ENSREG set 
the background scenarios as being, “the most unfavourable operational states that are permitted under plant 
technical specifications” with all plants being simultaneously affected and offsite power assumed to be lost 
for several days, the site isolated from delivery of heavy material for 72 hours and portable lightweight 
equipment for 24 hours. 

RESEP made use of preliminary work undertaken as part of the SAA programme, to develop ‘timelines’ 
for key plants, indicating their dependence on utilities as they are progressively “stressed”, as well as 
assessing the robustness of the emergency arrangements/infrastructure to a severe accident scenario.  The 
plant RESEP process was designed to be carried out in several stages.  Stage one concentrated on the 
individual plants.  Each of the key plants was subject to a plant RESEP which: 

reviewed the robustness of the existing arrangements to prevent/mitigate against the fault. 

“stressed” these arrangements against a number of beyond Design Basis Events (DBE) such as prolonged 
loss of utilities (7 day Site Black Out (SBO), seismic and other signification site wide event such as 
extreme weather) 
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The output from the plant RESEP identified: 

the critical safety functions (CSF) of the plant 

demand on Site Utilities 

demand on central resource such as Sellafield Fire and Rescue Services 

the extent of plant self reliance 

any shortfalls in existing arrangements 

future improvement considerations 

 
The data collected from the individual plant reviews was rolled-up to enable the 'key' plant reliance on site 
utilities i.e. power, water, steam etc and Sellafield Fire and Rescue Services (SF&RS) to be produced and 
therefore, consequently, provide the basis for the next stages of the RESEP process: 

stage 2 of the RESEP process concentrated on Site Wide Utilities  

stage 3 of the RESEP process concentrated on the Communications, Emergency Service and and Site 
control functions   

stage 4 of the RESEP process reviewed the preparedness of the current emergency arrangements when 
challenged with a greater than Design Basis seismic event.   

 
The output from these RESEP stages identified; the “domino” impacts from a loss of utilities, the 
radiological domino impacts and the command and control “domino” impacts.  A key aspect of the RESEP 
approach was to identify the cliff-edge, that point where the Design Basis has been exceeded. 

The key characteristics of this approach are as follows: 

Strong representation from plant operators, coupled with a challenging technical team, who have prepared 
thoroughly 

The process is deterministic (assume that events have happened) and therefore avoids lengthy and complex 
probabilistic analysis, and debate 

Greater emphasis is placed on events and plants with the potential for off-site radiological consequence, 
thus channelling effort to where it can bring greatest benefit 

It is not bounded by the time limits of any regulatory guidance and was applied flexibly.   

Each possible line of defence in the plant is progressively challenged and removed.  This approach 
thoroughly tests the boundaries of each plant’s resilience.  

 
The output from RESEP is being applied to help develop and inform Severe Accident Management 
Strategies (SAMS), by providing timelines which clearly show the timing of degradation in a plant under 
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different challenges.  These timelines will also be adapted for use in emergency control centres.  RESEP 
typically leads to a series of considerations (potential actions which can improve resilience and which 
require further review and justification).   

6. Alignment with UK Regulatory Expectations.  

The primary regulatory expectations are set out within Safety Assessment Principles73.  Three forms of 
analysis can be used to establish a safety case for fault and accident conditions (SAP Fault Analysis FA.1), 
i.e. design basis analysis (DBA), probabilistic safety analysis (PSA) and severe accident analysis (SAA). 

DBA is focused on the key safety measures for those initiating faults that are most significant in terms of 
frequency and unmitigated potential consequences (FA.4 and FA.9);  

PSA considers the full range of fault sequences and allows full incorporation of the reliability and failure 
probability of the safety measures and other features of the design and operations (FA.10 and FA.14); and  

SAA considers significant but highly unlikely accidents where off-site consequences are likely to exceed 
100mSv to the critical group and provides information on their progression, both within the facility and 
also beyond the site boundary (FA.15 and FA.16).  

Sellafield Ltd is satisfied that it has effectively and efficiently met the required standards set out for the 
above analysis, noting that its own SAA criteria has been lowered to 10mSv to take account for variability 
in weather conditions which could give rise variability in off site doses.  Figure 1 illustrates how the 
combination of DBA, PSA, SAA, RESEP and SAMS meet the requirements of defence in depth in nuclear 
safety as highlighted by international best practice such as INSAG 1074.   Sellafield Ltd has placed 
considerable emphasis on maximising learning from Fukushima Daiichi.  This has included significant 
effort in sharing experience with other operators, both nationally and internationally such as: 

Support to a UK Fukushima Working group, sponsored by Safety Directors of all UK nuclear licencees 

Involvement in International Atomic Energy Agency (IAEA) and World Association of Nuclear Operators 
(WANO) conferences  

7. Severe Accident Management Strategies  

A key aspect of the developing phases of an emergency management timeline is that the actual state of 
consequences may be quite difficult to predict in detail. As such, whilst protection strategies for the early 
phase of an incident may be relatively straightforward to characterise and prepare for an identified 
scenario, such strategies following the incident’s onset become increasingly difficult to plan in detail. 
Therefore SAMS are focused at a high level and are to be used primarily to inform strategic response 
planning.  For a large multi facility reprocessing and waste management complex such as Sellafield the 
following factors have to be taken into account. 

 
Complex inter-linked site 

Different risk profile and ageing effects 

                                                      
73 Nuclear Installations Inspectorate, Safety Assessment Principles for Nuclear Facilities (2006 Edition). 
 
74 IAEA,  INSAG 10, Defence in Depth in Nuclear Safety, A Report by the International Nuclear Safety Advisory Group, 1996 
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Strategies for linking plant and waste streams 

Legacy Plants, waste treatment and storage facilities 

Ageing infrastructure  

Budget constraints  

Response strategies could be hampered due to access constraints in a challenging radiological or chemical 
environment. 

Contingency strategies for key risks such as delayed waste disposal routes 

 
Initial combination of these criteria allowed a list of plants to be generated which were then appropriately 
grouped to perform SAA and RESEP studies. A further phase of work will look at the overlaid and 
composite effects to allow response to beyond design basis events on what is a relatively compact site.   

8. Conclusions 

The effective application of resilience learning to spent fuel management facilities presents an unusual 
challenge, as the tests have typically been framed with a Light Water Reactor in mind.  This paper sets out 
the approach taken by a UK operator of spent fuel facilities and highlights some of the approaches used to 
overcome these challenges. To support the requirement to analyse beyond design basis events and the 
subsequent loss of safety critical utilities (as experienced at Fukushima),  Sellafield Ltd has developed two 
further processes, Severe Accident Analysis and Resilience Evaluation, to enable a more developed 
understanding of  both potential fault states and the required responses. These processes use the very 
developed understanding already in place as a result of a comprehensive programme of safety cases.   

These approaches to resilience analysis and improvement have enabled new learning to be derived, whilst 
residing effectively within existing IAEA standards and within the existing national regulatory framework.  
This further demonstrates the effectiveness of both existing standards and regulatory frameworks. The 
techniques developed since Fukushima have been effectively applied to the range of fuel cycle facilities 
covering fuel receipt ponds, reprocessing plants, waste treatment facilities and product stores.  These 
reviews have considered the resilience of complex, diverse fuel management facilities, comprising many 
tens of plants, with different functions. Some plants have already been operated for up to 60 years, and the 
operational life of some of the site facilities currently extends to 2120.   The driving objective was to 
improve protection to the workforce and the public by maximising the learning from Fukushima.  Such 
improved protection only becomes effective if action is taken.  Therefore, the focus was on balancing the 
depth of analysis with the promptness and practicality of action. 
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Figure 1:  Integration of Methods  
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INTRODUCING SYSTEMATIC AGING MANAGEMENT FOR INTERIM STORAGE 
FACILITIES IN GERMANY 
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Öko-Institut e.V., Germany 

Gerhard Schmidt 
Öko-Institut e.V., Germany 

 
 

Abstract  

In Germany twelve at-reactor and three central (away from reactor) dry storage facilities are in operation, 
where the fuel is stored in combined transport-and-storage casks. The safety of the storage casks and 
facilities has been approved and is licensed for up to 40 years operating time. If the availability of a final 
disposal facility for the stored wastes (spent fuel and high-level wastes from reprocessing) will be further 
delayed the renewal of the licenses can become necessary in future. Since 2001 Germany had a regulatory 
guideline for at-reactor dry interim storage of spent fuel. In this guideline some elements of ageing were 
implemented, but no systematic approach was made for a state-of-the-art ageing management.  

Currently the guideline is updated to include all kind of storage facilities (central storages as well) and all 
kinds of high level waste (also waste from reprocessing). Draft versions of the update are under discussion. 
In these drafts a systematic ageing management is seen as an instrument to upgrade the available technical 
knowledge base for possible later regulatory decisions, should it be necessary to prolong storage periods to 
beyond the currently approved limits. It is further recognized as an instrument to prevent from possible and 
currently unrecognized ageing mechanisms. The generation of information on ageing can be an important 
basis for the necessary safety-relevant verifications for long term storage.  

For the first time, the demands for a systematic monitoring of ageing processes for all safety-related 
components of the storage system are described. In addition, for inaccessible container components such as 
the seal system, the neutron shielding, the baskets and the waste inventory, the development of a 
monitoring program is recommended. The working draft to the revised guideline also contains 
recommendations on non-technical ageing issues such as the long-term preservation of knowledge, long 
term personnel planning and long term documentation as well as further aspects concerning the 
organization of the operator. 

The application of the draft guideline is currently under test in selected storage facilities. The application 
process is closely monitored to evaluate its feasibility and to identify possible improvements for a later 
upgrade. 

1. Technical and legal background 

Up to 2002 two central storage facilities for spent fuel and high-active waste were in operation (see 
Table 1, storage capacity and emplaced wastes in metric tHM). 
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Table 1. Central storage facilities, their capacity and emplaced wastes as of 31.12.201075 

 
The facilities were licensed and built in the Eighties, waste emplacement started later on. Licensed in both 
facilities is the storage of spent fuel. Currently the facility in Gorleben is the only storage with a license to 
store high-active waste from reprocessing. 

In 2002, additional at-reactor storage facilities were licensed, built and are operated since then (see 
Table 2). 

Table 2. At-reactor storage facilities, their capacity and emplaced wastes as of 31.12.201075 

 

Storage capacities of the facilities were designed for and limited by the permit to accommodate the needs 
for the then-applying legal operating limit of the reactors. The licenses for these facilities were granted for 
a storage period of 40 years, following the first cask emplacement. 

2. Regulatory background 

In the Eighties and Nineties the two central facilities were not very specifically regulated. Most of the 
applied rules were taken from analogous application. Specific and detailed regulation was first issued when 
the additional at-reactor-storages were applying for licenses. In a guideline76 explicit safety requirements 
for the design and operation of spent fuel storages were set and applied within the permitting process for 

                                                      
75  Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste Management 

Report of the Federal Republic of Germany for the Fourth Review Meeting in May 2012. – Bonn, August 2011 

 http://www.bmu.de/fileadmin/bmu-import/files/english/pdf/application/pdf/jc_4_bericht_deutschland_en.pdf  
76  Reactor Safety Commission (RSK): Safety Guidelines for Dry Interim Storage of Irradiated Fuel Assemblies in 

Storage Casks. – Bonn, April 5, 2001 

 http://www.entsorgungskommission.de/englisch/downloads/rskonlineempfdryinterime1.pdf  
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those facilities. The guideline’s scope was explicitly limited to the storage of spent fuel in the decentralized 
at-reactor facilities. 

After roughly ten years the guideline required an update mainly to 

accommodate and include the central storage facilities as well to end the diverted path for central and at-
storage storages and to achieve an overall applying regulation for all similar facilities, 

fit the regulation to high-active waste as well, because of the relevant amount of those wastes stored 
nowadays and the similar requirements for the storage of those wastes, 

upgrade the regulation to achieve full and more explicit compatibility with WENRA’s Safety Reference 
Levels77, 

include more recent developments in other areas of nuclear regulation (such as newly formulated 
requirements for Safety Management Systems), and to 

approach a more systematic ageing management. 

One of the main differences between the German regulatory framework and WENRA’s SRLs concerned 
periodic safety reviews (PSRs, see ref.77). While PSRs were to be conducted for nuclear reactors, and a 
detailed set of requirements for those reviews was in effect, those were at that time not required for storage 
facilities. The discussion process within the Nuclear Waste Management Commission (ESK) therefore lead 
to two new guidelines: one for PSRs78 and another one as a general safety guideline79. Both guidelines now 
apply to all storage facilities uniformly. 

3. Regulating ageing  

In its previous guideline RSK76 addressed ageing aspects very specifically for certain design and 
operational specialties (e.g. for the technical layout of certain structural components like the building 
materials against wear from thermal loads). In its section 2.15 “Long-term and ageing effects, long-term 
monitoring” ageing was explicitly addressed. The following requirements were set as minimum: 

At intervals of 10 years, the facility operator regularly has to prepare a report about the condition of the 
storage building and the components necessary for interim storage. 

The condition of the storage building and of the components necessary for interim storage has to be 
inspected by walk-down and suitable measures. 

                                                      
77  See the evaluation results in: WENRA Working Group on Waste and Decommissioning (WGWD): Waste and 

Spent Fuel Storage Safety Reference Levels Report, Version 1.2, February 2011, page 40 ff 

 http://www.wenra.org/media/filer_public/2012/08/30/wgwd_v1-2waste-and-spent-fuel-storage-safety-reference-
levels.pdf  

78  Nuclear Waste Management Commission (ESK): ESK recommendations for guides to the performance of 
periodic safety reviews for interim storage facilities for irradiated fuel elements and heat-generating radioactive 
waste (PSÜ-ZL). – Bonn, 04.11.2010, 

 http://www.entsorgungskommission.de/englisch/downloads/eskepanlage1esk14homepageen.pdf  
79  Nuclear Waste Management Commission (ESK): Guidelines for dry cask storage of spent fuel and heat-

generating waste. – Revised version as of 29.11.2012 (originally issued 21.06.2012), Bonn 2012, 
http://www.entsorgungskommission.de/englisch/downloads/eskempfehlungesk30llberevfassung29112012e.pdf  
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Recurrent settlement measurements have to be performed for the storage building. 

Random inspections of the storage casks have to be carried out. 

The results of recurrent inspections have to be evaluated. 

As the period of 10 years of operation just exhausted last year for the very first constructed decentralized 
storage facilities, no 10-year-report (first requirement) has come to light so far, that we are aware of. 

As can be seen, ageing phenomena were fully addressed, but a systematic ageing management was not 
formulated as part of those requirements. 

Both new guidelines of 2010 on PSRs and 2012 on Safety address ageing. The 2012 guideline on Safety 
states: 

“For the management of the long-term and ageing effects during the applied-for duration of use of the 
interim storage facility, an ageing management concept is to be submitted and measures to be carried out 
in accordance with the recommendations on ageing management.”79  

In its section 5.5 the PSR guideline states: 

“With regard to technical ageing, reviews are to be performed and evaluated and the results are to be 
presented. As part of the PSR, the measures existing for the interim storage facility with regard to 
technical ageing (ageing management) are to be reviewed.” 78 

 
The PSR guideline will be put into effect in a two-stage process, and so will be ageing management: 

1. In Phase I of the process the guideline will be applied for two interim storage facilities (one 
central, one decentral). The process will be monitored and lessons learned will be drawn. 

2. In Phase II of the process the guideline will be updated to reflect the lessons learned from the first 
stage. In this phase the guideline is planned to be finalized and then applies for all storage 
facilities. 

To provide initial guidance for setting up ageing management programs ESK has issued a draft working 
paper on ageing management, to be tested together with the PSR guideline. The working paper’s 
requirements for a monitoring concept for ageing addresses the following issues: 

General: Sampling specificly to be derived from ageing and damaging mechanisms as well as from safety 
relevance of components, frequency for checks max. every 10 years, 

Cask component: Depending from accessibility, accessible components require regular, representative 
checks at each storage facility; non-accessible components require a systematic national monitoring 
program. 

Building: Design requirements, specifically handling components have to remain functional over the whole 
operating time, walk-downs and regular checks and inspections required, reporting requirements. 

Components with indirect safety functions: for all those components a systematic analysis of stress and 
ageing mechanisms has to be performed, based on this the regular inspection scheme has to be evaluated 
and, if necessary, to be improved and specific ageing detection added. 
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For the last category, components or parts, the attachment to the working paper offers a template that 
demonstrates in more detail what is expected. The template is given in Table 1. 

Table 1. Proposed template for registering components for ageing inspections  

Component/Part  
Material(s)  
Function(s)  
Safety Objective  Direct Indirect 

 Enclosure   
 Shielding   
 Subcriticality   
 Heat transfer   

Stress/Wear under normal 
operation 

Intensity Damage mechanism(s) 
Ageing effects 

Mechanical   
Thermal   
Radiation (γ, n)   
Envir. condit. 
Moisture 
Other media 
Corrosion 

  

Inspection methods  
 

With applying that template to all components and parts that are directly or indirectly contributing to 
safety, a more systematic approach has been chosen. 

Additionally, the working paper includes aspects of non-technical ageing, such as 

long term availability of personal and qualification/knowledge/experience, 

knowledge preservation and its updating and improving, 

documentation in respect to safety and later disposal of the wastes, 

safety management, 

digital data storage and preservation. 

 
The working paper has been issued by BMU in a limited form and is recommended for testing. 

4. Conclusions 

Ageing management is currently introduced in Germany in storage facilities for spent fuel and high-active 
waste. The necessary provisions, in general, are set in the newly introduced guidelines for Periodic Safety 
Reviews, while a working paper provides guidance in more detail. 

Ageing management is here understood as a necessity to improve compatibility with international (EU, 
WENRA, IAEA) regulatory framework. 
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Ageing management is necessary to maintain safety over long (40 years) and perhaps even longer periods 
of storage and to detect and identify ageing mechanisms for all components that are directly or indirectly 
prone to such slow changes. 

According to the influencing factor of non-technical aspects for long-term safety, such as knowledge 
management or long-term aspects of management systems a wider scope was chosen. 

The first steps in ageing management are performed, now the proposed regulation has to be tested in 
practice and later improved. 
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Abstract 

The need to extend the dry storage of spent nuclear fuel for periods longer than originally intended 
(referred to as “long-term interim storage”) is presently receiving significant attention in the United States 
(U.S.) as well as other countries (e.g., Extended Storage Collaboration Project, Electric Power Research 
Institute). On-going efforts are developing the technical basis to show that long-term interim storage is 
safe, and if these efforts are successful, they will support the licensing of dry storage systems for extended 
periods.  

The ultimate goal in many countries is to manage the back-end of the nuclear fuel cycle by permanently 
disposing of spent fuel, most likely in deep geologic repositories. Therefore, it is important to ensure that 
as development of long-term interim storage progresses, adequate consideration is given to issues that may 
affect disposal. Some examples of long-term storage issues that could have a significant effect on the 
design and operation of future disposal systems are: 

The need to re-package spent fuel of advanced age (e.g., 100 yr or older) because of constraints associated 
with the disposal system, which may depend on the geologic setting. 

The alternative need to directly dispose of spent fuel in large storage canisters that are incompatible with 
current repository designs or waste packages. 

                                                      
80  SAND2013-2468 C 
2  Corresponding author: Evaristo J. (Tito) Bonano, Ph.D., Senior Manager, Sandia National Laboratories, P.O. Box 

5800 MS 0736, Albuquerque, NM 87109-0736 USA, ejbonan@sandia.gov 
3 Sandia National Laboratories is multi-program laboratory managed and operated by Sandia Corporation, a wholly 

owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear 
Security Administration under contract DE-AC04-94AL85000. 
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Special considerations for high-burnup spent fuel such as heat output and the potential for fuel damage that 
could impact repository design and thermal management. 

These examples point to the need to integrate the design and operation of long-term interim storage 
systems with planning for geologic disposal. The types of integration issues include technical (safety), 
economic, regulatory, and sociopolitical.  

This paper begins with a brief review of spent fuel aging and condition issues and ongoing technical 
investigations. It then projects spent fuel inventory in the U.S. over the extended lives of all existing 
nuclear power reactors, and the types of dry storage/transportation systems being used. Integration issues 
are explored using a few representative disposal concepts that could be implemented in the U.S.: 

Cavern-retrievable disposal systems whereby long-term interim storage is moved into underground 
caverns, which may eventually be adapted to disposal by installation of engineered barriers. 

Salt repositories in which waste packages are emplaced and immediately covered with crushed salt 
backfill. 

“Hard rock” repositories in unsaturated geologic settings, with long-term ventilation for cooling, followed 
by permanent closure but without backfilling emplacement areas. 

Sedimentary disposal concepts with long-term ventilation for cooling, followed by permanent closure 
without backfilling emplacement areas. 

Each of these is associated with specific integration issues including storage and disposal system designs, 
worker dose, cost and financing, schedule, among others.   

1. Current Situation in the U.S. 

Since the 1960s, commercial nuclear power plants in the U.S. have stored spent fuel in pools at the reactor 
sites. As these spent fuel pools approached full capacity, the industry implemented dry storage. Since the 
first independent spent fuel storage installation (ISFSI, or dry storage facility) was licensed by the NRC in 
1986, more than 60 additional ISFSIs have been licensed for commercial power plants. As of February 
2013, over 68,000 assemblies are stored in over 1,700 dry storage casks (StoreFUEL 2013). If the federal 
government does not start taking possession of spent fuel by 2026, it is estimated that by then, all but three 
of the 104 currently operating commercial reactors will require dry storage to accommodate operations 
(NEI 2011). The NRC licenses were initially issued for up to 20 years, but in 2011, NRC revised 10 CFR 
72.42(a) to allow initial terms of up to 40 years with the possibility of renewal for another 40 years.  

In 2010 and following the decision to terminate the Yucca Mountain Project, the U.S. Department of 
Energy (DOE) established the Blue Ribbon Commission on America’s Nuclear Future (BRC) to conduct a 
comprehensive review of policies for managing the back end of the nuclear fuel cycle and recommend an 
updated strategy. In 2012, the BRC issued its report with a recommendation to adopt a new, consent-based 
approach to siting future nuclear waste management facilities (BRC 2012). The BRC also recommended 
that reasonable time horizons be established for major stages of the waste management program, for 
example, 15 to 20 years for siting, characterization and licensing for a geologic repository, and 5 to 10 
years for a consolidated storage facility. In January, 2013 the DOE issued a strategy in response to the 
BRC recommendations that proposes the siting and operation of an initial interim storage facility by 2021, 
a larger one by 2025 and a repository by 2048 (DOE 2013). If these timeframes are met, receipt of spent 
fuel by the U.S. government will be delayed at least 20 to 30 years from the original date of 1998, and the 
earliest receipt will occur at least six decades after the first commercial spent fuel was produced. 
Moreover, once a storage site or geologic repository is available, it will take decades to transport all the 
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spent fuel from the reactor sites. The actual time to transport all the spent fuel will depend on the 
infrastructure available, but in response to growing projections of storage times, the NRC directed its staff 
to examine the technical and regulatory issues for storage periods beyond 120 years (NRC 2012). 

In response to delays in repository development, the NRC updated its “Waste Confidence Decision and 
Rule,” from the 1984 projection of a repository ready to accept waste by 2009, to the 2010 decision that 
spent fuel may be safely stored for at least 60 years beyond the operating life of each reactor and that a 
repository will be ready “when necessary.”. In response to a decision by the U.S. Court of Appeals for the 
District of Columbia, the NRC has stopped all licensing activities that rely on the Waste Confidence 
Decision and Rule while it drafts a new Environmental Impact Statement for spent fuel storage licensing 
(NRC 2013).  

More recently, the NRC announced that it is reviewing its requirements and guidance related to 
retrievability and cladding integrity (NRC 2013). In particular it is reviewing whether to continue to define 
retrievability as the ability to remove assemblies by normal means from their storage casks/canisters, or 
whether to allow a new canister-based definition that would not involve handling of individual assemblies. 
The canister-based definition is favored by industry because it would facilitate storage licensing for 
extended times and high-burnup fuel. However, this definition change could complicate assembly 
retrievability if repackaging is required for disposal. Whether to apply a canister-based definition could be 
left to the licensee based on design, operational, and safety considerations. 

2. Spent Fuel Projections 

At the end of 2012 spent fuel was in dry storage at 55 reactor sites in the U.S. (including shutdown reactor 
sites). The total inventory in dry storage consisted of 55,000 fuel assemblies from pressurized water 
reactors (PWRs) and boiling water reactors (BWRs) stored in 1,500 canisters comprising 15,600 MTU 
(about 29% of the total U.S. spent fuel inventory). Unless a repository becomes available by 2060,81 the 
accumulation of spent fuel will continue to grow as shown in Figure 1. The total inventory shown by the 
solid red line is for the “Low Nuclear Case” of the projected nuclear electric capacity (EIA 2012). This 
case assumes one 20-year license extension for each of 104 reactors (the last reactor shuts down in 2054), 
6.8 GW capacity from new builds, and 0.8 GW added capacity from uprates. The dotted red line is for the 
“Reference Nuclear Case” (EIA 2012) that assumes 40-year license extensions, and greater capacity from 
new builds and uprates (Kalinina 2012). 

The inventory in dry storage was calculated using the TSL-CALVIN logistics simulator (Nutt 2012) 
assuming that spent fuel is not transported from reactors. This code has a detailed database of parameters 
that reflect actual plant conditions, and it models each plant and reactor separately. In the simulations 
(Figures 1 through 4) spent fuel is loaded into dry storage casks if the pool is at capacity and the fuel is at 
least 5 years old (assuming it meets storage cask thermal limits). It is assumed that the storage systems 
currently in use at each site will be used in the future, including final unloading of the fuel pool. The 
results show that by the end of 2060, assuming spent fuel is not transported from currently operating 
plants, that there will be 11,154 loaded dry storage canisters, with PWR fuel in canisters containing 32 or 
24 assemblies, and BWR fuel in canisters containing 68 or 61 BWR assemblies. 

                                                      
81  DOE’s response to the BRC recommendations proposes the availability of a repository by 2048 (DOE 2013). 
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 Figure 1. Projected Cumulative UNF  Figure 2. Projected Cumulative Number of     
 Inventories at the Reactor Sites.    Canisters in Dry Storage at the Reactor Sites. 

 

 
 Figure 3. Thermal Output of Dry Storage Canisters Figure 4. Utility Costs Associated with At-Reactor 
  at the Time of Loading.    Dry Storage. 

             NOTE: Maintenance includes dry storage  maintenance  
             at the operating and shutdown sites and pool maintenance  

            at the shutdown sites 

Cumulative costs to implement dry storage for all commercial spent fuel at the power plant sites (Figure 4) 
were projected for the entire commercial fleet using TSL-CALVIN, based on application of compiled unit-
cost data. A uniform cost for ISFSI construction is applied at all sites, then dry storage costs are 
accumulated based on the number and types of canisters and storage casks loaded at each site. Utility costs 
begin to accelerate (to $915 million per year) starting around 2035 when more plants will be shutting 
down. The peak annual cost of $1,323 million is calculated for the year 2049. While these are rough 
estimates, they show that the cost of long-term ISFSI maintenance is comparable to the total cost of 
construction, procurement, and fuel loading. Maintenance cost is directly related to storage duration, which 
is determined by the path to ultimate disposal. Construction and canister costs can be limited using more 
expedient disposal solutions, particularly after 2035. 

The fleet cost projections for canister procurement and loading also provide insight as to the cost of re-
packaging. The cumulative totals sum to approximately $15,000 million for approximately 140,000 MTU 
of spent fuel, or approximately $0.1 million per MTU. This includes the cost of procuring, loading and 
sealing new containers. A more detailed estimate for re-packaging cost could be greater because it would 
also need to include cutting open storage canisters and disposing of the remains as low-level waste, and the 
new facilities required to accomplish this. 

Much of the spent fuel inventory in the U.S. will be available for disposal, and much of that will be in dry 
storage, even if reprocessing of commercial spent fuel is eventually implemented. A recent study of spent 
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fuel attributes recommended that a small fraction (roughly 2%) of current inventory be retained for fuel 
cycle research and development (Wagner et al. 2012). The remainder (approximately 68,000 MTU, of 
which more than 15,000 MTU is in dry storage) can be disposed of with little likelihood of impacting feed 
stock availability for future reprocessing. The same analysis also points out that by the time industrial-scale 
commercial reprocessing could be operational, the recycling throughput would likely be roughly equivalent 
to ongoing reactor discharges at that time. Thus, existing spent fuel and additional fuel accumulated up to 
that time would not be needed for reprocessing, except possibly for a small fraction that could serve as 
initial feedstock. If reprocessing is delayed, more spent fuel will be available for disposal. As an example, 
if reprocessing begins in 2030 then spent fuel accumulated up to 2025 might be disposed (Wagner et al. 
2012) depending on the fuel cycle technology, amounting to approximately 100,000 MTU with 45,000 
MTU of that in dry storage (Figure 1). 

3. Re-Packaging vs. Direct Disposal 

Because of the expense (Section 2) and worker dose involved with loading spent fuel into containers 
(approximately 0.37 person-rem/canister for the industry base case with 10,000 canisters; EPRI 2012) and 
the comparable consequences that may be projected for unloading, it is desirable to load fuel once into a 
container that will ultimately be used to disposition the fuel, whether that disposition is disposal or 
recycling. Previous solutions included the transportation, aging, and disposal (TAD) canister design (DOE 
2008). The TAD canister would have been loaded with spent fuel at the reactor pools, placed in a 
transportation cask, and shipped to the repository where it was to be sealed into a disposal waste package 
and emplaced underground. The TAD canister design was for 21 PWR or 44 BWR assemblies, which is 
smaller than most dry storage casks in use today.  

Ideally, a standard canister for storage, transportation and disposal of spent fuel would have been 
established before significant transfer of fuel from pools to dry storage. For future transfers, a standardized 
canister could eliminate the need to re-package the fuel for disposal. This would constitute strong 
integration between interim storage and plans for disposal, however, the disposal concept and therefore the 
geologic setting and possibly the disposal site would need to be selected. In view of the current U.S. 
situation with various canister designs in use and no disposal site identified, some repackaging of 
canistered fuel will likely be necessary (unless all canisters can be disposed of directly, which is very 
uncertain). The amount of repackaging needed will be determined once a repository site is selected and the 
thermal management and other constraints are known. 

When re-packaging is done, it is important that the spent fuel assemblies withstand the handling stresses. 
There is some confidence in fuel integrity during and after storage because current NRC dry-storage 
licensing guidance requires applicants to demonstrate that intact spent fuel assemblies will remain 
structurally sound and retrievable by normal means during the license period (NRC 2010). Retrievability 
has been demonstrated for low-burnup fuel in dry storage for 15 years (EPRI 2002). However, questions 
remain regarding the retrievability of high-burnup fuel following extended storage (Hanson et al. 2012). In 
particular, it is not known whether the high temperature of spent fuel during drying and early storage will 
cause the hydrides within zirconium-alloy cladding to reorient and thus raise the cladding ductile-to-brittle 
transition temperature. Reorientation occurs when the circumferential hydrides dissolve into the zirconium 
alloy at high temperature, and then precipitate in the radial direction in response to hoop stress on cooling. 
This effect is increased with increased hydride concentration, which is a function of burnup, and with 
increased peak temperature exposure. If during extended storage the temperature of spent fuel cools below 
the cladding ductile-to-brittle transition temperature, which has been raised by hydride reorientation, the 
cladding may be damaged during later handling and transport. DOE is currently investigating which 
temperature and stress conditions may lead to cladding embrittlement, for comparison with the conditions 
expected during drying and storage. If there is a reasonable likelihood that cladding embrittlement will 
occur, then either re-packaging will have to deal with damaged fuel, or storage canisters loaded with spent 
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fuel will be disposed of directly. Re-packaging of grossly damaged fuel would be expensive compared to 
operations involving undamaged fuel, and could significantly increase worker dose.  

In light of the current U.S. situation and uncertainty as to the condition of spent fuel during long-term 
interim storage, the capability (or lack of one) to directly dispose of spent fuel in large storage canisters 
(e.g., 32-PWR size or larger) could have a large impact on spent fuel management in the U.S. However, 
this capability has not been demonstrated, and analysis has shown that most geologic disposal concepts 
being pursued internationally cannot accommodate the extra heat generation. To further analyze how long-
term interim storage impacts disposal, some example direct disposal concepts are considered below. 

4. Integrated Disposal Concepts – Examples 

4.1 Cavern Storage and Disposal Concept 

This concept would use the dry storage casks already deployed at nuclear power plants, relocated to large 
galleries or caverns underground (Figure 5; McKinley et al. 2008; EPRI 2010). Storage casks would 
typically be transported to the repository separately from the canisterized waste, which would be moved in 
transport casks. The concept could also be used for self-shielded containers such as CASTOR casks. Use 
of existing hardware, without re-packaging, would limit disposal cost. The concept emphasizes 
retrievability from the underground facility throughout repository operations (e.g., 100 to 200 years). At 
repository closure the storage systems would be fully encapsulated in low-permeability backfill material. 
One variation would emplace existing canisters of spent fuel into purpose-built, self-ventilating, 
underground vaults that are designed and pre-constructed for both disposal and storage. 

Figure 5. Schematic of Cavern Storage and Disposal Concept. 

 
 

The cavern storage and disposal concept could be implemented in saturated or unsaturated host media, 
although unsaturated settings could offer less potential for groundwater penetration of the backfill and 
other engineered barriers. It would require large galleries (at least 6 m wide and 8 m high) and minimum 
100-year opening stability, although casks could be moved for gallery maintenance if needed. Storage 
casks cool by natural convection into the surrounding air, and the emplacement galleries would be 
ventilated using a combination of forced and natural convection. Conditions would be dry during 
ventilation, especially for host rock of sufficiently low permeability (e.g., bulk permeability of 10-16 m2 or 
less), or in the unsaturated zone. Closure operations could proceed when heat output had decayed 
sufficiently to limit backfill temperature (e.g., below 100°C).  



 NEA/CSNI/R(2013)10 

 355

Cavern storage and disposal concepts have the distinct advantage of being shielded, ventilated systems that 
would allow access for preventive maintenance and monitoring, for at least 100 years and potentially much 
longer. One motivation for cavern-retrievable storage is the option to extend storage well beyond 
100 years, and another is a small repository footprint that could be useful at small sites (EPRI 2010, 
Appendix B). 

This concept has not been thoroughly evaluated in the technical literature and presents R&D opportunities, 
for example: 1) to understand the longevity of licensed storage casks in the underground environment, both 
preclosure and postclosure; 2) to define the geometry, materials, and waste isolation performance of the 
backfill and other engineered barriers installed around the storage casks; 3) to simulate temperature 
histories for the casks and the EBS; and 4) to evaluate whether the concept would function significantly 
better in the unsaturated zone. 

Cavern storage and disposal concepts present several challenges for integration with ongoing storage. 
Early implementation would be needed to take advantage of benefits such as: 1) savings from consolidated 
management of spent fuel, 2) minimizing the number of surface installations, and 3) incurring major 
disposal costs in the same generational time frame as the benefits from nuclear power. Disposal siting 
would need to consider special factors such as stability of large openings, and ramp access. Storage system 
standardization could improve the effectiveness of disposal, however, more than 15,000 MTU of spent fuel 
are already in dry storage in the U.S. (Section 2).  

4.2 Salt Repository with In-Drift Emplacement 

A generic salt repository concept was originally proposed for high-level waste glass (Carter et al. 2011) 
and was extended to spent fuel (Hardin et al. 2012). Waste packages would be emplaced on the floor in 
dedicated alcoves or drifts, and immediately covered with crushed salt from nearby underground 
excavations (Figure 6). Salt has unique thermal properties that facilitate disposal of larger, hotter waste 
packages. Thermal conductivity is higher than most other rock types, and salt can tolerate peak 
temperatures of 200°C. While salt does creep, the shear stresses imparted by emplaced waste packages are 
small compared to the effects from excavation, so even large packages would not move significantly after 
reconsolidation of mined openings. Both bedded and domal salt would be suitable for spent fuel disposal. 

Figure 6. Schematic of Generic Salt Repository for Spent Fuel. 
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Waste package disposal overpacks would consist of low-alloy steel (or nodular cast iron, etc.) to maintain 
mechanical and containment integrity during handling and for a few decades after emplacement (e.g., to 
facilitate possible retrieval for 50 yr). Repository layouts would be designed for simplicity and to spread 
out heat-generating packages. No ventilation would be possible after emplacement and backfilling, other 
than to maintain airflow separation between emplaced waste and operational areas of the underground 
facility. Access drifts and other service openings would be backfilled with crushed salt prior to closure. 
There would be little or no radiological risk to workers performing repository closure operations, once the 
emplacement alcoves, drifts or boreholes are backfilled. 

The repository would be excavated using boom-type road headers, and floors would be bare rock as proven 
feasible at the Waste Isolation Pilot Project (WIPP) for rubber-tired equipment. Ground support would be 
similar to excavations at the WIPP. Opening sizes would range up to 8 m wide and 4 m high. Experience 
has shown that it is possible to maintain these large openings until waste has been emplaced and the rooms 
are backfilled and closed. Waste packages would be transported and handled underground in the horizontal 
orientation to limit the necessary height of excavations (potentially important in bedded salt). Waste 
package transport would require a ramp, or a large shaft hoist such as that tested at Gorleben, Germany, 
scaled up to sufficient payload capacity (e.g., 175 MT). Design and feasibility of such hoists are areas of 
ongoing engineering analysis. 

Vertical shafts would generally be favored to access a salt repository, although this depends on site-
dependent geomechanics and hydrology, and is not a universal requirement. Shaft geometry minimizes the 
excavation area exposed to any weak rock layers or water-bearing strata overlying the repository. This 
facilitates construction and eventual sealing of shaft openings at repository closure. Strata in sedimentary 
basins where bedded or domal salt is found may be poorly indurated, complicating ground support during 
construction and final plugging and sealing. A waste handling ramp could be located at sufficient 
horizontal distance from waste emplacement areas, to ensure that plugs and seals can effectively isolate 
those areas from groundwater. Heavy rubber-tired transporters could be used in ramps with up to 
approximately 10% grade (Fairhurst 2012).  

Salt repository concepts offer excellent flexibility for integration with ongoing storage because of the 
inherent simplicity of emplacement, heat dissipation characteristics, potential for relatively early closure of 
the repository, and relatively low cost (Hardin et al. 2012). The heat dissipation capability of salt means 
that waste in large canisters (e.g., 32-PWR size) can be emplaced after only 50 to 70 years out-of-reactor 
(assuming that canisters meet thermal and radiological limits for transport). This in turn means that major 
disposal costs could be incurred in the same generational time frame as the benefits from nuclear power. 
Moving waste into the repository sooner could allow reuse of dry storage casks (overpacks) at the ISFSIs, 
with associated cost savings. Disposal siting would need to consider special factors such as the overlying 
stratigraphy, and shaft vs. ramp access. 

4.3 Hard-Rock, Unbackfilled, Unsaturated In-Drift Emplacement Concept 

This concept is similar to a previous unsaturated, hard-rock design (DOE 2008) in which waste packages 
would be made from a corrosion resistant alloy (e.g., Hastelloy), and emplaced on pedestals in open drifts, 
where they would be ventilated for 50 to 100 years (Figure 7). At repository closure the packages would be 
further protected by additional engineered barriers for water diversion (e.g., drip shields).  
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Figure 7. Schematic of the Hard Rock Unbackfilled, Unsaturated, In-Drift Emplacement Concept. 

 
 
The drifts would not be backfilled at closure, which would be costly and would increase package 
temperatures substantially. For clay-based backfill with a peak temperature limit up to 200°C, installation 
would be delayed at least 200 years (Hardin and Voegele 2013; Section 6.2). The option to backfill the 
emplacement drifts remains open until closure, but with higher associated peak package temperatures. 

The hard-rock repository concept provides significant opportunities for integration with interim storage. A 
multi-purpose canister for use with this concept was proposed previously (DOE 2008) and demonstrated to 
be technically feasible and to offer significant cost savings and operational advantages. The heat removal 
capacity of a ventilated hard-rock repository has advantages similar to other concepts, namely that even the 
hottest spent fuel can be emplaced after approximately 50 years out-of-reactor, which means that disposal 
costs can be incurred earlier, and storage facilities can be reused. 

4.4 Sedimentary, Unbackfilled, In-Drift Emplacement Disposal Concept 

The concept involves emplacing waste packages in small-diameter drifts, ventilating for up to 100 years, 
then sealing the emplacement area in segments containing small numbers of packages (Figure 8). Waste 
packages would not be sealed off from others within the same segment, but segments would be isolated off 
from other segments in the repository. The idea is that isolating every package with low-permeability 
backfill is not necessary in a massive, low-permeability formation without through-going features that 
conduct groundwater flow. However, the possibility of such features (e.g., conducting faults) intersecting 
emplacement drifts makes it prudent to isolate segments of the repository so that only a few packages 
could be affected by each intersection. By isolating each segment from the remainder of the repository, the 
potential radionuclide migration from each segment effectively resembles that from a single, larger waste 
package. Note that this concept would not require long-term waste package containment integrity, so that 
simpler materials such as low-alloy steel could be used. 
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Figure 8. Schematic of the Sedimentary, Unbackfilled, In-Drift Emplacement Concept. 

 
 

Waste packages would have overpacks made from low-alloy steel to facilitate handling, emplacement, 
resistance to rupture by rockfall, and containment for an initial period of a few hundred years. Packages 
would be emplaced on simple pedestals to control radiative heat transfer and provide additional height in 
the event of rockfall. 

The unbackfilled approach does not require backfilling emplacement drifts at closure, and therefore does 
not need to meet backfill temperature limits. Backfill installed in non-emplacement areas would be situated 
far from waste packages where temperatures are much lower. The approach also leaves the emplacement 
drifts open after closure for heat transfer to occur. Underground openings and ground support would be 
designed to allow only minor rockfall for 50 to 100 years to facilitate inspection and retrieval as well as 
ventilation. The drifts would be expected to collapse eventually, but mostly after the time period when 
peak temperatures occur. The option to backfill the emplacement drifts remains open until closure, but with 
higher associated peak package temperatures as noted for the hard-rock concept. 

This concept is based on a reference case (Hardin et al. 2012) with drift and package spacings of 70 m and 
20 m, respectively. Thermal analysis shows that low-burnup spent fuel could be readily accommodated 
without exceeding a host rock temperature of 100°C, and that high-burnup fuel (60 GW-d/MT) could be 
emplaced with expanded repository spacings, and closure at 150 years out-of-reactor (Hardin and Voegele 
2013). These time frames are within the range of disposal concepts being investigated for disposal of spent 
fuel in the U.S. Thermal analysis also shows that backfill (with a peak temperature limit near 100°C) is not 
practicable except for small (e.g., 4-PWR size) waste packages. 

For disposal of large waste packages (e.g., 32-PWR size) this concept would require more repository area 
than the other concepts presented here (by 2 to 3 times) for heat dissipation. Many more miles of 
underground tunnels in sedimentary rock would be needed to dispose of the projected U.S. inventory of 
spent fuel. To maintain the possibility of disposing of large packages within one of the many sedimentary 
basins of the U.S., long-term stability of the tunnels would need to be demonstrated over an extended time 
frame (e.g., 50 to 100 years).  
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5. Summary and Conclusions 

Siting of a geologic repository in the U.S., especially using the recommended “consent-based” approach 
(BRC 2012) could produce a prospective site in any of several types of host geologic media. Each type has 
specific limitations on access, long-term underground opening stability, and heat dissipation. Some 
potential geologic disposal settings may be best suited to smaller packages (e.g., 4-PWR size) for which re-
packaging of dry storage/transportation canisters would be required. However, handling and long-term 
storage could cause fuel degradation that significantly increases the cost and radiological hazard form re-
packaging. 

Other potential disposal settings could be amenable to disposal of larger, hotter packages, possibly based 
on the storage/transportation canisters currently in use, without re-packaging. Long-term interim storage 
allows spent fuel to cool, facilitating disposal of larger packages. However, long-term storage is associated 
with increased risk of fuel degradation. Therefore, long-term interim storage will either: 1) narrow the 
range of workable disposal concepts to those that can accommodate spent fuel in storage/transportation 
canisters (and sites where they can be implemented); or 2) require costly re-packaging; or 3) require re-
packaging of damaged fuel that is both significantly more costly and potentially hazardous to workers. 
These outcomes are exacerbated by long-term interim storage because it will increase the total fraction of 
spent fuel that is sealed in canisters for storage, whether at reactor sites or at a consolidated storage facility. 

Substantial cost savings and lower worker doses could be realized with direct disposal of spent fuel in large 
storage containers, mainly by not re-packaging. However, the example disposal concepts presented in this 
paper could offer other advantages as well. The cavern-retrievable concept would use the same hardware 
for storage and disposal, and expedite emplacement in a secure underground facility. The salt concept 
could significantly shorten the time to disposal and repository closure. The other concepts presented (hard-
rock and sedimentary, ventilated, unbackfilled or backfilled) would also expedite emplacement in an 
underground repository. 

Expedited disposal is needed to take advantage of benefits such as: 1) savings from consolidated 
management of spent fuel; 2) minimizing the number of surface installations for fuel handling, packaging, 
and storage; and 3) incurring major disposal costs in the same generational time frame as the benefits from 
nuclear power. These are important considerations that require integration of near-term storage decisions, 
with the path used for eventual disposal. 
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Abstract  

Ageing Management Programme (AMP) for the storage system over the period of extended storage will 
address uncertainties in the safety-relevant functions of the system that may otherwise be impaired by 
ageing mechanisms. The AMP identifies System, Structure and Components (SSCs) that need specific 
actions to mitigate ageing and ensures that no ageing effects result in a loss of their intended function 
during an intended licensed period. AMPs generally include prevention, mitigation, monitoring, inspection, 
and maintenance programmes. 

 An example of monitoring to detect confinement loss of (Helium leakage from) canister is as follows. In a 
concrete cask storage system, spent fuel assemblies are placed and weld-sealed in a canister filled with 
Helium gas. If the Helium gas leaks due to stress corrosion cracking of the weld, for instance, the effect of 
Helium convection is lost in the canister, causing the temperature profile on the canister surface to change. 
It was found that the temperatures difference between the bottom and the top of the canister surface 
changed remarkably with the Helium gas leak. Monitoring the temperature difference enables confirmation 
of the integrity of the canister containment. 

  An example of inspection to detect spent fuel integrity in canister is as follows. When a spent fuel rod lost 
its integrity, gaseous fission products were discharged and diffused in the canister. Among them, Krypton-
85 emits gamma rays of 514 keV.  Detection of this gamma ray from outside of the canister enables 
identification of a loss of integrity of spent fuel rods without opening the canister lid. Experiments were 
performed using a small-scale mock-up canister. The Krypton-85 leak of about 1011Bq – about 10% of the 
Krypton-85 inventory in a fuel rod – could be detected by Ge gamma ray detectors. This technique can be 
used as an inspection method of integrity or damage of spent fuel. It is noted that Krypton-85 decays out 
with the half-life of approximately 11 years. Accordingly, time duration of the inspection measurements 
has to be extended for aged fuel in the canister. 
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1. Ageing management of spent fuel storage by canister system 

1.1 Lessons learned from literature on ageing management 

Ageing management of spent fuel storage facility may follow lessons learned from literature for nuclear 
power plant and reviews for spent fuel dry cask storage system by US NRC82, by German BAM83, etc. 
Namely, the essence of systematic approach to ageing management includes Understanding ageing, Plan 
(Development and optimization of activities for ageing management), Do (Managing ageing mechanisms), 
Check (Monitoring, inspection and assessment), and Act (Maintenance). The PDCA cycle will optimize 
the systematic approach to the ageing management. The ageing management of the spent fuel storage 
facility may be well understood by comparing with a human health management if it applies the PCDA 
cycle.  This approach is illustrated in Fig.1, indicates the continuous improvement of the ageing 
management programme for a particular structure or component, on the basis of feedback of relevant 
operating experience, results from research and development, and results of self-assessment and peer 
reviews, to help ensure that emerging ageing issues will be addressed adequately.  

 
 

1.2 Essence of systematic approach to ageing management 

The following describes the essence of the systematic approach to AM of a spent fuel storage facility in 
accordance with Fig.1. 

                                                      
82  US NRC NUREG-1927: Standard Review Plan for Renewal of Spent Fuel Dry Cask Storage License and Certificates of 

Compliance2 Final Report (2011). 
83  Erhard, A., Volzke, H., and Wolff, D.: “Ageing Management”, IAEA Tech. Mtg. Very Long Term Storage of Used Nuclear 

Fuel, Vienna (2011). 
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Understanding ageing: 

Effective ageing management involves taking informed actions to mitigate degradation of SSCs in the 
storage facilities. Important to effective ageing management is development of an ageing management plan 
that identifies the SSCs that are subject to aging processes and need specific actions to mitigate ageing and 
the AMPs that are to be applied to each SSC84. 

Safety-related SSCs are subjected to specific degradation mechanisms and ageing processes that depend on 
the component itself and its operational and environmental conditions. It is a characteristic of spent fuel 
storage system that spent fuel decay heat and radiation level will decrease as the storage period extends. 
The integrity of spent fuel cladding and SSCs will be degraded by mechanisms considered in the 
literature85. 

Plan: Development and optimization of activities for ageing management 

Ageing management includes the documentation of relevant programmes and activities and a description 
of how these different programmes are coordinated in a systematic manner that guarantees continuous 
improvement by incorporating operational experience and relevant research results.  

Ageing issues are best addressed through a systematic programme in which relevant activities for ageing 
management are coordinated. The documentation needs to also address maintenance, control, inspection 
and monitoring processes as necessary, as well as the frequency and the scope of these activities.  

Do: Managing ageing mechanisms 

To limit degradation to an acceptable level, it is necessary to understand potential degradation 
mechanisms; suitable operational conditions that are designed to minimize degradation; control, inspection 
and monitoring techniques that need to be used to detect degradation; evaluation criteria to determine if 
sufficient safety margins remain if degradation is detected, and methods to manage, repair or replace 
degraded components.  

Check: Monitoring, inspection and assessment 

Component evaluations have to demonstrate the validity of the safety functions considering potential 
ageing degradation. Safety-related SSCs therefore, require monitoring and inspection that may occur: 

Monitoring throughout the storage period,  

Periodic inspection for components that may degrade during the storage, and 

Inspections before transportation.  

As a result of these evaluations, a Monitoring Program, an Inspection Program and/or a Maintenance 
Program, are necessary.  An example of a periodic safety review guide is found in the literature86. 

                                                      
84  IAEA, “Understanding and Managing Ageing of Material in Spent Fuel Storage Facilities”, Technical Reports Series No.443, 

IAEA, Vienna (2006). 
85  McConnell, et al., “Extended Dry Storage of Spent Fuel: Technical Issues: A USA Perspective”, Nuclear Engineering and 

Technology, Vol. 43 No. 5 October 2011. 
86  ESK recommendations for guides to the performance of periodic safety reviews for interim storage facilities for irradiated fuel 

elements and heat-generating radioactive waste (PSU-ZL)(2010.11).  
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Act: Maintenance 

A Maintenance Program needs to ensure that all components which have a time-dependent operating life 
are considered.  At the end of the identified operating period, the component is typically replaced or 
renewed.  Effective ageing management involves taking informed actions to mitigate degradation of 
safety-related SSCs. The actions are based on an understanding of the types of material and environments 
at the facility. The key elements of ageing management involve maintenance and condition assessment. 

1.3 Ageing management program for spent fuel storage by canister system 

An ageing management program (AMP) for the storage period addresses uncertainties in the safety-
relevant functions of the system that may be impaired by ageing mechanisms. The AMP identifies SSCs 
that need specific actions to mitigate ageing and ensures that no aging effects result in a loss of intended 
function of the SSCs, during the license period. 

The Generic Aging Lessons Learned (GALL) report87 provides generic templates for common nuclear 
power plant equipment, which can be similarly applied to the development of AMPs for the SSCs in the 
spent fuel storage facility by canister system.  

AMPs generally includes following programs. 

(1) Prevention programs 
A prevention program can inhibit ageing effects. 

(2) Mitigation programs 
A mitigation program can slow the effects of ageing. For example, cathodic protection systems 
can minimize corrosion of metallic components in the concrete structure. 

(3) Monitoring programs 
Monitoring in this document means continuous or periodic measurement, including inspection. 
Inspection means an examination, observation, measurement or test undertaken to assess SSCs 
and materials of the spent fuel storage facility by canister system. 
In the storage facilities, ongoing verification is required to ensure that the performance of critical 
SSCs is adequate to meet the requirements of effective ageing management.  Early detection of 
degradation is desired before any loss of safety function.  Monitoring consists of condition 
monitoring or performance monitoring.  

1) Condition monitoring 
Condition monitoring will search for the presence and extent of aging effects. 

Examples for spent fuel storage facility by canister system include determining the condition 
of concrete structures and pads, external coatings and housings, and instrumentation and 
cables.  

2)  Performance monitoring 
Performance monitoring will verify the ability of the SSCs to perform their intended 
functions. Some examples are shown below for specific performance. 

a) Shielding 

                                                      
87  US NRC, Generic Ageing Lessons Learned Report, Rep. NUREG-1801 (2001). 
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Operators of the spent fuel storage facility by canister system will obtain historic radiation 
survey data and evaluate trends. Either through measurement or analysis, one can 
adequately assesses trend of historical measurements or deviations from calculated 
radiation levels, which would indicate shielding degradation. For example, this assessment 
can be directed at the neutron shield materials, because the concrete structures 
incorporated in the storage facility by canister system are subject to thermal and radiation-
induced degradation.  

b) Containment 
For spent fuel storage facility by canister system, monitoring methods of containment 
have been newly developed. One method is to monitor a temperature difference between 
canister bottom and top surfaces. The other method is to monitor neutron dose that 
penetrates the helium gas environment in the canister.  Detailed descriptions are given in 
the following sections 2.1 and 2.2, below. 
An increasing temperature difference or neutron dose may indicate the canister’s 
containment system degradation and a corrective action has to be taken.  

(4) Inspection Program 

An inspection program will ensure that the safety-related components fulfil all applicable storage 
requirements and transport requirements.  

Periodic inspection of the storage system and preparation of a report about its condition are made.  

Random inspections of the storage system may be carried out.  

The results of recurrent inspections have to be evaluated.  

Periodic reassessments of the condition of the storage system with respect to evolving regulations and 
technology needs to be performed to ensure that the storage licensing basis remains in compliance 
throughout the storage period during which ageing mechanisms may cause changes from the original 
licensing basis.  

The time span for inspection depends on the extent of degradation of the SSCs. The degradation of the 
SSCs is assessed based on the understandings of the degradation mechanism. Inspections are made before 
the degradation affects the safety function of the SSCs. During storage, the time span for inspection may be 
revised iteratively based on the history of operation, the results of the past inspection, etc. 

Spent fuel integrity is important issue at normal and accidental conditions during storage. If the spent fuel 
were damaged by any reason, gaseous fission products would be discharged from the fuel claddings and 
diffused in the canister. A method has been developed to detect Krypton-85. Detailed description is found 
in the section 3, below. 

(5) Maintenance program 

Operating history, including corrective actions and design modifications, is an important source of 
information for evaluating the on-going condition of in-scope SSCs. One has to discuss such history in 
detail. One may consider both site-specific and industry-wide experience, as relevant, as part of the overall 
condition assessment of in-scope SSCs. 

The AMP ensures that no ageing effects result in a loss of any safety function of the SSCs. 
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If the SSCs are significantly degraded, the AMP might require replacement of the degraded SSCs based on 
an assessment of the decrease in the functional performance of the SSCs. 

If the transport or storage regulations changed during storage, one has to perform gap analysis to recognize 
necessity of subsequent design changes on the storage facility in use. The renewal of the license will be 
affected by changes in regulations if new regulations require additional safety considerations. Evolving 
technological developments or results from research on the effects of ageing mechanisms on components 
may, but not necessarily, justify modifications during routine maintenance, at the renewal of the license, or 
prior to transportation. The storage facility has to be kept up to date considering periodic gap analyses. 

2. Monitoring method to detect confinement loss of (Helium leakage from) canister 

 2.1 Monitoring temperature difference between bottom and top of the canister88 

In the concrete cask storage system, spent fuel assemblies (SFAs) are placed and weld-sealed in a 
cylindrical container called a canister. The canister is filled with Helium and its containments maintained 
and monitored during storage. Helium enhances heat removal from SFAs. When Helium leaks, the effect 
of Helium convection is weakened in the canister. Thereof, the temperature profile on the canister surface 
changes. It was found that temperatures at the centre of the top and the bottom on the canister surface 
change remarkably during a Helium leak (see Fig. 2). Defining the temperature difference as ∆TBT, one can 
detect Helium leaks using the change of ∆TBT (see Fig. 3). The ∆ TBT increases monotonously toward a 
constant value during a Helium leak, even if the inlet air temperature drops. The Helium leak can be 
detected at the early stage of the leak by observing both ∆TBT and inlet air temperature. 

 
 

 
 
 
 
                                                      
88  Takeda, H., Wataru, M., Shirai, K., and Saegusa, T., “Development of the detecting method of helium gas leak from canister”., 

Nuclear Engineering and Design, Vol.238, p.1220-1226 (2008) . 

Fig. 3 Change of ∆TBT and pressure 
change due to Helium leak with time, 
where △TBT= TB - TT. 

Fig. 2 Concrete cask and temperature 
monitoring points. 
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2.2 Monitoring to detect confinement loss of (Helium leakage from) canister by neutron dose 
measurement89 

Measurement of Helium density in the canister will be effective to investigate the containment of the 
canister. The Helium density will be estimated by measurement of neutron dose that penetrates the Helium 
environment in the canister. The probability of neutron penetration in the length L is given by the 
following equation, where N is the Helium number density and  σt is micro cross section. 

LNteP σ−=       (1) 

If the probability of neutron penetration in the known energy is measured, the N value is obtained. 

It is necessary to sandwich the canister with a neutron source and a neutron detector.  The condition for 
this method to be effective is that the sensitivity of the probability P is high with respect to the Helium 
number density. Because the gas density is low, it is necessary to increase the sensitivity of the P value by 
increasing the L value. On top of that, a semi-penetrated hole in the canister lid and a collimator in the 
concrete cask lid, as used in the section 3 for the inspection of the spent fuel integrity, are utilized. 

As shown in Fig. 4, a neutron detector is placed on the cask lid and a neutron source such as 252Cf is 
placed. Thus, the 4.5 m long canister space filled with Helium gas is sandwiched by the neutron source and 
the neutron detector. 

A computer experiment was performed with this concept. The MCNP code developed by Los Alamos 
National Laboratory of USA was used and the change of neutron dose from the source to the detector was 
calculated with the change of Helium density. The initial enrichment of the 235U was 5%, burn-up was 55 
MWd/t, cooling period after discharge from reactor was 10 years, and the neutron source was 1 GBq of 
235U.  The helium densities were 0.0446, 0.0670, and 0.0892 (equivalent to 1, 1.5, and 2 atm).  Fig. 5 shows 
the fast neutron with energy more than 2 MeV.  It was found the neutron dose linearly decreased with the 
increase of the N value.  This means that the interaction between the neutron and Helium is small and 
equation (1) can be expressed by the following equation (2) by way of Taylor expansion with the first 
order approximation. 

LNP tσ−∝ 1      (2) 

In conclusion, the Helium density can be measured and be effective to monitor the containment loss of the 
canister. 

 

                                                      
89 Nauchi, Y., “Concrete Cask Storage Technology”, CRIEPI Review No.52, p. 134 (2006). 
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3. Inspection to detect spent fuel integrity in canister90 

When a spent fuel rod was damaged, gaseous fission products would be discharged and diffused into the 
canister. Among them, the noble gas Krypton-85 is easily released. Because it emits gamma rays of 
514 keV, the damage of the spent fuel rods can be identified by detection of these gamma rays from 
outside of the canister. This technique requires, however, that the canister have a portal for Germanium 
gamma ray detector as shown in Fig. 6. 

 
A detection method of the gamma ray (514 keV) 
emitted from Krypton-85 leaked from defect spent fuel 
rods was developed. The 514 keV gamma ray must be 
discriminated from the gamma rays from other 
radioactive nuclides. Among them, 511 keVgamma 
from positron annihilation is close to that of Krypton-
85 regarding the energy. Hence, experiments were 
performed using a small-scale mock-up canister and 
Krypton-85 to confirm the capability to identify the 
Krypton-85 514 keV gamma rays (the signal) among 
the high background of gamma ray from whole set of 
radioactive nuclides contained in the spent fuel (the 
noise). 

 

                                                      
90  Matsumura, T., Sasahara, A., Nauchi, Y. and Saegusa, T., “Development of monitoring technique for the confirmation of spent 

fuel integrity during storage”, Nuclear Engineering and Design, Vol.238, p.1260-1263 (2008). 
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Fig. 6 Concept of non-destructive 
monitoring of spent fuel rod integrity 

Fig. 4 Concept of monitoring method to 
detect containment loss of (Helium leakage 
from) canister by neutron dose measurement 

Fig. 5  Change of penetrated neutron dose 
due to change of Helium density in the 
canister 
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Fig. 7 shows an example of measured gamma ray signals with high resolution Germanium detector 
(FWHM: 1.84 keV for 1333 keV), 
using a small-scale mock-up canister 
and Krypton-85. It shows that the 
514 keV gamma rays of Krypton-85 
can be distinguished from the 
511 keV gamma rays of positron 
annihilation. A Krypton-85 leak of 
about 1011Bq – about 10% of the 
Krypton-85 inventory in a fuel rod – 
could be detected among the noise 
gamma rays by using the detection 
system with collimator. In case of a 
defect fuel rod, a few % of Krypton-
85 inventory in a fuel rod will be 
released into canister. Therefore this 
monitoring technique can be used as 
inspection method of remarkable 
defect (a few fuel rods) of spent fuel. 

 

Fig. 7  Example of γ ray spectrum in a mock-up test 
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Abstract 

This presentation provides a general overview on the operation experience of the dry interim storage 
facilities in Ahaus and Gorleben (later referred to as TBL-A and TBL-G). GNS is solely in charge of the 
operation and maintenance of both facilities licensed for a dry storage period of 40 years. 

The amount of different cask types stored to date which are loaded with spent fuel and reprocessing waste 
and the cask specific information such as heat capacity, heat flow and dose rate are shown. A presentation 
of the transport and storage operation experience (e. g. statistics of the monitoring system) follows as well 
as an outlook on future activities. 

The associated licensing procedures are outlined in view of pre-existing licenses together with present or 
future licensing activities. This includes cask approval procedures according to the international safety 
requirements for transport and licensing procedures as laid down in the German Atomic Act.  

Both facilities have been operated, to a large extent, independently of nuclear power plants. Different casks 
have been stored there for more than ten years. 

In terms of best practices the vast operational experience gathered at these interim storage facilities is 
shown on practical examples i. e. the 10-year cask inspection, the pilot process for the periodical safety 
review as well as the ageing management demonstrating the robustness of the dry cask storage concept. 
The key aspects of the GNS expertise and a summary of the GNS position as well as perspectives for the 
long-term dry storage complete the presentation. 

Overview of the Interim Storage Facilities TBL-A and TBL-G 

GNS has stored spent fuel elements and waste from reprocessing in dry interim storage facilities in Ahaus 
since 1992 and in Gorleben since 1995. Both storage buildings with a floor space of more than 7,000 m² 
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can accommodate up to 420 casks. Whereas TBL-A consists of two separate storage areas with a capability 
of 210 casks each, in TBL-G all casks were stored within one large area. 

Figure: aerial view on TBL-A (left) and TBL-G (right) 

  
 
The facilities were built on sites with more than 40,000 m² (TBL-A) and 60,000 m² (TBL-G). On the 
Gorleben site two additional facilities were built, namely the pilot conditioning plant (PKA) which was 
designed for the conditioning of highly radioactive waste and is actually licensed for the repair of defect 
casks, and the interim storage facility (ALG) for the storage of low and medium-level radioactive waste. 

Licensing Procedures for the Interim Storage Facilities TBL-A and TBL-G 

The first storage license according to § 6 of the German Atomic Act (AtG) for a central German interim 
storage facility, namely the TBL-G-facility, was granted approx. 30 years ago in September 1983. This was 
followed by the license for the TBL-A-facility in October 1987. Both licenses have been amended several 
times until the mid 1990s. In both cases the operation has started under these licenses. 

On June 2, 1995 (TBL-G) and on November 7, 1997 (TBL-A) both licenses were replaced by new ones. 
This new license for the TBL-A-facility has been amended six times, the last amendment was granted on 
May 26, 2010. The situation for the TBL-G-facility is similar, the 4th amendment of the new license was 
granted on January 29, 2010. Both licenses are valid for a period of 40 years. With these new licenses the 
maximum heat load and the maximum content of fissile material were increased and the storage of new 
cask types was also accepted. The following table gives an overview on the main characteristics of both 
licenses. 

On November 9, 2009 a license according to § 7 of the German Radiation Protection Ordinance (StrlSchV) 
was granted for the TBL-A-facility by the competent authority for a 10-year storage of low and medium-
level radioactive operational waste from German nuclear power plants in the western storage area of the 
TBL-A. During this decade the relevant storage area will not be used for the storage of fuel elements 
according to § 6 AtG. 
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Table: Main characteristics of the TBL-A and TBL-G 

 TBL-A TBL-G 

Number of casks 420 1) 420 
Total amount of heavy metal 3960 Mg 3800 Mg 
Total amount of activity 2  1020 Bq 2  1020 Bq 
Total amount of heat load 17 MW 16 MW 
Licensed inventory LWR-, MTR- and  

THTR-fuel elements 
operational waste 

LWR-fuel elements 
HAW-canisters from F 

Licensed casks CASTOR® THTR/AVR (305) 
CASTOR® V/19 (3) 
CASTOR® V/52 (3) 

CASTOR® MTR2 (18) 
Several waste containers 

CASTOR® Ic (1), IIa (1) 
CASTOR® V/19 (3), V/52 (0) 

CASTOR® HAW 20/28 CG (74) 
CASTOR® HAW28M (21) 

TS 28 V (1), TN85 (12) 
 (low- and medium-level active waste)  
1)  several small CASTOR® THTR/AVR can be placed on one storing position of a large LWR-cask 
( ) in brackets: number of stored casks 

Presently, the following applications are under examination by the authority in charge: 

TBL-A:  

− storage of compacted hulls and ends from AREVA NC in TGC27 casks 

− storage of AVR-fuel elements from the Jülich storage facility (no licensing activity to date) 

− installation of a new crane according to section 4.3 of KTA 3902 

− performance of structural measures due to new security requirements 

TBL-G:  

− storage of MAW-canisters from AREVA NC and of HAW-canisters from Sellafield Ltd. in 
CASTOR® HAW28M casks 

− performance of structural measures due to new security requirements 

In the framework of the recent licensing procedures extensive considerations have been required within the 
accidental analyses as well as within the mechanical proofs for the derived design basis accidents. 

In the future it is planned to add a new cask type and further MTR-fuel elements from research reactors (e. 
g. FRM II) to the license of TBL-A. Moreover, depending on the availability of a corresponding final 
repository, an extension of the 10-year license may be necessary. In due time, the TBL-G license shall also 
be extended to include the storage of low and medium-level radioactive waste.  

According to the present situation concerning a final repository for spent fuel and highly radioactive waste 
in Germany a prolongation has to be applied in sufficient time before the expiration of both licenses. 
Within this prolongation process all different types of casks have to be considered. 



NEA/CSNI/R(2013)10 

 386

Equipment in use 

One technical feature of the interim storage facilities is the building itself. The dimensions are 200 m in 
length, 40 m in width and 22 m in height. Inside there are several areas, i. e. the reception area to receive 
the transports, the maintenance area for cask preparation and in-service-inspections, and the storage area. 

              One key component is the 140 t/10 t-load capacity 
bridge-crane with a width of 33.70 m. It is also 
equipped with a 10 t-lifting support for the handling 
of single components such as lids and shock 
absorbers. 

Other important features of the facilities are the 
natural air ventilation given by the construction of 
the building thus making maintenance works 
superfluous, a fire control system as part of the 
facility information system, a dose rate 
measurement system including daily checking of 
dose rate and contamination by the health physics 
staff and a pressure switch system for leak 
monitoring giving every status information to the 
24/7 security staff.  

 

The security staff is instructed to check the status information from the leak monitoring system and to 
inform the management of the interim storage facility in case of a message. 

CASTOR® the Key Element of Nuclear Safety 
The cask for storage and transport of radioactive materials 
is called CASTOR®. CASTOR®-type casks are used for 
the safe transport and interim storage of spent fuel and 
waste from reprocessing. The responsibility of GNS 
includes the further development, fabrication and loading 
of the casks as well as the handling and monitoring. One 
specific type in this series is the CASTOR® HAW28M, a 
cask for highly radioactive waste. The technical principle 
of this type is the following:  

– the radiation emitted by the radioactive inventory 
is safely shielded by the cask body 

– the cask is closed with two lids the so-called 
“double lid system”, to guarantee the containment 
of radioactive inventory 

– leak-tightness of the cask is permanently 
monitored 

– sub-criticality is ensured 
– heat dissipation is guaranteed by the basket, the 

cask body and the cooling fins. 
The CASTOR® meets the high requirements defined by 
the internationally accepted safety standards of the IAEA. 

Figure: Bird’s-eye view of TBL-G facility  
(actual cask positioning) 
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The cask consists of a thick walled cylindrical cask body made of ductile cast iron. For neutron shielding 
axial boreholes are drilled into the cask wall and filled with polyethylene moderator rods. In addition there 
are shielding elements in the basket, a moderator plate on the bottom and a multi-part moderator plate on 
the top of the metal sealed primary lid. In storage configuration a secondary lid is tightly secured to the 
cask body. 

On the cask surface radial cooling fins are machined to improve the heat transfer into the environment. 
Four trunnions are used for handling and fixing the cask onto the transport equipment.  

Storage Experience of GNS 

In the following the specific GNS knowledge from the “Periodical safety review and ageing management“ 
is presented.  

Pressure Switch  

The pressure switch is one of the main components of the cask for the permanent leak-tightness monitoring 
system. The switch has a robust and simple mechanical construction.  

The pressure switch monitors the pressure between the primary and the secondary lid. The pressure switch 
is mounted into the secondary lid. Two contact pins are closed over a movable camped membrane. A 

reference switch oversees the main switch function. 
Both switches are built-in in a steel-flange. The 
flange is sealed by a metal seal opposite the 
secondary lid. 

If the pressure in the gap between the two lids falls 
below a certain threshold the main-membrane will 
be switched and will give a message (“main switch 
low”) to the security staff. The switch is self-
supervising, i. e. it will also give a message in case 
of wire-break, short-circuit, control switch low or 
system failure. 

Today GNS has the knowledge and experience of more than 10-thousand years of pressure switch lifetime. 
In a few cases, the pressure switch has given a message. In TBL-G only three of such events have occurred 
since 1995. In every case the self-supervision function worked properly. The required tightness of the 
primary and the secondary lid has always been ensured.  

GNS records all data of pressure switch events of all switches mounted in German interim storage facilities 
and analyses these data.  

On the basis of this analysis the switch has been optimized. Three main components have been partly 
modified by GNS: 

– improvement of the welding process for the main membrane 

– improvement of the ceramic leader transactions 

– enlargement of the screw-head pressure loaded area 

Figure: scheme of pressure switch 
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In-Service Inspection 

In 2001/2002 GNS has introduced new provisions for the 
preservation against the negative influence of humidity (i. e. 
corrosion). This preservation mainly consists of closing bore holes 
and screw holes by plastic plates and silicone sealing of gaps on the 
outer cask surface (e. g. on the trunnion or lid area). On this basis all 
casks stored since the 1990s have undergone this sealing process in 
2002. As both licenses are containing a supplementary regulation 
requiring an inspection programme to check the condition of the 
preservation every ten years, GNS has elaborated the provisions to 
perform the required 10-year inspection.  

After acceptance of this inspection programme by the supervisory 
authorities and their expert in charge, the inspections were 
performed in 2012. After the 10-year storage period only minor 
points of interest arose from the inspection of a CASTOR® HAW 
20/28 CG cask: 

– two small findings at the cooling fins (damage of the surface coating) 

– points with corrosion of minor importance 

– one point of air inside a silicone seam 

All these findings were accepted by the supervisory authority without any repair work. However, in case of 
a CASTOR® V cask findings appeared and required a repair of the coating.  

The inspection of the cask bottom was performed by using mirrors while the cask was lifted by the crane. 
All works considering the inspection of one cask have caused a collective dose for the staff being lower 
than 0.1 mSv. 

Dose Considerations at the TBL-G site 

According to a supplementary regulation of the license the dose at the fence of the facility shall not exceed 
the value of 0.3 mSv per year. 

Since the first license was issued in 1983 – and thus before the facility went into operation – extensive data 
on the already existing natural and civilisation-induced radiation in the region were collected. These 
measurements have been continued as part of a scheme to monitor the surroundings since GNS’ waste 
disposal facilities went into operation. To this end, prove has been established that the facilities are 
operated without any risk to the environment at any time. Measuring units have been installed on the 
facility premises as well as in the surroundings. Inspectors monitor the radiation and evaluate activity 
concentration in samples taken of the air, soil, plants and water. The monitoring programme of the 
environment is conducted by GNS as the operator of the facility and, independently of this, by the relevant 
government authority.  

The following figure shows the dependency of the dose rate at the fence of the TBL-G site of the number 
of stored casks since 1997.  
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Figure: Dose in mSv per year at the fence and number of stored casks since 1997 
 

Cask approval procedures 

According to a supplementary regulation of the licenses only casks can be stored with a valid cask 
approval certificate for transport. As these certificates are typically limited to three or five years (in a few 
exceptional cases up to 10 years), a periodic prolongation of the certificates of all types of stored casks is 
necessary. Taking all cask types into consideration all in all twelve approval certificates are concerned. The 
safety analyses is reflected on to the current state of technology in each prolongation process. The 
experience of several prolongations has shown that due to this proceeding some cask components had to be 
modified and changed or that the impact limiters had to be optimised.  

From the storage operator’s view the question is whether a balanced solution can be found by other means. 
One option would be to grant the cask approval certificate for the complete storage duration. In doing so a 
supplementary regulation could determine a monitoring with respect to the international regulations, the 
definition of which could still be discussed. This monitoring should, however, not pursue any change in the 
state of the art but should consider the suspected risk laid down in the German Atomic Act.  

Summary 

GNS has a vast operational experience in the dry interim storage of spent fuel and highly radioactive waste 
from reprocessing. From the beginning to the mid-1990s a total of 442 casks have been stored in both 
interim storage facilities. The cask itself is an essential safety feature in this context. All casks stored to 
date have a valid cask approval certificate which is constantly prolonged. The 10-year inspection and also 
the periodic safety review have proved the high safety level of the interim storage even for longer storage 
periods. In view of the constant prolongation of the cask approval certificate it is suggested to obtain a cask 
approval certificate which is valid for the complete storage time including a monitoring the definition of 
which could still be discussed. According to the present situation concerning a final repository for spent 
fuel and highly radioactive waste in Germany a prolongation has to be applied in sufficient time before the 
expiration of both licenses.  
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Abstract 

In many countries extended long term dry storage is the solution for storage of spent nuclear fuel for the 
foreseeable future. The expected storage times have increased over the last years and today storage times 
of up to 300 years is anticipated. With such long storage times, requirements on transportability and 
retrievability of the fuel have become more important. Hitherto most investigations on fuel behaviour 
during dry storage have been focused on cladding creep and the impact of hydrogen and hydrides in the 
cladding. 

Creep data gives input to creep models and creep to rupture data helps to set criteria for maximum 
allowable internal rod pressure. Hydrides lower the ductility of the cladding and this is more pronounced 
with radially oriented hydrides. As the temperature decreases over time in a dry storage cask dissolved 
hydrogen will precipitate forming hydrides in addition to hydrides already present. Assuming there is 
sufficient hoop stress in the cladding, the new hydrides would be radially oriented. Together with lost 
ductility Delayed Hydride Cracking (DHC) could be a potential mechanism for rod failure over tens of 
years of dry storage as the temperature drops from about 350°C to 150°C. Hydride embrittlement and the 
DHC mechanism have been studied in the first Studsvik Cladding Integrity Project (SCIP), although the 
focus in this program has mainly been on higher temperatures relevant for operating conditions rather than 
on dry storage conditions. 

In addition to the mechanisms mentioned there are other failure mechanisms that could potentially threaten 
the cladding fuel integrity and retrievability. In case there is residual water or moisture available in the 
cask, or even in the fuel due to existing fuel failures, radiolysis gives free hydrogen and oxygen. In failed 
fuel this may cause fuel oxidation and swelling affecting fuel integrity. The hydrogen gas pressure will not 
threaten the cask but be available for cladding uptake. Furthermore, few fuel testing programs which have 
focused on the risk of fuel failure in the cask under transport or in retrieval accident conditions. 

1. Introduction 

Long term storage of spent fuel is a solution to handle spent nuclear fuel while options for final treatment 
of the waste are developed. The fuel can be stored in wet conditions similar to the conditions in the fuel 
holding pool at the nuclear plant, or it can be stored in dry conditions. Both storage options are well-
established and used in several different countries91. To maintain safe storage and allow for safe retrieval 
and disposal of the fuel, no significant degradation of the fuel cladding or fuel assembly should occur 
                                                      
91 INTERNATIONAL  ATOMIC  ENERGY  AGENCY,  “Long  Term  Storage  of  Spent Nuclear  Fuel  —  Survey  and  

Recommendations”,  IAEA-TECDOC-1293,  IAEA, Vienna (2002). 
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during storage. Any degradation mechanism that could affect fuel integrity or fuel assembly geometrical 
stability could potentially threaten safety, such as maintaining criticality safety and prevent radioactive 
release to the environment. Therefore all potential fuel degradation mechanisms needs to be considered 
when evaluating the safety of long term storage. All activities such as cask loading and drying, anticipated 
transports, transport accidents, storage and retrieval of fuel after the storage period should also be 
considered. 

The main difference between wet and dry storage conditions is the temperature development as a function 
of time. In water the fuel is always at low temperature and no temperature dependent changes of fuel 
mechanical properties can occur. At the start of a dry storage period the peak cladding temperature can 
reach up to 400°C, which is often the acceptable licensing limit, and then it decreases over tens of years 
until it reaches a temperature where no further changes in mechanical properties are expected. Changes in 
cladding mechanical properties for this temperature history need to be known and modelled in the safety 
evaluations. The mechanical properties of interest are creep, ductility and fracture toughness. 

The mechanical property changes of fuel cladding in storage need to be established for the entire range of 
different cladding materials and burnups that are intended for storage. As there is a constant fuel 
development and new cladding alloys are being introduced in operating reactors, the performance of these 
materials in storage conditions needs to be verified. The existing experimental database on fuel in dry 
storage is mainly based on fuel with lower discharge burnups than the discharge burnups which are 
common today. As discharge burnups increase, cladding oxidation and hydriding increase and higher 
fission gas pressures are expected. Therefore verification tests to confirm safe storage and post-storage 
transportation of high burnup spent fuel rods are needed.  

There are large numbers of rods which are intact but may have a condition which makes them more 
sensitive to failure in storage. Such conditions may include rods with incipient cracks, localized cladding 
corrosion and localized hydride blisters or rings. Tests and examinations are needed to verify the integrity 
of such “weak” rods in long term storage and transportation conditions. 

 Recently extended dry storage is being considered with storage times up to 300 years which is 
significantly longer than the storage times of currently licensed interim dry storage sites. With such long 
storage times, requirements on transportability and retrievability of the fuel have become more important. 
Several organisations, including the US NRC, have made gap analyses to identify the research and 
technical information needs for extended storage of spent fuel. In the NRC study92 groups of fuel cladding 
degradation phenomena are identified, including swelling of fuel pellets due to helium in-growth with 
potential of fuel fragmentation, effects of residual moisture after normal drying, propagation of existing 
flaws in cladding, cladding creep, fatigue, Stress-Corrosion Cracking (SCC), and DHC. Hydrogen 
absorption and hydride reorientation are considered fairly well known mechanisms and of concern only for 
conditions below the Ductile to Brittle Transition Temperature (DBTT) in transport or in accident 
situations. Data is however needed to establish the combined effects of alloy material, hydrogen content, 
burnup, temperature, and other cladding variables on the DBTT of fuel cladding. 

Under impact loading conditions which could occur in a transport accident, the mechanical properties of 
interest are ductility, bending stiffness and impact strength. In order to model different accident situations 
and predict the risks to fuel integrity and potential fuel loss after failure, relevant data on stored fuel 
material is required. Compared to static loading data on empty cladding tubes, data on fuelled test rods and 
dynamic or impact tests are scarce. 

                                                      
92 NUCLEAR REGULATORY COMMISSION, “Identification and Prioritization of the Technical Information Needs Affecting 

Potential Regulation of Extended Storage and Transportation of Spent Nuclear Fuel”, US NRC Draft Report for 
Comment, ML120580143, May 2012. 
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The Studsvik hot cell and mechanical testing laboratories have been involved in work related to fuel 
storage issues for a long time. This paper presents different tests and examination methods available to 
generate data for modelling and safety evaluations of fuel in interim dry storage. 

2. Creep 

The cladding material creeps under internal stress at elevated temperature. In the dry storage safety 
evaluation it should be ensured that the cladding has no risk of failure by creep for the storage period. Data 
for creep models and determination of the maximum acceptable creep strain is obtained by creep 
measurements on prototypical cladding materials. At Studsvik creep measurements are performed on 
defueled and refabricated cladding specimens cut from irradiated fuel rods. 

The hot cells for creep testing at the Studsvik mechanical testing laboratory is shown in Figure  (left). The 
specimen is located in a furnace as illustrated in Figure  (middle). The specimen is internally pressurized 
with Ar-gas at constant pressure. The resulting diametrical deformation shown in Figure  (right) is 
measured as a function of time by a high-resolution laser micrometer. 

Figure 1. Creep cells in the mechanical testing laboratory (left), a cut-away drawing of a furnace with 
a mounted cladding specimen (middle) and a typical creep curve obtained under constant internal 

pressure (right). 

 
 
The creep tests performed at typical dry storage conditions have very slow creep and such tests are 
interrupted when the secondary creep rate has been determined. To establish limits for maximum 
acceptable creep strain, measurements of creep to rupture are required. Creep to rupture tests are performed 
at high stress levels to achieve failure in a reasonable time. By Monkman-Grant analysis the time to failure 
is correlated to the secondary strain rate and by extrapolation the time to failure and strain at failure is 
obtained for realistic temperature and stress conditions. Apart from temperature and stress conditions, the 
creep strength depends on irradiation, cladding composition and heat treatment. Recrystallized cladding 
materials have much lower creep recovery than stress-relieved materials. The presence of hydrides also 
results in lower creep rates than without hydrides. 

The creep equipment can also be used to simulate changes of temperature and internal pressure with time. 
For example the temperature and stress cycling during the vacuum-drying and gas filling operations of the 
cask can be simulated. The equipment is also well-suited for studies of hydride reorientation. 

Most creep tests are carried out on defueled cladding specimens. For low burnup fuel without pellet-clad 
bonding the situation is similar to the case for defueled specimens. However, high burnup fuel with 
bonding may resist outward cladding creep which would give a reduced creep strain and thereby an added 
safety margin for actual fuel rods in dry storage. For this situation there could be conditions for which 
cladding lift-off is obtained followed by cladding creep. The temperature and stress conditions resulting in 
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cladding lift-off under transportation and dry storage conditions is not readily available, but this question 
could be of future interest. 

In summary creep is well-understood and there are creep laws for all major fuel cladding materials. Creep 
failure is prevented in dry storage conditions mainly by limiting the allowed peak cladding temperature in 
the cask. 

3. Hydride embrittlement, hydride reorientation and DHC 

The hydrogen in the cladding which is dissolved at elevated temperature in the storage cask will re-
precipitate as the temperature slowly decreases. If the internal gas pressure gives a cladding hoop stress of 
about 100 MPa or more during the temperature decrease, the dissolved hydrogen will precipitate as radially 
oriented hydrides in the cladding. Radial hydrides are associated with a large loss of ductility. Below the 
DBTT the fuel integrity could be compromised in handling, transport or accident situations. Thus by 
knowledge of the DBTT for the material and conditions in the interim dry storage, the allowed storage time 
can be determined. Within the allowed storage time there should be no threat to fuel integrity from hydride 
embrittlement. Data on the DBTT of fuel cladding needs to consider the combined effects of alloy 
material, hydrogen content, burnup, temperature, and other cladding variables. 

To simulate the situation in dry storage and produce radial hydrides several different methods are 
available. One method is to internally pressurize a piece of cladding tube at elevated temperature in a 
furnace and then decrease the temperature at some specified rate. The rate of cooling affects the 
morphology of the re-oriented hydrides and this need to be considered. The creep equipment in Figure  is 
well suited for this type of re-orientation. The equipment allows control of the internal pressure 
independently of the temperature and almost any desired combination of cladding stress and temperature 
history can be simulated. Hydride reorientation may also be performed by making a closed tube with a pre-
determined internal pressure and then use a simple furnace to simulate the temperature history. Another 
alternative is to expose the sample to circumferential stress using a fixture connected to a mechanical 
testing machine. Figure 1 shows a figure of the fixture and temperature history used to re-orient hydrides93. 

Figure 1. Fixture and temperature history used to re-orient hydrides. 

 
 
A test method to determine the ductility of the cladding is the ring compression test (RCT). This method is 
used routinely to determine post-quench ductility (PQD) after LOCA oxidation tests on cladding 
specimens. A pair of plane, parallel platens is used for holding and applying compressive loads to the 
specimen. The platens are mounted between the moving and the fixed crossheads of a mechanical testing 
machine. The load train containing the platens and the specimen are enclosed in a split furnace during 

                                                      
93  V. Grigoriev,  A-M. Alvarez-Holston,  G. Lysell,  D. Schrire, L. Hallstadius, S. T. Mahmood, and I. Arimescu, “Experimental 

study of DHC of unirradiated and irradiated fuel cladding and implications to in-pile operation and dry storage conditions.“, 
17th ASTM International Symposium on Zirconium in the Nuclear Industry, February 3-7, 2013, Hyderabad, India. 
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testing at high temperatures. The specimen temperature during testing is monitored by means of 
thermocouples attached to the upper and lower loading platens. Before starting a test series the sample 
temperature is calibrated by using a calibration sample with an attached thermocouple. Figure shows the 
platens set-up for temperature calibration. The test is run with a predefined cross-head displacement rate 
until a drop in load occurs after reaching maximum load. A schematic force vs. displacement curve is 
shown in Figure. The offset displacement d in the figure gives a quantitative value for the ductility of the 
specimen. 

Figure 3. Set-up for temperature calibration for ring compression testing (left) and a schematic 
figure of the load-displacement curve (right). 

Upper platen

Lower platen

Calibration sample
Thermo-
couples

 
 
The RCT method is considered to be the method with the least scatter in determinations of PQD. However, 
a tensile test method such as the Ring Tensile Test (RTT) gives more information on the mechanical 
properties of the cladding, such as yield stress, ultimate tensile stress, uniform and total elongation. The 
RTT is performed on defueled clad tubing rings which are machined to an optimized geometry with two 
gage sections on opposite sides of the specimen. The loading fixture is optimized to minimize the bending 
of the specimen gage length during testing. The engineering stress-strain curves are calculated from the 
load-displacement data with the aid of an FEM-generated correction algorithm. 

The RTT method has been used extensively for many years to characterize the mechanical properties of 
cladding after irradiation. In dry storage tests where the sample is exposed to a simulated temperature and 
stress history which can give hydride reorientation, the RTT can show possible changes in yield stress as 
well as giving a measure of the ductility. The measured load-displacement curves of a number of RTT on 
irradiated cladding samples, but without hydride reorientation, are shown in Figure 2. By plotting the total 
elongation as a function of hydrogen concentration, the decrease in ductility with increasing hydrogen 
concentration is illustrated (Figure 2). 
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Figure 2. Load-displacement curves from RTT of irradiated cladding (left) and ductility as a function 
hydrogen concentration obtained from the RTT (right). 

 
 
For a certain set of conditions DHC could be a potential mechanism for rod failure in dry strorage 
conditions. DHC can in principle operate at all temperatures where hydrogen diffusion occurs and the 
hydrides in front of the crack-tip are brittle. An upper temperature limit around 300-375 °C has been 
observed depending on the material strength. However, for DHC to operate, all critical parameters for 
DHC have to be fulfilled simultaneously. Looking at all critical parameters in dry storage conditions one 
can note as follows; 

The critical hydrogen concentration for DHC decreases with temperature since the solubility limit 
decreases. At 200 ºC, the critical hydrogen concentration for DHC is 15 wppm H and therefore this 
criterion for DHC will be fulfilled for in principle all fuel rods in dry storage. 

For DHC to initiate, the presence of a stress concentrator is required. The hoop stress in dry storage 
conditions is too low to cause incipient cracks. It can however not be excluded that incipient cracks have 
been formed in high burnup fuel rods during reactor operation. 

If incipient cracks have formed in the oxide and outer rim, the critical threshold for the DHC stress 
intensity KIH has to be fulfilled. The threshold varies between 4-12 MPa  depending on cladding 
material properties and test parameters. In order to determine the upper limit for rod pressure and 
maximum length of incipient cracks, below which DHC will not occur, more studies are needed to pinpoint 
the KIH for a specific cladding type, burn-up level and temperature. 

The test technique used at Studsvik to quantify critical parameters for DHC is the Pin Load Test (PLT). 
With this technique the DHC crack propagation rate, the upper temperature limit and the critical threshold 
for DHC can be evaluated. The PLT test was initially developed for evaluation of the fracture toughness of 
thin-walled tubing but has been modified at Studsvik to enable DHC studies and was the selected test 
technique for two consecutive round-robin IAEA Co-ordinated Research Project on DHC in Fuel 
Cladding. During the tests all main parameters, such as load, displacement, temperature, and in some cases 
DCPD (direct current potential drop) data, are simultaneously and continuously monitored. The specimen 
fixture and the results from a parameter study on the DHC crack velocity by means of PLT is shown in 
Figure 394. 

                                                      
94  V. Grigoriev,  A-M. Alvarez-Holston,  G. Lysell,  D. Schrire, L. Hallstadius, S. T. Mahmood, and I. Arimescu, “Experimental 

study of DHC of unirradiated and irradiated fuel cladding and implications to in-pile operation and dry storage conditions.“, 
17th ASTM International Symposium on Zirconium in the Nuclear Industry, February 3-7, 2013, Hyderabad, India. 
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Figure 3. The PLT specimen fixture mounted in the testing machine (left). The temperature 
dependence of VDHC as measured by PLT (right). 

  
 
In the PLT test, DHC in the axial direction and secondary DHC starting from a through-wall crack can be 
simulated. To study primary DHC in the radial direction, starting from an initial intact rod, other 
techniques are needed. At Studsvik two different techniques have been utilized to study DHC starting from 
the outer surface.; a) Internal pressure tests and b) Ring tensile testing. In both techniques the test 
temperature and stress history shown in Figure 4 was used95. The primary DHC crack initiates at sites 
where incipient cracks have formed in the oxide and in hydrides connected to the outer surface. 

Figure 4. Primary DHC starting at the cladding outer surface simulated by means of a modified RTT 
technique. 

 
 

4. Transport and handling accidents 

In case a transport accident occurs and the storage cask is dropped the fuel rods would be subject to 
bending between the spacer grids. To determine the fuel rod mechanical properties under bending stress, 3-
point or 4-point bending tests can be performed. Irradiated fuel rods with fuel pellets inside should be used 
in such tests to best represent the actual situation. Bend tests in the 3-point bending configuration have 

                                                      
95  A-M. Alvarez Holston, V.Grigoriev, G.Lysell, R.Källström, B.Johansson, L.Hallstadius,  G. Zhou , I. Arimescu, M. Lloret, “A 

Combined Approach to Predict the Sensitivity of Fuel Cladding to Hydrogen-Induced Failures during Power Ramps.”, 
Proceedings of 2010 Light Water Reactor Fuel Performance Meeting (TopFuel), Orlando, Florida, USA, September, 2010. 
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been reported for irradiated PWR and BWR fuel rods of approximately 50 MWd/kgU burnup96. However, 
further data for higher burnups and different cladding conditions are needed. 

The bending test equipment available in the Studsvik hot cell is shown in Figure 5 (left). The machine was 
originally built and used in the NRC LOCA test program97. It has a similar design to the bending machine 
at the Argonne National Laboratory (ANL). The different parts of the machine are indicated in the figure. 
The test is run at room temperature with a pre-determined displacement rate of usually 1 mm/s while the 
load and displacement of the loading rollers are being measured. The load cell has a capacity of 2200 N 
and the maximum useful displacement is about 14 mm. 

Figure 5. The 4-point bending machine in the hot cell (left) and measured force vs. displacement 
curve for an unirradiated verification specimen (right). 

 
 
The test data in Figure 5 (right) shows the result from a bend test on an unirradiated empty cladding tube of 
Zry-4. The slope of the deflection curve in the elastic regime is given by , where  is the load 
measured by the load cell in response to the controlled displacement  measured by the machine actuator. 
The slope  in Figure 5 (right) is related to the bending stiffness  of the specimen by the equation 

 

where  is the distance between the two supports and  is the distance between each loading roller and the 
closest support. For irradiated fuel rods the bending stiffness increases mainly due to the bonding between 
fuel pellet and cladding. For a brittle irradiated fuel rod the rod may fail in the test and in this case the 
plastic bend deformation to failure is obtained. The test on the unirradiated cladding tube plotted in Figure 
5 (right) is ductile and it did not fail. However, the total plastic bend deformation  obtained in the test is 
indicated in the figure. The data obtained from bend tests is important for modeling fuel behavior in 
transportation accidents or seismic events. For example, measured values of the bending stiffness of fuel 

                                                      
96  P. Purcell and M. Dallongeville,”Testing of LWR Fuel Rods To Support Criticality Safety Analysiys of Transport Accident 

Conditions”, 14th International Synposium on the Packaging and Transportation of Radioactive Materials (PATRAM 2004), 
Berlin, Germany, September 20-24, 2004. 

97  P. Askeljung, J. Flygare and J Martinsson, “NRC LOCA testing program at Studsvik, results on high burnup fuel”, 2011 Water 
Reactor Fuel Performance Meeting, Chengdu,  China,  September 11-14,  2011, paper T3-039. 
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rods can be used to determine realistic critical inertia load magnitude values for fuel rod buckling in 
transportation accidents98. 

Furthermore, when brittle irradiated fuel rods break in the bend test fuel fragments are ejected at the failure 
location. By weighing the dispersed fuel fragments, the fuel loss can be quantified. The potential fuel loss 
in very aggressive accident conditions can also be studied by simple manual breaking of the fuel rod 
without the use of the bending machine. Generally the fuel loss of high-burnup rods with pellet-clad 
bonding is small with just a small fraction of one pellet being lost. 

In transportation accidents, a drop of the cask will cause a direct impact load on the fuel assembly and the 
fuel rods. An impact testing device for fuel rods can be used to obtain direct information on the 
consequences for the fuel integrity from different impact loads. 

5. Examinations of oxidation, swelling and fragmentation 

If moisture enters the dry storage cask during the storage time there is potential for generation of hydrogen 
through radiolysis. In this case it must be assumed that the hydrogen could be picked up by the cladding 
and hence add to existing cladding hydrides. 

 In case some stored fuel rods have open cladding failure sites, any air or moisture ingress into the cask can 
give rise to fuel pellet oxidation at the failure. Regulations typically do not accept fuel rods with large open 
failures for dry storage and such fuel should be safely encapsulated before being stored. Fuel rods with 
small cladding failures, such as small pin-hole failures from fretting or early PCI failures, can be accepted 
for dry storage without encapsulation. However, such fuel rods can have residual moisture inside and the 
vacuum-drying is most probably not sufficient to remove it. Any remaining moisture will result in fuel 
oxidation during storage at elevated temperature. 

Oxidation of irradiated fuel occurs in two steps from UO2 to U4O9 and then to U3O8
99. The oxidation to 

U3O8 is associated with a 30% volume increase and powderization of the fuel. This mechanism may 
potentially open the failure and promote crack propagation. The fine powder may also escape the rod in 
this process. To avoid any risk of such a scenario failed fuel needs to be treated by a drying procedure and 
encapsulated such that the moisture content is controlled within acceptable limits. A research program with 
this purpose is planned to be launched at Studsvik. 

A furnace has recently been installed in the Studsvik hot cell to study oxidation, drying and fragmentation 
of fuel rod samples. The furnace shown in Figure 6 can be used at temperatures up to 1200 °C which 
covers dry storage conditions as well as LOCA oxidation. The furnace can also be used for creep lift-off 
studies in the laboratory as described in Section 0. Future plans also include fuel heat treatment with 
evolved gas analysis. 

                                                      
98  G. Bjorkman, “The Buckling of Fuel Rods in Tranportation Casks Under Hypothetical Accident Conditions”, 14th International 

Synposium on the Packaging and Transportation of Radioactive Materials (PATRAM 2004), Berlin, Germany, September 20-
24, 2004. 

99  D. Papaioannou et. al., “Oxidation studies on irradiated UO2 fuels”, Light Water Reactor Fuel Performance Meeting (TopFuel 
2012), Manchester, UK, September 2-6, 2012. 
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Figure 6. The furnace used for oxidation, drying and fuel annealing studies 

 
 
In very long term storage the build-up of He from alpha decay of actinides could result in He bubble 
formation in grains and on grain boundaries which could affect the fuel structure. This effect has been 
extensively studied in final repository research. The gas bubble pressure in fuel grains due to in-growth of 
He was evaluated for UO2 fuel100. It was concluded that bubble pressure would not be sufficient to cause 
cracks in the grains and no evolution of the microstructure due to He in-growth would occur over 10,000 
years. Hence, no effects of He in-growth are expected in irradiated high burnup fuel at shorter time scales 
relevant for extended dry storage. However, detailed microscopy studies of high burnup fuel segments with 
long decay times should be of interest to confirm that no degradation occurs. Such possibilities exist with a 
few fuel segments stored at the Studsvik HCL for over 40 years which are available for analysis. 

6. Conclusions 

Interim storage of spent nuclear fuel is widely utilized and is in many countries the preferred solution for 
the foreseeable future. The behaviour of the fuel under storage and the criteria for safe storage are 
established for existing licensed facilities. However, the expected storage times and the requirements on 
transportability and retrievability after storage have increased. New fuel materials and designs also 
continue to be developed and utilized to higher burnups. These developments require new tests and 
examinations to be performed to verify that the spent fuel can be stored safely without any risk for fuel 
degradation. This paper presents different tests and examination methods available at the Studsvik hot cell 
and mechanical testing laboratories with the purpose of generating data for modelling and safety 
evaluations of fuel in interim storage. 

 

                                                      
100  C. Ferry, J-P Piron and A. Ambard “Effect of helium on the microstructure of spent fuel in a repository: An operational 

approach”, Journal of Nuclear Materials, Vol. 407 (2010) 100-109. 
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FUEL BEHAVIOUR IN TRANSPORT AFTER DRY STORAGE: A KEY ISSUE FOR THE 
MANAGEMENT OF USED NUCLEAR FUEL 

H.Issard 
TN International, Areva Group, France 

 

Abstract 

Interim used fuel dry storage has been developed in many countries providing an intermediate solution 
while waiting for evaluation and decisions concerning future use (such as recycling) or disposal sites. 
There is an important industrial experience feedback and excellent safety records. It appears that the 
duration of interim storage may become longer than initially expected. At the start of storage operations 40 
years was considered sufficiently long to make a decision on either recycling or direct disposal of used 
nuclear fuel. Now it is said that storage time may have to be extended. Whatever the choice for the 
management of used fuel, it will finally have to be transported from the storage facility to another location, 
for recycling or final disposal.  

Bearing in mind the important principle that radioactive waste shall be managed in such a way that undue 
burdens will not be imposed on future generations, there is no guarantee that the fuel characteristics can be 
maintained in perpetuity.  On the other hand, transport accident conditions from applicable regulation 
(IAEA SSR-6) are very severe for irradiated materials. Therefore, in compliance with transport regulations, 
the safety analysis of the fuel in transport after storage is mandatory. This paper will give an overview of 
the current situation related to the used fuel behaviour in transport after dry storage. On this matter there 
are some elements of information already available as well as some gaps of knowledge. Several national 
R&D programs and international teams are presently addressing these gaps. A lot of R&D work has 
already been done. An objective of these R&D projects is to aid decision makers. It is important to fix a 
limit and not to multiply intermediate operations because it means higher costs and more uncertainties. 

The identified gaps concern the following issues especially for high burn-up (HBU) fuels: thermal model 
for casks, degradation process of fuel material, cladding creep, embrittlement of cladding, pellet swelling, 
technical basis for the amount of residual water, measurement of residual water , drying procedures and 
criteria, corrosion issues. 

The challenge is to provide the most adequate R&D and safety studies which will demonstrate the ability 
of the interim storage system to fulfill its objectives: first to protect the public and second to be an 
intermediate step to allow time to implement a long term and final used fuel management solution. For the 
industry, this step is an additional cost, which is necessary in order to maintain flexibility. But this step 
must not be transformed into an argument for no decision. 

Currently R&D studies are progressing satisfactorily to demonstrate of the safety of dry storage as an 
intermediate step. The remaining unresolved issues to reach today’s demonstrated level of safety for long 
term storage of vitrified and compacted waste are important. This would require a very significant effort 
(R&D and investment) and would not necessarily guarantee results. 
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Background 

Interim storage of used fuel has developed in many countries, with important industrial experience 
feedback and excellent safety records. It usually represents a temporary solution for operational reasons 
before reprocessing and recycling of used fuel and sometimes becomes a longer-term temporary solution if 
no decision is taken on a final management option for the used fuel. For years, a storage period of up to 40 
years was considered as ‘long-term’ and sufficient in considering decisions and deployment of back-end 
fuel cycle and/or final waste management options. Nowadays, it appears that the storage duration may have 
to be significantly extended, even beyond one century. However, whatever the final management choice, 
used fuel will one day have to be safely transported from the storage facility to a reprocessing plant or to a 
final disposal site. There is a need for an integrated, comprehensive plan for safely managing the back end 
of the nuclear fuel cycle [8]. 

The worldwide total amount of stored fuel in 2013 will reach 225000 T HM. The used fuel inventory in 
wet storage has surpassed 80% of pool capacities, taking into account the need of maintaining space in the 
pools for full core offload. Used fuel remains an unresolved topic in several countries since no further 
management has been decided, and because of the cessation of planned disposal facility developments.  

As the pools are becoming full, the used fuel is being removed to dry storage at the same rate as reactor 
discharge. This is now the case in the USA and in Germany and seems to be the future situation in many 
other countries. Consequently, dry storage is de facto becoming a management option instead of a 
convenient and flexible intermediate step, before decision making. Consequently, there is an accumulation 
of radioactive material on the surface and on-site dry storage is expanding, requiring more space. Presently 
the accumulation of used fuel on-site is not an immediate safety issue. In the actions proposed by the Blue 
Ribbon Commission in the US we underscore:  Prompt efforts to develop one or more consolidated storage 
facilities, and prompt efforts to prepare for the eventual large-scale transport of spent nuclear fuel and 
high-level waste to consolidated storage and disposal facilities when such facilities become available. 
From an industrial point of view, proposals have been made [5] for an integrated system for retrieval, 
transportation and consolidated storage of used fuel in the US.  

Reference [15] explains that intermediate storage systems are industrially proven solutions and that safety 
demonstrations show that for the long term these systems are very safe. Nevertheless, if used fuel 
accumulation continues on reactor sites, there is obviously a sustainability issue. 

Dry storage equipment and components are passive systems. Their degradation mechanisms have been 
studied and the good behaviour of materials in the long term and the maintenance of safety functions has 
been demonstrated [4], [15]. An aging management plan is put in place and surveillance is currently done, 
for the dose and confinement parameters. Used fuel is a more complex system than the storage components 
and, due to irradiation in reactors, the characteristics of the fuel material are modified. A presentation and a 
discussion are given below on the framework, principles and present knowledge of the fuel characteristics 
and behaviour. Then, current investigations and R&D on the degradation mechanisms and modelling will 
be examined.  

Ageing and degradation of used fuel are evaluated by many national R&D programs in various countries. 
Test methods and models are used to demonstrate the safety in storage conditions. 

Principles :  

Generally applicable and accepted principles concerning the storage of used fuel are defence in depth and 
used fuel retrievability.  
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Defence in depth: 

To protect the public from radioactivity hazards, containment barriers are required, including the concept 
of defence in depth. These containment barriers isolate the radioactive material (the used fuel) from the 
public and the environment. They should resist severe conditions, with some margin. Designers have 
provided satisfactory solutions in terms of storage systems, canisters or packaging. In addition to the 
protection given by the container design, some contribution from the used fuel has always been considered 
as a part of defence in depth. The cladding of the used fuel rods being the first safety barrier to contain the 
radionuclides, its integrity must be checked during all the phases of the fuel cycle back-end. 

Retrievability: 

Used fuel retrievability is essentially a sustainability principle. A sustainability principle is to select a 
stable and mastered system. It means that one should avoid accumulation (for example ever increasing 
space, surface, volumes, waste), one should prevent obsolescence, and also prevent the lack of 
competency. 

To be able to perform operations such as used fuel handling, transportation or unloading in the future, it is 
necessary to maintain our infrastructures. During intermediate storage, activities such as surveillance, 
maintenance, replacement and reconditioning are or can be requested anytime. Moreover, it is necessary to 
maintain knowledge, competencies and trained people for all the required tasks: design, operation, 
checking and inspection, maintenance. 

If on one side, radioactive waste shall be managed in such a way that undue burdens will not be imposed 
on future generation, there is no guarantee that the fuel characteristics can be maintained in perpetuity. As 
the safety of future operations is based on the knowledge of the status of used fuel, fuel behaviour in 
transport after dry storage is a key issue for the management of the back end of the nuclear fuel cycle. 

Present knowledge on fuel behaviour   

In storage and transport activities, there is now no record of FA (fuel assembly) ruptures. Though this 
result is satisfactory, in the past years degradation mechanisms of LWR fuel claddings (especially Zr 
alloys) in dry storage and the consequences in transport conditions have been studied. For example, an 
examination of actual used fuel (burn up of 37 GWd/t) after storage conditions was carried out at the INL 
and these integrated tests have shown that there was no detectable degradation of used fuel after 14 years 
of dry storage [20]. The same observation was made after inspection of stored fuel in Japan.  

Potential mechanisms that may affect the cladding integrity of LWR fuel during dry storage are: 

1. Creep 

2. Cladding oxidation and fission product corrosion 

3. Hydrogen-induced defects (delayed hydride cracking, hydrogen diffusion in thermal 
gradients, embrittlement) 

4. He-induced Pressure increase  
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FIG. 1 Mechanisms that may affect spent fuel cladding performance during dry storage [12]. 

 

Creep 

Thermal creep [5] is a limiting degradation mechanism for evaluating cladding integrity during dry storage. 
At temperatures between 300 and 400 °C currently considered at the start of dry storage, the cladding 
undergoes strain due to creep. 

Because the temperature decreases continually during dry storage, creep is not anticipated to produce 
significant strain after the initial storage period [2]. 

Creep strain is largely determined by fuel rod internal pressure and fuel rod temperature time history over 
the course of dry storage. It is necessary to avoid any loss of cladding integrity by confining creep 
deformation to its primary and secondary regimes (approach in compliance with standard creep 
engineering practices).  If it can be shown that during dry storage, the creep strain does not exceed the 
critical strain domain leading to plastic instability, tertiary creep leading to subsequent fuel rod rupture can 
be excluded.  Recent publications concerning creep show that this degradation can be modelled and 
controlled: References [10] and [11]. It is now commonly agreed that creep under normal conditions of 
storage will not cause gross rupture of the cladding and that the geometric configuration of the spent fuel 
will be preserved, provided that the maximum cladding temperature does not exceed 400°C. 

Cladding oxidation  

Various publications [2] have shown that in-reactor corrosion leads to the formation of an oxide coating, 
creating risks of spallation. Oxide spallation of the most external layers can be observed when the total 
oxide thickness exceeds 100µm. Moreover, there is an increase of oxide layer thickness with burn up 
(though very limited for AREVA’s M5® alloy). 
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Fig. 2 High burnup corrosion of Zr Alloy- ref [9] 

 
 

Normal storage under inert atmospheric conditions and appropriate drying procedures rule out the presence 
of oxygen. Therefore, no further increase in oxide layer thickness over and above the condition existing at 
final discharge from the reactor is expected. 

Moreover, storage systems include monitoring to detect and quickly correct abnormal conditions. 
Consequently, Zircaloy oxidation is not a limiting factor for cladding degradation during normal dry 
storage operation of LWR fuel. 

Cladding corrosion induced by fission-products 

Iodine-induced stress corrosion cracking (SCC) occurs only within a specific high temperature range in the 
presence of chemically active iodine and adequate stresses. In dry storage, iodine is not present in a form 
that could trigger SCC. As the combination of the SCC agent and the stress conditions required for crack 
propagation are normally absent, cladding failure via this mechanism is not expected to occur.  

As shown in reference [12] and [13], the fission products generated in the UO2-fuel under in-service 
conditions are practically immobile in the UO2-fuel lattice during storage. Consequently all fission-product 
driven defect mechanisms such as SCC, uniform fuel rod internal fission product corrosion of the cladding, 
and localised fuel rod internal fission product corrosion of the cladding are not active. 

Delayed hydride cracking 

In a zircaloy cladding, the hydrogen may precipitate in the form of Zr-hydride platelets. When their 
orientation is perpendicular to the applied stress, the hydride platelets reduce the ductility of the cladding 
and this may induce crack propagation in the cladding. Delayed hydride cracking (DHC) is a potential 
cladding failure mechanism. Incipient cracks at the inner cladding surface may result in DHC, if hydrogen 
precipitates at the crack tip, which causes a decrease of the critical stress intensity factor.  

As explained in reference [12], this phenomenon occurs only if the temperature of the cladding is less than 
~160°C, which corresponds to the ductile-brittle transition for the precipitated Zr-hydride platelets.  
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The critical crack depth is 694 µm (Reference [12]). No incipient cracks of such depth, or re-oriented 
hydride-platelets have been observed in used fuel after dry storage. It can be concluded that delayed 
hydrogen cracking will not occur to any appreciable extent in dry storage, even for the hydrogen contents 
typical of HBU fuels. This conclusion is in agreement with the available experience that DHC has not been 
observed worldwide in LWR cladding.  Moreover, a recent paper concerning DHC considerations [18] has 
confirmed that the critical flaw size needs to be unrealistically large. 

Hydrogen effects – embrittlement  

Hydride embrittlement will occur in used fuels placed in extended storage because the reactor service has 
increased the hydrogen content in the cladding and the storage temperature will decrease to the point that 
hydrides precipitate in the Zr cladding [14].  Hydrogen uptake depends on material, irradiation history and 
oxide thickness. For 50 GWd/THM average hydrogen values for Zy-4 low tin is 600ppm, for M5® it is 
100 ppm max. Concerning the hydrogen distribution, at a specific temperature, if the hydrogen content 
exceeds the solubility limit, hydrogen precipitates in the form of hydride platelets.  

The literature clearly demonstrates that hydrogen uptake and hydride precipitation decrease the ductility of 
irradiated zirconium alloys. The extent of hydride embrittlement is a function of the hydrogen content and 
the hydride orientation. The precipitation of radial hydrides can reduce significantly  the ductility and 
cause normally ductile samples to fail while in the elastic portion of the stress-strain curve. 

The combination of irradiation and hydride precipitation can also significantly reduce the ductility of 
zircaloy.  The literature shows that these reductions are most apparent at low temperatures and therefore 
will become more serious as the temperature of the fuel cladding decreases during storage.  

Hydrogen induced shifts in the DBTT (ductile to brittle transition temperature) 

With the decrease of the fracture resistance of zircaloy there is also a shift in the DBTT, and the extent of 
the shift will vary with alloy composition, hydride orientation, irradiation level and temperature as well as 
hydrogen content [2]. HBU fuel may be especially susceptible to hydrogen embrittlement and hydrogen 
induced shifts in the DBTT because of the higher hydrogen content. 

The shift in DBTT may become critical to the behaviour of fuel cladding during post storage handling and 
transport. Significant reductions are possible if the combination of alloy type, thermo-mechanical history, 
hydrogen content and storage conditions lead to the formation of clustered, radial hydrides.  

Reference [2] states that the increase of the DBTT is generally associated with the presence of hydrides in 
the microstructure and should therefore become increasingly important as the storage temperature 
decreases. Therefore the potential for such a shift should increase with increasing storage time (decreasing 
storage temperature) and reach its maximum at the end of the fuel storage period.  

Pressure increase due to He-generation  

For very long storage periods (hundreds of years), the production of helium from alpha decay in MOX fuel 
becomes comparable to the amount of fission gases produced during reactor irradiation. Taking into 
account concentrations of helium up to 0.2 g/kg U after 200 years of storage and the diffusion coefficient 
under temperature conditions typical of dry storage [12] confirms that the typical diffusion length is about 
1/10 of the fuel grain size after 100 years of storage. Thus, helium release via diffusion to the grain surface 
is negligible (also in reference [21]). 
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Fuel behaviour in transport (impact) 

The impact of fuel means that the fuel is submitted to severe loading: forces and/or accelerations during 
regulatory drop tests defined in IAEA SSR-6.  

To evaluate fuel behaviour upon impact, very few experiments have been done, due to the difficulty in 
handling irradiated F/As. Extensive R&D programs on fuel impact are presently being carried out in 
France and the UK (FIP), the EU and Germany (ITU and GNS experiments) and in Japan (JNES and 
Japanese utilities). 

The Fuel Integrity Project (FIP) aimed to develop a methodology to evaluate, as a safety requirement, the 
nature and the extent of LWR fuel assembly (FA) damage during accidental dropping of a container. Test 
results have led to the elaboration of the FIP methodology [7] . Experimental knowledge was collected 
from the testing programme and the main mechanical phenomena arising from a drop have been identified 
and quantified.  

The Fuel Integrity Project methodology application leads to the criticality hypotheses for the safety 
analysis: the existence or not of fuel rod rupture, the number, the location, the associated amount of 
released fuel material, and the extent of fuel rod array deformation and sliding.  

Tests on used fuel segments from irradiated samples up to 40-50 GW.d/tU, with lateral bending of PWR 
and BWR rodlets, until rupture and lateral bending of BWR rod extremity were carried out. 

For the lateral drop, the slight packing down of end grids and collapse of central grids leads to limited 
rupture risks, whereas complete packing down of the fuel pin array in the FA central part leads to 
uncontrollable rupture risks. 

For the axial drop a similar analysis was carried out: for limited accelerations, the LWR end nozzle will 
bend, and consequently fuel pin bending will occur leading to limited rupture risks. For higher loads, local 
plastic buckling may occur, leading to uncontrollable rupture risks.  

Through analysis of the tests, the potential ruptures and the amount of fuel release in impact were assessed:  
1 or 3.5 pellets per section of broken fuel pin. These values are confirmed by other experiments [16]. In 
addition a recent publication was issued on fuel rod bending by a simplified approach [19]. 

Knowledge Gaps and Summary of Research Areas 

The knowledge gaps have been identified [2]. These gaps concern mainly or affect more severely HBU 
fuels. Higher burn-up results in higher decay heat and increased fission gas release. This will generate 
higher stresses for longer periods of time in the fuel rod cladding. In addition, the longer residence time of 
a fuel assembly in the core to achieve the higher burn-up tends to reduce the residual wall thickness 
through waterside corrosion. Therefore, stress is further increased. We have summarized a view of the 
main remaining issues in Table 1. 
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Table 1 Data gaps on used fuel degradation modes 

Used fuel rod degradation mode Present knowledge/control Gap/R&D program 
Storage or 
Transport 
Normal 
conditions  

Cladding creep Degradation is limited 
through the temperature 

In case of new alloys 

DHC cracks  Unlikely in storage Some investigations 
SCC corrosion  Unlikely in storage None 
H2 Effect Reduction of 
ductility 

Degradation is limited if low 
BU 

Unknown, tests 
required for HBU 

H2 effect Shift in the 
DBTT 

Degradation is limited if low 
BU 

Unknown, tests 
required for HBU 

Rod pressure He build 
up, pellet swelling 

Unlikely in storage None 

Irradiation damage 
recovery 

Degradation is limited if low 
BU 

Investigations needed 
for HBU 

Transport 
Accident  

Impact resistance Tests and analysis method 
performed 

May request additional 
analysis 

 
Taking into account past R&D results, what remains to be studied is mainly the evolution of defects, 
drying procedures and amount of residual water, embrittlement of cladding due to hydrogen effects.  

Propagation of existing flaws 

There is little current knowledge of the initial flaw size distribution in high burn-up cladding, and as a 
result, currently it cannot be determined whether the cladding will fail the long term. Breached cladding 
effects the containment source term. 

Investigation on Drying 

Efficient drying is necessary to prevent corrosion induced degradation of the fuel and radiolytic reactions 
with moisture that can cause additional pressure and Hydrogen build up. However, the heating of the fuel 
to the anticipated drying temperature may alter the cladding microstructure by partial annealing of the 
microstructural changes induced by irradiation and causing hydride dissolution during heating and re-
precipitation on cooling. Therefore investigation on efficient drying is needed. 

Current R&D on Embrittlement of cladding - Hydrogen effects 

Concerning ductility reduction, the aim is to assess the structural integrity of used fuel during storage and 
transport when the cladding has experienced significant hydride embrittlement and fails under elastic 
stresses. Additional tests are developed and models are modified to include cladding alloys from HBU 
fuels with radial hydrides and also include the new cladding alloys that may show behaviors that differ 
significantly from those of Zircaloy.  

Concerning DBTT, R&D aims to establish the singular and combined effects of irradiation and hydrogen 
content on fracture resistance. Although the hydrogen induced decrease in fracture resistance is known, 
there is a need to increase the database on the influence of hydride orientation, hydride rims, alloy type and 
irradiation on fracture resistance, especially for newer cladding alloys. 

The data and models currently available are being improved to assess the impact of long term storage on 
the DBTT of cladding alloys from HBU fuels. Tests are being developed to establish the combined effects 
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of alloy content, hydrogen content, irradiation, temperature and other cladding variables on the DBTT (and 
other measures of fracture resistance) of fuel cladding.  

Discussion 

In summary, for HBU fuel, the hydrogen content in the cladding may be significant and in the long term 
storage situation, these fuels will cool down, eventually to low temperatures. 

At the peak temperatures in the drying operation of the dry storage system, there will be a significant 
hydrogen concentration dissolved. This may be the spot of the fuel rod for which we will observe the 
highest amount of radial hydrides, thus the location of highest embrittlement risk (used fuel rod hottest 
spot, FRHS). The DBTT for Zr clad depends on the alloy and on both the total hydrogen content and the 
radial hydride content (and even on the hydride platelets continuity factor). Some authors have measured 
the values of DBTT, and they can vary significantly. If DBTT are in the range 100°C 200°C for example, it 
is reasonable to expect that the FRHS will cool down to reach these values after several decades of long 
term storage. The thermal evacuation performance of the dry storage systems are such that these low 
temperatures will likely be attained. There is then a time limit, defined as the time at which DBTT is 
reached, depending on various parameters. It means that probably, HBU fuel stored in the long term will 
probably be brittle or show brittle segments. Further operation, handling and transport (normal conditions) 
may have to deal with brittle used fuel rods. How can this situation be addressed? 

First, the R&D task is to clarify the time limit. Here we recall that it is a typical used fuel issue and that the 
vitrified waste is free of this problem. 

Secondly new design and safety evaluation for storage and transport systems are needed for containment, 
thermal, criticality and shielding. 

– FA could be encapsulated, which resolves the containment issue. 

– Assuming moderator exclusion resolves the criticality issue, and this has been taken into account in 
recent transport package designs with double containment. 

– Over-packs or special features of the transport cask can solve thermal and shielding issues linked to 
the impact of fuel relocation. 

The repackaging of radioactive material with poor mechanical characteristics, such as brittle material can 
be achieved. However special operations will be needed in the pools or a hot cell before transport of used 
fuel to reprocessing or final disposal. 

Conclusions  

In summary used fuel behaviour is a key issue for the management of the back end of the nuclear fuel 
cycle. The used fuel retrievability principle is a part of sustainability principle. We are convinced that 
retrievability is feasible. Nevertheless, after a time limit which is linked to the embrittlement of fuel 
cladding, there is an increase of investments to ensure safe handling and transport of used fuel for 
reprocessing or final disposal. It would be interesting to clarify this time limit. A demonstration with actual 
HBU FA will surely provide some benefit for this objective. 

Extension of interim dry storage can be contemplated but indefinite storage is in our view not acceptable. 
There is a need for an end point. Countries who have selected nuclear energy as part of their energy mix 
are responsible and need to pursue very actively the implementation of a used fuel management final 
disposal path. Knowledge on the behaviour of glass is adequate for demonstration of the safety of final 
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disposal, whereas less knowledge on the behaviour of used fuel leads to the need of a special conditioning 
for disposal, with the same safety objective, as achieved in Sweden for example.  

Ref [15] reports that the overall experience is safe and reliable dry storage performance. It is satisfactory 
for limited periods but is not a permanent solution. Before permanent disposal, a repackaging of used fuel 
will certainly be necessary. In the case of a reprocessing option, existing packaging designs are now 
available and the corresponding industrial experience as well. 

References 

[1]  IAEA 2012 SSG15 Safety of dry storage.  

[2]  NUREG/CR-7116/ SRNL-STI-2011-00005 Materials Aging Issues and Aging Management for 
 Extended  Storage and Transportation of Spent Nuclear Fuel. 

[3]  IAEA Tecdoc 1293 Long term storage of SNF, survey and recommendations. 

[4]  IAEA International Experts’ Meeting on Reactor and Spent Fuel Safety in the Light of the Accident 
 at the Fukushima Daiichi Nuclear Power Plant, IAEA, 19–22 March 2012. 

[5]  CEA France 2005- Rapport CEA-R-6084, Synthesis on the spent fuel long term evolution.  

[6]  Integrated System for Retrieval, Transportation and Consolidated Storage of Used Nuclear Fuel in 
 the US, W. Bracey, Transnuclear Inc. Nuclear Used Fuel Strategy Conference  

[7]  Description of fuel integrity project methodology principles, A. Zeachandirin, M. Dallongeville TN 
 International AREVA, France, P. Purcell, A. Cory International Nuclear Services (INS), United 
 Kingdom, PATRAM 2010, London. 

[8]  How to transport a cask which has been loaded and then stored for several decades, P. Malesys, 
 WNTI, UK, PATRAM 2010, London. 

[9]  Comparison of the high burn up corrosion on M5 and low tin Zircaloy-4,   P. Bossis, D. Pecheur, 
 K.Hanifi, CEA DEN Saclay, France,  J. Thomazet, AREVA France, M. Blat EDF France,  ASTM 
 14th International symposium in the nuclear industry, Stockholm, June 13-17 2004. 

[10]  A Robust model to describe the thermal creep of CSWR Zircaloy-4 cladding for fuel cycle back end 
 application, C.Cappelaere, R.Limon, C.Duguay, G.Pinte, M. Le Breton, CEA DEN, P. Bouffioux, 
 EDF,  V. Chabretou, AREVA, A. Miquet, EDF,  2011 Water reactor Fuel Performance Meeting , 
 Chengdu, China, Sept. 11-14, 2011. 

[11]  Simplified thermal creep model of an irradiated fuel pin, M. Dallongeville, C. Langlade, A. 
 Zeachandirin, TN International AREVA France, Nuclear Engineering International, PATRAM 
 2010.   

[12]  IAEA Tecdoc-1343  Spent fuel performance assessment and research Final report of a Co-ordinated 
 Research Project on Spent Fuel Performance Assessment and Research (SPAR-I)  1997-2001. 

[13]  IAEA Tecdoc-1680  Spent fuel performance assessment and research Final report of a Co-ordinated 
 Research Project on Spent Fuel Performance Assessment and Research (SPAR-II)  2002-2008. 



 NEA/CSNI/R(2013)10 

 425

[14]  EPRI Report 1009276, November 2003 A. Machiels: Dry Storage of High-Burnup Spent Fuel, 
 Responses to Nuclear Regulatory Commission Requests for Additional Information and 
 Clarification. 

[15]  TOPFUEL 2012 Dry storage reliable solutions for the management of spent nuclear fuel in the long 
 term, H.Issard, TN international AREVA. 

[16]  KTG Conference 2009, Fuel release experiments on irradiated fuel rodlets under transient impact 
 conditions, D. Papaioannou, R. Nasyrow and V.V. Rondinella  European Commission, Joint 
 Research Centre, ITU, Germany;  W. Goll AREVA NP GmbH, Germany; H.-P. Winkler, R. 
 Liedtke, D. Hoffmann, GNS GmbH, Germany 

[17]  Peehs, M., Garzarolli, F., Goll, W., “Assessment of dry storage performance of spent LWR fuel 
 assemblies with increasing burnup”, Storage of Spent Fuel From Power Reactors, Proc. Int. Symp. 
 Vienna, 9–13 November 1998, IAEA-TECDOC- 1089, Vienna (1999). 

[18]  Delayed Hydride Cracking Considerations Relevant to Spent Nuclear Fuel Storage, EPRI- Report 
 1022921,July 2011.  

[19]  Simplified approach to study fuel rod rupture risk  by bending or Euler buckling, Maurice 
 Dallongeville, Aravinda Zeachandirin, Laurent Milet, TN International AREVA, 9th International 
 Conference on the Radioactive Materials Transport and Storage May, 2012, London, United 
 Kingdom. 

[20]  INEEL/EXT-01-00183 Revision 1Dry Cask Storage Characterization Project-Phase l: CASTOR 
 V/21 Cask Opening and Examination W. C. Bare L. D. Torgerson, August 2001 Idaho. 

[21]  Journal of Nuclear Materials 407 (2010) Effect of helium on the microstructure of spent fuel in a 
 repository: An operational approach, Cécile Ferry, Jean-Paul Piron, Antoine Ambard, CEA, Nuclear 
 Energy Division, France. 

 
 



NEA/CSNI/R(2013)10 

 426

 
 

 
 

 



 NEA/CSNI/R(2013)10 

 427

 
 

 
 

 



NEA/CSNI/R(2013)10 

 428

 
 

 
 

 



 NEA/CSNI/R(2013)10 

 429

 
 

 
 

 



NEA/CSNI/R(2013)10 

 430

 
 

 
 

 



 NEA/CSNI/R(2013)10 

 431

 
 

 
 

 



NEA/CSNI/R(2013)10 

 432

 
 

 
 

 



 NEA/CSNI/R(2013)10 

 433

 
 

 
 
 
 
 



NEA/CSNI/R(2013)10 

 434



 NEA/CSNI/R(2013)10 

 435
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Abstract 

Japanese regulation requires that the integrity of spent fuel during the storage shall be maintained. From 
the view point of prevention for the failure of spent fuel due to cladding thermal creep and for the 
degradation of cladding mechanical properties, the temperature and cladding stress of spent fuel shall be 
limited. 

In order to acquire the data and derive fuel integrity criteria for safety regulation, the following three 
mechanical property tests were carried out from 2000 to 2008 using BWR and PWR fuel cladding 
irradiated up to 55GWd/t (bundle average) in commercial power reactors in Japan. In the thermal creep test 
and creep rupture test, the threshold strain of transition to tertiary creep region is larger than 1% for 
irradiated cladding and creep equations were derived for BWR and PWR irradiated cladding. In the 
hydride reorientation and mechanical properties test, non-degradation limit values of temperature and 
stress in the dry storage were evaluated. And in the irradiation hardening recovery test, recovery 
temperature of irradiation hardening was evaluated. 

From 2009, for the assessment of high burnup spent fuel integrity at the dry cask drop accident, mechanical 
performance of cladding and fuel rod under the dynamic load condition has been examined using BWR 
and PWR fuel rod irradiated up to 55GWd/t. In order to acquire dynamic mechanical properties of BWR 
and PWR fuel cladding, dynamic tensile tests (strain rate: up to 200 s-1) using cladding coupon specimens 
have been performed to obtain axial tensile strength and elongation, and dynamic ring compression tests 
(compression speed: up to 4000 mm/s) have been performed to obtain ring compressive strength and 
failure flattening ratio. In order to evaluate the dynamic behavior of BWR fuel rod, axial and lateral 
dynamic load impact tests using partial fuel rod specimen have been performed to obtain the threshold of 
fuel rod failure on axial and lateral compression. After the tests, fracture area and surface were examined 
by metallography and SEM observation, and weight and particle size distribution of dispersed pellets were 
measured to evaluate the dispersed pellet characteristics. Axial and lateral dynamic load impact tests for 
PWR fuel rods will be performed in 2013. 

1. Introduction 

The cladding temperature of spent fuel might reach several hundred degrees Celsius by decay heat in the 
early stage of storage, and the cladding temperature decreases gradually with progress of time by the 
decline of decay heat. The cladding hoop stress caused by the fuel rod internal pressure also decreases with 
the decline of fuel temperature.  
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For Japanese safety regulation of the interim dry storage, the technical requirements concerning fuel 
integrity is described as “Temperature of the spent fuel should be maintained to be less than the restricted 
value to avoid any creep failure and mechanical property degradation of fuel cladding”. Considering such 
conditions of dry storage, cladding failure due to progression of creep strain, cladding ductility degradation 
due to hydride reorientation in cladding caused by temperature decrease, and the decrease of cladding 
strength due to recovery of irradiation hardening should be evaluated, and Japan Nuclear Energy Safety 
Organization (JNES) planned and carried out “the mechanical property tests on spent fuel cladding” from 
2000 to 2008 using BWR and PWR fuel irradiated up to 55GWd/t in order to acquire the data and to derive 
fuel integrity criteria for safety regulation of the interim dry storage.  

The Mutsu interim spent fuel storage facility was examined and permitted to construct in May 2010 using 
the above-mentioned fuel integrity criteria. The burnup of spent fuel for storage is now limited as ≤50 
GWd/t (BWR) and ≤ 48 GWd/t (PWR), respectively , however, high burnup fuels (≤55GWd/t for BWR 
and PWR) will be also candidates in the future. The concerns of high burnup fuels are the increase of 
hydrogen concentrations and the increase of hydrides precipitated radially in cladding. These phenomena 
would affect fuel integrity at cask drop accident during dry storage and transport. JNES has been 
conducting “the dynamic load impact tests on high burnup fuel rod” to acquire the fuel rod behavior data 
and to improve the guidance of regulation of spent fuel storage and transport. 

The purpose of this paper is to summarize the results of the mechanical property tests and to describe the 
progress of the dynamic load impact tests to date. 

2. Summary of the mechanical property tests on spent fuel cladding101 

JNES planned and carried out the following three mechanical property tests from 2000 to 2008 using BWR 
and PWR fuel cladding irradiated up to 55GWd/t in commercial power reactors in Japan. 

(1) Thermal creep and creep rupture test 

(2) Hydride reorientation and mechanical properties test 

(3) Irradiation hardening recovery test 

2.1 Thermal creep and creep rupture test102 

In the tests, creep deformation properties of unirradiated and irradiated BWR Zry-2 cladding 
(recrystalized: RX) and PWR Zry-4/MDA claddings (stress-relieved : SR) have been investigated under 
various temperature (330-420ºC), hoop stress (30-300MPa) and burnup (up to 55GWd/t) conditions. From 
the analysis of the test results, creep equations were derived for BWR and PWR irradiated claddings. The 
threshold creep strain of transition to tertiary creep from secondary creep was studied. The relation 
between the threshold strain and secondary creep rate of Zry-4 cladding is shown in Figure 1. The 
threshold strain of transition to tertiary creep was larger than 1% for irradiated cladding and larger than 
10% for unirradiated cladding. Similar results were obtained for Zry-2. As for PWR claddings, test results 
indicated that there was not large difference in thermal creep behavior between Zry-4 and MDA. No effect 
of hydride reorientation in radial direction was observed on creep rate. 

                                                      
101 “Spent Fuel Performance Assessment and Reserch : Final Report of a Coordinated Reserch Project (SPAR-II)” IAEA 

TECDOC-1680, 2012. 
102  Ito, K., et al, “Evaluation of Irradiation Effect on Spent Fuel Cladding Creep Properties”, 2004 International Meeting on LWR 

Fuel Performance, Orlando (2004). 
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Figure 1.  Relation between threshold strain to tertialy creep and secondary creep rate  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

2.2 Hydride reorientation and mechanical properties test103 

It is well known that the dissolved hydrogen precipitate as hydride along radial direction under the 
condition in which somewhat large hoop stress is applied during the precipitation stage and the more radial 
hydride lead to less hoop ductility of the cladding. Therefore the radial hydride reorientation during the 
spent fuel cooling stage should be considered as one of the cladding degradation mechanism in dry storage. 

BWR Zry-2 cladding (RX, up to 55GWd/t) and PWR Zry-4/MDA/ZIRLO cladding (SR, up to 55GWd/t) 
were tested. Temperature (200-400ºC for Zry-2, 250-340ºC for Zry-4/MDA/ZIRLO), hoop stress (0-
100MPa for Zry-2, 0-130MPa for Zry-4/MDA/ZIRLO) and cooling rate (0.6-30ºC /h) of cladding 
specimens were selected for the test parameters. The temperature conditions were set considering the 
cladding temperature in the dry storage. The hoop stress conditions were set to find the threshold stress for 
reorientation at each temperature. 

In hydride reorientation test, hydride reorientation treatment (HRT) was carried out. The biaxial stress in 
cladding tube specimens was applied by internal pressure of Ar gas.  The specimen temperature was held 
at the HRT solution temperature in the furnace to dissolve the hydrogen for 30 (for PWR cladding) or 60 
(for BWR cladding) minutes, then decreased to around room temperature to precipitate the hydride. The 
morphology of hydrides, including the orientation, was evaluated from metallography after HRT. 

The mechanical property change due to radial hydride reorientation was evaluated by the ring compression 
test at room temperature. In the ring compression test, ring specimens with 8mm in length were prepared 
from the cladding after HRT. Ring specimens were compressed in the radial direction on the flat plane 
with a crosshead speed of about 2mm/min. The test for as-irradiated specimen was also carried out as the 
reference. The results of ring compression tests were evaluated in terms of the crosshead displacement 
ratio as defined in Figure 2. 

                                                      
103  Aomi, M., et al, "Evaluation of Hydride Reorientation Behavior and Mechanical Properties for High Burnup Fuel Cladding 

Tubes in Interim Dry Storage ", Journal of ASTM international, Vol.5, No.9, Paper ID JAI101262 (2008). 
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Based on these test results, HRT temperature and stress related to “Threshold of no ductility degradation” 
shown in Table 1 was adopted as fuel integrity criteria for interim dry storage. HRT thresholds as fuel 
integrity criteria are remarkably depend on the cladding types. 

Figure 2.  Test method of ring compression test 

 
 
 
 
  
 

 
 
 
 

Table 1. Threshold of no ductility degradation 

 
 
 
 
 
 
 
 
 
 
 
 

2.3 Irradiation hardening recovery test104 

BWR Zry-2 cladding (50GWd/t type) and PWR Zry-4 cladding (48GWd/t type) were tested. In the test, 
isothermal annealing of irradiated cladding was performed, and then hardness of annealed material was 
measured. Annealing temperature conditions were from 270ºC to 420ºC. Annealing duration is maximum 
about 10000h. 

The correlation of annealing conditions (time, temperature) and micro Vickers hardness of irradiated Zry-2 
and Zry-4 cladding is shown in Figure 3.  No recovery in hardness was observed for PWR Zry-4 cladding 
below 300ºC. On the other hand, BWR Zry-2 showed a slight decrease in hardness after 5000h annealing 
at 300 ºC and 270 ºC.  This implies that it is necessary to consider the recovery of irradiation hardening to 
evaluate the cladding strength under dry storage, if applicable. 

                                                      
104  Ito, K., et al, “Evaluation of Irradiation Effect on Spent Fuel Cladding Creep Properties”, 2004 International Meeting on LWR 

Fuel Performance, Orlando (2004). 

d

D: Initial 
Diameter 

Load

d

D: Initial 
Diameter 

Load

d: Crosshead Displacement 

d1

Crosshead Displacement Ratio (%) 
=d1/D × 100

Where, D is the initial diameter of ring specimen.

L
oa

d

d: Crosshead Displacement 

d1

Crosshead Displacement Ratio (%) 
=d1/D × 100

Where, D is the initial diameter of ring specimen.

L
oa

d



 NEA/CSNI/R(2013)10 

 439

Figure 3.  Irradiation hardening recovery property  

 
 
 
 
 
 
 
 
 
 
 
 
 

3. Dynamic load impact test on high burnup fuel rods105 

It is assumed that the characteristics of high burnup fuel, such as the increase of hydrogen concentrations 
and the increase of hydrides precipitated radially, would affect fuel integrity at cask drop accident during 
dry storage and transport. The elemental mechanical test of cladding and the dynamic load impact test of 
fuel rod at room temperature have been conducted from 2009 to acquire the fuel rod behaviour data, such 
as deformation, failure mode, and amount of dispersed pellet if failure occurred, by dynamic axial and 
lateral load using BWR fuel rods (Zry-2 with Liner cladding) and PWR fuel rods (MDA cladding) 
irradiated up to 55GWd/t. The goal of this test is to derive the threshold of fuel rod failure and provide the 
pellet dispersion data for criticality evaluation at cask drop accident. 

3.1 Elemental mechanical test of cladding (BWR and PWR) 

In order to acquire elememtal mechanical properties of BWR and PWR fuel cladding under dynamic load 
condition, dynamic tensile tests  (strain rate : 0.005, 5, 200 s-1 for BWR, 0.0017, 0.17, 10 s-1 for PWR) 
using cladding coupon specimens have been performed to obtain axial tensile strength and elongation, and 
dynamic ring compression tests (compression speed : 0.033, 76, 4000 mm/s for BWR, 10, 50, 100 mm/s 
for PWR) have been performed to obtain ring compressive strength and crosshead displacement ratio as 
ductility index defined by Figure 2. These tests were performed using universal testing machines except 
BWR tests for strain rate of 200 s-1 and compression speed of 4000 mm/s using the test equipment shown 
in Figure 6.  

And in dynamic ring compression tests, influence of hydride reorientation was evaluated using hydride 
reorientation treated claddings. 

(1) Dynamic tensile tests using cladding coupon specimens 

Dependency of dynamic tensile properties on strain rate is shown in Figure 4. With increase of strain rate, 
ultimate tensile strength (UTS) increased and total elongation decreased. 

 

                                                      
105 Hirose, T., et al, “Dynamic Load Impact Tests on High Burnup Spent Fuel Rods of BWR and PWR” , NuMat2012 : the 

Nuclear Materials conference, Osaka, Japan, October 2012. 
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Figure 4.  Dynamic tensile test results  

 
 

(2) Dynamic ring compression tests  

Dependency of crosshead displacement ratio on compression speed is shown in Figure 5. With increase of 
compression speed (≤100 mm/s), ductility decreased. In PWR test, Influence of hydride reorientation was 
observed at hydride reorientation treatment (HRT) of 300ºC (Temp.)_115MPa (Hoop stress)_30ºC/h 
(Cooling rate). 

Figure 5.  Dynamic ring compression test results 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
*1  HRT: 300ºC_70MPa_30ºC/h 
*2  Using the test equipment for dynamic load 

3.2 Dynamic load impact test of fuel rod (BWR) 

The test equipments for BWR shown in Figure 6, which could simulate the axial buckling and the radial 
deformation behavior of fuel rod at vertical and horizontal cask drop mode, were designed and 
manufactured. Dynamic load or impact speed to fuel rod specimen is controlled by drop velocity of weight 
using spring expansion force. Test specimen for axial load is about 520 mm in length and test specimen for 
lateral load is about 170 mm in length. And in lateral dynamic load impact tests, influence of hydride 
reorientation was evaluated using a dummy rod specimen of 80 mm which consisted of hydride 

*1 

*1 

BWR PWR 

*2 
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reorientation treated cladding and dummy pellets made of forsterite (Mg2SiO4). Dynamic load impact test 
of fuel rod for PWR will be completed in 2013. 

Figure 6.  Test equipment for dynamic load impact test 

 
  

 
(1) Dynamic axial load impact test 

Four fuel section specimens (average burnup : 62 - 65 GWd/t) and one upper plenum specimen (including  
pellets of 90 mm length and plenum spring) were tested using 3.5 kg weight and  impact speed in the range 
of 3.7 - 12 m/s. 

Test condition and results are shown in Figure 7 and Figure 8. In case of the maximum axial load of 
60kN, not local bending (axial buckling) failure but shearing failure occurred, and sparks were observed at 
the breakage by high speed camera record. From metallography and SEM observation, it was presumed 
that shearing deformation occurred diagonally to axial direction and the crack was spirally progressed and 
the fuel rod was broken. No failure was observed in case of 53kN or less. 

The amount of dispersed pellet at the breakage was equivalent to approximately two pellets. The peak of 
pellet particle size distribution was the range of 850µm - 2.00mm. Pellets exceeding 60% of dispersed 
amount were not collected, and those were very fine. 

(a)  Axial dynamic load impact test (b)  Lateral dynamic load impact test 
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Figure 7.  Test condition and results of dynamic axial load impact test 

 
 
 

Figure 8. Particle size distribution of dispersed pellet in dynamic axial load impact test 

 
 

(2) Dynamic lateral load impact test 

Five fuel rod specimens (average burnup : 38GWd/t, 61 - 66 GWd/t) and one dummy rod specimen were 
tested using 0.6, 1.6 and 2.6 kg weights and impact speed at 4 m/s and 8 m/s. It was assumed that the high 
burnup specimens (61 - 66 GWd/t) might have hard bonding condition. 

Test condition and results are shown in Figure 9. Failures were observed in larger than maximum load of 
21 kN. The dummy rod specimen was not failed at the maximum load of 23 kN due to support effect of 
forsterite pellets which have higher strength than UO2 pellets. 
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Failure mode (breakage direction) and strength (maximum load) were different between “with” pellet (this  
test) and “without” pellet (dynamic ring compression test of cladding).  

In case of the maximum lateral road of 29 kN, pellet dispersion was observed. The amount of dispersed 
pellet at the breakage was equivalent to approximately three pellets. The peak of pellet particle size 
distribution is the same as axial load test as the range of 850µm - 2.00mm. Pellets exceeding 40% of 
dispersed amount were not collected. 

Figure 9.  Test condition and results of dynamic lateral load impact test 

 

3.3 Summary of dynamic load impact test on high burnup fuel rods 

Dynamic mechanical property data of cladding and impact load of fuel rod failure were obtained. In 
dynamic axial impact test, shearing breakage and spiral crack propagation occurred without buckling. In 
dynamic lateral impact test, different failure mode and strength were observed between “with” and 
“without” pellet. This result means the current threshold of no ductility degradation based on cladding test 
is conservative. The amount of dispersed pellet at the breakage was equivalent to approximately 2  to 3 
pellets, and 40 - 60% of those were fine powder in impact test. 

Dynamic load impact test of PWR fuel rod (including buckling / shearing failure mode for axial load) will 
be completed in 2013, and the threshold of fuel rod failure at cask drop accident will be studied based on 
BWR and PWR test results. 

4. Summary and Perspective 

As technical issue of dry storage, thermal creep, hydride reorientation and irradiation hardening recovery 
tests were carried out using irradiated cladding. Fuel integrity criteria to prevent material degradation due 
to hydride reorientation were established considering transport after storage. Additionally, a test using 
irradiated fuel rod is being conducted. 

Since the hydride reorientation treatment is an accelerated examination in hot lab, it is required to 
investigate characteristics of fuel which has been practically stored for long term, and to investigate 
technical issues on the further long term interim storage. 
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Abstract 

For the dry storage of spent nuclear fuel the cladding integrity is important for the retention of fission 
products. The fuel rod cladding is still the first barrier even if the storage casks are designed to contain the 
fission products during the designated but limited storage period. To prevent systematic cladding failures 
during the dry storage period the German rules contain a stress and a strain criterion. The maximum hoop 
stress during dry storage may not exceed 120 MPa and the maximum hoop strain may not exceed 1 %. In 
addition there is also a temperature limit of 370 °C that is, amongst others, caused by the experimental 
limits to determine the annealing of irradiation damages in the cladding material. The latter is not fixed in 
the rules and standards and is understood as a technical limitation in the German licensing process. It will 
be discussed which physical phenomena are the basis of these requirements and how they are fulfilled in 
the German licensing and surveillance process. This includes not only the fuel behaviour during dry 
storage but also the design and the in core performance of the fuel.   

Today dry storage of spent nuclear fuel in Germany is limited to forty years from the loading of the fuel 
into the casks. Since the debate on a final repository is still going on in Germany the question is coming up 
what has to be done if the forty year period will be exceeded and interim storage for a longer time period 
may be necessary. Some aspects with respect to the cladding integrity from the point of view of the TÜV, 
who is acting as a technical support organisation on behalf of the regulator, will be discussed.  

Beside the technical assessment of cladding behaviour in long term storage the importance of data 
management and archiving requirements will be addressed.  

1. Introduction 

After the legal stop of reprocessing spent fuel from German nuclear power plants nearly one decade ago 
spent fuel is stored in casks. These casks are stored in special storage facilities. Beside the three central 
storage facilities interim storage facilities were built at the power plant sites. Up to now the storage time of 
spent fuel in casks is limited by the licence to a time period of forty years starting with the cask loading. 
Within this time period the fuel assemblies and the fuel rod cladding have to remain intact. This is shown 
by the licensee and evaluated by the authorities and their technical support organisations within the 
licensing process in general and in detail for each cask loading within the surveillance process.  
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The requirements on spent fuel storage are formulated in the guidelines of the ESK (Entsorgungs-
kommission) [1]. For spent fuel from light water reactors with uranium oxide fuel and uranium–plutonium 
oxide fuel the fuel matrix and the cladding, beside the casks itself, are stipulated as barriers for fission 
product retention. Requirements on defect fuel, other kinds of fuel and high active waste are stipulated in 
[1] also, but these are not part of this paper. 

To fulfil the safety objective of safe enclosure of radioactive material a systematic cladding failure must be 
excluded during the storage time. This has to be ensured by the limitation of cladding corrosion and the 
limitation of cladding hoop stress and cladding hoop strain to material specific values. The analysis of the 
fulfilment of these requirements has to consider the fuel rod history with fuel rod specific or covering 
assumptions (boundary conditions). 

Because the discussion about the final repository is restarting from scratch in Germany, the time period 
needed for the interim storage may exceed the time limit fixed by the licence. If this is the case, appropriate 
additional analyses have to be performed. These analyses certainly will include long term behaviour of 
components and materials under storage specific loads. Within this paper some potential requirements on 
long term storage will be addressed.  

2. German criteria for cladding integrity – an overview 

To fulfil the generic requirements of the ESK guidelines technical and material specific criteria have to be 
derived. These specific criteria are normally derived from experimental results including a safety margin.  

For cladding integrity or how it is formulated in Germany, for an exclusion of a systematic cladding failure 
during the period of dry storage, the hoop stress and the hoop strain are limited to material specific values. 
Since up to now for this issue only covering or conservative analyses have been carried out in Germany 
there is only one limiting value for each criterion. The hoop stress is limited to 120 MPa and the hoop 
strain to 1 % for all cladding materials that are foreseen for the interim storage. 

The cladding hoop stress is calculated from the geometrical properties of the cladding tube and from the 
internal pin pressure under storage conditions. The internal pin pressure is calculated from the free 
volumes, like the upper and lower plenum and the gap volume, their temperatures under storage conditions 
and the amount of gas moles within these free volumes. The amount of gas is the sum of the moles of fill 
gas from the manufacturing and the fission gas release during and may be after the irradiation time.  

The internal fuel rod pressure is dominated, beside the number of gas moles and its temperature, by the 
upper and lower plenum (if present) volume. For these also the volume change during the irradiation time 
has to be considered. In most fuel designs the fuel stack growth during irradiation is higher than the 
elongation of the cladding. Since the lower plenum is fixed by the geometry of the support sleeve that will 
not change, the upper plenum volume will decrease during irradiation. Another free volume in a fuel rod 
that has to be considered within the evaluation of the hoop stress is the gap volume between the fuel and 
the cladding. This volume, if it still exists after irradiation due to the creep down of the cladding, has the 
hottest gas temperature both in the reactor as well as during the dry storage. Since the maximum gap 
volume is found in fresh fuel, the as built gap volume can be used as a conservative approach for all 
irradiation levels of the fuel. The waterside corrosion of the cladding that leads to a cladding wall thinning 
is considered by taking the irradiation history of the fuel rod into account. 

The hoop stress of the cladding during dry storage is limited to avoid the following failure mechanism: The 
hoop stress limit is the maximum load that is used to determine the hoop strain of the cladding at the end of 
the storage period. The effect of the hoop strain on cladding integrity is treated in more detail further down. 
Besides that, the limit of 120 MPa for the hoop stress is used to exclude stress corrosion cracking and 
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hydride reorientation as failure mechanisms. Stress corrosion cracking can be induced for example by 
iodine on a certain stress level. Iodine and other halogenides are always present as fission products. To 
avoid this failure mechanism the maximum cladding stress must not exceed a certain level. By limiting the 
hoop stress to 120 MPa this is ensured just as well as hydride reorientation and delayed hydride cracking 
can be excluded as cladding failure mechanism. Recent work on this showed that the hydride reorientation 
can become relevant at lower stress levels and longer times. This topic will be picked up again later.  

The limitation of the hoop strain is used to avoid cladding failure due to strain but also to avoid an increase 
of the hoop stress at higher strain levels. One may observe that an increasing strain and therefore an 
increasing volume will lead to a decrease of the internal fuel rod pressure which may reduce the load on 
the cladding. But since the strain due to creep of the cladding will occur at the hottest parts of the cladding, 
which is somewhere in the middle of the rod length, the gas volume at the hot areas will increase also. The 
limitation on small hoop strain values will avoid a self-driven outward directed creep.  

The limitation of the cladding temperature is not a formulated requirement within the German rules for the 
dry interim storage. It is obvious, that the limits of the boundary conditions of the basic experiments to 
derive a criterion cannot be exceeded. Therefore an upper limit for the cladding temperature is given by the 
experiments. Most experiments were carried out up to temperatures of 400 °C with fresh, non irradiated 
material. Experiments with irradiated material do not cover this temperature. The analysis of the hoop 
strain takes credit from the irradiation induced hardening for some cladding materials. From research work 
it is known, that for some zircaloy materials the irradiation hardening will start to anneal at a temperature 
of 370 °C. Above this temperature the correlation used in the strain analysis is not valid if it takes credit 
from irradiation hardening. Therefore, the cladding temperature is limited to 370 °C during loading and 
drying of the casks as well as under normal storage conditions since this temperature is not a regulatory 
requirement. The 370 °C is seen as a technical limitation. Another temperature limit is given by the phase 
transition temperature from the alpha to the beta phase of zircaloy based materials. This temperature is 
covered by the technical 370° C limit, but it should be kept in mind if correlations are used that don’t take 
credit from the irradiation hardening. This is the case for the modern niobium containing alloys which have 
a lower transition temperature compared to other zircaloy alloys. Another aspect is, that the phase 
transition temperature is decreasing with increasing hydrogen content in the cladding for all zircaloy 
materials. Hydrogen is picked up by the cladding material during operation as a part of the water side 
cladding corrosion. An appropriate distance to the transition temperature should be kept when using a high 
maximum cladding temperature for the analysis of cladding integrity during dry interim storage. 

In addition to the thermal and mechanical loads the degradation of the fuel due to corrosion has to be 
considered. After drying the inner casks it must be ensured that the remaining water will not exceed certain 
values. The specified maximum residual water content in the casks is evaluated within the licensing 
analysis. It is checked whether the remaining water will cause notable additional corrosion on fuel rods and 
the fuel structure. If this is the case, the additional corrosion layer has to be considered in the hoop stress 
analysis.  

Another aspect of water in the cask atmosphere is the generation of hydrogen gas from radiation and from 
the water metal reaction. Hydrogen can lead to embrittlement of metallic structures of the fuel and the 
cask. The residual water allowed in Germany does not affect the integrity of the fuel rod cladding and has 
therefore a minor significance. The drying procedure has to ensure that the maximum allowed water 
content is not exceeded.  



NEA/CSNI/R(2013)10 

 458

Figure 1: History of the cladding temperature (PWR example) 

 
 

Figure 2: Fuel rod pressure (PWR example) 

 
 
Figure 1 shows an example cladding temperature history of a fuel rod from the beginning of its in pile life 
up to four reactor cycles, the time in the storage pool after irradiation followed by a forty year dry storage 
period in a cask under interim storage facility conditions. Figure 2 shows the development of this example 
fuel rod’s internal pressure. All calculations were performed with the TRANSURANUS fuel rod 
performance code [2] using a conservative approach. The cladding temperature at the beginning of the 
interim storage is comparable to the in pile cladding temperature. The inner rod pressure develops in pile 
due to the fission gas generation and the release from the fuel to the rod internal free volume. As seen in 
figure 2, the in pile rod pressure can be much higher than the rod pressure under storage conditions, but 
one should consider that the in pile external pressure is roundabout 16 MPa (PWR) whereas the rod outer 
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pressure in the casks is less than 0.1 MPa. So the maximum mechanical load due to the internal rod 
pressure is higher at the beginning of the dry storage than at the end of the in pile life.  

3. Interim storage extension 

Since in Germany a final repository is not available yet and may not be available for some time, interim 
storage might has to be extended from decades to may be centuries. Even in the case that a future solution 
could be some kind of processing the fuel - like transmutation - there will be a need for long term storage 
until such processes are developed and established. 

Both interim storage and later processing contain the need to handle the fuel. Therefore, both the fuel 
structure for handling and the fuel cladding for fission product retention should be intact. The German 
criteria for dry storage are developed to ensure the cladding integrity for the period of forty years. This 
period may be extended to fifty or sixty years without considering additional aspects. But for longer time 
periods other mechanism than stress and strain may become more important relating to possible cladding 
degradation. The following effects may be important and should be addressed for a longer storage time: 

Fuel degradation with an additional fission gas release. This may lead to an increase of inner fuel rod 
pressure even if the temperature is still decreasing over time. The inner fuel rod pressure directly affects 
the stress and strain criteria.  

Helium production due to alpha decay from the higher actinides should be considered.  

Chemical impact of fission products on the cladding material. In conjunction with this the stress corrosion 
cracking induced by halogenides should be one aspect. 

From the in pile waterside corrosion the cladding material is loaded with hydrogen. At certain temperatures 
and concentrations this hydrogen builds up hydrides, which are very brittle. The effect of these hydrides on 
cladding integrity should be addressed. Especially the reorientation of hydrides even at low stress states 
can occur. 

The annealing of irradiation damages even at lower temperatures may lead to a higher ductility and 
therefore to higher strain rates. The latter may cause a failure by overstrain or an increasing of the cladding 
stress states with the effects on hydride reorientation and stress corrosion cracking. 

Over longer time periods the irradiation defects in the cladding micro structure may initiate cracks by 
mobile dislocations and line defects. 

More aspects to be addressed for longer storage periods have been compiled in a gap analysis [3]. For 
further aspects we want to refer to this work. 

4. Data management 

For the analysis of the cladding integrity during the interim storage a lot of data about the fuel assemblies 
and the fuel rods are necessary. This covers material properties, design, geometry, free volumes, inner rod 
pressure etc. In addition, data from the in pile irradiation history has to be determined, e. g. the inner fuel 
rod pressure, oxide layer thickness and residual free volumes. Further information about the in pile 
performance like oxides spallation, fretting marks etc. has to be considered. 

 
This data is usually provided by the utility and has to be kept available for long times even beyond the 
decommissioning of the power plant. One may start to discuss about the degree of detail needed for the 
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assessments carried out for the interim storage. From point of view of an expert who performs this analysis 
the data cannot be detailed enough. Especially if potential new mechanisms expand the state of knowledge 
the margins can become smaller, with the consequence that covering analyses have to be repeated with less 
conservative approaches up to best estimate analyses. Thus, for an extension of interim storage time the 
need of detailed data is self-evident. 

Figure 3: Fuel rod life cycle 

 
 

In figure 3 the schematic life cycle of a fuel rod from the design to the interim storage is shown. We at 
TÜV NORD EnSys Hannover accompanies this cycle with a data management [4] system designed for that 
purposes. Within TITANIA all fuel data to support our detailed assessments are stored. Further links to all 
relevant design documents are provided. Beside our assessment results inspection results and other fuel 
relevant data can be managed. The data is available for the individual fuel rod, fuel rod types, individual 
assemblies and fuel assembly types as well as for complete core loadings. TITANIA is used to provide the 
data for fuel rod performance calculations by automatic input generation and result management. 
TITANIA is designed to enable us to give answers on new arising questions in a short time.  

5. Summary 

Starting from the rules for interim storage of spent fuel with respect to cladding integrity the aspects and 
the technical background for a dry storage time period of 40 years is presented. Some, from the authors’ 
point of view, important technical aspects for interim storage time extension have been discussed. Finally 
the aspect of data and knowledge management for long time scales has been addressed also. 
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ABSTRACT 

The nuclear power technical community is developing the technical basis for demonstrating the safety of 
storing used nuclear fuel for extended periods of time.  The combination of reactor operations that off-load 
spent fuel to interim storage, coupled with delays in repository construction, has resulted in the expectation 
that storage periods may be for longer periods of time than originally intended.  As more fuel continues to 
be off-loaded from operating reactors, the need for expanded interim storage also increases. As repository 
programs are delayed, interim storage requirements will likely exceed licensing term limits.  To address 
these operational realities, there has been a concerted international effort to identify and prioritize the 
technical issues that need to be addressed in order to demonstrate the safety of storing used nuclear fuel for 
extended periods of time.   

Since this is an international effort, different storage systems, regulations, and policies need to be 
considered.  This results in differences in technical issues, as well as differences in priorities.  However, 
this effort also identifies important commonalities in some technical areas that need to be addressed. A 
broad-based international evaluation of these technical issues provides a better understanding of technical 
concerns as they relate to individual storage systems and specific national regulatory frameworks.  

While there are several international activities underway that are focused on long term storage, this paper 
will discuss the activities of the Electric Power Research Institute (EPRI)/Extended Storage Collaboration 
Program (ESCP) International Subcommittee.  A status report detailing the identification and prioritization 
of the technical issues was presented at the PSAM11 Conference in June 2012 (1).  Since that conference, 
a final report has been completed by the EPRI/ESCP International Subcommittee (2).  This paper will 
provide important results of the final report as well as potential plans for collaboration to obtain data that 
may resolve important technical issues. 

Introduction 

Recognizing the need to consider implications of long term storage and subsequent transportation of used 
light water reactor fuel, the Electric Power Research Institute established the Extended Storage 
Collaboration Program Committee in 2009.  This committee is represented by industry (EPRI, the Nuclear 
Energy Institute, utilities, and cask and fuel vendors), the Nuclear Regulatory Commission (NRC), the U.S. 
Department of Energy (DOE), and DOE national laboratories.  The charter of the committee is to provide a 
forum for information exchange, technical issues discussions, regulatory guidance, exchange of 
information relative to on-going research, and collaborations to leverage existing programs and facilities to 
address common goals associated with long term storage and subsequent transportation of used nuclear 
fuel. 
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Clearly, issues associated with long term storage and subsequent transportation are of an international scale 
and the ESCP committee subsequently established an International Subcommittee to ensure that a broad 
range of perspectives was considered.  The countries and associated organizations that comprise the 
International Subcommittee are: 

Sandia National Laboratories is a multi program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  

Germany  - Bundesanstalt fur Materialforschung und –Prufung (BAM) 

Hungary – Public Agency for Radioactive Waste Management (PURAM) 

Japan – Central Research Institute of Electric Power Industry (CRIEPI) 

Korea – Korea Atomic Energy Research Institute (KAERI) 

Spain – Consejo de Seguridad Nuclear (CSN) 

United Kingdom – EDF-Energy 

United States – Sandia National Laboratories (US Department of Energy) 

Prior to formal establishment of the International Subcommittee meeting, an initial ad hoc meeting in June 
of 2010 in Vienna established the Objectives and Terms of Reference for an international working group.  
During subsequent meetings, these Objectives and Terms of Reference have been re-affirmed as more 
organizations have joined the group.   

As established at the first meeting, the Objectives of the subcommittee are: 

1. Phase 1 - Conduct a technical data gap survey related to extended storage and subsequent 
transportation 

2. Phase 2 - Assess opportunities to leverage specific research to benefit the larger international 
group 

3. Integrate our work with relevant International Atomic Energy Agency (IAEA) committee work.  

The Terms of Reference used to conduct the data gap survey (Phase 1) are: 

1. Dry storage of used nuclear fuel 

2. LWR uranium oxide used nuclear fuel 

3. Storage systems include: 

a. Fuel 

b. Canister/internals 

c. Neutron poisons 
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d. Overpack 

e. Pad 

4. Provisional storage period:  up to 300 years 

The Objectives and Terms of Reference were deliberately defined to be straightforward and obtainable in a 
near-term timeframe.  Clearly, there are broader issues that need to be addressed in storage and 
transportation of the backend of nuclear fuel cycle materials.  However, it was felt that these Objectives 
and Terms of Reference defined the compelling issues that need to be addressed early to facilitate extended 
operation of commercial nuclear facilities.  It is important to note that all components related to safety of 
the storage system are addressed.  Also, while fuel retrievability and subsequent transportation after long 
term storage is an objective, the focus of this work has been on extended dry storage. 

The concentration of the subcommittee over the last two years has been on the Phase 1 international 
technical data gap identification and prioritization work.  This work has been completed and published (2). 

Phase 1 – Conduct a technical data gap survey 

The actual process of Phase 1 consisted of sharing of information from each group’s work in topical areas, 
identification of gaps based on experimental and analytical work, and prioritization of gaps based on the 
impact on the safety and the licensing process.  It is important to note that each organization has a specific 
list of identified gaps and priorities.  There was no attempt to reach a consensus on identification and 
ranking of gaps across organizational boundaries.  Since every country has different regulations, as well as 
different dry storage and transportation systems, there are good reasons for differences that may appear 
between organizations’ assessments of the gaps and associated priorities.  However, there is a degree of 
commonality represented in some of the identified gaps.  These commonalities are areas that can be 
effectively addressed by the international community as a whole in Phase 2 of the subcommittee’s work.  
This work in no way implies concurrence from the regulatory authority in each country.  It is a result of 
opinions of subject matter experts from the organizations represented on the committee. 

It is also important to note that there are concomitant efforts underway at the IAEA.  In particular, there are 
two consultancy groups associated with long term storage and dual purpose cask use for transportation 
after long term storage.  These groups are the Working Group for an Integrated Safety Demonstration for 
the Dual Purpose Cask for Spent Nuclear Fuel and the Working Group on Very Long Term Storage of 
Used Nuclear Fuel.  Several of the technical participants on the EPRI/ESCP International Subcommittee 
are also on the IAEA committees.  Hence, there is good communication and understanding of efforts 
between these groups.  Since the EPRI/ESCP International Subcommittee is ahead of the IAEA efforts, it 
is anticipated that this work can be used to inform the IAEA work. 

Identification and Prioritization of Technology Gaps  

Specific country regulatory requirements define the basis and framework for how used nuclear fuel is 
stored and transported.  This, of course, defines particular areas of concern that may arise when used 
nuclear fuel needs to be stored past the regulatory licensing period.  In Germany, for example, cask designs 
are licensed for both storage and transportation.  In addition, all used nuclear fuel is stored in a bare 
configuration (i.e., not canistered).  These regulatory and design conditions put an emphasis on bolt and 
seal behavior of the cask closure system.  In Japan and the U.S., there is an emphasis on canistered fuel.  
As such, a high priority technical data gap is associated with canister corrosion and stress corrosion 
cracking, particularly in marine environments.   
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Figure 1 illustrates the regulatory storage periods for each participating country.  It is interesting to note 
that only Spain and the U.S. allow for license extension after the first license expires. 

Figure 1.  Regulatory Storage Periods for Used Nuclear Fuel 
(Reproduced from Reference (2) with permission of the Electric Power Research Institute) 

 
 
Table 1 represents the International Subcommittee’s cumulative effort to identify and prioritize the 
technical gaps that need to be addressed to complete the technical basis for justifying extended storage and 
subsequent transportation.   

Table 1.  Extended Storage Technical Data Needs and Priorities 
(Reproduced from Reference (2) with permission of the Electric Power Research Institute) 
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The International Subcommittee also evaluated cross-cutting issues that could impact the safety of the 
storage systems over extended periods of time.  Table 2 illustrates these issues and the importance ranking 
giving by the individual participants. 

Table 2.  Cross-Cutting Technical Issues and Priorities 
(Reproduced from Reference (2) with permission of the Electric Power Industry) 
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Observations 

Given differing regulations, cask designs, and national policies, there were no gaps that were unanimously 
agreed as being high priority.  However, several areas were identified as having a consensus of high 
importance.  Interestingly, consensus high priority gaps were identified in several of the storage system 
components: 

Fuel – hydride effects and embrittlement of the fuel cladding 

Canister – corrosion and stress corrosion cracking of the stainless steel canister, particularly in marine 
environments 

Closure system – degradation mechanisms in metallic gaskets and stress relaxation in bolts. 

Independent work is currently on-going in several countries to address these gaps.  Given the realization 
that there is an international need to resolve these issues, these are technical areas that can benefit from 
collaboration to leverage existing programs and facilities to maximize the quantity and effectiveness of 
new work.    

It is recognized that concrete degradation in the overpack and on the storage pad is an issue.  However, this 
is not seen as high a priority issue in its significance to safety and is a phenomenon that can be monitored 
and repaired through an aging management program. 

Tables 1 and 2 represent the completion of the International Subcommittee of EPRI/ESCP data gap 
identification and prioritization work – Phase 1.  The subcommittee has begun working in earnest on Phase 
2, looking for areas of collaborations to address these gaps.   

Phase 2 – Assess opportunities to leverage specific research to benefit the international technical 
community 

Discussions related to this objective have already occurred and several areas have been identified that are 
likely candidates for collaborative activities.  These areas are: 

Stress corrosion cracking 

Fuel/cladding conditions 

Thermal profiling of fuel 

Drying operations of fuel 

Concrete degradation 

Monitoring 

Demonstration projects 

 
These topical areas will be explored in detail by the International Subcommittee to evaluate the potential 
for collaboration in leveraging existing programs. 
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Conclusion 

The objectives of the International Subcommittee are focused on the development of the technical basis to 
justify extended storage and subsequent transportation of used nuclear fuel.  This work will provide a 
comprehensive assessment of the technical issues that will assist individual organizations around the world 
in the technical basis development for their own respective situation. 
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Abstract 

For spent nuclear fuel management in Germany the concept of dry interim storage in dual purpose casks 
before direct disposal is being pursued. The current operation licenses for existing storage facilities have 
been granted for a storage time of 40 years. In addition, transportability of the casks must be assured. Due 
to current delay in the selection of a disposal site the probability increases, that an extension of the storage 
time will be needed. Therefore additional safety analyses will be required, as the current licenses are based 
on safety evaluations for 40 years. This is valid for the performance of the transport and storage casks as 
well as for the stored fuel.  

Under this point of view basic aspects of the safety demonstration for long-term interim storage with 
regard to casks and stored fuel will be presented in the paper. 

For spent nuclear fuel it has to be demonstrated, that no systematic failure of the fuel rods during storage 
will occur and the fuel structure remains intact. Relevant parameters are the pressure build-up inside the 
fuel rods, the temperature in the cask and the hoop tension acting on the cladding. In GRS, generic studies 
and analyses on this issue have been performed for storage times up to 100 years, based on burn-up and 
depletion calculation for up to 50 GWd/tHM some years ago under conservative assumptions. This work is 
now being continued in order to improve the calculation model for burn-up values of UO2 and MOX fuels 
up to 70 GWd/tHM. Results from the analyses will be presented.  

For casks all safety demonstrations have been performed for storage periods of up to 40 years. Extended 
storage periods require additional safety demonstrations for all relevant safety issues as safe enclosure, 
shielding, subcriticality and decay heat removal under consideration of operation conditions during 
storage. Thus has to consider material degradation affects by aging mechanisms. On the other hand, 
radiation levels and decay heat decrease during storage reducing specific material stresses. These aspects 
will be discussed and further needs for additional investigations to gain sufficient data bases in the future 
are explained. 
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1. The German Spent Fuel Storage Concept 

In Germany, SNF and HLW from SNF reprocessing are stored in thick-walled metal dual purpose casks 
with a double lid system which are approved for transportation and storage. With this concept SNF can be 
removed from nuclear power plants flexibly during operation or later decommissioning and can be stored 
on-site or elsewhere, e.g. in centralized storage facilities.  

Initially, the dry storage of SNF in Germany was performed in two central storage facilities in Ahaus and 
Gorleben starting in the 1980’s. This concept was executed for BWR/PWR-SNF and THTR (thorium high 
temperature)-SNF from commercial nuclear power plants. High active vitrified radioactive waste from 
reprocessing of SNF in France is already stored in Gorleben. With the amendment of the Atomic Energy 
Act in 2002 the disposal was restricted to direct final disposal. Transports of spent nuclear fuel to 
reprocessing plants were prohibited and to avoid additional transportation the operators had to build on-site 
storage facilities, which are located adjacent to the power plants. For these on-site storage facilities three 
different designs were chosen: two different storage building types and a tunnel design. In a few cases SNF 
dual purpose casks were stored in small concrete shelters (short-term interim storage limited to 5 years) 
prior to completion of licensing and construction of the main interim storage facility. 

Together, the cask and building assure the compliance with the safety requirements. The building protects 
casks additionally from harmful weather conditions, external effects or man-made hazards. Safe and secure 
enclosure of the radioactive material as well as the subcriticality is ensured by the cask design. The secure 
heat removal and shielding is conducted by interaction of cask and building structure. Therefore it is 
possible to apply only passive systems on the basis of natural convection, which are nearly maintenance 
free and can ensure their function for a long time without intervention. 

Meanwhile, besides the two central storage facilities, on-site storage facilities for dry cask storage are in 
operation at each nuclear power plant but also at shut-down reactors like Interim Storage North (ZLN).  

So far, about 1000 dual purpose casks have been assembled and stored in German interim storage facilities 
since 1993 when the first cask was loaded and stored. The general storage license period in Germany is 
limited to 40 years which means that all safety assessments have been approved for that period of time. On 
the other hand, the technical performance of casks and their components is not automatically limited to that 
approved period of time. The storage license is specific to the applied interim storage site considering 
certain cask designs and inventories. There is no general cask design storage license issued. 

Any application for SNF and HLW interim storage has to assess safety under consideration of relevant 
safety requirements, taking into account all site-specific aspects including cask handling and possible 
severe incidents or accident scenarios like fire or cask drop from a crane. All safety assessments have to be 
reviewed and evaluated by the competent authority and their experts. Because of similar or identical 
technical solutions like buildings, casks, operational procedures, many aspects are equally relevant for 
several sites and safety demonstrations can be easily transferred from one site to another to reduce effort. 
Some common aspects are explained in the following: 

Heat removal: All storage facilities are designed in such a way that the cooling of the casks is performed 
passively by natural convection of air. The cooling air enters the building at the sides, flows around the 
casks and is released at the roof so the decay heat removal is ensured by natural convection without active 
systems, even under accident conditions and without the need of intervention by working personnel. 

Shielding: The thick concrete walls of the storage buildings and the chosen thick-walled cask design 
reduce the gamma dose rate and polymer materials like polyethylene or epoxy resins reduce effectively the 
neutron dose rate to acceptable levels where no further measures for the protection of the workers on site 
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or the public outside need to be established. The casks themselves reduce the dose rates within the storage 
building to a level where handling, emplacement and displacement of casks as well as service operation 
can take place whenever necessary. 

Subcriticality: In order to secure nuclear criticality safety, possible effects of accidents are taken into 
consideration. In case of dry storage facilities water can be excluded in the cask cavity also under site 
specific accident conditions. 

Safe enclosure: The German concept of dry storage of SNF and HLW gives a maximum level of safety for 
design base accidents and even beyond design base accidents. This includes on the one hand external 
hazards such as fire, earthquakes, flooding, landslip, shockwave, lightning strike or airplane crash and on 
the other hand internal effects such as handling failures or casks drop. The casks and the storage building 
provide effective protection of the encapsulated activity and guarantee the compliance with the safety 
requirements. Even after a collapse of the storage building, caused by a beyond design base accident (e.g. 
aircraft crash), the casks remain intact and no activity will be released. This high level of safety is 
established by using passive safety systems and a matching combination of cask and storage building. 

Apart from the storage hall design, rock tunnels can also be used for dry storage of SNF, and at the 
Neckarwestheim nuclear power plant this concept is used due to the specific geography of the site location. 
In this case decay heat removal is ensured by natural convection from the rock tunnel to the surface by 
additional shafts. The surrounding rock effectively reduces the dose rate on site and gives additional 
protection against external hazards like aircraft crashes. 

2. Spent Nuclear Fuel Related Safety Aspects 

The fuel assemblies and in particular the fuel cladding act as a barrier in order to provide the safe enclosure 
of the radioactive material and the geometric arrangement of the fuel pellets during dry cask storage. The 
fuel assembly structure has to be maintained during storage, handling, transport and discharge operations, 
thereby ensuring the respective basic safety functions of sub-criticality, safe enclosure and decay heat 
removal specified in more detail in the guidelines for dry cask storage and heat-generating waste [1], which 
has been issued by the Nuclear Waste Management Commission (ESK) and approved by the Federal 
Ministry BMU.  

For spent nuclear fuel cask storage licenses, the proof of safety concerning fuel behaviour, heat removal 
and sub-criticality for the applied storage period is performed by computer analysis using validated 
calculation models. The temperature of the cladding is important for thermal creep phenomena and is 
therefore limited to certain values. Higher burn-up results in larger fission gas quantities and higher decay 
heat, leading to higher internal gas pressure inside the fuel rods. Further possible damage mechanisms are 
corrosion effects at the inner and outer surface of the cladding. 

To exclude systematic fuel rod failure the tangential stress in the cladding is limited to 120 MPa. 
Additionally, the plastic strain of the cladding must not exceed 1%. The inert gas atmosphere inside the 
cask prevents further corrosion of the fuel cladding. Verification and simulation of the fuel rod behaviour 
is done by the fuel designer using state-of-the-art-computer codes, e. g. CARO-E3, which are tested and 
validated for the relevant burn-up range. In Germany, dry cask storage of spent nuclear fuel has been 
approved for burn-up levels of up to 55 GWd/tHM based on calculations. Burn-up values of 65 GWd/tHM 
have been licensed under special conditions.  

Increasing discharge burn-up of UO2 and MOX fuels may lead to a new assessment of spent nuclear fuel 
dry storage and may require a new or additional proof of safety. The higher decay heat at first can be met 
by extending the period of wet storage. Further on, optimized cask loading regimes can be applied in order 
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to keep within the limits of maximum cladding temperatures. The produced amount of fission gas rises 
with the burn-up while the fission gas release is accelerated above burn-ups of 50 GWd/tHM. Furthermore, 
burn-up dependent fuel swelling leads to reduction of the free volume in the fuel rod. Especially in MOX 
fuels additional helium is generated during the storage time due to alpha decay. All these effects increase 
the pressure inside the fuel rod and consequently cause a higher mechanical load of the fuel rods.  

For the fuel cladding behaviour under extended storage periods the following parameters have to be taken 
into account [2]: 

– increase of pressure due to fission gas release and α-decay, 

– thermal creeping,  

– corrosion of the cladding material, 

– precipitation and diffusion of hydrogen. 

In the frame of a generic study on a possibly needed extension of SNF storage periods beyond 40 years, 
GRS also started to calculate time-dependent behaviour of fuel rod pressure and cladding loads during dry 
cask storage. On the basis of pressure build-up calculations, the development of the resulting loads induced 
by the altered boundary conditions due to high burn-up and longer storage times is being studied. 
Important boundary conditions like inventories and temperatures were calculated by GRS computer codes 
like OREST [3] and COCOSYS [4]. Inventories and residual heat ratings of UO2 and MOX fuels were 
determined with OREST for burn-up values up to 70 GWd/tHM and storage periods up to 100 years. The 
time-dependent fission gas inventory serves as the input for the pressure build-up calculation program. In 
its current version the program consists of a simplified stationary model using original fuel pin diameters 
and not considering dynamic effects like thermally induced creep. The temperature is calculated by 
COCOSYS (Containment Code System) to determine local cask and fuel pin temperatures. Pin 
temperature values for discrete time steps will then act as input parameters for calculating the internal pin 
pressure. Further assumptions regarding fuel swell rate, fission gas release, initial pressure and volume of 
the plenum were based on available research and manufacturer’s data. The code permits calculation of the 
pressure inside the cladding by the quantity of free gas, the free volume and the temperature. With the 
pressure and diameters provided, the tangential stress is determined by the stress formula for thin-walled 
tubes. A schematic view of the calculation route is given in Figure 1. 
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Fig. 7. Schematic view of the used calculation model for fuel cladding tangential stresses. 

 
 
GRS extended their investigations on safety of long-term interim storage towards MOX fuel and UO2 fuel 
with discharge burn-up higher than 50 GWd/tHM. Using simplified assumptions like a generic 
homogenous cask load with identical fuel assemblies, the code yields preliminary conservative assessments 
of the fuel rod behaviour and the conditions of extended dry storage. First results indicate abating internal 
gas pressure and therefore decreasing tangential cladding stress over time in case of UO2 fuels due to the 
decline in decay heat. For MOX fuels, for which decay heat is generally higher and slower to decline, the 
resulting decrease of internal gas pressure is counteracted by the increased generation of helium from α-
decays. Thus, after an initial increase, the internal pressure and thereby the tangential stress remains almost 
constant in time before they begin to slowly increase again. 

3. Cask Related Safety Aspects 

Thick walled dual purpose casks are the main safety component of dry interim spent nuclear fuel and high-
level radioactive waste storage in Germany. These casks have to demonstrate safety with regard to all 
relevant objectives for the storage site. The concept implies a monolithic cask body with integrated neutron 
shielding components and a closure system consisting of a monitored double-lid barrier system with metal 
seals. Another important prerequisite is that all storage casks must have a valid Type B(U) transport license 
at any time during storage to guarantee the ability of instant transportation whenever it may become 
necessary. All requirements to be considered are described in recently published guidelines by the German 
Nuclear Waste Management Commission ESK [1]. 

BAM is the competent authority in design testing and evaluation of all quality assurance measures within 
the transport license approval procedure and BAM is also involved in the storage licensing procedures by 
the competent authority for the same cask related aspects. This enables high efficiency and comparative 
evaluation methods for the same technical and scientific aspects. A major aspect of BAM design testing for 
interim storage are safety demonstrations for a cask drop onto the ground of the storage building without 
shock absorbers and in the most severe drop orientation. This requires a systematic study of handling 
procedures to determine from which positions a cask drop has to be considered and which the most severe 
scenarios with regard to drop orientation, drop height and target are. Subsequently, safety demonstration 
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for selected most severe drop scenarios can be performed by experiments and/or numerical calculations. 
BAM operates state of the art equipment in both fields with a large drop test facility for cask gross masses 
up to 200 metric tons and a 2.400 metric tons unyielding reinforced concrete foundation in compliance 
with IAEA requirements and with capable computer systems and different finite element codes such as 
ABAQUS®, LS-DYNA® and ANSYS®. The analysis of hard cask drop scenarios needs demanding 
dynamic measurements and/or calculations including specific material data and sophisticated stress and 
strain evaluation procedures. Verification of numerical models and calculation results by full-scale, model 
or component tests is usually necessary and also adequate modelling of the foundation or impact limiting 
structures is essential. BAM has broad experience and competence in these experimental as well as 
numerical test methods. 

Other major issues for the interim storage safety evaluation consider the long-term performance of cask 
systems and components under operational conditions during the entire storage period which is 40 years in 
Germany so far. Because dual purpose casks are equipped with a double-barrier lid system the proper 
function of the metallic barrier seals is essential. Not only for that reason quality assurance measures for 
fabrication, assembling and loading procedures and cask operation are of particular importance as well. 
Each cask has to be fabricated in accordance with approved manufacturing and testing plans. Finally, 
certificates of compliance are issued for transport as well as storage purpose and with these documents the 
cask can be loaded and assembled for transport and storage use. Cask loading under wet conditions in a 
spent nuclear fuel pool requires very accurate dewatering and drying procedures afterwards to prevent any 
relevant corrosion effect during the subsequent storage decades. 

4. Aging Management Concerning Extended Storage Periods 

During long-term interim storage the main driving forces of aging effects are: 

– Gamma radiation, 

– Neutron radiation, 

– Decay heat, 

– Outer corrosion effects (e. g. moisture, and air pollution), 

– Relaxation, creeping, corrosion of screwed and sealed lid systems, basket and fuel rods. 

Degradation effects strongly depend on the type of material. All main cask components responsible for the 
safe enclosure are usually made of metal (e. g. cask body, lids, main seals and screws). Additionally, 
polymer components are used for supplementary neutron shielding components and auxiliary seals. In 
general, damaging effects of radiation depend on dose rates, type of radiation and material structure. 
Metals are generally more resistant than polymers. Degradation effects may result in quantitative changes 
of specific material properties or modifications in material structure which may decrease the effectiveness 
of cask components. 

Operators of storage facilities will have the need to apply for additional storage periods after their 40 years 
lifetime in the very likely event that a final repository is not ready to operate at that time. Therefore, 
additional knowledge and data about the material and component performance beyond 40 years are 
necessary to generate sufficient safety assessments by the applicants and safety evaluations by competent 
authorities and their technical experts. Analyses in this field have been performed internationally for 
various dry spent nuclear fuel storage systems very recently and so called data gap reports have been 
published.  
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To close identified data gaps and to gain the needed technical data long-term investigations have to begin 
early enough because they are mostly time consuming. Figure 2 shows the principle for additional data 
needs.  

Fig. 2. Data needs for storage periods beyond 40 years. 

 
 
 

In addition to the current state of the art further lessons learned and information will be gathered from 
periodic safety inspections including aging management programs at all storage sites. But questions 
concerning the long-term performance of sensitive components for cask safety have to be investigated by 
additional laboratory and/or field tests. This might be summarized under a so-called national investigation 
program. 

5. Conclusions 

In case of extending the period of interim storage beyond 40 years in Germany, the behaviour of spent 
nuclear fuel with regard to possible aging effects of the cladding is an issue for further studies. For UO2 
fuels the preliminary calculation results of cask and fuel pin temperatures, internal gas pressure within the 
pin, and resulting cladding stresses show an ongoing decrease in tangential stress during long-term dry 
storage, even with increased burn-up. However, increasing internal pressure and tangential stress in the 
case of MOX fuels points to additional research needs. Therefore, in a first step to improve the 
calculations’ reliability, a more realistic modelling of the cask loading will be developed, thereby yielding 
a more accurate estimation of fuel pin temperatures. Additional further steps are under discussion with the 
goal to reduce the conservative approximations in the analysis.  

In addition to the investigation of spent nuclear fuel behaviour knowledge and data about cask material and 
component performance beyond 40 years are necessary to generate sufficient safety assessments by the 
applicants and safety evaluations by competent authorities and their technical experts. To close identified 
data gaps and to gain the needed technical data long-term investigations have to begin early enough 
because they are mostly time consuming. This might be summarized under a so-called national 
investigation program. 
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Abstract 

At the initial Coordinated Research Project (CRP) planning meeting held in August 2011, international 
experts in spent fuel performance confirmed the value of further coordination and development of 
international efforts to demonstrate the performance of spent fuel and related storage system components 
as durations extend. Furthermore, in recognition that the Extended Storage Collaboration Program (ESCP) 
managed by the Electric Power Research Institute (EPRI) in the USA, from now on ESCP, provided a 
broad context for the research and development work to be performed in the frame of this CRP, it was 
agreed that its objectives should target specific ESCP needs in order to make a relevant contribution. 
Accordingly, the experts examined on-going gap analyses – gaps between anticipated technical needs and 
existing technical data – for identify the specific research objectives. Additionally, during the planning 
meeting it was pointed out the need to coordinate and cooperate with the OECD/NEA counterparts 
involved in the organization of the International Workshop planned in autumn 2013 and with the on-going 
third phase of the CRP on Spent Fuel Performance Assessment and Research (SPAR-III). 

Given the importance to assess the performance of spent fuel and related important storage system 
components in order to confirm the viability of very long term storage for supporting the need to extend or 
renew licenses for storage facilities the CRP was approved by the IAEA in November 2011. While a full 
range of spent fuel types and storage conditions are deployed around the world, this CRP is focused on 
existing systems and, more specifically, water reactor fuel in dry storage with the overall research objective 
to support the technical basis for water reactor spent fuel management as dry storage durations extend. 

In March 2012 the group of international experts who participated at the initial CRP planning meeting in 
August 2011 evaluated and recommended for approval 9 research agreements and 5 research contract 
proposals and correlated them with the 10 specific research objectives of the CRP: Mechanisms of Stress 
Corrosion Cracking (SCC), Monitoring of SCC, Detection Techniques, Rod behaviour (vibration), Rod 
behaviour (hot cell), Concrete casks, Bolted lids, Metal gaskets, Neutron shielding and System 
Demonstration. 

The paper presents an overview of the signed research agreements and contracts and how they address the 
specific research objectives of the CRP as well as the contribution of the participants to the first Research 
Coordination Meeting (RCM) held in Villa General Belgrano, Córdoba Province, Argentina on 15-19 April 
2013. 
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1. Proposal for a new CRP (PUI funded)  
 
The process to launch the CRP on Demonstrating Performance of Spent Fuel and Related Storage System 
Components during Very Long Term Storage, referred as “beyond the Long Term” since the publication of 
the IAEA Specific Safety Guide No. SSG-15 [1] and from now “CRP on Demo”, started in July 2010 with 
the submission of a proposal to apply for extra-budgetary funds (EB) provided by the Peaceful Uses 
Initiative (PUI) of the U.S. Department of State. The U.S. Government allocated for the PUI a total amount 
of 50 million US Dollar for the period 2011-2015. 

In November 2010 the proposal for the CRP on Demo was accepted by the U.S. Government who granted 
the project with a total amount of 500 thousand US Dollar to be spent at an average rate of 100 thousand 
US Dollar within 5 consecutive years (2011-2015). 

The funds were available in February 2001 and the administrative procedure to award a Special Service 
Agreement contract to Mr William Danker was initiated. Mr Danker who is a former IAEA staff member 
was appointed by his experience on the implementation of the second phase of the CRP on Spent Fuel 
Performance Assessment and Research (SPAR-II). 

The initial planning of this programmatic activity as well as the selection of international experts to assist 
in the preparation of the proposal of the CRP on Demo were carried out during the second quarter 2011. 
The following international experts were appointed to be invited to participate in the first Consultant´s 
Meeting (1st CS): Mr Holger Völzke (Germany), Mr Koji Shirai (Japan), Mr José Conde (Spain), Mr David 
Hambley (UK), Mr John Kessler (USA) and Mr Robert Einziger (USA) planned to be held in August 2011. 

2. Proposal for the CRP on Demo 

At the 1st CS on the CRP on Demo held on 9-12 August 2011 the above mentioned international experts 
recognized that the Extended Storage Collaboration Program (ESCP) provided a broad context for the 
activities of research and development to be performed in the framework of the proposed CRP on Demo. 

It was agreed by the international experts that the objectives of the CRP should target the specific ESCP 
need with the overall research objective of supporting the technical basis for water reactor spent fuel (SF) 
dry storage as duration extends. The overall objective of the CRP on Demo was formulated as shown 
below [2]: 

“ The overall objective of this CRP is to support and share improvement in the nuclear power community’s 
technical basis for LWR spent fuel management licences as dry storage durations extend. This will involve 
developing 

– a network of experts working on current research projects to demonstrate the long term 
performance of spent fuel; 

– experimental data on the very long-term performance of spent fuel and related important 
storage system components; 

– computational and experimental methods to adequately demonstrate very long-term 
performance; 

– capability to assess the impact of high burn-up fuel on very long-term storage. 
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This work will contribute to technical basis documentation for demonstrating the performance of spent fuel 
and related important storage system components over long durations (CRP results are also expected to 
facilitate subsequent transport and disposal), and thereby facilitate the transfer of this knowledge to others 
including to newcomer countries. ” 

By reviewing available gap analysis studies, the following ten specific research objectives were identified 
by the international experts: 

1. Stress Corrosion Cracking (SSC) Mechanisms: Evaluate mechanisms for SCC as a way of 
breaching spent fuel canisters in a marine environment 

2. SCC Monitoring: Evaluate monitoring for SCC as a mechanism for breaching spent fuel canisters 
in a marine environment (in order to evaluate the confinement capability of welded stainless steel 
canisters and to protect the integrity of the contents) 

3. Detection Techniques: Evaluate degradation of the spent fuel and the confinement capability of 
the spent fuel canister or container (avoiding penetrations that could compromise integrity) 

4. Rod Behaviour (Vibration): Determine the effect of drying and storage on spent fuel cladding 
behaviour during subsequent normal transport (particularly effects that might impact the ability to 
handle fuel after that transport) 

5. Rod Behaviour (Hot Cell): Determine whether predictive models based on laboratory 
experiments adequately predict behaviour of full assemblies, including the interaction of the rods 
with assembly hardware under prototypic storage conditions (given that full assemblies have a 
range of characteristics relevant to storage and transport) 

6. Concrete Casks: Evaluate the confinement capability of concrete cask systems, including 
enabling examination of existing actual casks 

7. Bolted Lids: Evaluate long-term confinement in spent fuel casks, focusing on the bolted lid for 
normal and accident conditions during storage and transport 

8. Metal Gaskets: Evaluate long-term confinement in spent fuel casks, focusing on metal gaskets for 
normal and accident conditions during storage and transport 

9. Neutron Shielding: Evaluate long-term neutron shielding capability 

10. System Demonstration: Evaluate system effects analytically by integrating important components 
of spent fuel storage demonstration in a “prototypic” manner  

It was pointed out by the international experts the need to coordinate and cooperate with the OECD/NEA 
counterparts involved in the organization of this International Workshop on Safety of Long Term Interim 
Storage Facilities planned to be held in Autumn 2013.  

The draft proposal for the CRP on Demo was composed by the international experts and the administrative 
procedure was performed at the IAEA in order to send the final proposal to the Committee of Coordinated 
Research Activities (CCRA) who evaluated it during the CCRA meeting held in October 2011.  

CRPs are formally implemented through the Research Contract Administration Section of the Department 
of Nuclear Sciences and Applications, known by the acronym NACA, who manages the Coordinated 
Research Activities (CRA) website host at http://www-crp.iaea.org/. 
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3. Approval and Publication of the CRP on Demo 

In November 2011 the CCRA approved the proposal under the CRP title “Demonstrating Performance of 
Spent Fuel and Related Storage System Components during Very Long Term Storage”, assigned it the 
CRP code T1.30.14 – or T13014 as entered to search the CRP throughout the database – and appointed the 
author of this paper as Project Officer (PO) and Mr William Danker as the Alternate Project Officer (Alt 
PO). 

For its involvement and support to the ESCP, in November 2011 the IAEA was formally appointed by the 
EPRI as full member of the ESCP Steering Committee and the ESCP International Subcommittee. Since 
then the IAEA was invited to the meetings of both committees for reporting on the progress of 
implementation of the CRP on Demo as well as for presenting the R&D results provided through it. The 
first EPRI/ESCP meeting attended by the IAEA was held at the EPRI in Charlotte, NC, USA in December 
2011. 

Within the scope of the CRAs, the IAEA offers four types of contractual arrangements to institutions in 
Member States and International Organizations: Research Contracts (RCs), Technical Contracts (TCs), 
Doctoral Contracts (DCs) and Research Agreements (RAs). For a brief description of these contractual 
arrangements please visit the CRA webpage Frequently Asked Questions at http://www-
crp.iaea.org/html/faqs.html. 

The preparation and clearance of the Note Verbale [3] and its attached Information Sheet [2] as well as the 
List of Invited Member States and International Organizations was performed in November-December 
2011. 

The Note Verbale is the document – translated into the six official languages of the United Nations – sent 
through the official channels for inviting the Member States (MS) and International Organizations (IO) 
listed to participate in the CRP by submitting proposals for the Research Agreements (RAs) and Research 
Contracts (RCs) according to their eligibility. On 12 January 2012 it was dated and sent to the Ministries of 
Foreign Affairs of the MS. The original deadline set on 29 February 2012 was extended until 15 March 
2012. 

4. Reception, Evaluation and Approval of RA and RC Proposals for the CRP on Demo 

Until the deadline for submission, 15 March 2012, ten RA and six RC proposals were received. On 27-29 
March 2012 the international experts who contributed to the 1st CS (see Section 1 above) were invited to 
participate in the 2nd CS on the CRP on Demo to evaluate – by correlating the proposals received with the 
ten specific research objectives of the CRP – and recommend for approval at next CCRA meeting. Nine 
(out of ten) RA and five (out of six) RC proposals were recommended for approval. At the CCRA 
meetings held in June and August 2012 approved the recommended RAs and RCs. 

It is worth to note that RA and RC proposals can be received anytime along a CRP. Though the 
participation of experts to RCMs as Observers is also possible, the commitment trough RAs or RCs is 
preferred by the IAEA because not just the expert is more closely involved as Chief Scientific Investigator 
(CSI) of an RA or RC but also her/his organization or institution, the Contracting Institute (CI), is also 
contractually involved. 

The list below presents the Member State or International Organization, code, primary CSI, CI and the 
topics to be dealt with for the nine approved RAs: 
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FRANCE, FRA 17270, Primary CSI: Mr Hervé ISSARD, CI: TN International (AREVA) – Spent fuel 
related: Integrity and retrievability; Residual water and gas buildup – Storage system components related: 
Corrosion studies SCC and integrity of seals; Shielding materials; Coatings; Neutron poisons 

GERMANY, GFR 17307, Primary CSI: Mr Dietmar WOLFF, CI: Bundesanstalt für Materialforschung 
und -Prüfung (BAM) – Influence of gamma irradiation and thermal ageing on neutron shielding material 
(HMW-PE and UHMW-PE) – Bolted closure systems: Performance of metal seals; Low temperature and 
performance of rubber seals 

EUROPEAN COMMISSION, GFR 17386, Primary CSI: Mr Vincenzo RONDINELLA, CI: Institute for 
Transuranium Elements, Joint Research Centre Karlsruhe – Vibrations on SF rod/segment – Thermal 
history on mechanical impact resistance – Evaluation of results in the context of available data on SF 
evolution – Preparatory work for possible extension of tests to SF rod(s) from accelerated ageing 
campaigns performed elsewhere 

JAPAN, JPN 17308, Primary CSI: Mr Koji SHIRAI, CI: Central Research Institute of Electric Power 
Industry (CRIEPI) – Metal Cask Storage (Metal Gasket): High resistance of lid structure (water exclusion, 
etc. ); Confinement performance of metal gaskets – Concrete Cask Storage (Stainless Steel Canister): SCC 
of normal stainless steel – Spent Fuel Performance: Monitoring data and destructive tests 

JAPAN, JPN 17486, Primary CSI: Mr Takeshi FUJIMOTO, CI: Japan Atomic Power Co. (JAPC) – 
Demonstration Test Program: Verification method of fuel integrity; Confirmation during storage tests 
(sampling of cover gas in test container, temperature and pressure monitoring) – Designing of test 
container; Simulated environment of actual casks: Chemical degradation, radiation, mechanical and 
thermal degradation 

POLAND, POL 17290, Primary CSI: Ms Ewa HAJEWSKA, CI: National Centre for Nuclear Research – 
Gamma Irradiation Influence on the Mechanical and Corrosion Properties of Stainless Steel Used for Spent 
Fuel Containers and Canisters. Test of inter-granular corrosion – Tests of stress corrosion on static load 
and steady stress conditions – Irradiation (3 – 24 months) in the spent fuel pool of the research reactor 
MARIA) 

SPAIN, SPA 17305, Primary CSI: Mr Jesús RUIZ, CI: Consejo de Seguridad Nuclear (CSN) – Effect of 
Hydrogen Contents and Hydride Orientation on the Cladding Ductility. Mechanical behaviour of highly 
corroded and spalled cladding – Irradiated fuel and fresh pre-hydrided cladding with different hydrogen 
morphologies (reoriented hydrides, hydride rim, blisters) – Model development based on the test results 

UNITED KINGDOM, UK 17420, Primary CSI: Mr David HAMBLEY, CI: National Nuclear Laboratory; 
Central Laboratory – SCC Monitoring. Development of corrosion sensors suitable for deployment in LWR 
cask systems – Testing of instrumented corrosion coupon by cycling temperature and humidity and 
artificially inducing corrosion to quantify the systems performance 

UNITED STATES OF AMERICA, USA 17413 (Signature Pending), Primary CSI: Mr Robert EINZIGER, 
CI: U.S. Nuclear Regulatory Commission (USNRC) – Canister Chloride-Induced SCC. Deliquescence 
temperature and humidity – Minimum salt concentration for SCC – Tensile stresses – Deliquescence 
testing – SCC testing: At absolute humidity less than 30 g/m3; At elevated temperatures; At high relative 
humidity (RH) conditions; At different stress/strain levels 

The list below presents the Member State or International Organization, code, primary CSI, CI and the 
topics to be dealt with for the five approved RCs: 
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ARGENTINA, ARG 17338, Primary CSI: Mr Claudio VERRASTRO, CI: Comisión Nacional de Energía 
Atómica (CNEA) – Feasibility Study of an Emission Tomography Monitoring System for Dry-Stored 
Spent Nuclear Fuel. Spatial distribution of (mainly) gaseous isotopes inside the silo – Integrity of the 
concrete shielding or lead-lined casks by the monitoring of radiation leaks due to cracks, air gaps or ageing 
of containers 

ARGENTINA, ARG 17339, Primary CSI: Mr Roberto HADDAD, CI: Centro Atómico Constituyentes – 
High temperature oxidation: Accelerated tests in (OH)Li and 1N (OH)Li at 200°C – Hydrogen damage: 
KIH determinations in irradiated cladding; Measure blister limit size which allows DHC; Measure 
threshold stress for hydride precipitation from blisters. Monitoring corrosion in concrete: Sensors in new 
and pre-existing structures 

LITHUANIA, LIT 17275, Primary CSI: Mr Artūras ŠMAIŽYS, CI: Lithuanian Energy Institute (LEI) –
Modeling of RBMK-1500 SF characteristics – Evaluation of dose rate variations on the surface of the cask 
and at some distance – Modeling of neutron transport in CASTOR®RBMK-1500, CONSTOR®RBMK-
1500 storage casks – Neutron activation analysis of storage cask components 

PAKISTAN, PAK 17283, Primary CSI: Mr Ammad QURESHI, CI: Pakistan Institute of Nuclear Science 
and Technology (PINSTECH) – SCC Susceptibility Studies on Welded Stainless Steel Canister Samples 
under Simulated Marine Environment. Sample characterization (ICP, XRF, SEM-EDX), microstructure, 
welding technique (TIG), SCC susceptibility environment (sea water), corrosion rate measurements 
(polarization resistance and Tafel plot, electrochemical impedance spectroscopy (EIS) 

SLOVENIA, SLO 17810 (Re-approval and Signature Pending), Primary CSI: Mr Andraž LEGAT, CI: 
Slovenian Institute for Building and Civil Engineering (ZAG) – Evaluation of confinement capability of 
concrete cask systems and monitoring of metal corrosion in concrete. Corrosion behaviour of different SS 
steels analysis of conventional electrochemical techniques 

5. Official Begin Date and expected End Date of the CRP on Demo 

The CRP on Demo officially began on 27 June 2012 with the expected end date set on 27 June 2016. 

6. First Research Coordination Meeting of the CRP on Demo (Argentina, 15-19 April 2013) 

During the 2nd CS on the CRP on Demo (27-29 March 2012) it was proposed and approved to hold the 1st 
RCM in Argentina. In June 2012 the preparation for 1st RCM was started and in agreement with the local 
counterparts it was decided to hold the meeting in Villa General Belgrano, Córdoba Province on 15-19 
April 2013. 

On 12 November 2012 the Host Government Agreement (HGA) letter was sent to the Argentine 
Government who officially accepted the proposal on 23 November 2012. 

From January to March 2013 the preparation of a parallel CS was started in order to allow the participation 
of the designed Chairman (Mr John Kessler, EPRI’s Used Fuel and HLW Management Program Manager) 
as well as representatives of the EPRI/ESCP International Subcommittee (Mr Holger Völzke), the 
OECD/NEA Long Term Interim Storage (LTIS) activity (Mr José Conde), and CSIs of RA and RC 
pending to be signed (USA) and/or in the process to be re-approved (Slovenia). 

At the beginning of April 2013 interest to join the CRP through the submission of a RA proposal was 
expressed by U.S. DOE representatives. 
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During the RCM the primary CSIs or their representatives presented the status as well the planned R&D 
activities to be performed along the CRP on Demo. 

Based on those detailed plans the ten specific research objectives were reviewed and synthesized into six 
and the correlation between them and the RAs and RCs was established as shown in the list below: 

1. SCC Mechanisms and Monitoring: JPN 17308*, PAK 17283*, POL 17290*, SLO 17810, UK 
17420*, US 17413* 

2. Rod Behaviour: ARG 17339*, GFR 17386*, FRA 17270*, LIT 17275*, SPA 17305* 

3. Concrete Systems: ARG 17338*, ARG 17339, SLO 17810* 

4. Bolted Closure Systems: GFR 17307*, JPN 17308 

5. Neutron Shielding: FRA 17270, GFR 17307 

6. System Demo: JPN 17486* 

* Main specific research objective addressed by the RA or RC  

 
In order to more precisely address the EPRI/ESCP R&D needs through the R&D efforts performed in the 
framework of the CRP on Demo, it was established a bidirectional feedback between the Research 
Agreements and Research Contracts and the EPRI/ESCP as shown below: 

Feedback Research Agreement and Research Contract – EPRI/ESCP: The CSIs to provide a list of their 
currently available experimental, modelling and calculation capabilities as well as sample features 
(dimensions, mass, testing environment) to the EPRI’s Used Fuel and HLW Management Program 
Manager 

Feedback EPRI/ESCP – Research Agreement and Research Contract: The EPRI’s Used Fuel and HLW 
Management Program Manager to provide relevant sample features i.e. information and technical 
specification instead of samples (considered difficult because the approvals and time needed to implement 
it) on materials, testing environments e.g. salt composition (chloride mixture), gamma dose and gamma 
dose rate relevant to demo to the CSIs 

It was also agreed decided the CSIs will compose and submit a Table of Research Deliverables for their 
RA or RC for summarizing the outputs along the CRP. The Table of Contents of the Final Report of the 
CRP was drafted in accordance with the reviewed Specific Research Objectives and chapter coordinators 
were designated. 

The interest for participation of the U.S. Department of Energy as well as a request for participation of the 
Korea Atomic Energy Research Institute were acknowledged and encouraged. 

Finally it was decided to hold the Second RCM and Parallel CS in Japan in October 2014, and coordinate 
these meetings with the ESCP International Subcommittee Meeting schedule. 
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