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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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