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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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