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ABSTRACT

The objective of this paper is to describe objectives, scope and results of the OECD/NEA research project
‘LTO beyond 60 Years’. ‘LTO beyond 60 Years’ is a collaborative task with the objective to perform a
survey and provide an overview of the current status of knowledge regarding long term operation (LTO) of
nuclear power plants (NPPs), and to determine the gaps in knowledge and technology which need to be
addressed, to enable safe LTO of NPPs beyond 60 years.

First, it aims to identify what is known with regard to technical (but also non-technical) challenges
important for LTO beyond 60 and safety requirements important for LTO beyond 60, incorporating both
laboratory and operational experience knowledge in a status report. Secondly, the ‘existing gaps in the
current knowledge state’ are assessed to identify possible ‘areas for enhancement’. The final part of the
report will recommend actions to address the areas of enhancement identified. The recommendations will
be exclusive and up to each individual organization (e.g., periodic component replacement at prescribed
intervals may work just as well as launching into research to better understand ageing progression and
remaining life).

The work on the report was initiated by NRG in October 2022 and project will be completed in June 2025
with approval of the report by the OECD/NEA.

INTRODUCTION

Even though the design life of a nuclear power plant (NPP) is typically 30-40 years, it is quite feasible for
many NPPs to operate beyond their original design lives (see Krivanek R. (2020)), provided that nuclear
specialists demonstrate by analysis, testing and ageing management safe operation for the intended period
of long term operation (LTO). The number of countries giving high priority to continuing the operation of
NPPs beyond the time frame originally anticipated has steadily increased. Currently, with more than 30%
of all units already exceeded 40 years of operation (see Figure 1, source: PRIS - Power Reactor Information
System (www.iaea.org/pris), 2024© International Atomic Energy Agency (IAEA)), more operators seek
for operation beyond 60 years. The first NPPs have already been licensed for operation for 80 years in USA.

Furthermore, the projection is that, by 2035, 50% of current light water reactors (LWRSs) will have been
operating for at least 60 years, according to Electric Power Research Institute (EPRI) COP 27 Portal,
(source: https://publicdownload.epri.com/PublicAttachmentDownload.svc/Attachmentld=81280).

Electricity prices have been increasing in the last decade in most of the developed parts of the world.
Electricity wholesale prices in period of 2016-2021 increased by 100% to up to 500% of original prices,
depending on the region and country (see International Energy Agency (2022)). Energy pricing models and
EU response to the 2021 surge in wholesale energy prices were further exacerbated by the Russian invasion
of Ukraine in February 2022.


https://eur05.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.iaea.org%2Fpris&data=05%7C02%7Ckrivanek%40nrg.eu%7Cf91e8d9e5e3f403402de08dcad421a65%7C93c5c58978544f36be51698be705f137%7C0%7C0%7C638575746645713848%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=5J9dk7lN1h1DzBmi9rbhEEeY63Tj3KSMn6EAQ418D2U%3D&reserved=0
https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=81280
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This situation led to reconsidering nuclear phase-out in some European countries, encouraging LTO,
including LTO beyond 60 years and speeding up new builds in other European countries. The need to
document the current knowledge base for LTO beyond 60 years and the possible areas for enhancement in
knowledge, research or innovation became obvious.
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Figure 1. Distribution of operating nuclear power reactors by age as of November 2024

OBJECTIVES

The OECD/NEA research project ‘LTO beyond 60 Years’ was a collaborative task with the objective to
perform a survey and provide an overview of the current status of knowledge regarding LTO of NPPs, and
to determine the gaps in knowledge and technology which need to be addressed, to enable safe LTO of
NPPs beyond 60 years. The intended key result is a status report that identifies the future gaps to be timely
addressed through well-focused programmes, with an obvious goal to avoid duplication of efforts.

First, it aims to identify what is known with regard to technical (but also non-technical) challenges and
safety requirements important for LTO beyond 60 years, incorporating both laboratory and operational
experience knowledge in a status report. Secondly, the existing gaps in the current knowledge state are
assessed to identify possible ‘areas of enhancement’. The final part of the report recommends actions to
mitigate the existing gaps and to address the areas of enhancement identified. The recommendations will
be exclusive and up to each individual organization (e.g., periodic component replacement at prescribed
intervals may work just as well as launching into research to better understand ageing progression and
remaining life).
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The study is focused mainly on pressurized-water reactors (PWRS), including WWERs (Russian designed
PWRSs), being the most common design, but the study also considered other major designs like boiling-
water reactors (BWRs) and pressurized-heavy-water reactors (PWHRS). This task was performed in
cooperation with several international nuclear organizations (including OECD/NEA, IAEA, WNA),
utilities operating NPPs, regulatory authorities, research institutes and technical support organizations
(TSOs).

SCOPE OF THE PROJECT REPORT

Section 1 ‘Introduction’ is followed by section 2 ‘LTO perspectives and regulatory background’” which
provides discussion on benefits of safe LTO, LTO perspectives in individual countries as well as discussion
of status and applicability of national and international regulations and standards for LTO beyond 60 years.

Section 3 ‘Non-technical challenges for safe LTO of nuclear power plants’ provides brief description of
non-technical challenges for safe LTO such as economic, political and environmental aspects, supply chain
issues, human resources, knowledge and competence management issues.

Section 4 ‘Technical challenges important for LTO beyond 60 years’ is a core section, providing analysis
of the status of knowledge for key NPPs structures, systems and components (SSCs). It contains sub-
sections on SSCs description, physical ageing, inspection and diagnostics methods, repair, refurbishment
and replacement solutions and potential gaps for LTO beyond 60 years for each key SSC separately.

Section 5 ‘Safety requirements important for LTO beyond 60 years’ discusses availability of original design
basis documentation, development of codes, standards and regulations, and technological obsolescence
issues.

Section 6 ‘Conclusions for nuclear power plant operation beyond 60 years’ provides, based on inputs from
previous sections, description of ‘Areas properly addressed’ (APAs) and mainly ‘Areas for enhancement’
(AFESs) which are complemented with proposals for dispositioning.

Section 7 ‘Dissemination plan and possible future actions’ described intended plan to disseminate results
of this report.

RESULTS
Significance of results

The main objective of this report was to identify ‘areas for enhancement’” (AFEs) which needs to be resolved
to ensure safe LTO of NPPs beyond 60 years as described in sub-section 6.2. It should be noticed that no
technical issue of a generic nature linked to the effects of ageing has been identified as critical and liable to
involve systematic shutdown of NPPs after 60 years of operation. The AFEs which need to be addressed in
the frame of research activities aim at improving the knowledge of ageing phenomena and the performance
of engineering methodologies for safe LTO beyond 60 years.

In addition to the AFEs, some important ‘areas properly addressed’ (APAs) were also identified and
described in sub-section 6.1. The main objective of APAs is provide the technical audience with information
and advice on what is available, documented and can be used as a knowledge basis for assessment,
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justification and preparation for safe LTO beyond 60 years. APAs refer to previous sections of this report
and also to relevant reference documentation. A list of APAs should not be seen as a complete list of all
areas/topics which are properly addressed for LTO beyond 60 years in all countries operating NPPs as there
are definitely many other properly addressed areas/topics which can be more country or NPP specific.

‘Proposals for dispositioning’, which are a part of each AFE, should provide description of suitable
solutions for dispositioning of the identified AFEs to support NPP operation beyond 60 years. They can
include:
o Further R&D projects to fully characterize and manage ageing effects;
New/enhanced testing, monitoring, inspection, diagnostics or repair methods;
Training on ageing management and LTO preparation;
Development of codes, standards, procedures, methodologies;
Other solutions (e.g., extended collaborative network for obsolescence/supply chain issues).

Areas properly addressed

Out of 16 APAs identified in this report, it was agreed that following 3 APAs are the most important and
relevant for preparation of safe LTO beyond 60 years:

1. Conclusion number A2.3-01, IAEA Guidance for LTO beyond 60 years

The IAEA safety standards (such as International Atomic Energy Agency (2013), International Atomic
Energy Agency (2016) and International Atomic Energy Agency (2018)) represent the fundamental
guidance for most of the IAEA member states for demonstration of preparedness for LTO. They are
applicable to the whole period of nuclear power plant operation, including LTO beyond 60 years. The IAEA
safety standards are regularly updated to include the latest experience of the member states and reflect the
recommended approach to ageing management and preparation for safe LTO, including LTO beyond 60
years.

2. Conclusion number A2.3-02, Sharing operating feedback and proven practices in ageing
management

The IAEA IGALL programme (see International Atomic Energy Agency (2024)), has an essential role in
collecting, monitoring and sharing the latest proven practices in ageing management. The IGALL
programme maintains continuously updated database of known ageing effects and degradation mechanisms
and proven AMPs and TLAAs to manage them. With increasing age of operating NPPs, the probability of
adverse ageing effects on SSCs will also increase. Therefore, it is necessary to ensure that the latest
operating feedback and proven practices in ageing management are shared among all operating NPPs.

3. Conclusion number A2.5-01, Approaches to LTO Justification

There are proven approaches to justify safe LTO based on IAEA safety standards (such as International
Atomic Energy Agency (2013), International Atomic Energy Agency (2016) and International Atomic
Energy Agency (2018)) which are applicable also for operation beyond 60 years. The various national
approaches can be grouped into two main categories:

o The PSR-based approach, typically used in countries with unlimited or continuing licenses (with a
PSR for LTO typically more rigorous, with greater focus on ageing aspects and covers the whole
intended period of LTO);

e The license renewal-based approach, typically used in countries with a limited license (typically
for 30 or 40 years) and usually allows additional 20 years of license extension.

4
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Complete overview of APAs is provided in the Table 1 below. It shows that APAs are distributed among
sections of the report without any clear trend or rule. This can be due to inconsistent willingness or
motivation of section authors/ contributors to describe APAs as the focus of the project was on identification
of AFEs. It also shows that the most important APAs belong to rather general topics such as the IAEA
safety standards and national regulatory frameworks. This means that it is not easy to identify very strong,
generally valid APAs for more technical sections. Table 1 contains only sections of the report which were
potential source of APAs.

Table 1: Overview of APAs and APAs selected as the most important, by section.

Section | Section title No. of AFEs No. of most
No. important AFEs
2.3 IAEA safety standards for LTO beyond 60 years 2 2

2.4 US NRC regulatory framework for LTO beyond 60 years | 1 0

2.5 Typical national regulatory frameworks to support LTO | 1 1

beyond 60 years
3.4 Supply chain issues 0 0
3.5 Human resources, knowledge and competence | 2 0
management

4.2 Reactor pressure vessel 2 0

4.3 Reactor pressure vessel internals 0 0

4.4 Steam generators 1 0

4.5 Safety class 1 piping 3 0

4.6 Buried and underground piping 1 0

4.7 Concrete containment and civil structures 0 0

4.8 Electrical cable systems 1 0

4.9 1&C safety systems 0 0

51 Availability of original design basis documentation 0 0

5.2 Development of codes, standards and regulations 1 0

5.3 Technological obsolescence 1 0

In addition to the 16 APAs identified, it is important to note that the report mentions several other properly
addressed topics, in the fields of scientific knowledge, assessment methods and maintenance technologies
(inspection and diagnosis techniques, repair, refurbishment, mitigation and replacement solutions).

Areas for enhancement

Out of 68 AFEs identified in this report, it was agreed that following 15 AFEs are the most important and
relevant for preparation of safe LTO beyond 60 years:

1. Conclusion number E2.3-03, Enhancement of equipment qualification programme

Many SSCs of the NPPs were designed and manufactured as seismically and environmentally qualified
typically for original design lifetime of 30 or 40 years. Then the qualified life for most of the SSCs was
successfully extended up to 60 years of operation, but further extension of qualified life up to 80 years can
be challenging for many SSCs. Qualified life should be revalidated prior to its exceedance and it is a
complex and expensive task, which can be properly performed only if a comprehensive EQ programme is
fully implemented.



28" International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025
Division VIII

Without a comprehensive qualification programme, the only solution to demonstrate fulfilment of the
intended function of qualified equipment during the period of LTO is replacement or refurbishment of this
equipment, which can cause extended outages and also significant costs (see also Krivanek R., Fiedler J.
(2017)).

2. Conclusion number: E2.5-01, Clarity of regulatory authority expectations

Many countries operating nuclear power plants facing LTO, particularly those with smaller fleet of nuclear
power plants and smaller regulatory authority, have not yet developed a comprehensive set of national
regulations for preparation for safe LTO. They typically rely on IAEA safety standards and sometimes also
on US NRC regulatory framework or the regulatory framework from the designer’s country as a practical
reference. Lack in clarity of expectations for safe LTO has been observed in 10 out of 27 SALTO peer
review missions in last analysed period of 2015 to 2022.

Participation of regulatory authorities in sharing experience on LTO regulatory oversight practices (such as
IGALL WG4), use of international guidance (such as IAEA SRS-109 and WENRA Safety Reference
Levels), training activities, international workshops, regional forums and coordinated effort among
regulatory authorities to develop clear regulatory expectations could improve clarity of regulatory
authorities™ expectations for safe LTO.

3. Conclusion number E3.4-01, Supply chain strategic management and long-term planning

Maintenance of nuclear power plant SSCs and major equipment replacement and refurbishment relies on a
limited supply chain. The need for very specialized (niche) resources becomes increasingly critical to ensure
safe and economical operations. Therefore, a sustainable and resilient supply chain needs to be maintained,
to support the extended LTO of NPPs.

The supply chain for these resources requires strategic management and long-term planning to ensure their
availability when required. This involves fostering partnerships with suppliers, investing in training and
development to build a skilled workforce, and promoting research and development into advanced robotics
and other technologies relevant to equipment replacement and refurbishment.

4. Conclusion number E3.5-02, Knowledge and competence management and its important role in
LTO

The concept of knowledge management is rarely fully integrated and embedded in the management system,
leading to errors in long-term resource planning and an increased risk of loss of the critical knowledge. A
crucial factor of successful implementation of LTO programme is the establishment of a management
strategy and policy that effectively incorporates knowledge management as an important management
component.

Another important factor is the need of systematic assessment and mapping of personnel competencies.
This process helps identifying gaps in knowledge and skills, allowing for more efficient training planning.
Well established competence management ensures compliance with regulatory requirements, improves the
plant operation efficiency, and ensures that staff is prepared to handle potential emergency risks.

5. Conclusion number E4.2-02, Use of Master Curve direct fracture toughness technology

At higher fluence levels and extending operating time, there is a potential that NPPs will not be able to meet
RPV FT requirements using traditional means (Charpy-based technology). Master Curve approach may
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provide a more accurate evaluation of RPV beltline toughness than the Charpy-based approach and allow
licensees to justify safe continued operation for 60 years and beyond.

Efforts are needed in order to describe more precisely the embrittlement of RPV low-alloy steels and
incorporate such methodologies as Master Curve in the corpus of accepted methods.

6. Conclusion number E4.2-03, Advanced mechanical assessment methods — local versus global
approach to brittle fracture assessment

The main degradation mechanism of RPV from a lifetime point of view is the embrittlement of the ferritic
steel core zone (core shells and their joining welds) due to irradiation. Embrittlement affects the strength of
the material with respect to the brittle fracture risk. The mechanical assessment of the brittle fracture risk
is usually based on conservative methodologies such as the global approach of fracture. Compared to the
global approach currently in use, the local approach provides a more precise description of loading variables
which govern the fracture behaviour of RPV, such as local plasticity effects at crack tips (constraint effects,
such as in case of small defects) and scale effects.

Codification of local methods of brittle fracture assessment such as Beremin model or other models similar
to Beremin model in order to have industrial methods.

7. Conclusion number E4.3-01, IASCC behaviour in LWR environments: data and models for LTO
beyond 60 years

There is a need to continue in carrying out experimental tests and modelling developments in order to
improve the prediction of SCC and IASCC affecting internals. This covers analytical and service conditions
testing, OPEX analysis as well as the development of advanced physically based modelling.

Perform IASCC testing (initiation and propagation) and microstructural characterization of materials at
high fluence levels using components harvested from decommissioned PWRs. Improve understanding of
the role of He on the IASCC susceptibility and generate quantitative data for the extension of existing
models and predictive tools for IASCC. Implementation of the WWER specific research programme
investigating the corrosion behaviour of irradiated Ti-stabilised austenitic stainless steel.

8. Conclusion number E4.3-02, Irradiation embrittlement of SS and SS welds of RPVIs

Structural integrity verification of RPVIs can be challenging without data and models covering the full
range of dose at the end of intended LTO, for e.g., 80 years of operation or more. This information should
be used to develop or improve models predicting irradiation embrittlement in RPVIs beyond 60 years of
operation.

FT testing, including detailed fractographic examination, and microstructural characterization of irradiated
wrought SS and SS welds harvested from decommissioned BWRs and PWRs should be performed.
Specimens fabricated from components harvested from decommissioned LWRs can potentially be further
irradiated in a materials test reactor with a neutron spectrum representative of LWRs to doses corresponding
to for example 80 years of operation. Following further irradiation, FT testing, microstructural
characterization, and development of a predictive model should be carried out.
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9. Conclusion number E4.3-04, Repair of highly irradiated materials of RPVIs

In the perspective of continued operation of reactors beyond 60 years, the development of methods for
repairing irradiated RPVIs provides an alternative to replacement in cases where this operation would be
too complex to carry out.

Development of repair methods, applicable to highly irradiated materials of RPVIs, covers research on
welding of irradiated materials considering advanced welding processes. Helium accumulation in irradiated
SSs makes welding of such components challenging. R&D is still required to qualify adapted repair
methods. Other methods than welding should also be investigated.

10. Conclusion number E4.5-01, Harmonization of the numerous approaches for EAF existing in
parallel

Different methods have been developed to date to address the effects of the LWRs environment on the
fatigue calculations of NPPs. For instance, US NRC regulatory requirements address EAF during license
renewal activities are well developed. In France, AFCEN RCC-M code [384] provided recently explicit
rules for EAF influence, based on extensive experimental programmes and optimization of US NRC rules
(Rule in Probationary Phase #3).

Although the relationship between the magnitude and frequency of the cyclic loading in LWR environments
and the life of a component is well understood, additional testing is recommended to further reduce
uncertainties, especially for cases where data is limited.

Therefore, additional testing is recommended, to reduce uncertainties of environmental impact on fatigue
calculations and harmonize different code requirements, to better serve as a model for NPPs using different
approaches to relicense for LTO.

11. Conclusion number E4.6-03, NDE methods for selective leaching of buried and underground
piping

Further testing and field demonstrations of NDE techniques to detect and quantify wall loss that has
occurred due to selective leaching in gray cast iron materials would provide additional insights and
confidence in the techniques. Small electromagnetic NDE sensors may offer advantages to detecting wall
loss due to selective leaching in more complex shaped buried cast iron components, such as valve bodies;
these have not previously been evaluated.

Perform additional research on supplemental techniques not previously evaluated by the referenced
technical reports.

12. Conclusion number E4.7-03, Fluence impact on concrete biological shield

Prolonged exposure to irradiation may cause reduction of mechanical properties and load carrying capacity
and therefore can impact the structural integrity of the biological shield. Currently, the effect of irradiation
on concrete is understood, but poorly evaluated because the accelerated tests are not perfectly representative
and are probably penalizing.

Therefore, the research of concrete long-term exposure to neutrons irradiation is necessary to continue,
considering the unfavourable effects of the accelerated tests on harvested samples exposed beyond the
fluence threshold.
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13. Conclusion number E4.7-08, NDE methods for steel liner embedded in concrete

For portions of metallic liner embedded in concrete, there are no available NDE methods that are able to
detect degradation of the liner plate. To find different deviations in connection to embedded liner is not
possible with the current techniques. The degradation is not possible to detect until the liner is penetrated
and effects the leak tightness of the containment.

Develop NDE methods that can detect either ongoing degradations in the metallic liner or find deviations
in the constructions.

14. Conclusion number E4.8-01, Condition monitoring techniques for low-voltage cables

Currently, a combination of different characterization techniques is used to manage the ageing of the low-
voltage cables, including visual inspection and some destructive techniques such as EAB. EAB gives clear
acceptance end-point-criterion independent of the initial value (not known for older installations) but it is
a destructive test. Therefore, modern non-destructive methods should be developed and put into practice.

Recent studies have identified some promising techniques, such as the low-frequency dielectric
spectroscopy. However, their effectiveness in monitoring the ageing of installed low-voltage cables remains
to be precisely studied, acceptance criteria for different types of insulation (XLPE, EPR) to be defined.
Other important aspects to be also addressed are the verification of cables’ condition compared to the
prediction.

15. Conclusion number E4.9-01, Obsolescence management of 1&C systems

One of the biggest challenges as I1&C systems become obsolete is that the replacements are increasingly
digital. These digital replacements perform the same functions but may require additional programmes to
be in place (i.e. cyber security). They also require additional safety evaluations and common cause failure
analyses that would not be required for a like for like replacement. Additionally, as digital upgrades to 1&C
systems are implemented, there needs to be consideration for the digital lifespan being shorter than for the
analogue systems. Plans must be in place for the digital lifecycle, including software changes and more
frequent hardware upgrades as necessary.

A suitable obsolescence management plan for 1&C systems is necessary so that 1&C managers are aware
of the obsolete parts in their systems and ensure timely resolution that include procurement plan and
system/component replacement on timely manner. This also includes a risk assessment based on the
obsolete components’ functions and a bridging strategy to ensure system functionality until a permanent
solution can be put in place.

Complete overview of AFEs is provided in the Table 2 below. It shows that the highest number of AFEs,
including AFEs selected as the most important AFEs, relates to irreplaceable safety structures and
components such as RPV, RPVIs, safety class 1 piping and concrete containment followed by electrical
cable systems. Table 2 contains only sections of the report which were potential source of AFEs.
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Table 2: Overview of AFEs and AFEs selected as the most important, by section.

Section | Section title No. of AFEs No. of most
No. important AFEs
2.3 IAEA safety standards for LTO beyond 60 years 4 1

2.5 Typical national regulatory frameworks to support LTO | 1 1

beyond 60 years
3.4 Supply chain issues 1 1
3.5 Human resources, knowledge and competence | 2 1
management

4.2 Reactor pressure vessel 9 2

4.3 Reactor pressure vessel internals 9 3

4.4 Steam generators 4 0

4.5 Safety class 1 piping 9 1

4.6 Buried and underground piping 5 1

4.7 Concrete containment and civil structures 9 2

4.8 Electrical cable systems 6 1

4.9 I1&C safety systems 3 1

51 Availability of original design basis documentation 1 0

5.2 Development of codes, standards and regulations 1 0

5.3 Technological obsolescence 4 0

CONCLUSION

The ‘LTO beyond 60 Years’ project report has achieved to describe the current status of knowledge
regarding LTO of NPPs and determine the AFEs in knowledge and technology which need to be addressed,
to enable safe LTO of NPPs beyond 60 years.

68 AFEs identified as the project outcome represent broad portfolio of topics which needs to be addressed
in upcoming years by relevant organizations and institutes to secure safe LTO beyond 60 years. As
described earlier, suitable dispositioning of AFEs could lead to activities of the following types:

¢ R&D projects to fully characterize and manage ageing effects;
Development of new/enhanced testing, monitoring, inspection, diagnostics or repair methods;
Training on ageing management and LTO preparation;
Development of codes, standards, procedures, methodologies;
Other solutions (e.g., extended collaborative network for obsolescence/supply chain issues).

After completion of the OECD/NEA project and approval of the project report in June 2025, several
dissemination activities are foreseen. Besides this paper and presentation at SMiRT28, international and
national workshops should be organized, and multiple presentations provided in various OECD/NEA,
IAEA, SNETP, EPRI and other meetings, working groups and conferences. This effort should reach out to
all major players involved in the area of LTO of NPPs such as operators, regulators, universities, support
and research organizations, and encourage them to initiate dispositioning of identified AFEs.

10
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