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FOREWORD

One of the major concerns since the beginning of the nuclear power industry has been the
potential impact of accidental radioactive releases on the population and the environment. The
estimation of the likelihood of occurrence of such accidental radioactive releases and the
calculation of the consequences they could generate have been the focus of the probabilistic
approach since it was first developed for nuclear power plants in the 1950s. Following the initial
studies, probabilistic safety assessment (PSA) was divided into three levels, with Level 2 PSA
focusing on determining the frequency of radioactive releases outside the reactor containment
and the characteristics of the source term. Despite the complexity and the uncertainty of the
phenomena, substantial progress has been achieved in Member States in recent years regarding
the development and use of Level 2 PSA for nuclear power plants. That progress is supported
by the results of research programmes on severe accident phenomena and on the behaviour of
structures, systems and components facing the conditions created by severe accidents.

This publication provides a summary of the presentations and the results of discussions at the
Technical Meeting on Experience in the Development and Application of Level 2 Probabilistic
Safety Assessment for Nuclear Power Plants held from 4 to 7 May 2021. It presents information
on the latest practices and experiences in Member States with regard to the development and
application of Level 2 PSA for nuclear power plants. It also summarizes suggestions provided
during the technical meeting, which were used, as appropriate, in the revision process for IAEA
Safety Standards Series No. SSG-4, Development and Application of Level 2 Probabilistic
Safety Assessment for Nuclear Power Plants.

The IAEA wishes to acknowledge the support provided by the contributors and reviewers listed
at the end of this publication, in particular those who provided presentations. The IAEA officers
responsible for this publication were J. Luis Hernandez, R. Minibaev and Z. Stone of the
Division of Nuclear Installation Safety.



EDITORIAL NOTE

This publication has been prepared from the original material as submitted by the contributors and has not been edited by the editorial
staff of the IAEA. The views expressed remain the responsibility of the contributors and do not necessarily represent the views of the
IAEA or its Member States.

Guidance and recommendations provided here in relation to identified good practices represent expert opinion but are not made on the
basis of a consensus of all Member States.

Neither the IAEA nor its Member States assume any responsibility for consequences which may arise from the use of this publication.
This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal
status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to reproduce, translate or use material from
sources already protected by copyrights.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this
publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.



CONTENTS

INTRODUCTION ...ttt st sttt sttt ettt e 1
1.1. BACKGROUND ...ttt 1
1.2. OBJECTIVES ...ttt 2
1.3. SCOPE ...ttt et ettt ae et 2
1.4. STRUCTURE ...ttt 3
SUMMARY OF THE TECHNICAL MEETING SESSIONS........ccccoiiiiieienne 3
2.1. SESSION I: OPENING SESSION.....cociiiiiiiienieniieieseeneeieeeesieeie s 3
2.2. SESSION II: REGULATORY PERSPECTIVE .....ccccciviiiiiieieeee 3
2.2.1. Session I deSCription.........cceeeeeeriierieeiiienieeiieeie e eve e 3
2.2.2. Development of the regulator’s Level 2 probabilistic safety
assessment model in Pakistan.........c.ccooceeoenieniniiniininicnceenne 3
2.2.3. The use of Level 2 probabilistic safety assessment in nuclear
power plant safety regulation in the Russian Federation............... 4
2.2.4. Assessment of early release risk in Finland............c.ccccveevnieennnenn. 5

2.3.

24.

2.2.5. Probabilistic approach for nuclear safety regulation in Argentina 7
2.2.6. Regulatory review of Level 2 probabilistic safety assessment for

multi-unit CANDU plants in Canada..........cccccceeveerienenneneenennne. 7
2.2.7. Summary of Session IL........ccccccovieiiiieiiiiieiieeeeeeeee e 10
SESSION III: CONSIDERATIONS FOR THE REVISION OF SSG-413
2.3.1. Session ITII desCription ..........cccccuveerureerieeeiiieeiee e eee e 13
2.3.2. Armenia's critical aspects for the review of SSG-4 ..................... 13
2.3.3. Russian Federation’s critical aspects for the review of SSG-4....14
2.3.4. Switzerland’s critical aspects for the review of SSG-4 ............... 16
2.3.5. Summary of Session Il ..........cccvieriiieiiiieiieeee e 17
SESSION IV: RESEARCH AND DEVELOPMENT PERSPECTIVE.. 18
2.4.1. Session IV desCription ........cccceecuveeriieeiiieeiiee e 18
2.4.2. In-vessel phase of accidents with core meltdown for Level 2
probabilistic safety assessment, Russian Federation ................... 18
2.4.3. Simulation based approach to Level 2 probabilistic safety
assessment, FInland ...........ccccoovvvviiiiiiiiiiiii e 19
2.4.4. CAREM-25: Level 2 probabilistic safety assessment activities in
the context of SSG-4 application, Argentina..........cceeveervveennenn. 21
2.4.5. Proposed Level 2 probabilistic safety assessment methodology for
AVSMR, Brazil .......coooouvvviiiiiiii e 23
2.4.6. Current status of Level 2 probabilistic safety assessment research,
the Republic of Korea..........cooovvieeiiieiiiieiieceeceeeeee e, 25

2.4.7. Experience in the development and application of Level 2
probabilistic safety assessment for NPPs in NRRC and Japanese
TAUSTIIES ..ttt 27

2.4.8. Using a Level 1 and Level 2 probabilistic risk assessment model
for the development of an ultimate list of beyond design basis
accidents, Russian Federation..........cccccccovvvvvvvereeieiiiiiinieeeeeeenn, 30

2.4.9. Summary of IRSN’s experience on the development and
application of Level 2 probabilistic safety assessment, France...32

2.4.10. ASME/ANS Level 2 standard on probabilistic risk assessment:
Status and preview of the standard, United States of America....33



2.4.11. Performing thermohydraulic calculations within Level 2
probabilistic safety assessment for shutdown modes, Russian
Federation ...........cooueiiiiiiie e 34

2.4.12. Use of severe accident codes to refine the large early release
frequency to support realism in estimates, United States of

ATNCTICA. .ttt ettt et st nbe e 36
2.4.13. Summary of Session IV ......ccccooiieiiiiiiiieeceeeeeee e 38
2.5. SESSION V: INDUSTRY PERSPECTIVE......ccccooeiiiiiiiniiiieene, 40
2.5.1. Session V desCription.........cceeeeueeervreerieeenieeeeeeeieeeeveeeeveeeeenes 40
2.5.2. Application of Level 2 probabilistic safety assessment to sodium
cooled fast reactors, Japan ........ccceeeeiieeciiiecciie e 40
2.5.3. Development of severe accident simulation methodologies for
sodium cooled fast reactors, Japan .........c.ccecceeeeiieniieencieeeiiens 41
2.5.4. Overview of Level 2 probabilistic safety assessment for the
Cernavoda nuclear power plant, Romania..........c..cccceevvvvennnennns 43

2.5.5. Contextual interaction between Level 1 and Level 2 probabilistic
safety assessment for risk informed optimization of Kozloduy
nuclear power plant project and technical specifications, Bulgaria

..................................................................................................... 45
2.5.6. Electricité de France Level 2 probabilistic safety assessment
overview for operating plants, France ..........c.cccccceevvvieeiiiencnnns 48
2.5.7. Level 2 probabilistic safety assessment for spent fuel pool of the
Armenian nuclear power plant, Armenia...........ccccceeevveercrreennnnn. 50
2.5.8. Level 2 probabilistic safety assessment of Slovak nuclear power
plants, S1IOVaKia..........ccocuiiiiiiieiie e 51

2.5.9. Updates to PWROG large early release frequency probabilistic
risk assessment modelling methods, United States of America..52

2.5.10. Summary of SeSSION V ....cocciiiiiiiiiiiiieeiieieee e 53
3.  SUMMARY OF THE TECHNICAL MEETING ......cccccceviiriiienieieeieneeie e 54
3.1. SUMMARY ...ttt sttt 54
3.1.1. Technology neutral vs technology specific and inclusive............ 55
3.1.2. Definition of risk metrics and safety goals for Level 2

probabilistic safety assesSment...........ccceeevveeecieeeiieescieeeeeeene 55

3.1.3. Level 2 probabilistic safety assessment for the other sources of
potential radioactive releases .........ccceevveeerieeeriieeniieeeieeeiee e 56

3.1.4. Reassessment of the list of internal and external hazards and
considerations to address their combination of hazards in Level 2

probabilistic safety assesSMeNt ..........cceeveeeriierieenieenieeiieseeenen. 56
3.1.5. Considerations related to multi-unit sites for Level 2 probabilistic
SAELY ASSESSIMENL ....eevviieiiieiieeiieiie ettt ettt 57
3.1.6. Further explanation on integral vs separate models..................... 57
3.1.7. Human reliability analysis in Level 2 probabilistic safety

ASSESSIMCNIE. ..cuuiiiiiieiitee et ee ettt e ettt e et e et e ebee e s bt e e sbeeesbeeeas 58
3.1.8. Applications of Level 2 probabilistic safety assessment.............. 58
3.1.9. Examples of research programmes...........ccceeeeveeerveeeeveescneeennnnnnn 59
3.2. PATH FORWARD .....cooiiiiiitiiiieeeteeeeeeee e 59
REFERENCES ... .ottt ettt st ettt ente s e seenaeeneenseeneas 61

ABBREVIATIONS ...ttt 67



ANNEX I. TECHNICAL MEETING PARTICIPANTS SUGGESTIONS FOR
REVISION OF SSG-4....ooiiiiiiiiiiiiieieeeecceet e

LIST OF PARTICIPANTS

CONTRIBUTORS TO DRAFTING AND REVIEW ..ot






1. INTRODUCTION
1.1. BACKGROUND

IAEA Safety Standards Series Nos SSG-3, Development and Application of Level 1
Probabilistic Safety Assessment for Nuclear Power Plants!, and SSG-4, Development and
Application of Level 2 Probabilistic Safety Assessment for Nuclear Power Plants [2] were
developed to provide recommendations for the development and application of Level 1 and
Level 2 probabilistic safety assessment (PSA) for nuclear power plants (NPPs) respectively and
to meet the relevant requirements established in the IAEA safety standards existing at that time,
in particular:

e GSR Part 4, Safety Assessment for Facilities and Activities;
e SSR-2/1, Safety of Nuclear Power Plants: Design;
e SSR-2/2, Safety of Nuclear Power Plants: Operation.

All these Safety Requirements publications have been revised, taking into account the latest
developments and relevant practices in the Member States as well as the feedback from the
accident at the Fukushima Daiichi NPP in 2011. SSG-3 was recently revised [1], and SSG-4
[2] is currently under revision, and will be published as SSG-4 (Rev. 1) [3].

Among the significant changes incorporated into the requirements established in IAEA Safety
Standards Series Nos GSR Part 4 (Rev. 1) [4], SSR-2/1 (Rev. 1) [5] and SSR-2/2 (Rev. 1) [6]
are those related to severe accident management, including the use of non-permanent
equipment, and the margins to both withstand levels of natural hazards more severe than those
considered for design, derived from the hazard evaluation for the site, and to avoid cliff edge
effects. Those changes have had an impact on the safety provisions incorporated in the plant
design as well as on the plant operation for all plant states, to cope with severe accidents which
are considered in Level 2 PSA.

The development and application of Level 2 PSA for NPPs have been substantially consolidated
and progressed in Member States in recent years. In particular, the lessons learned from major
accidents have been largely applied to update severe accident management guidelines and Level
2 PSA studies.

Moreover, the latest applications of Level 2 PSA to assess the overall level of safety of NPPs
have considered the interactions and dependencies in a multi-unit context, highlighting the need
to consider the potential impact of internal and external hazards and their combinations as well
as the common cause failures and human factors among different units at the site (for specific
recommendations see IAEA Safety Standards Series No. SSG-89, Evaluation of Seismic Safety
for Nuclear Installations [7]; further information is provided in Ref. [8]) .

In addition, Level 2 PSA has been applied to evaluate the contribution and challenges of using
non-permanent equipment to cope with severe accident situations to ensure a high level of
safety of NPPs.

'INTERNATIONAL ATOMIC ENERGY AGENCY, Development and Application of Level 1 Probabilistic
Safety Assessment for Nuclear Power Plants, IAEA Safety Standards Series No. SSG-3, IAEA, Vienna (2010):
now superseded by SSG-3 (Rev. 1) [1].



In recent years, extensive research programmes have been conducted to improve knowledge
and reduce uncertainties related to the phenomena associated with severe accidents. The results
have been used to substantiate the implementation of specific design solutions and strategies
for both new and existing NPPs to cope with severe accidents and to improve and validate code
simulation capabilities. Therefore, Level 2 PSA models have been applied to provide insights
on possible prioritization for those research programmes.

Given the interest of Member States in this area, IAEA organized a virtual technical meeting
on Experience in the Development and Application of Level 2 Probabilistic Safety Assessment
for Nuclear Power Plants (herein referred to as ‘the technical meeting’), from 4 to 7 May 2021.
The purpose of the technical meeting was to provide a forum for discussion on current
experience of Member States with a focus on challenges and issues, such as: the definition of
risk metrics for Level 2 PSA, modelling of non-permanent equipment in a Level 2 PSA context,
and the assessment of multi-unit and multi-source considerations for Level 2 PSA.

1.2. OBJECTIVES

The main purpose of this TECDOC is to capture the current state of knowledge and practices
gained in the last years in Member States concerning the development and use of Level 2 PSA,
in order to disseminate this knowledge and these practices to a larger audience.

Additionally, this TECDOC summarizes the key insights from the discussions held during the
technical meeting, and the path forward in the Level 2 PSA area.

Finally, this TECDOC captures the technical meeting participants’ suggestions for the revision
of SSG-4 [2], adding transparency to the process of reviewing the Safety Guide.

1.3. SCOPE

This TECDOC summarizes the technical sessions on regulatory, research and development,
and industry perspectives during the technical meeting related to the development and the
application of Level 2 PSA for NPPs, as follows:

e Assessment of the safety level improvements related to:

o Incorporation in the NPP design of additional safety features considered for design
extension conditions;

o Use of non-permanent equipment;

o Multiunit considerations.

e Assessment of advantages and disadvantages of strategies for dealing with core melt and
with damage of fuel stored in the spent fuel pool inside the reactor containment, and their
related phenomena.

e Assumptions and factors related to modelling of human performance in Level 2 PSA.

e Prioritization of research conducted in support of severe accident strategies and
improvements of severe accident simulation codes capabilities.

e Enhancement and update of severe accident management guidelines using insights from
Level 2 PSA.

e Current practices considering low power and shutdown states as well as internal and
external hazards, and their combinations in Level 2 PSA.

e Development and application of Level 2 PSA for NPPs with advanced reactor technologies
(e.g. small modular reactors (SMRs), non-light-water reactors (non-LWR)).



This publication also includes summaries of discussions held during the technical meeting
which enabled participants to make suggestions for IAEA future activities.

1.4. STRUCTURE

Section 1 presents the background, scope and structure of this TECDOC. Section 2 provides a
summary of the technical and discussion sessions during the technical meeting. Each summary
is based on the discussion summary presented and agreed upon by the meeting participants.
Section 3 provides the general technical meeting conclusions agreed by the participants to the
technical meeting. Section 4 provides a conclusion of the activities and discussion on the
coordinated efforts regarding Level 2 PSA approaches.

2. SUMMARY OF THE TECHNICAL MEETING SESSIONS
2.1. SESSION I: OPENING SESSION

The opening session focused on providing an overview of current and future activities and
publications under development at the IAEA in relation to PSA. The activities highlighted were
the main lessons learned from recent Technical Safety Review services, in particular those in
PSA, and the planned Technical Safety Review missions. This information allowed participants
to get the benefits of such services for enhancing the PSA studies under review to comply with
relevant IAEA Safety Requirements and recommendations.

Regarding the current activities and publications under development, the participants were
updated on the status of relevant PSA documents, such as: the revision of the Safety Guides on
PSA; current Safety Reports, such as the one on human reliability analysis (HRA) for nuclear
installations and multi-unit PSA aspects; and other publications, such as TECDOCs on
integrated risk informed decision making [9], seismic PSA [10], full scope Level 1 PSA for
NPPs [11], and advanced PSA for NPPs (in preparation).

2.2. SESSION II: REGULATORY PERSPECTIVE
2.2.1. Session II description

The first technical session was dedicated to representing regulatory perspectives regarding
current status of practices on Level 2 PSA. For regulatory bodies, the issues of a reasonable
definition of risk metrics and safety goals are more acute than for PSA developers. The criteria
adopted needs to be justified and intuitive. In this section, regulatory bodies from Pakistan, the
Russian Federation, Tiirkiye, Canada, Finland and Argentina presented their experience and
approaches in Level 2 PSA. The abstracts of presentations are presented in Sections 2.2.2-2.2.6.
The discussion is presented in Section 2.2.7.

2.2.2. Development of the regulator’s Level 2 probabilistic safety assessment model in
Pakistan

The Pakistan Nuclear Regulatory Authority has developed an independent Level 1 PSA model
for 300 MW(e) NPPs which is being utilized for various regulatory applications, e.g. review of
preliminary safety analysis reports and final safety analysis reports, review of modifications in
design and/or technical specifications, prioritization of regulatory inspections, risk informed
decision making, etc. The Level 1 PSA model is used as the basis for the development of the



Level 2 PSA model. This presentation described the development process of the Level 2 PSA
model, the challenges faced during its development, and potential future applications.

The development of Level 2 PSA was started with developing the interface between Level 1
PSA and Level 2 PSA models. For this purpose, the core damage sequences from Level 1 PSA
were analysed in containment safety event trees (or bridge trees) to resolve the unknown status
of safety systems and to include the containment safety systems required for severe accident
mitigation. The bridge trees transformed hundreds of core damage sequences from Level 1 PSA
to a manageable number of plant damage states (PDS) for further analysis in Level 2 PSA. After
that, containment event trees (CETs) were developed for analysis of severe accident phenomena
arising from PDS for identification of major containment failure modes along with their
frequencies as well as estimation of magnitudes and frequencies of radioactive releases to the
environment. The end states of CETs will provide the major contributors to early containment
failure (including containment bypass events) and the frequency of different release categories.
These release categories will be further analysed for calculation of associated source terms to
determine the quantity of radioactive material released from the plant to the environment. The
development of the regulator’s independent Level 2 PSA model is a challenging task which
requires expertise in plant systems, operational aspects, severe accident mitigation strategies,
supporting deterministic analysis, etc., and a dedicated team with competence in diverse
disciplines. The development of Level 2 PSA will enhance the capability of the Pakistan
Nuclear Regulatory Authority PSA team regarding analysis of severe accident progression
phenomena and relevant severe accident mitigation actions and will enable it to carry out
independent assessment of licensee’s submissions.

2.2.3. The use of Level 2 probabilistic safety assessment in nuclear power plant safety
regulation in the Russian Federation

The system of state regulation in the field of atomic energy use in the Russian Federation
provides the basis for the NPP operating organization to obtain licences for the following
activities for each NPP unit: siting, construction, operation, and decommissioning. In addition,
during the operation of each NPP unit, operating organizations plan to perform a periodic safety
assessment of each NPP unit every ten years. In all these cases, with the exception for the siting
and decommissioning phases, when applying to the state regulatory body (Rostechnadzor) for
obtaining the appropriate licence, a report with the results of Level 1 and Level 2 PSA of each
NPP unit is required.

Currently the Russian regulatory framework in the field of atomic energy use in terms of PSA
consists of the federal rules and regulations (high level regulatory documents containing
requirements), as well as safety guides for the use of atomic energy (lower level regulatory
documents containing recommendations).

In accordance with the requirements of Refs [12, 13], NPP safety analysis reports have to
provide a Level 2 PSA performed for all initiating events (IEs), all modes of normal operation,
all locations of nuclear material, radioactive substances and radioactive waste at each NPP unit.

In accordance with the recommendations of Ref. [14], the objectives of Level 2 PSA are:

e Determination of total probability of a large accidental release for each NPP unit at
intervals of one year for all IEs, all modes of normal operation, all locations of nuclear
materials, radioactive substances and radioactive waste at each NPP unit;



e Determination of compliance/non-compliance of total probability of a large accidental
release for each NPP unit with the target 1.0 x 107 per reactor-year established by the
federal rules and regulations in the field of atomic energy use Ref. [12];

e Determination of the categories of accidental releases for each NPP unit and the
consequences of accidents determined by the accidental releases of each such category;

e Identification of factors that have the highest impact on the consequences of accidents;

e Determination on this basis of additional measures to ensure the safety of each NPP unit.

To date, the first stage has been completed for the units of all Russian NPPs: Level 2 PSAs are
submitted to Rostechnadzor as part of the sets of documents justifying the safety of NPP units,
for internal IEs when operating at rated power for all NPP units in operation.

The presentation covered the topics related to the implementation of Level 2 PSA by operating
organizations for old and new generation units, the peculiarities of using the results of
deterministic calculations performed in support of Level 2 PSA, as well as issues related to the
applicability of the principle of exclusion from consideration in the design of events with severe
radiation consequences based on their physical impossibility or low probability with a high
level of confidence (as discussed in SSR-2/1 (Rev. 1) [5]).

2.2.4. Assessment of early release risk in Finland

Assessment of the large release risk and early release risk is an important part of the
substantiation of the practical elimination concept in the overall safety philosophy in Finland,
and Level 2 PSA plays a central role in this context. Reference [15] states that:

“The release of radioactive substances arising from a severe accident shall not necessitate
large scale protective measures for the public nor any long-term restrictions on the use of
extensive areas of land and water. In order to restrict long-term effects, the limit for the
atmospheric release of Cesium-137 is 100 terabecquerel (TBq) [1E+12 Bq]. The
possibility of exceeding the set limit shall be extremely small. The possibility of a release
requiring measures to protect the public in the early stages of the accident shall be
extremely small.”

Reference [16] implements the above requirement in terms of requirements for Level 2 PSA
and associated safety goals. Full-scope Level 1 and 2 PSAs are required both as part of the
construction licence application and operating licence application for a new NPP. The guide
also requires updating of PSA and various risk informed applications during operation of an
NPP.

With regard to Level 2 PSA, the following numerical acceptance criteria, which are target
values for operating plants, are set as shown in Figure 1:

(a) The large release frequency (LRF) has to be less than 5 x 107 per reactor-year. The
definition for ‘large release’ is taken from the Government Decree, i.e. it means a release
more than 1E+14 Bq Cesium-137.

(b) The accident sequences, in which the containment function fails or is lost in the early
phase of a severe accident, have only a small contribution to the reactor core damage
frequency (CDF). “Early” means that there is no time to implement the warning and
protective measures prior to the release. An exact number of hours has not been defined
but warning and protection are typically estimated to take approximately four hours
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after the rescue department receives information on the need to take shelter. The
objective is that protective measures are not needed in a situation in which there would
practically be no time to implement them.

The release assessments need to take into account all of the spent nuclear fuel located at the
plant unit, which means, for example that the spent fuel pool located at the unit needs to also
be included in the assessment.

The fulfilment of these risk criteria is reviewed as part of the licensing process for new NPPs
in Finland: Olkiluoto 3 NPP, which is now in commissioning phase and Hanhikivi 1 NPP,
which is now in the construction licence application phase. Concerning operating NPPs
(Loviisa 1 and 2, and Olkiluoto 1 and 2), the fulfilment of the numerical targets has been
reviewed as part of the periodic safety reviews.

Loviisa 1 and 2 and Olkiluoto 1 and 2, each of which has been in operation about 40 years, have
implemented several significant safety improvements during past years. Currently, they
approximately meet the targets values for Level 1 PSA (CDF < 1 x 107 per reactor-year), but
do not meet the target values for the large release frequency?. Loviisa 1 and 2 can be said to
meet the early release frequency target. This result can be explained by the severe accident
management strategy developed for the plant, especially technical solutions for securing in-
vessel retention, and large primary circuit water inventory, meaning that severe accident
sequences do not typically lead to an early release in Loviisa NPP. Regarding Olkiluoto 1 and
2, the fraction of early releases frequency is not small, which can be explained by the design
with a smaller primary circuit and containment volumes and strong dependency on electricity
driven safety functions. For both Loviisa 1 and 2 and Olkiluoto 1 and 2, decreasing CDF has
been concluded to be the most effective way to further decrease large release and early release
risk.

Olkiluoto 3, which is a generation III light water reactor, fulfils all numerical risk criteria.
Nevertheless, according to the principle of continuous improvement of safety, means to
practically eliminate early and large releases need to be considered even for Olkiluoto 3. The
design solution for ensuring residual heat removal in case of loss of internal alternating current
power supply is considered acceptable®. This plant modification will be implemented after the
start of commercial operation, and it originates from the Forsmark incident in 2006.

PSA for Hanhikivi 1 NPP has not yet been under regulatory review.

2 «“Approximately” here is understood as those NPPs were built according to previous standards to meet previous
risk metrics, therefore the updated risk metrics are consequently not totally attainable for those NPP designs.

3 This refers to the use of passive safety features for ensuring the containment heat removal function during severe
accidents.
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FIG. 1. Proposal definition of 'large’ or 'early’ release in Finland (courtesy of J. Holmberg, Radiation
and Nuclear Safety Authority, Finland).

2.2.5. Probabilistic approach for nuclear safety regulation in Argentina

The Argentine Nuclear Regulatory Authority (ARN) has established clear criteria for
acceptable potential exposure risks, utilizing a probabilistic approach to individual radiological
risk. This approach aligns with the dose limitation system philosophy of the International
Commission on Radiological Protection, which is used for radiation protection purposes.

The goal is to restrict individual risk from potential exposures to levels similar to those from
normal operational exposures. The ARN evaluates the safety level of a facility using a
regulatory tool known as the ‘acceptability criterion curve’. More information can be found in
Ref. [17].

2.2.6. Regulatory review of Level 2 probabilistic safety assessment for multi-unit
CANDU plants in Canada

Reference [18] sets out the requirements with respect to the PSA. It requires that the PSA needs
to include:

e Level 1 and Level 2 PSAs;

e Internal and external events and their potential combinations;

e  Multi-unit impacts (if applicable);

e Radioactive sources other than the reactors;

e  Other plant operating states (POS) not covered by at-power and shutdown states;
e Importance, uncertainty and sensitivity analyses.

Reference [18] requires the licensees to seek CNSC acceptance of the PSA methodology prior
to the conduct of the PSA, and refers to SSG-3 and SSG-4 [2], and to Ref. [19], for guidance.
The safety goals are defined in Ref. [20]. The Level 2 safety goals include:



“Small Release Frequency: Sum of frequencies of all sequences leading to a release
of more than 1E+15 Bq of I-131 shall be less than 1 x 10 per reactor-year. A higher
release may trigger temporary evacuation of the local population.

“Large Release Frequency: Sum of frequencies of all sequences leading to a release
of more than 1E+14 Bq of Cs-137 shall be less than 1 x 10 per reactor-year. A higher
release may trigger long-term relocation of the local population.”

For existing reactors, the numerical safety goals are defined by the licensees with a frequency
one order of magnitude higher, in accordance with Ref. [21], and by setting safety goal targets
in accordance with Ref. [20].

2.2.6.1.  Scope and level of detail of Level 2 PSA

The first step in the development of a Level 2 PSA consists of revisiting the initiating events
screening in the Level 1 PSA to check if there are no IEs that were screened out from the scope
of the Level 1 PSA, which could result in a large radioactive release.

As per CANDU practice, PSAs are developed on a per-unit basis; however, multi-unit impacts
are duly accounted for. The scope of the Level 2 PSA includes all IEs, all plant operating states,
and all radioactive sources. However, alternate assessment methods are allowed for external
hazards, and radioactive sources other than the reactor core. PSA models are developed
consistent with the risk impact. Hazards screening and hazards combinations analyses are
submitted in separate reports, or as part of the seismic PSA for the seismic induced internal
fires and internal floods. A screening analysis is conducted for various non-reactor sources of
radioactivity. As an example, the analysis of spent fuel pool shows that the time for the pool
water to boil, or for the top row of bundles to become uncovered, is too long, and therefore
these can be screened out as their contribution to LRF is negligible. The scope of the Level 2
PSA, as per the current practice, include:

e Detailed Level 2 PSA for internal events at power state;

e Simplified Level 2 PSAs for internal events at shutdown state;

e Simplified Level 2 PSA at power for internal fires, internal floods, seismic events, and high
winds;

e Level 2 at-shutdown PSAs for internal fires, internal flood, seismic events, and high winds

are excluded from the scope as their contribution to the large release frequency is judged
to be negligible.

The site LRF for multi-unit CANDU plants is calculated using a careful aggregation of the per-
unit LRF results. The minimal cut sets for the single (reference) unit are integrated to identify
single, and multi-unit sequences. This step is important prior to the risk aggregation to avoid
double (multiple) counting of accidents sequences. A multi-unit bridging tree is also developed
with simplified replicated models for non-reference units.

Aggregation across hazards is performed using simple summation, and some simplified
approaches are used to estimate the LRF for the cases where a Level 2 PSA is not fully
developed (internal floods, internal fires, seismic, and high wind PSA).



2.2.6.2.  Regulatory review of Level 2 PSA

As a pre-requisite for the Level 2 PSA review, the PSA methodology and computer codes need
to be accepted prior to the conduct of the PSA. Similarly, Level 1 PSA also needs to be reviewed
and judged to be compliant, given this is the building block for Level 2 PSA.

The review criteria used for the acceptance of the Level 2 PSA methodology, are based on the
SSG-4 [2], and CSA N290-17 [19]. Additional international references are used for the review
of the detailed Level 2 PSA reports. These include Refs [22, 23], NUREGs and EPRI reports
as referenced in the accepted PSA methodology.

The regulatory review process is conducted in two stages:

e Stage 1 review (high level review): This is a qualitative review aiming to assess the overall
PSA documentation, consistency with the accepted methodology, to demonstrate that
safety goals are met, and to identify key accident sequences and areas for the Stage 2
review;

e Stage 2 review (technical review): This is a quantitative and detailed review based on
spot check of a few samples of the Level 2 PSA tasks (Level 1/Level 2 interface,
containment fault trees, accident progression event trees (APET), severe accident analyses,
assignment of release category, human interactions, Level 2 PSA model integration,
sensitivity, uncertainty and importance analyses).

Regular exchange meetings with licensees also support the regulatory review.

The focus, in stage 2 of the regulatory review, regarding the PSA task ‘Level 1/Level 2
interface’, is on the attributes used for the grouping the Level 1 end states into PDSs, and
specifically the PDS for multi-unit sequences in multi-unit CANDU plants. PDS attributes
include the consideration of the type of IE, severity and timing of the accident sequence,
separation of sequences leading to releases inside and outside the containment, separation of
single-unit sequences and multi-unit accident sequences, and the consideration of pre-existing
and on-demand containment failures using the bridging event tree. The emphasis of the review
is on the methodology used for the selection of representative accident sequences for each PDS
considering both frequency and impact of accident sequences. It also includes the review of the
accident simulation with the MAAP-CANDU code [24].

In the APET task, the focus is on the development of nodal questions with special emphasis on
the in-vessel retention (IVR) strategy, the understanding of severe accident phenomenology and
its impact on the containment, as well as on the assignment of APET end states to different
release categories.

2.2.6.3.  Level 2 PSA regulatory applications and review challenges

The results of the review of the overall Level 2 PSA model integration are used to:

e Demonstrate that Level 2 safety goals are met;

e Identify major containment failure modes and their frequencies;

e QGain insights into the progression of severe accidents, and identify plant-specific
challenges and vulnerabilities to severe accidents and support development of SAMGs;

e Provide input for emergency planning;

e Support the Emergency Operating Centre for prognostic analyses.



The challenges associated with the regulatory review of CANDU Multi-unit Level 2 PSA are
associated with the characterization and quantification of the uncertainties in the modelling of
severe accident progression phenomena, MAAP-CANDU parameter uncertainty, containment
event tree branch point quantification, containment response under severe accident conditions,
and uncertainties on fission product behaviour.

The challenges also include the development of new and emerging methodologies such as:

e  Multi-unit PSA, including multi-unit interactions and multi-unit severe accident
progression simulation;

e HRA methodology for crediting human actions associated with the deployment of
emergency mitigating equipment;

e Methodology for incorporating selected SAMG strategies during multi-unit events;

e  Methodology for considering and screening of POS and other radioactive sources.

2.2.7. Summary of Session II

There is a consensus among Member States that probabilistic safety goals or criteria for
Level 2 PSA are of major importance in the regulatory review for licensing new deployments
of NPPs as well as in periodic safety reviews of operating NPPs. These criteria are currently
and largely used as a communication measure indicative of the level of safety that a given NPP
design can achieve. However, the current status is such that Member States have different
approaches to define probabilistic safety goals for Level 2 PSA.

First, regulations in the majority of Member States define criteria or goals either for large early
release frequency or for large release frequency, while in other Member States both
probabilistic criteria or goals are defined (e.g. Canada). However other terms are also used by
some Member States (e.g. specific risk metrics in Switzerland — total risk of activity release in
Bq per year or specific risk metric in Canada — small release frequency in Bq of I-131 per
reactor-year).

Second, there is a lack of clear, and if possible common, definitions among all Member States
of large early release frequency and large release frequency (e.g. Tiirkiye, Pakistan), due to
national considerations related to the definition of terms such as ‘early’ and ‘large’.

Third, some Member States prefer to define Level 2 PSA probabilistic criteria or goals as
qualitative rather than quantitative (e.g. France).

Fourth, for some Member States the probabilistic values are set as criteria to comply with as
absolute values, while in other Member States probabilistic values are goals to be met
considering either a reduced or full scope®. This difference of approach between strict criteria
or goals has an impact on the how Level 2 PSA results are assessed. Therefore, the importance
of having a common understanding and definition of those terms could greatly contribute to the
harmonization of the regulatory review process for licensing new NPPs among different

4 Full scope for probabilistic safety assessment considers internal events, internal hazards and external hazards for
both the reactor core and the spent fuel pool for all plant operating states (power operation, low power and
shutdown). A reduced scope therefore is commonly considering only a part of the full scope, such as considering
internal events only or internal events and some internal hazards and external hazards (see SSG-3 (Rev. 1) [1] and
SSG-4 [3]).
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Member States by allowing comparison of review results, facilitating independent peer reviews
and reinforcing communication and relation among national regulators among Member States.

The technical meeting discussions explored in detail the definition of what is understood as an
early radioactive release and of a large radioactive release in different Member States. A
common criterion for their definition was pointed out in relation to the acceptable dose limits
for individuals in compliance with both the philosophy used for radiation protection purposes
recommended by the International Commission on Radiological Protection [25] and with the
requirements established in TAEA Safety Standards Series Nos GSR Part 3, Radiation
Protection and Safety of Radiation Sources: International Basic Safety Standards [26] and
GSR Part 7, Preparedness and Response for a Nuclear or Radiological Emergency [27].

Also, the relationship between large early release frequency and large release frequency was
discussed and it was concluded that the former is a subgroup of the latter referring to radioactive
releases that might occur in the short-term phase of the severe accident and therefore both
provide different key information needed for the regulatory review. During the discussion, the
opinion was presented that in practice grouping all large early releases in large releases is
acceptable if the large release frequency is lower than the safety goal, especially during the
construction stage (this approach was used during Akkuyu NPP Level 2 PSA development).

The second point of major discussion was related to the time value used for defining the limit
between an early radioactive release, considered as part of large early release frequency, and a
late radioactive release, which would be considered as part of large release frequency. There
was agreement in these discussions that the definition of this time value needs to consider the
arrangements for the effective implementation of emergency preparedness measures with
regard to the acceptable dose limits for individuals (see GSR Part 3 [26] and GSR Part 7 [27]).
The example of Finland defining early radioactive releases, which is defined based on
emergency preparedness requirements, zoning around the NPP (the distance from populated
areas) and most exposed persons was explained in detail. The importance of considering the
zone around the NPP in relation to the population such as density, activities or occupation,
seasonal fluctuations, infrastructure (e.g. hospitals, schools, hotels) and transport means (e.g.
presence of highways or secondary routes for evacuation) as well as environmental aspects such
as topography, landscape and climate and meteorological data such as predominant wind
directions was highlighted. Additionally, it was emphasised those site aspects of the zone
around the NPP limits the effectiveness of the early implementation of measures in relation to
pre-arrangements such as distribution of stable iodine tablets, preparation and identification of
shelters, communication means to the population (e.g. alarms, telephone messages, radio and
television broadcast), education of the population (e.g. regular information to the local
communities), and planning of drill exercises related to sheltering and evacuation
(e.g. availability of means of transport such as buses and trains). For Finland, the time limit is
estimated approximately four hours after information on the start of the emergency situation
has been received. The discussion concluded that given the impact of specific site
characteristics and Member State emergency arrangements related to the NPP, it is difficult to
reach a common consensus on a quantitative limit. However, there was agreement in these
discussions that the definition of the term ‘early’ associated with the large early release
frequency risk metric, probabilistic goal or criteria needs to clearly describe the previous
discussed aspects, so that comparison among Member States can be performed.

The two main approaches for using probabilistic values, as strict criteria or goals, interested the
participants for assessing Level 2 PSA results. The discussions pointed out the advantages and
disadvantages of both approaches. For the approach defining strict criteria, the main advantage
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is related to the regulatory review of Level 2 PSA results allowing a straightforward position
for regulatory oversight activities, evaluation of design alternatives, risk management and risk
informed decisions. However, this approach has the disadvantage that it could be understood
that complying with the strict criteria may reduce the scope of the detailed review process to be
performed by the regulatory body and it could hinder the importance of key aspects such as
sensitivity, importance and uncertainty analyses. For the other approach, probabilistic values as
a goal have the advantage of allowing a flexible regulatory decision making process, where the
interest is focused on the validation of the methods and the assumptions used (e.g. assumption
for performance shaping factors in HRA, equipment qualification and survivability,
flammability limits and combustible gases concentrations) as well as on the uncertainties
associated with the result, rather than the final quantitative value. The main disadvantage of this
approach is related to the high level of expertise required at the regulatory body which needs to
have a sound knowledge of the Level 2 PSA methodology in order to perform the regulatory
review.

Another topic of discussion was regarding different approaches among Member States related
to the scope of radioactive sources to be considered for the development of Level 2 PSA.
Particularly, during the discussion, it was confirmed that Finnish and Russian requirements
mean that Level 2 PSA is performed for the spent fuel pool (SFP), i.e. as part of other
radioactive sources on site. Finland confirmed that common consideration of a severe accident
in the reactor core and the SFP needs to be as realistic as possible. In other Member States, such
as Canada, the basis for screening out the SFP from the large early release frequency relies on
the time considered to realistically reach fuel uncovered in the SFP which allow sufficient time
for external intervention. In relation to the development of Level 2 PSA for the SFP, there was
agreement during the discussions that the damage state set at Level 1 PSA for the SFP (i.e. fuel
boiling, fuel uncovering, fuel damage) as well as the location of the SFP in the NPP design (i.e.
inside or outside a reactor building or a building ensuring a confinement function) may have a
major importance.

The topic of importance measures in Level 2 PSA from a regulatory perspective was discussed.
It was highlighted that the modelling of the Level 2 PSA can be done by two approaches, by an
integrated Level 1-Level 2 PSA model or by separate models in which the plant damage states
from Level 1 PSA are used as the starting point for development of Level 2 PSA. In the case of
approach 1 during importance analysis it can be noted that importance of Level 1 PSA
structures, systems and components tends to dominate the results. So, in order to understand
the importance of structures, systems and components performing containment functions, there
was agreement during the discussions that it is probably reasonable to start from the plant
damage states. However, in this case there are difficulties associated with the phenomenology
aspects modelled, which might not be fully reflected in the transition from Level 1 PSA, and
the fact that some structures, systems and components are considered in both Level 1 and Level
2 PSA.

The issue of reassessing hazards and their combinations in the development of Level 2 PSA
was discussed. The discussion was focused on regulatory requirements to look back into the
screening analysis performed as part of Level 1 PSA. Those regulatory requirements, which are
in some Member States’ regulations, aim at identifying hazards and their combinations which
were screened out in Level 1 PSA but could be of interest in Level 2 PSA taking mainly into
account the difference in mission times considered between Level 1 PSA and Level 2 PSA (i.e.
24 hours is generally used in the majority of Level 1 PSA and up to several days to a week for
Level 2 PSA) and the different systems used (i.e. reactor containment and associated systems
are only modelled in Level 2 PSA).
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Additionally, during the discussions, technical meeting participants requested the IAEA to have
further guidance on the development of Level 2 PSA for different stages of the NPP, in
particular at the design stage.

2.3. SESSION III: CONSIDERATIONS FOR THE REVISION OF SSG-4

2.3.1. Session III description

As mentioned in the previous section, there are several topics of interest for Member States in
relation to the development of Level 2 PSA. Given the need for harmonization of practices
related to the development and application of Level 2 PSA, Session III was devoted to the
discussion of SSG-4 [2] in view of its revision to incorporate current practices and the latest
improvements in relation to the Level 2 PSA. Three presentations were prepared presenting key
aspects to be considered for the review of SSG-4 [2]. The abstracts of presentations are included
in Sections 2.3.2-2.3.4 and the summary of the session’s discussions is presented in Section
2.35.

It is important to note that the suggestions from the participants in the technical meeting
captured in the following sub-sections have been examined in detail and implemented, as
appropriate, in the preparation of SSG-4 (Rev. 1) [3], which is ongoing at the time of preparing
this publication.

2.3.2. Armenia's critical aspects for the review of SSG-4

This presentation provided the background of revision of IAEA safety standards initiated after
the accident at the Fukushima Daiichi NPP. The focus of the presentation was hazard
combination, source(s) of the radiation to be considered in Level 2 PSA (e.g. spent fuel pool,
multi-sources) and severe accident management guidelines (e.g. considerations related to use
non-permanent equipment for electrical power supply and cooling capability and the related
human actions).

The presentation provided some relevant aspects in relation to SSG-4 [2]:

e SSG-4 [2] provides limited recommendations for external hazards and does not address
combinations of the hazards. The presentation provided the approach used in Armenia to
address the combination of hazards.

e Despite the fact that SSG-4 [2] mentions the need to consider the potential release from
other sources of radioactivity at the plant, such as irradiated fuel and stored radioactive
waste, it does not provide recommendations on this topic. The presentation underlined the
importance to supplement SSG-4 [2] with recommendations on the SFP considerations
including two conceptual design solutions — SFP inside and outside containment — as
well as the potential for accidents involving multiple reactor units and SFPs concurrently.

e Regarding severe accident management, SSG-4 [2] uses the term ‘beyond design basis
accidents’, meanwhile, after the publication of SSR-2/1 (Rev. 1) [5], the term ‘design
extension conditions’ was introduced and replaced ‘beyond design basis accidents’. The
presentation underlined the importance to supplement SSG-4 [2] with recommendations
regarding non-permanent equipment (e.g. for electrical power supply), HRA in the context
of using non-permanent during severe accident situations, and Level 2 PSA applications in
general.

The presentation provided some topics for further discussion, such as how the human resources
need to be modelled in the multi-source scenario, how the large early release frequency or the
large release frequency could include the SFP, and how to deal with shared equipment.
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2.3.3.

Russian Federation’s critical aspects for the review of SSG-4

This presentation provided both general and specific remarks on SSG-4 [2] aimed to support
the revision of the Safety Guide. Several aspects of SSG-4 [2] to be considered were discussed
in the presentation. The most important remarks are listed below.

14

SSG-4 [2] focuses only on fuel in the reactor core. However, releases from fuel in the
SFP might have higher frequency and more severe consequences than from the fuel in
the reactor.

SSG-4 [2] does not consider stored radioactive waste in Level 2 PSA. However, in many
Member States it is required to include releases from radioactive waste in the scope of
Level 2 PSA.

Numerous undefined terms are used in SSG-4 [2], such as release category and source
term, early and large releases, and mission time in Level 2 PSA.

Section 2.1 of SSG-4 [2], “Definition of the objectives of Level 2 PSA” does not provide
any information on recommended or practiced probabilistic safety goals or criteria
associated with Level 2 PSA.

Section 3 of SSG-4 [2], “Identification of design aspects important to severe accidents
and acquisition of information” does not contain any recommendations related to the
information needed for Level 2 PSA for radioactive sources other than fuel in the
reactor, other hazards than internal events and other modes of operation than operation
at power.

Section 4 of SSG-4 [2], “Interface with Level 1 PSA: grouping of sequences” does not
provide useful recommendations. In particular, recommendations on the following
important aspects are missed; treatment of recoveries in the Level 1-Level 2 interface
model, enhancement of the Level 1 PSA model to add features needed for Level 2 PSA,
attributes important for Level 2 PSA for shutdown states, consideration of mission time
in the Level 1 and Level 2 interface model.

Section 5 of SSG-4 [2], “Accident progression and containment analysis” does not
indicate which end states are assessed in the containment event tree. Containment event
tree questions are presented in the form suitable for the ‘EVNTRE’ code [28].
According to expert opinion, this code is rarely used now as it does not allow an
integrated model to be developed. No information is provided on containment event tree
structure and nodal questions used in more common software (e.g. RiskSpectrum, Cafta,
Saphire, FinPSA, NUPRA). Also there are no recommendations on how hazards,
various radioactive sources and operational states are represented in containment event
tree models.

There is very limited mention of containment event tree quantification (only in para.
5.26). Further recommendations are needed in relation to containment event tree
quantification, dealing with the size of the model, the treatment of highly probable
‘success’ branches, and the possibility to use three or more branches in the containment
event tree logic.

Annex III of SSG-4 [2], “Sample outline of documentation” does not have a section
related to system models needed for Level 2 PSA (e.g. spray system, containment
isolation, systems, important for severe accidents progression and post-melt behaviour
(e.g. core catcher, ex-vessel flooding)). The spent fuel pool, shutdown plant operating
state, and the development of Level 2 PSA for hazards are not reflected in the structure.



The following updates for SSG-4 [2] were suggested:

e Provide recommendations related to the development of Level 2 PSA for the fuel in the SFP
for several cases (SFP inside containment and outside containment, combined releases from
SFP and reactor core).

e Provide recommendations related to the development of Level 2 PSA for radioactive waste
stored on the site.

e Provide separate sections dedicated to Level 2 PSA for the SFP and other sources of
radioactivity, for multi-unit and multi sources Level 2 PSA.

e Add section terms and definitions and define terms such as large, early, mission time for
Level 2 PSA, release category, source term.

e Revise Figure 1 and items (3) and (4) of para. 1.7 to give clear and consistent picture of the
process.

e (Combine Sections 5 and 6 in order to have complete picture of the end points of containment
event trees.

e Provide illustrative examples of containment event trees in graphical form.
e Add a section on “Level 2 PSA probabilistic safety goals or criteria”.

e Provide recommendations related to the information needed for Level 2 PSA for other
sources of radioactivity, for shutdown plant operating state and for external hazards and
internal hazards.

e Provide recommendations on how end states in the containment event tree are defined.

e Provide recommendations for containment event tree construction using integrated Level 1
and Level 2 PSA models.

e Provide examples of containment event trees developed using integrated models.

e Provide specific recommendations on specific features of containment event trees for plant
damage states developed for hazards and shutdown states (if any).

e Add a separate section on “Containment event tree quantification” (as it is proposed in SSG-
3).

e Comprehensively review and update proposed outline in Annex III (SFP, shutdown plant
operating state, and hazards PSA need to be reflected in the outline) and to limit the outline
only to section level; remove subsections in proposed outline.

e Present specific information in separate Annexes:

o Approaches for assessment of reliability of passive systems in Level 2 PSA (e.g. core
catcher, passive autocatalytic recombiners);

o Approaches for assessment of certain important phenomena (e.g. grip rupture, direct
containment heating, detonation/deflagration);

o Illustrations for bridge trees and containment event trees;

o Information on development and use of Level 2 PSA at design stage.

This presentation also provided a further set of specific comments mainly following the general
comments.

15



2.3.4. Switzerland’s critical aspects for the review of SSG-4

The experience of the development process, the techniques used, and insights gained from the
latest integrated, full scope, multistate Level 2 PSA analysis conducted at the Leibstadt Nuclear
Power Plant (KKL) was provided in this presentation.

International guidelines and standards such as SSG-4 [2] and Refs [29, 30] have been applied
in the development of Level 2 PSA.

The project considered the following risk metrics, as defined by Switzerland:

o Large early release frequency (LERF) — the large early release frequency is the expected
number of events per calendar year with a release of more than 2.0 x 10'° Bq of Iodine-131
per calendar year within the first 10 hours after core damage.

e LRF — the large release frequency is expected number of events per calendar year with a
release of more than 2.0 x-10'* Bq of Caesium-137 per calendar year.

e  Specific risk metrics in Switzerland — The total risk of activity release provided in Bq per
year, serves as an indicator for the anticipated overall release of radioactive material
following core damage within a given calendar year. It is computed by multiplying the
frequency of each release category by its corresponding source term, the CDF, and then
summing up these products.

Based on this experience in Switzerland, the following aspects were added to the previously
identified key points for the revision of SSG-4 [2]:

e Treatment of uncertainties (especially phenomenological) (aleatory/epistemic);

e Nodal probabilities;

e Suggestions related to severe accident computer codes and models;

e Coupling requirements;

e Deflagration-to-detonation transition, flame accelerations;

e Definitions of large early release frequency and large release frequency and safety goals,
including the definition of terms such as ‘early’ and ‘large’;

e Result presentations;

e Suggestions on corium coolability;

e Importance analysis based on Level 2 measures;
e Sizing of emergency zones (Level 3);

e Suggestions related to the modelling of additional safety features considered for design
extension conditions in Level 2 PSA need to include the filtered venting system.

Such aspects may be of a lower level than SSG-4 [2], but they may affect results of the Level 2
PSA. Accordingly, discussion on these aspects needs to be encouraged through the expert
community.
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2.3.5. Summary of Session I1I

In addition to suggestions from the presentations, during the discussions the need to provide
recommendations for the definition of Level 2 PSA risk metrics, goals or criteria was
highlighted. This suggestion was considered in the preparation of SSG-4 (Rev. 1) [3], ongoing
at the time of preparing this publication. It was confirmed that a section exists on safety goals
and criteria in SSG-3 (Rev. 1) [1], which provides general information for Level 1, Level 2, and
even Level 3 PSA, but without elaborating on the definition of particular Level 2 PSA risk
metrics, goals or criteria such as the large early release frequency and the large release
frequency. Also, it was confirmed that quantitative values are difficult to present in SSG-4 [2]
since they could challenge the consensus process for Safety Guides. Therefore, the revised
version included the definition of the Level 2 PSA probabilistic safety goals as well as some
examples in the Annexes.

During the discussions it was also requested to include recommendations related to the integral
and separate approaches for the development of Level 2 PSA including their advantages and
disadvantages. In relation to this aspect, it was commented that the methodology proposed in
SSG-4 [2] starts from a Level 1 PSA, as separate approach. This approach might not be
applicable to advanced NPPs, including SMRs, since the Level 1 PSA and its associated risk
metrics might not be relevant for them. These advanced NPPs propose new design safety
features aiming primarily at reinforcing the achievement and maintain the fundamental safety
functions. Many of these advanced NPP designs have a smaller reactor thermal power that
facilitates the residual heat removal by using passive safety systems combined with natural
circulation, which results in achieving rather low frequencies of core damage [31]. In addition,
these advanced NPP designs reinforce the confinement of radioactive material by including
specific design features such as compact designs and new materials for the fuel matrix which
differs with current water cooled reactors [31]. The revised version considered these
suggestions and expanded better the recommendations related to the integral approach for both
current NPPs and new designs based on advanced NPPs.

In addition, during the discussion it was requested to explicitly define the methodology used as
technology neutral. In that regard, the SSG-4 (Rev. 1) [3] aims at presenting recommendations
as technology inclusive rather than technology neutral. The understanding of technology neutral
term will apply only to a general PSA methodology where no specifics related to reactor
technology are presented. In the revised version, the technology inclusive methodology term is
proposed since the recommendations there recognize specific aspects related only to NPPs, such
as reactor core, reactor containment, SFP and release categories. However, to complement the
technology inclusive methodology, it is understood that the phenomena associated with severe
accident are technology and design specific.

Finally, the discussions also commented on the request whether or not to include considerations
related to the development of multi-unit Level 2 PSA. For this topic, no general consensus was
reached since there is no general experience in Member States. However, most of the technical
meeting participants agreed that single unit Level 2 PSA needs to consider potential interactions
and dependencies between units at the same site. The revised version has taken this suggestion
into consideration and allows for the flexibility related to multi-unit Level 2 PSA.
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2.4. SESSION IV: RESEARCH AND DEVELOPMENT PERSPECTIVE
2.4.1. Session IV description

Session IV was devoted to an overview of the current practices in Member States related to
research and development on Level 2 PSA. During the session, the presentations covered
different topics such as the development and use of computational tools and calculation codes
in support of Level 2 PSA, consideration of Level 2 PSA for facilities with SMRs and research
reactors, an overview of the new ASME standard on Level 2 PSA, definition of the list of design
extension conditions, and overviews of the experience in development of Level 2 PSA in
Member States. Participants from Argentina, Brazil, Finland, France, Japan, Republic of Korea,
Russian Federation, and United States of America presented their experiences and approaches
in Level 2 PSA. The abstracts of presentations are presented in Section 2.4.2-2.4.12. The
discussion summary of the section is presented in Section 2.4.13.

2.4.2. In-vessel phase of accidents with core meltdown for Level 2 probabilistic safety
assessment, Russian Federation

Severe accidents involve complex physicochemical and radiological phenomena. The accident
phases associated with these phenomena are typically categorized into two groups:

(1) In-vessel phase, which encompasses core heat-up, fuel degradation, and material relocation
expected to occur inside the reactor vessel up to the failure of the reactor vessel. It also
involves the subsequent release of molten corium into the containment building.

(2) Ex-vessel phase, which encompasses thermal and chemical interactions between core debris
and containment structures, and containment behaviour, which includes transport of
radioactive substances inside of the containment.

In this presentation the basic information of the computer code SOCRAT structure was
presented and the functionality of the separate modules of the code was described. SOCRAT is
Russia-developed severe accident code SOCRAT/B1, which is widely used for design
modelling of accidents with severe core damage.

The advantages of modern codes include:

e Use of nodalizations for the primary and secondary circuits similar to those used for
analyses in thermohydraulic codes;

Modelling of normal operation systems and safety systems;

Establishment of a steady state condition;

Accident analysis from the initiating event;

Adjustment following the analysis results with the use of thermohydraulic codes.

The structure of SOCRAT modules for modelling of severe accidents is as follows:

SOCRAT/BI is a modern tool for severe accident analysis including modules:

RATEG — primary and secondary thermal hydraulics.

SVECHA - core degradation.

HEFEST — thermal physics of corium and thermal mechanics of reactor pressure vessel
(RPV).

ANGAR, KUPOL - thermal hydraulics in containment considering:

— Damage and melting of the core fuel elements;
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— Generation and transport of non-condensable gases and hydrogen;
— Core barrel and reactor vessel damage;
— Release of mass and energy from the reactor vessel.

SOCRAT/B3 includes:

ANGAR, KUPOL - thermal hydraulics in containment;

TOCHKA — point neutron kinetics;

BONUS — fission products accumulation in fuel;

RELEASE - fission products accumulation in fuel;

MFPR MELT — fission products release from the corium;

GAPREL - fission products release from the gas gap;

PROFIT — fission products behaviour in the primary circuit;

CONTEFP — fission products behaviour in containment volumes;

RACHIM - chemical reactions, activity, heat generation by fission products.

The severe accident phenomena modelled by the combinations of codes SOCRAT B1 + B3
considers:

Reactor unit thermohydraulics;

Core damage;

FP (fission product) release from fuel;
FP release from corium;

FP transfer into reactor containment
Melt moving;

Melt pool;

Fuel coolant interaction;

RPV damage.

OKB “Gidropress” JSC has acquired extensive experience in analysis of severe accidents for
the project justification of safety of existing and prospective NPPs with VVER designs. The
base code for the analysis of severe accidents in Russia is the SOCRAT/B1 code. However, for
the analysis of the release and transfer of fission products, a new version of the SOCRAT/B3
code could be used. As of now, in the framework of the research, the cooperation scheme has
been tested by OKB “Gidropress” JSC by performing calculations of severe accidents with
SOCRAT/B3 to support Level 2 PSA. It is planned to apply this test scheme in the future.

2.4.3. Simulation based approach to Level 2 probabilistic safety assessment, Finland

The timings of events are more important in Level 2 PSA than Level 1 PSA, because physical
phenomena and the recovery of safety functions need to be modelled. For example, if a water
cooled reactor core is reflooded during a critical time window, significant amounts of hydrogen
are produced, possibly leading to a hydrogen explosion. Traditional fault tree-based modelling
is not very well suited to modelling such time dependencies and phenomena. In addition, the
set of possible accident conditions is so large that it cannot properly be captured in a binary
model.

VTT has developed a simulation-based Level 2 module to their FinPSA software. The Level 2
module combines event trees with script-based modelling. The model includes a script file for
each event tree header. In the script files, functions are defined to calculate conditional
probabilities of event tree branches as well as source terms for accident sequences. The script
files offer lots of flexibility for modelling, and it is possible to include timings of events
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explicitly in the model with uncertainty distributions. Dynamic dependencies related to severe
accident phenomena can be modelled in the scripts. The model is also not restricted to binary
logic. A branching point can include more than two branches, continuous variables can be used,
and various/different conditions and accident timing scenarios can be incorporated in the
scripts.

Uncertainty distributions can be defined for all variables of the model, and the model is solved
by Monte Carlo simulations. The result is a set of simulation results for each accident sequence.
Then, for raw simulation data, statistical analyses are performed to calculate mean results and
uncertainty distributions. The tool also includes a risk integrator that combines simulation
results from multiple containment event trees.

The Level 2 model can be integrated with the Level 1 model built using a traditional PSA
approach with event trees and linked fault trees. The Level 2 tool can read Level 1 accident
sequences and minimal cut set results. Level 1 information can be utilised in Level 2 modelling,
for example to calculate the core cooling recovery probability. The contributions of the most
important Level 1 sequences, basic events and initiating events can also be seen in Level 2
results.

FinPSA Level 2 is used for Level 2 PSA of the Olkiluoto NPP units. In addition, VIT has
conducted limited case studies on some severe accident phenomena and research on script-
based modelling techniques. For example, Level 2 PSA of a boiling water reactor (BWR) plant
was studied by performing deterministic simulations using MELCOR and utilizing the results
of those in the Level 2 PSA modelling. It was studied how the recovery time of emergency core
cooling and depressurization time affect later accident progression, and those time
dependencies were implemented in the scripts.

The BWR study particularly focused on ex-vessel steam explosions. The probability of
containment failure due to an ex-vessel steam explosion was estimated based on the probability
distributions of the pressure impulse and containment strength in different scenarios. Several
dependencies related to the probability of an explosion and containment failure were modelled
explicitly in the scripts. The pressure impulse distribution depends on the pressure and the
amount of core melt ejected to the lower drywell. Whether an explosion can be triggered at all
depends on the lower drywell flooding time and core meltdown timings.

A time dependent source term model influenced by the so-called XSOR method was also
implemented in the simulation scripts. The release mechanisms that were modelled were early
reactor coolant system release, late reactor coolant system release (e.g. re-vaporization of
deposited fission products) and ex-vessel debris release. The release start and end times were
determined for each release mechanism based on e.g. core meltdown timings and vessel failure
time. The release time intervals were divided into 10 subintervals, and discrete point releases
were calculated at these subintervals. Finally, the discrete point releases were summed to
calculate the total releases. This approach makes it possible to perform a large number of
simulations to calculate uncertainty distributions for source term variables.

The case study demonstrated how FinPSA Level 2 can be used. Results from deterministic
analyses, such as different timings, can explicitly be incorporated into the scripts, and
distributions can be specified for uncertain variables. A source term model can also be
integrated to the simulation-based PSA model. The tool however enables several different
modelling approaches. It is also possible to develop simplified physical models in the
simulation scripts of FinPSA, instead of using external deterministic simulation software like
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in the case study. The programming-based modelling gives users a lot of freedom in the
selection of the modelling approach and the level of modelling detail, as shown in Figure 2.
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real p, x1, x2, x3, y

routine ini

ECCSavaT ranlogn (3000,1.333) $ Available time for recovery
x1 random() £ Random number for recovery time determination
x2 = random|) $ Random number to determine flooding occurrence
®3 = ranlogn (1800,1.666) $ Start time of LDW flooding

return

£ Recovery in time
function real REC
$ Probability that recovery comes in time
P = cumul (PwrRecT,ECCSavaTl)
v

FIG. 2. Simulation-based approach in Level 2 PSA (courtesy of T. Tyrvdinen, VIT Technical Research
Centre of Finland, Finland).

2.4.4. CAREM-25: Level 2 probabilistic safety assessment activities in the context of
SSG-4 application, Argentina

2.44.1. CAREM-25 SMR prototype

Central Argentina de Elementos Modulares (CAREM-25) is a national project focused on
developing SMRs using LWR technology. Coordinated by the CNEA in collaboration with
prominent nuclear companies in Argentina, CAREM-25 aims to design and construct
innovative, economically competitive, and highly safe NPPs. The deployment of CAREM-25
serves as a prototype to validate the innovations intended for the future commercial version of
CAREM.

CAREM-25 features design elements such as an integrated primary coolant system, self-
pressurization, core cooling via natural circulation, and in-vessel hydraulic control rod drive
mechanisms. Notably, its passive safety systems activate during a 36-hour grace period, storing
released energy within the containment building.

2.4.4.2.  Design internalization of the defence in depth concept

In the design of CAREM-25, the concept of defence in depth has been integrated since the
project’s inception. This approach serves as the fundamental framework for classifying
structures, systems, and components important to safety. The applied defence in depth concept
aligns with the proposal by the Western European Nuclear Regulators Association
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(WENRA) [32] and emphasizes clarity regarding multiple failure events, severe accidents, and
independence between safety levels. The adopted approach in CAREM is schematically
presented in Fig. 3:

CAREM-25: General strategy for the technological internalization of DiD for the

fulfillment of the Fundamental Safety Functions
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FIG. 3. Defence in depth internalization in CAREM-25 (courtesy of M. Gimenez, National Atomic
Energy Commission, Argentina).

In severe accident conditions (level 4 of defence in depth), the objective is the mitigation of
postulated core melt accidents to terminate the progression of core damage once it has started;
to preserve the integrity of the containment as long as possible; to minimize releases of
radioactive material and to achieve a long term stable state, by means of severe accident

mitigation systems. Consequently, the following defence in depth level 4 safety functions were
defined:

o Limit the hydrogen concentration in the containment to reduce the possibility of hydrogen
deflagration and detonation;

o Remove decay heat generated in the molten material relocated into the reactor pressure
vessel lower head to preserve its integrity;

. Enhance iodine retention in suppression pool water to reduce the iodine activity released
in case of containment failure;

. Limit the containment pressure to preserve its integrity, in order to limit possible
radioactive releases.

In addition to this, a set of defence in depth level 4 monitoring safety functions were defined,
in order to evaluate the performance of severe accident mitigations systems and to assess the
different plant damage conditions to be considered for the development of severe accident
management guidelines.
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2.4.4.3.  Systems important to safety related to severe accident mitigation

The most relevant of these systems are the following:

e Severe accident mitigation systems (defence in depth level 4):
o Hydrogen control system;
o In-vessel melt retention;
o lodine suppression pool retention (pH increase);
o Containment venting.
e Extension of plant safe state systems (defence in depth sublevel 3b):
Reactor pressure vessel water injection system by external means;
Passive reactor heat removal system pool water injection by external means;

Suppression pool cooling (heat exchanger with external water supply);

0O O O O

Passive reactor heat removal system chamber cooling (heat exchanger with external
water supply).

2.4.4.4.  Severe accident deterministic analysis

Analytical and computational analyses are being carried out to determine how different accident
sequences could challenge critical safety functions and how the different fission product barrier
could be compromised or damaged.

An integral MELCOR 1.8.6 model was developed to simulate the whole plant dynamics. In this
model primary system, secondary system, containment compartments and defence in depth
Level 3 and Level 4 systems important to safety were represented. This model has been used to
study severe accident phenomena and containment dynamic behaviour.

2.4.4.5.  Severe accident probabilistic analysis

Preliminary probabilistic severe accidents analyses are under development. This includes a
preliminary Level 1-Level 2 PSA interface, taking the current available Level 1 PSA as a basis;
a simplified containment event tree model, using the RiskSpectrum code; and a general
definition of attributes as part of the PSA Level 2—Level 3 interface, for the assessment of the
corresponding release categories.

2.4.5. Proposed Level 2 probabilistic safety assessment methodology for a vSMR, Brazil

SMRs are smaller than reactors in conventional NPPs and are typically designed to produce up
to 300 MW(e)>. Very small reactors (vSMR)® (about 10 to 50 MW(e)) are a category of SMR.

This presentation provided the development and application of a Level 2 PSA methodology for
a generic pressurized water vSMR with 45 MW(th) and 11 MW(e) during low power and
shutdown phases of plant operation.

The proposed methodology follows the recommendations in SSG-4 [2] and also is consistent
with Refs [33-35] and with specific features associated with the accident phenomenology and
reactor type.

5> As defined by the SMR Regulators’ Forum
¢ Some Member States define these SMRs as microreactors.
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The representative severe accident sequences were analysed with the MELCOR code.
Containment event trees were used to analyse and represent accident progressions of the plant
damage states. The progression of the plant damage states was modelled through an event tree
using the computer aided fault tree analysis, CAFTA. The shutdown model was quantified
using PRAQuant version 5.2.

The methodology for performing a Level 2 PSA was divided into six main steps:
Step 1: Selection of initiating events.
Step 2: Plant damage state grouping.

e Plant damage states grouping criteria:

1. Analysis of common cause failures (e.g. of valves, heat exchangers, pumps, reactor
protection system components) in redundant systems of interest;

2. Immediate effect (e.g. loss of coolant circulation in the reactor core or SFP, loss of
circulation of cooling water from the residual heat removal system, loss of cooling in
the SFP or loss of SFP heat sink);

3. Availability of safety systems (e.g. performance of heating, ventilating and air
conditioner systems of the reactor building, containment isolation systems, exhaust
systems, passive autocatalytic recombiner (if any) and performance of containment
mitigation systems);

4. Affected coolant circulation region;
5. Phases of operation of plant (shown in Table 1).
TABLE 1: OPERATION PHASES PRESENT IN LOW POWER AND SHUTDOWN MODE

Phase Description Fuel localization Status of the upper
part of the reactor
vessel
I Reactor core cooldown RPV On (closed)
II Fuel handling/offload RPV and SFP Off (open)
I Unload of all fuel SFP Off
v Fuel handling/reload RPV and SFP Off
\ Reactor restart RPV On

e Circulation regions of the coolant grouping criteria:
o The circulation regions of the coolant are divided as:

= Region 1: region through which the reactor coolant flows;

= Region 1*: region through which the water from the cooling pumps flows;

= Region 2: region through which the cooling water from the heat exchanger flows;
= Region 3: region through which the SFP cooling flows.

o Grouping of the operation phases criteria:

= Location of the fuel (e.g. in the reactor core or in the spent fuel pool);
= Duration of the phase;
= Reactor vessel (e.g. closed or open).

As a result, four groups of phases were formed.

e First plant damage states grouping:
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o The 50 accidents sequences were initially grouped into 12 plant damage states taking
into considerations the similarity in the:

* Qperation phases;

= Circulation regions of the coolant;

= Consequence severity of individual accidents;
» Frequency of occurrence category.

e Second plant damage states grouping:

o The second grouping into four plant damage states took into account the: severity of the
accident sequence category associated with each plant damage states, frequency of
occurrence category associated with the similar operation phase of the plant, and the
circulation region of the coolant. And then, the plant damage states were grouped into
four plant damage states as shown in Table 2.

TABLE 2: PLANT DAMAGE STATES SET REDUCED INTO 4 GROUPS

PDS CET heading Frequency = Normalized
of frequency
occurrence (%)
1 Loss of coolant circulation in SFP (Phases II & 1IV) 2.54E-06 5.60
2 Loss of coolant circulation in SFP (Phase III) 2.55E-05 56.02
3 Loss of coolant circulation in reactor core (Phases [ & IV) 1.46E-05 32.10
4 Loss of coolant circulation in reactor core (Phases Il & IV)  2.85E-06 6.28

From the frequency of occurrence perspective can be seen that the major contribution resulted
from the loss of cooling accident in the SFP (plant damage state 2 phase III).

Step 3: Accident progression modelling using a containment event tree approach.
Step 4: Radioactive release category identification.

Step 5: Source term analyses.

Step 6: Large early release frequency calculation.

From a consequences perspective, the loss of coolant circulation accident in the spent fuel pool
with a closed reactor (plant damage state 1 phase Il and IV) was the worst potential accident,
having lower frequency but higher consequences.

The preliminary results presented summarized the methodology under development since there
is no information available regarding the development of Level 2 PSA for reactor designs with
an electrical capacity less than 10 MW(e).

2.4.6. Current status of Level 2 probabilistic safety assessment research, the Republic of
Korea
This presentation discussed the following:

Multi-unit Level 2 PSA is one of the critical issues because approximately 70% of the plant
sites worldwide are multi-unit sites.

Multi-unit risk metrics are defined as:

e  Multi-unit CF — containment failures for two or more units;
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e Multi-unit CFF — the frequency that there are containment failures for two or more
units;

e Multi-unit LERF — the frequency that there are large early releases for two or more
units.

Caesium-137 risk analysis:

e The safety regulations in Korea stipulate that the overall frequency of accidents
involving the release of more than 1E+14 Bq of radionuclide Cs-137 is to be less than
1.0 x 10" per reactor-year;

e Ways to decrease Cs-137 risk via management of the structures, systems and
components, as shown in Figure 4:

o Level 1 and 2 PSA linked model with supporting software;
o Comparison of risk importance measure by CDF and Cs-137 risk;

o Active management for compliance with the Cs-137 1E+14 Bq rule.
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FIG. 4. Two types of Level 2 PSA modelling (courtesy of J. Cho, Korea Atomic Energy Research
Institute, Korea, Republic of).

SAMG modelling into Level 2 PSA:

e Current Level 2 PSA models consider to some extent the severe accident mitigation
strategies employing MACST equipment and severe accident management guidelines:
they are limited to specific scenarios or not based on a systematic method.

e Applying severe accident management guidelines contributes to NPP risk reduction.

o No containment failure probability increased from 37% to 70%;
o Overall NPP risk significantly decreased by 44%, as shown in Figure 5.
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Exhaustive source term analysis:

e The conventional grouping method is too conservative. Exhaustive source term
analysis is much closer to reality compared to the conventional grouping method, as
shown in Figure 6.
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FIG. 6. Conventional vs exhaustive grouping methods (courtesy of J. Cho, Korea Atomic Energy
Research Institute, Korea, Republic of).

The presentation also discussed expert judgement for severe accident probabilities, the HRA
method for supporting Level 2 PSA and a fast severe accident prediction model using a deep
learning technique.

2.4.7. Experience in the development and application of Level 2 probabilistic safety
assessment for NPPs in NRRC and Japanese industries

The Nuclear Risk Research Center (NRRC) presented their experience in the development and
application of seismic Level 1-2 PSA, tsunami Level 1-2 PSA, and related hazard studies.

It is necessary for Level 2 PSA to quantify the branch probabilities of containment event trees,
which are values related to not only system failures or loss of functions but also occurrence of
phenomena. The phenomenological relationship diagram method has been advanced and
applied to quantify probability density functions of molten core concrete interaction, dryout
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heat flux, etc. In the interface between Level 1 and Level 2 of seismic PSA, NRRC introduced
a method for constructing system event trees and phenomenon event trees, respectively, and
linking them together. Generally, the final status of safety features is categorized as a choice
from success or failure. In addition to these, NRRC introduced the classification of partial
success as a medium status.

NRRC presented experiences in developing the tsunami PSA methodology, such as:

e A method for setting the magnitude of a tsunami and its probability based on the tsunami

hazard contribution;

A fragility evaluation method for watertight doors;

An evaluation method for the fragility of buildings and equipment due to wave force;

A fragility evaluation method for buildings, structures and equipment by drifting debris;

An evaluation method of tsunami-specific human error events by applying HRA based on

detailed qualitative analysis;

An evaluation method of fragility of SSCs considering inundation in buildings by tsunami;

e A thermal and chemical effects evaluation method for plant behaviour under inundation of
a reactor building by tsunami

e A source term evaluation method considering the inundation of a reactor building by
tsunami;

e A success criteria analysis method based on the time dependent tsunami inundation in a
reactor building;

e An uncertainty analysis method for tsunami PSA from Level 1 to Level 2 (Figure 7).

Considering drifting debris, a method to determine the fragilities and failure probabilities of
target SSCs was developed. Failure probabilities were quantified based on Eulerian-Lagrangian
uncertainty analysis of tsunami and drifting debris flow.

An evaluation method for component fragility considering time dependent inundation of
buildings by tsunami was introduced. An analysis code ‘SHINSUI’ for transient inundation
propagation into reactor building was developed by NRRC, and the uncertainty of realistic
response was quantified based on the tsunami hazard contribution. The code can consider
flooding routes, such as doors, hatches and floor openings, air conditioning ducts, etc.
Numerical analysis methods of transient free-surface inundation are based on a ‘node and
junction model’ like RELAP, and ‘shallow water equations’ that are used for compartments
with large floor space. Then the timing of the loss of function of pumps and power panels
located in each compartment can be calculated according to the tsunami entree route and flow
rate (Figure 8).

It was presented that the accident sequence model is handled in three stages. The first step is to
model the tsunami scenario event tree based on classification of tsunami impact and plant
information, the second is to develop the accident mitigation model based on an internal PSA
model and tsunami-specific conditions, and the third is to consider the tsunami-induced
fragility. In the seismic PSA, NRRC adopted a direct link model to treat Level 1 and Level 2
event trees together.

A realistic HRA was conducted based on interviews with personnel in an NPP, in accordance
with the procedures of the NRRC HRA guide [36]. The improved HRA method made it possible
to conduct HRA for emergency operations by multiple personnel in external events, multiple
execution tasks, time progression due to interrelationships and factors specific to external
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events, such as actions to close watertight doors, for which no evaluation method was
previously available (Figure 9).

The source term analysis considering thermal and chemical effects in the case of flooding in a
reactor building by tsunami was carried out using MAAPS. The interior of the reactor building
was divided into several compartments, and the volume and height of each compartment were
modelled so that the time dependent inflow of seawater by tsunami was able to be analysed.

NRRC mentioned that they developed Level 1 and Level 2 tsunami PSA methodologies to
understand the plant response due to inundation of the site and buildings by tsunamis that
overflowed the tsunami protection facilities and equipment. The methods also enable
evaluations that reflect physical phenomena related to tsunamis, such as a variety of
containment failure modes caused by differences in tsunami height in each accident scenario
during severe accidents. The methods will contribute to the quantitative understanding of the
risk reduction effect of tsunami protection and mitigation measures, which could not be
evaluated by the existing deterministic methods, and to the identification of vulnerabilities to
tsunami that could not be found by conservative evaluation.
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FIG. 7. Modelling of tsunami scenario in NRRC (courtesy of A. Ui, Nuclear Risk Research Center,
Japan).
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e.g. Overview of the portable water injection task cued by loss of ECCS
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FIG. 9. HRA method considering non-permanent équipment
(courtesy of A. Ui, Nuclear Risk Research Center, Japan).

2.4.8. Using a Level 1 and Level 2 probabilistic risk assessment’ model for the
development of an ultimate list of beyond design basis accidents, Russian Federation

The methodology for developing an ultimate (fully completed) list of beyond design basis
accident has been developed, using a Level 1 and Level 2 probabilistic risk assessment (PRA)

model and results. The task of developing such an ultimate beyond design basis accident list is
defined by Ref. [12].

According to Ref. [12], the ultimate list of beyond design basis accidents (i.e. including severe
accidents) has to be presented in the final safety analysis report. This list has to include
representative scenarios for developing and prioritization the management strategy for these
accidents. The representativeness of these scenarios is determined by consideration of the
different levels of plant state conditions and the availability of safety systems and specific
severe accident management equipment.

The ultimate beyond design basis accident list acts as an input for performing beyond design
basis accident and severe accident deterministic calculations to support plant safety assessment,
using a best estimate approach and uncertainty assessment. The results of these analyses are
necessary for the development of beyond design basis accident and severe accident
management guidelines and for emergency planning for the protection of plant personnel and
the local population.

The term ‘ultimate list’ refers to how this list has to be fully specific to the NPP power unit
considered, and has to present the efficiency of all protective measures for preventing nuclear
fuel melting and loss of containment.

In Russia since 2018 a completely new safety guideline with regard to developing of an ultimate
list of beyond design basis accident is applicable [37]. This guideline presents the method for
developing an ultimate beyond design basis accident list to meet the high-level requirements in
Ref. [12].

Following the Ref. [37] methodology, several specific stages are defined for the development
of the beyond design basis accident list. The overall procedure is presented in Fig. 10.

" The term Probabilistic Risk Assessment is equivalent to Probabilistic Safety Assessment.
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Step 1. Developing of list of possible locations of radioactive sources (where
safety margins is defined by design)

I

Step 2. Developing of a list of all possible plant operational states (POSs) with
grouping and categorization of them
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Step 3. Selection of Initiating events:
- Internal IE
- Internal and external hazards
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Step 4. Selection of beyond design Step 5. Selection of only severe ac-
accident scenarios which is not related | | cident scenarios
to severe accidents
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The ultimate list of BDBA
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FIG. 10. Overview of the RB-150-18 [37] procedure (courtesy of N. Stebenev, JSC Atomproekt,
Russian Federation).

The PRA result and models can effectively supplement this RB-150-18 [37] procedure with
the following steps.

Step 1: Elaborating of all possible locations of radioactive sources (fissile materials,
radioactive substances and rad. waste).

e The up to-date PRA model includes by default the nuclear fuel in the reactor core and
in spent fuel pool. Some of PRA models include also the pilot assessment of fresh fuel
storage facility.

e The reactor core and spent fuel pool has the determinative input in PRA results and to
the fullness of developing of beyond design basis accident and severe accident list.
Other radioactive sources can be assessed by qualitative expert judgment.

Step 2: Developing the list of plant operating states.

e Good quality PRA model has to consider all possible plant operating states due to
modern requirements to PRA, including changings in safety systems and non-safety
systems configuration in each plant operating state. With regard to the fuel in the reactor
core and spent fuel pool all plant operating states is considered in PRA.

e Small review is needed to be sure what during categorization and grouping of plant
operating states any issue important to this methodology was not forgot.

Step 3: Developing of possible initiating event list.

e The developing of initiating event list in this methodology is fully complemented to the
common PRA approach for categorization and grouping of initiating events.

e Small review is needed for PRA results with regard to check if any potential initiating
event was screened out of PRA due to low frequency of its occurrence or due other
reasons.

Step 4: Developing of beyond design basis accident list, developing the list of safety function
and corresponding design measures for the performing of these functions for each plant
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operating states, developing matrix table: safety functions/design measures VS Initiating events
groups.

e There is possibility to use level 1 PRA event trees for determination of accident
sequences which has the end state at the level just one step (one failure or human error)
before reaching the conditions with nuclear fuel damage.

Step 5: Developing of severe accident list: Consideration the 4 physical barriers and several
levels of their degradation; The developing of list of physical phenomena whose compose the
danger to physical safety barriers; Developing of graded levels of physical barriers and
corresponding states of safety functions; Developing of safety function list for safety function
which condition are important to the severe accident management strategy; Developing of
generic event trees, with presentations of accident evolution from initiating event to the
different level of plant severe state, with regard to loss of considered safety functions and severe
accident management measures.

e There is possibility to use level 2 PRA event trees for sufficient performance of whole
step 5.

e PRA level 1 end states (i.e. Plant damage states) can be used as initiating point of severe
accident, with small review for the plant damage states which was excluded from PSA
due to very low frequency.

e With use of PRA containment event trees it is possible to identify the severe accident
plant end states which corresponds PRA level 2 release categories and after that
determine the severe accident scenarios by tracking Containment Event Tree branches
with failures of severe accident management measures and operator actions.

e The ultimate severe accident list is to include the accident scenarios which corresponds
to each level of plant release (plant severity level) in the generic event trees.

2.4.9. Summary of IRSN’s experience on the development and application of Level 2
probabilistic safety assessment, France

IRSN has initiated the development of Level 2 PSA since the mid-90s and today uses a set of
tools and methodologies able to build some ‘best estimate’ accident progression event tree, to
quantify uncertainties, and to compute the radioactive releases and the radiological
consequences for a large set of accident scenarios. These tools include for example the integral
code ASTEC, specific codes like MC3D and Cast3M, the probabilistic code KANT or
fast-running codes for radioactive release calculations and their consequences (MER,
MERCOR).

The lessons learned from the Level 2 PSA developments have been used for the periodic safety
review performed for French NPPs in France since 2008 and the interest of plant modifications
dealing with severe accident have been confirmed by the knowledge acquired with these
developments.

Concerning methodologies for HRA for actions specifically dedicated to accident management
guideline strategies, IRSN has built and applied the HORAAM method. The HORAAM method
has been developed by IRSN in order to predict the human error probabilities (HEPs) of the
actions contained in the severe accident management guidelines (SAMGs) of the French 900
MW(e) PWRs. HORAAM is a decision tree model, where the HEPs are evaluated through a
limited number of influencing factors that define the context for the action. HORAAM has gone
through a number of steps in its development. The first one was the observation of crisis centre
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exercises, in order to identify the main IFs which, affect human and organizational reliability
in a situation of core damage. Then crisis experts were asked to discuss the relevance of the
selected influencing factors and to quantify their relative weight. It is planned to improve this
HRA model for external hazards accident scenarios in the near future.

IRSN also presented some on-going research to support severe accident strategies, for example
concerning ex-vessel corium stabilization, iodine filtration in case of filtered containment
venting system opening or ASTEC capabilities improvement.

The low power and shutdown states are modelled with the same approach that full power state.
In particular, ASTEC is used to calculate these transients.

Thanks to IRSN developments on the Level 1 and Level 2 PSAs interface methodology, the
introduction of internal hazards and some external hazards is as simple as when dealing with
internal initiating events (earthquake is an exception). Moreover, the HORAAM method is
flexible and allows adaptation of human actions success probability depending on the hazard’s
context.

2.4.10. ASME/ANS Level 2 standard on probabilistic risk assessment®: Status and
preview of the standard, United States of America

The Level 2 PRA standard is a joint product of ANS and ASME and is managed under the Joint
Committee on Nuclear Risk Management. This standard is a revision to the Ref. [38] trial use
version and addresses lessons learned from its trial use. The revised standard provides criteria
and acceptable methods for the evaluation of containment performance and radiological
releases to the environment which result from postulated accidents that cause fuel damage in
current generation and advanced light water reactors operating in the United States. The scope
of this standard is to define requirements for analysing the progression of severe accidents,
starting from core damage initiation to radionuclide release into the environment. It covers
phenomena occurring within the reactor vessel, containment structure, and neighbouring
structures that could contribute to radiological releases. The analysis involves assessing
postulated accident sequences using probabilistic logic structures, such as containment event
trees, to determine radionuclide release characteristics (e.g. magnitude and timing) through
various pathways. The Level 2 standard is intended to be applicable to reactor accidents
initiated from all modes of reactor operation (at-power, shutdown, and transition states) and
during a full spectrum of accident sequences initiated by internal events and/or external hazards.
The standard does not address accidents originating in the SFP. A genericized version of this
standard has been developed and included within the PRA standard for non-LWRs.

The Level 2 standard builds upon Refs [39, 40] and enables a refined assessment of LERF along
with requirements for the assessments of other plant release states including those with small
radiological releases and large late radiological releases. The results of the Level 2 analyses
may be used to assess containment end states and/or may be used as input to Level 3
consequence analyses.

Consistent with the ASME/ANS suite of PRA standards, the Level 2 standard provides a
seamless interface and common structure to the Level 1 standard. This common structure
includes common definitions, a parallel format for identifying high level and supporting

8 The term of Probabilistic Risk Assessment (PRA) is equivalent to Probabilistic Safety Assessment (PSA)
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requirements and parallel document sections requirements for expert judgment, peer review,
and PRA maintenance and update.

While the focus of the standard is operating plants in the United States, the technical
requirements need to be equally applicable to LWR designs, worldwide. The detailed structure
and organization of the standard were presented.

The standard revision process is ongoing. Resolution of trial and pilot use application comments
is still in progress and structural changes to the standard have been made to ensure consistency
with the Level 1 standard.

2.4.11. Performing thermohydraulic calculations within Level 2 probabilistic safety
assessment for shutdown modes, Russian Federation

Shutdown modes can be an additional source of potential danger due to transient and specific
technical procedures. For this reason, additional attention needs to be paid to them during safety
analysis.

According to Ref. [14], safety analysis needs to be performed for all plant operating states,
taking into account all the locations of nuclear materials, radioactive substances and radioactive
waste at the NPP, in which abnormal conditions of the NPP may occur. The following values
are set as a target for NPP safety:

e The total probability of severe accidents for each NPP unit on an interval of one year may
not exceed 1 x 107,

e The total probability of large release for each NPP unit on an interval of one year may not
exceed 1 x 107: at the same time, a large release is determined taking into account the
permissible doses for the population.

The abstract presented the experience of the PSA performed for the 2nd unit of the Leningrad 2
NPP.

According to Russian Federation standards and requirements for granting the licence to start
commercial operation, it is necessary to perform a full scope Level 1 and Level 2 PSA, which
includes:

e Assessment of internal initiating events;
e Initiating events caused by on-site hazards (e.g. fires and floods);
e Initiating events caused by natural and human made external hazards.

A full scope Level 1 and Level 2 PSA corresponding to the as-built stage of Unit 2 was
presented to the Russian regulatory body in early 2020 and, after successfully examination, the
2nd unit of Leningrad II NPP was put into commercial operation.

Level 1 PSA results showed a significant contribution of shutdown modes to the frequency of
nuclear fuel damage. Among them, there are three important scenarios for planned cooldown
from a safety point of view:

1. Simultaneous failure of the residual heat removal system and reactor make-up system
with a sealed primary circuit.

2. Simultaneous failure of the residual heat removal system and reactor make-up system
with an unsealed primary circuit.
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3. Station blackout with an opened reactor.

The first scenario is dangerous because it sets the maximum mass and energy release that can
be obtained into the containment for the shutdown modes, the maximum corium release into
the core catcher, and the need to reduce the pressure of the primary circuit. The second and
third scenarios are dangerous due to the delayed operation of the isolation valves and the
maximum radioactive release inside the containment.

These scenarios have a similar chronology to events that have occurred: there is a failure of the
residual heat removal system due to a mechanical reason or due to station blackout, including
failures of supporting systems leading to a dependent failure of the residual heat removal
system. Due to decay heat in the core, the coolant heats up and boils off, the core heats up and
fuel element damage starts. The next step is core melting.

The thermohydraulic calculations for the scenario with a sealed primary circuit (scenario 1)
showed that the operation of two safety valves of the residual heat removal system is not enough
to reduce the pressure in the primary circuit to prevent core meltdown ejection at high pressure.
Thus, according to severe accident management guide when reaching a temperature 400°C
above the core, the personnel need to open two out of three pressurizer safety valves and one
out of two emergency gas removal system valves (to the containment or to the relief tank) to
reduce the primary circuit pressure to 1 MPa.

In the 2nd and 3rd scenarios, a reactor is opened with a low coolant level (the level is 550 mm
above the axis of the inlet ‘cold’ branch pipe). The radioactive substances released from the
damaged fuel elements easily enter to inner containment volume and only a small part is
retained in the primary circuit. Therefore, it is important to evaluate the success of the isolation
functions of the containment ventilation systems on the signal of overpressure up to 0.105 MPa
due to boiling off.

Before performing thermohydraulic calculations, it was unknown if the pressure inside the
containment could increase to the set point level, because the ventilation system provides a high
rate of cooling and pressure reduction (scenario 2). In the shutdown modes, as opposed to power
operation modes, the high-capacity ventilation system is in operation.

In case of the 3rd scenario, with a station blackout, the ventilation system fails and a
containment bypass with a hydraulic diameter of about 1000 mm is formed.

The thermohydraulic calculations showed that the containment is isolated before the beginning
of the core top draining. Thus, according to calculations, the selected capacity of the batteries
for powering the isolation valves is acceptable.

An analysis of the accident sequences with the reactor core destruction and the corium release
outside the reactor vessel was performed using a set of special programs and codes:
SOKRAT/V3, KUPOL-M, LIMITS-V, FIRECON 2.0, KIN and DOZA 3.0.

Further results are obtained in three calculation groups:

e The obtained parameters of the mixture (concentrations of oxygen, hydrogen and steam, and
the pressure and temperature) are used to model and determine the combustion modes of the
hydrogen-air-steam inside the containment.

e The sources of masses and energies of water, water steam and non-condensed gases obtained
are used for the analysis of containment continuous loading.
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e The obtained fission products sources together with other previously obtained parameters
are used to calculate the transfer of fission products in the containment rooms and beyond.

As a result, the obtained values of releases and scattering parameters are used for release
categorization and calculation of doses received by the population.

In the PSA model, the results were taken into account when developing the containment event
trees and system fault trees.

The need to reduce the primary circuit pressure by the personnel using pressurizer safety valves
and the emergency gas removal system is taken into account in the event tree, which is
modelling a severe accident with the loss of the residual heat removal system in the shutdown
modes with a sealed primary circuit. Also in the containment event tree, we are taking into
consideration the following results of thermohydraulic calculations: the pressure inside the
containment, the combustion or detonation of hydrogen-air-steam mixtures, the core catcher,
etc.

The need to close the containment isolation valves by an automatic signal when the pressure
increases, is taken into account in the event tree, which is modelling a severe accident with the
loss of the residual heat removal system in the shutdown mode with an unsealed primary circuit.

Analysis of the accident sequences demonstrates that the personnel need to open two out of
three pressurizer safety valves and one out of two emergency gas removal system valves in the
case of the loss of residual heat removal system (regardless of the operation of the residual heat
removal safety valves) to prevent core meltdown ejection at high pressure.

Calculation results demonstrate that in the case of an accident during shutdown mode with an
opened reactor, 0.105 MPa pressure in the containment is reached at the initial stage due to
evaporation of the coolant and the isolation valves being successfully closed automatically
before the batteries discharge and before the reactor core begins to be exposed. Thus, the
protective measures provided in the design exclude the direct release of radionuclides into the
environment and prevent large scale contamination of vast areas.

At the next stage of Level 2 PSA development, more detailed modelling of processes inside the
containment is planned for the case of a severe accident in the in-containment fuel pool.
Currently, the conservative assumption is that all severe accidents in the fuel pool lead to a large
release.

2.4.12. Use of severe accident codes to refine the large early release frequency to support
realism in estimates, United States of America

The current emphasis on efficient operation of the US NPPs along with the approval of risk
informed tools has opened opportunities to optimize aspects of operation. Performing these
studies requires continuous improvement of plant PRA models. The current emphasis is centred
on internal event and internal fire core damage frequency refinement and inclusion of diverse
and flexible mitigation capabilities (FLEX). The large early release frequency modelling in
many cases is still based on a simplified or bounding assessment using generic implementations
of large early release frequency models without a specific source term or other
characterizations. For some applications, this has been demonstrated to lead to biased results
and the potential for not meeting regulatory targets.
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This presentation presented an approach for refinement of large early release frequency model
outcomes based on the decomposition of large early release frequency into the two elements:
early and large.

The approach for refinement of large early release frequency based on the definition in Ref. [41]
and radionuclide source term timing at a high level involves the decomposition of large early
release frequency into the two elements: early and large. Calculated accident scenarios are
removed from more generic large early release frequency classifications based on failing to
meet both criteria.

The definition of ‘early’ is refined based on the plant-specific operational guidance combined
with an assessment of accident progression timing. The refined assessment considers the time
when a site general emergency is declared to initiate evacuation that is sequence specific and
then applies the time elapsed between the initiation of evacuation of the general population
surrounding the site until the area is evacuated (95% of the surrounding population). The basic
time equation is written as follows:

T(EARLY) = T(0)+Tac(GE)+T(IMP)+T(EVAC) (1)

Where:

e T(0) represents the initiating event;

e Tac(GE) is the time to a general emergency defined on an accident sequence (ac) basis
applying the core damage model results to the current emergency action guidelines
(EALs);

e T(IMP) is the time required to implement the evacuation order;

e T(EVAC) is the time required to evacuate the emergency planning zone.

Figure 11 illustrates the implementation of the timing elements to arrive at the breakpoint
between early and late. The point where evacuation is completed is the realistic break point
defining success at precluding prompt fatalities.
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FIG. 11. Accident response timing study (courtesy of R. Summit, Engineering Planning and
Management, United States of America).

The times can either be based on a scenario or conservatively estimated as the shortest time
element. The implementation and evacuation windows will not vary substantially for a specific
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hazard. However, some hazards (tornado, seismic, etc.) can impact on the ability of the public
authority to evacuate the public and have to be included.

The definition of ‘large’ is refined based on a review and remapping of accident progression
and radionuclide constitution and release timing. A refined definition for large is made
considering the composition of the release regarding health effects and the retention or holdup
of radionuclides leading to reduction or delays in the release of radionuclides to the
environment. A review of previous studies reveals that the caesium and iodine release fraction
can be used for off-site consequences. That is, an approximate relationship exists between the
fraction of caesium and iodine released and the population dose.

A reclassification scheme is based on having enough radionuclides to generate early health
effects and large is when these radionuclides exceed 3% of the core inventory. The scenarios
shown to not meet this criterion can be screened from the large early release frequency. Credit
is also taken for systematic scrubbing and deposition and holdup within the containment.

The application of this approach provides an ability to move the classification of large early
release frequency from a more generic to a more site-specific assessment leading to
reclassification of scenario frequency from large early release frequency to non-large early
release frequency and an overall reduction in large early release frequency based on the
inclusion of more realism in the analysis.

The accident scenarios are tested against each element (large, early) based on severe accident
analysis and plant specific accident management processes and binned according to the results.
Large early release frequency scenarios have to meet both criteria.

2.4.13. Summary of Session IV

It can be concluded from the national presentations and discussions that Member States have
made efforts to consider hazard and their combinations, and modelling severe accident
management guidelines in Level 2 PSA. During the discussion on severe accident management
guidelines modelling in Level 2 PSA, the importance of considering the possibility of
worsening the accident conditions while implementing severe accident management guidelines
(i.e. side effects of the severe accident management guidelines actions) was highlighted.

The ASME/ANS Level 2 status and preview of the standard was presented. During the
discussions, it was mentioned that the standard is not technology neutral. The definitions large
release and large early release were presented as defined in Ref. [42]:

“Large early release: A large release occurring before the effective implementation of off-
site emergency response and protective actions and there is the potential for early health
effects.

“Large release: The release of airborne fission products to the environment such that there
are significant off-site impacts. Large release and significant off-site impacts may be
defined in terms of quantities of fission products released to the environment, status of
fission product barriers and scrubbing, or dose levels at specific distances from the
release, depending on the specific analysis objectives and regulatory requirements,”

It was also underlined that the standard focused on core damage and the SFP was outside of the
scope when the activities were initiated.
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The presentation of EMP, USA provided an approach for the LERF estimate, based on the US
NRC definition of the Prompt Fatality Quantitative Health Objective.

During the discussion, it was revealed that in the study performed by the Korean Atomic Energy
Research Institute, the non-permanent equipment was introduced in the Level 1 and Level 2
PSA models without modelling the severe accident management guidelines procedure. In
future, the efforts will be spent to model severe accident management guidelines in the PSA. It
was emphasized that during the integration of the severe accident management guidelines in
the PSA special attention needs to be paid to the fact that in the implementation of the severe
accident management guidelines the accident conditions might worsen, and it needs to be
reflected in the model.

Also discussed was the need to consider the water level drop in the site caused by a tsunami,
which can cause rupture of the cooling system and trip pumps, and cause missiles from the
debris brought to the site by the tsunami wave.

The approach used by IRSN regarding the analyses of the Level 1 and Level 2 PSA operator
errors dependencies was discussed. It was emphasized that the PANAME method is used for
Level 1 PSA at IRSN. PANAME stands for “Plan d'Actions Nouvelles pour I'Amélioration du
Modele EPFH avec passage a I’ Approche par Etats”, which can be translated in English as “a
HRA method improved to take into account the state-oriented procedures”. PANAME is a
‘THERP family’ method. The first part of the modelling takes into account the crew in the main
control room. The second part is dedicated to the recovery possibilities by additional staff. The
safety engineer’s mission is the monitoring of the most important actions with regard to safety.
PANAME had been developed by IRSN on the basis of the HRA method FH6 (developed by
Electricité de France (EDF) before MERMOS) for which EDF implemented a large amount of
simulations from a full scope simulator to obtain data of personnel using state oriented
procedures. The main characteristics of PANAME are:

e Utility data (from EDF);

e Time correlation curves for the diagnosis;

e Decision trees for selecting the context factors and the recovery probabilities;
e An additional tool for the analysis of procedure paths;

e A computerized worksheet is available to support the modelling.

In the severe accident management guidelines, two types of action are considered, immediate
actions and differed actions; in case of the differed actions the national crisis team is required.
For immediate action, the PANAME method is used, meanwhile for differed actions when the
national crises team is required the HORAAN method is used. The following shaping factors
are used to estimate human error probability: decision time, available information and
measures, decision difficulty (e.g. venting of the containment), the difficulty for the operator in
the control room, scenario difficulty. It was mentioned that available information and measures
on the Level 1-Level 2 PSA interface are also considered during the implementation of HRA.
The decision time is estimated based on the severe accident entry time and the time the initiating
event occurred.

During the discussion, it was agreed that the early release definition can be different for the
same site depending on the external hazard. This is conditioned by the fact that the time window
for evacuation can differ based on external hazards (e.g. in case of seismic hazards, the roads
might be affected and the emergency response service will be overloaded).
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2.5. SESSION V: INDUSTRY PERSPECTIVE
2.5.1. Session V description

The last session contained practical experience on Level 2 PSA from nuclear industry
organizations such as NPP operating organizations or groups. The presentations reflected
different aspects, such as application of PSA methods in the risk decision making process,
development of Level 2 PSA for the spent fuel pool, development of deterministic studies in
support of Level 2 PSA for sodium cooled reactors and an overview of the current status of
development of Level 2 PSA for different NPPs. The abstracts of presentations are presented
in Section 2.5.2-2.5.9. The discussion summary is presented in Section 2.5.10.

2.5.2. Application of Level 2 probabilistic safety assessment to sodium cooled fast
reactors, Japan

The International Forum for Generation IV reactor systems states in the basic safety approach
that Generation IV designs are developed from the earliest stages in a manner that is guided by
knowledge derived from PSA and other formal safety assessment methods. Recently, a risk
informed, performance based approach [43, 44], developed in the United States has started to
be applied to the safety design of non-LWR advanced reactors. Level 1 and Level 2 PSA
methodologies have been developed and are going to be applied to the design process of
advanced sodium cooled fast reactors (SFR) in Japan.

During its long history of worldwide SFR development, event progression and the
consequences of hypothetical core disruptive accident have been studied. A lot of experimental
data has been accumulated and analysis tools have been developed and applied to actual SFR
reactor designs. Japan has been participating in such activities and has obtained knowledge.
The basis of a PSA methodology, tools and database for SFRs has been established by
conducting a full scope Level 1 and Level 2 PSA for the prototype SFR Monju, and the results
were used for its safety review and formulation of accident management procedures.

In the conceptual design work of the Japan SFR as a Generation IV reactor, mitigation measures
against core damage are introduced as level 4 defence in depth, for which a Level 2 PSA
methodology is developed. In general, SFR event sequences leading to severe accidents can be
categorized into two major groups; anticipated transient without scram (ATWS), and loss of
heat removal system (LOHRS). Design measures against ATWS, which might end severe core
damage, are intended to contain the degraded core inside the reactor vessel (IVR). Design
measures against LOHRS are intended to maintain the liquid sodium surface level sufficient
above the core and the heat transfer path open to the ultimate heat sink. In order to evaluate the
efficiency of these design measures, the application of Level 1 and Level 2 PSA is useful.

For ATWS sequences, it is necessary to evaluate the efficiency of the core damage prevention
capability of inherent reactivity feedback and passive reactor shutdown mechanisms. For this
purpose, phenomenological analysis of various forms of reactivity feedback, such as Doppler
effect, fuel thermal expansion effect and passive mechanisms, including uncertainty analysis
are required. In the subsequent sequences, in the case of core damage progression (Figure 12a),
the extent of core damage and the time scale of core damage progression vary depending on the
postulated event spectrum. In general, SFR core damage sequences inside the reactor vessel are
analysed as a series of accident phases, i.e. primary phase, transition phase, relocation phase
and post-accident cooling phase. The failure probability of IVR is evaluated as the result of the
individual phase analysis.
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For LOHRS sequences, a sufficient number of design measures with diversity needs to be
provided so that core exposure and complete loss of decay heat removal can be prevented even
under severe plant conditions. The capability and reliability of these design measures are
analysed in relation to the resultant core temperature increase and cladding damage fraction
(Fig. 12b).

The resultant radioactive release from the reactor core and its transport to the environment are
analysed and summarized in the event trees, which include the in-vessel part and containment
part. This can be used for the evaluation of mitigation effects on a radioactive release.

Utilizing all the above-mentioned results, in addition to deterministic consideration, the design
of Generation IV SFRs can proceed from conceptual design to basic design and then detailed
design. In parallel, R&D work will be done to extend experimental data to reduce the
uncertainty associated with highly important phenomena.

Alternative cooling
measures

m*_

Alternative cooling
measures

b)
FIG. 12. a) Severe Accident Situation in ATWS; b) Severe Accident Situation in LOHRS (courtesy of S.
Kubo, Japan Atomic Energy Agency, Japan).

2.5.3. Development of severe accident simulation methodologies for sodium cooled fast
reactors, Japan

In general, SFR event sequences leading to severe accidents can be categorized into two major
groups; ATWS and LOHRS. Design measures against ATWS, which might lead to severe core
damage, are to contain the degraded core inside the reactor vessel, which is called the IVR.
Design measures against LOHRS are intended to maintain the liquid sodium surface level
sufficiently above the core and the heat transfer path open to the ultimate heat sink. Severe
accident assessment against the ATWS is of prime importance from the viewpoint of safety
characteristics of SFRs, which have a potential re-criticality leading to significant mechanical
energy release. JAEA has been developing severe accident simulation methodologies for SFRs,
which can be applied to Level 2 PSA.

For ATWS, in-vessel accident sequences are evaluated in four phases: initiating, transition,
material relocation and heat removal phase. JAEA has developed the SAS4A computer code
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for the initiating phase, the SIMMER code for the transition and material relocation phases, and
the Super COPD with a debris bed module for the heat removal phase. The CONTAIN-LMR
code has been developed for ex-vessel accident sequences. This presentation described these
severe accident simulation methodologies, as shown in Fig. 13.

In SAS4A, a channel consisting of one representative fuel pin (fuel pellet and cladding), coolant
path and wrapper tube, is used to model fuel assemblies. In steady state calculations, fuel
restructuring with irradiation and fission gas accumulation in fuel pellets during normal
operation are analysed. In transient calculations, this code can calculate important phenomena
in the initiating phase such as sodium boiling, fuel pin failure, axial expansion of the fuel pin
failure region, fuel motion and fuel coolant interaction after fuel failure. Based on material and
temperature distributions obtained by the transient analysis and reactivity profile data specified
by SAS4A input data, the reactivity of sodium void, fuel axial expansion, fuel motion (fuel
dispersal), structure and Doppler are calculated. Using the point kinetics equation, the reactor
power transient with time is calculated.

The SIMMERC-III operates as a two-dimensional, multi-component, multi-phase, Eulerian fluid
dynamics code, coupled with fuel pin model and neutronics model. The code underwent a
comprehensive and systematic assessment in two phases as part of the verification and
validation. During the first phase, fundamental assessments focused on single- and multi-phase
flow benchmark problems, small scale experiments using reactor and simulant materials, and
physical problems with known solutions. In the second phase, integral code assessments
explored complex multiphase scenarios relevant to accident analysis. These included boiling
pool dynamics, fuel relocation and freezing, fuel—coolant interaction, core expansion dynamics,
and disrupted core neutronics. Additionally, a three-dimensional code called SIMMER-IV was
developed in parallel, maintaining the same physical model framework as SIMMER-III.
Reactor application studies were also conducted using SIMMER-III/IV, demonstrating the
reliability and robustness of the code.

The debris bed module is implemented in a one-dimensional plant dynamics code,
Super-COPD. The scope of this module pertains to the debris bed, which comprises solid
particles (fuel and steel) and sodium coolant (liquid/vapour). The module calculates
temperature and saturation distributions within the debris bed using fundamental equations
applicable to both subcooled and boiling regions. However, it does not model the movement or
melting of the debris bed.

The CONTAIN-LMR code calculates the behaviour in an SFR containment vessel, with
coupling together the various phenomena of thermohydraulics, aerosol particle behaviour, and
radionuclide transfer behaviour. For example, the code has the sodium-coolant-specific models
of sodium evaporation, condensation, combustion, aerosols behaviour, and sodium—concrete
reaction, as well as the general models of heat transfer, gas flow in a multi-cells system,
hydrogen burning and so on which can be used independently on the kind of the coolant. The
sodium related models in CONTAIN-LMR have already been individually validated with
specific experiments for those such as sodium fire, aerosol behaviour, and sodium—concrete
reaction.
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FIG. 13. In-vessel and ex-vessel accident sequences (courtesy of H. Yamano, Japan Atomic Energy
Agency, Japan).

2.5.4. Overview of Level 2 probabilistic safety assessment for the Cernavoda nuclear
power plant, Romania

Cernavoda NPP is owned and operated (licence holder) by the National Company
Nuclearelectrica (Societatea Nationala Nuclearelectrica, further referred to as SNN). At this
time, the site has two operating plants, Cernavoda Unit 1 and Unit 2.

In addition to the deterministic approach, probabilistic analyses have been performed for both
units in operations at Cernavoda NPP. Such an assessment of the adequacy of plant-specific
risk provides both a measure of potential accident risks to the public and insights into the
adequacy of plant design and operation.

The scope of the existing PSA covers Level 1 and Level 2 for internal events and hazards (fire
and flood) for all operating states. A PSA based seismic margin assessment has also been
performed.

A specific strength of the existing PSA resides in the close collaboration between a dedicated
plant personnel PSA team, plant designer and internationally recognized experts who provided
support as part of the team or via various IPSRT and other support missions organized under
technical cooperation programmes coordinated by the IAEA. Under these circumstances, the
Cernavoda PSA team efforts for continuous improvement has been supported by both plant
management and international organizations. Use of the most realistic assumptions and
consideration of the latest methodology development ensure the quality of the existing studies
and day by day use for risk informed decision making in the plant processes such as work
planning, operating risk reduction, design changes and personnel training.

The methodology for conducting a Level 2 PSA is based on internationally recognized practices
and consistent with the requirements and recommendations in IAEA safety standards. In
addition, this methodology document draws extensively on the experience from the successful
performance of a Level 2 PSA performed by AECL/CANDU Energy (CEI) for other CANDU
6 NPPs.

The Level 2 PSA was performed in accordance with the Level 2 PSA methodology prepared

by CEI The objectives of the study were inspired by the objectives presented in para. 2.5 of
SSG-4 [2], which states:

43



(a) “To gain insights into the progression of severe accidents and the performance of the
containment.

(b)  “To identify plant specific challenges and vulnerabilities of the containment to severe
accidents.

(¢)  “To provide an input into the resolution of specific regulatory concerns.

(d)  “To provide an input into determining compliance with the probabilistic safety goals,
or with probabilistic safety criteria if these have been set. Typically, such probabilistic
safety goals or criteria relate to large release frequencies and large early release
frequencies.

(e)  “To identify major containment failure modes and their frequencies and to estimate the
associated frequencies and magnitudes of radionuclide releases.

()  “Toprovide an input into the development of strategies for off-site emergency planning.

(g) “To evaluate the impacts of various uncertainties, including uncertainties in
assumptions relating to phenomena, systems and modelling.

(h) “To provide an input into the development of plant specific accident management
guidance and strategies.

(i)  “To provide an input into determining plant specific options for risk reduction.

(G)  “To provide an input into the prioritization of research activities for the minimization
of risk significant uncertainties.

(k)  “To provide an input into Level 3 PSA consistent with the PSA objectives.

() “To provide an input into the environmental assessment of the plant.”

With the addition of specific objectives referencing Romanian regulatory documents, such as;
to provide an input into determining compliance with the probabilistic safety goals, or with
probabilistic safety criteria, that relate to large release frequencies and large early release
frequencies as defined in the Romanian regulatory documents.

The Level 2 PSA focuses on assessing potential accident sequences that may occur after core
damage. It examines phenomena that could challenge containment integrity and potentially
result in the release of radioactive material into the environment.

The two most important criteria used to characterize the radiological release are:

(a) The estimated magnitude of the total release;

(b) The timing of the first significant release of radionuclides.

The predicted source term associated with each release category, including both the timing and
magnitude of the release, is determined from the accident progression analysis using
MAAP4-CANDU.

For Level 2 PSA, the acceptance criterion is defined in Level 2 PSA methodology Cernavoda 2,
and it is based on the recommendations from Ref. [45].

According to this document, the objective for large off-site releases requiring short term off-site
response is 1 x 10 events per reactor-year for existing plants.

Details of the methodology and results of the Level 2 PSA for Cernavoda NPP were detailed in
the extended presentation.
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2.5.5. Contextual interaction between Level 1 and Level 2 probabilistic safety assessment
for risk informed optimization of Kozloduy nuclear power plant project and technical
specifications, Bulgaria

PSA serves as an integrated tool for understanding and communicating risk profiles, for
determining priorities, effectiveness and correctness of decision-making and safety measures.

Taking into account statistics after the accident at the Fukushima Daiichi NPP, it could be said
that the CDF, LERF and safety measures against severe accidents are underestimated. This
underestimation could be explained by missing information, insufficient analyses for external
and common cause events, multi-unit dependencies, inadequate training, design flaws,
inadequate safety measure and upgrades, lack of safety culture. The common reason for all of
them is that the previous analyses are fully or partially outside the scenario context and its
dynamics. Hence, deterministic safety assessment (DSA) and PSA together have to prepare
better comparable tools, realistic models and usable risk informed applications, simulations and
experiments in order to improve data use and methodologies, to reduce the uncertainty of static
results and give a dynamic contextual interpretation for them. Static and non-contextual safety
analyses are used entirely for the PSA and partly for DSA methodology development and its
applications. Therefore, an evaluation procedure for dynamic context qualification and
quantification needs to be applied to complement and compensate the weaknesses in the
interaction between all analyses of safety and especially between Level 1 PSA and Level 2
PSA. Without such interaction between them, as well as with DSA, many of the possible PSA
applications will not be effective, the uncertainty of the results will not be reduced, and the trust
in the PSA will not grow.

The presentation provided the prospective areas and six examples for on-going Kozloduy NPP
applications for the contextual interaction between PSA Level 1 and Level 2.

The prospective areas for using PSA in the Kozloduy NPP operation, maintenance and repair
are:
(a) Integrated risk informed decision making process.
(b) Risk informed technical specifications (RITS) by PSA Levels 1 and 2:
(1) Justification of acceptance rules for RITS changes;

(i1) Areas of compliance for justification the configurations changes of safety
systems.

(c) Justification of the risk informed AOT (i.e. allowed outage times) changes for risk
informed operation, maintenance and repair.

(d) Risk informed non-destructive testing programmes and in-service inspection.
(e) Risk informed equipment testing programmes.

(f) Analysis of operational events and safety measure improvement.

(g) Crew performance evaluation.

(h) Staff training programmes.

(i) Symptom-based emergency operating procedures (EOPs).

(j) Severe accident management guidelines (SAMG).

(k) Changes in the design of the SSCs.
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() Deterministic—probabilistic safety classification of equipment (SSC).
(m)Changes in operating limits (SL, OL) and conditions.
(n) Risk and project balance demonstration.

(o) Unit project evaluation within the periodic safety review (PSR).

The on-going Kozloduy NPP applications for the contextual interaction between Level 1 and 2
PSA are exemplified by:

Example 1 — Deterministic—probabilistic safety classification of structures, systems and
components.

Example 2 — Thermohydraulic, context and joint criteria for safety measure optimization of
VVER-1000 station blackout scenario.

This application shows the opportunities for improvement, enhancement, update and
optimization of the severe accident strategies, safety measures, simulation codes capabilities,
EOPs and SAMGs using insights from contextual interaction between Level 1 and Level 2 PSA
models. A procedure for dynamic context quantification and determination of alternatives,
coordination and monitoring of human performance and decision making is proposed and
applied in order to:

e Minimize, monitor and control the potential probability and/or impact of unfortunate
events;
e Maximize the realization of opportunities or alternatives.

The procedure is exemplified for eight station blackout scenarios of the NPP with VVER-1000
based on different codes and models: ATHLET/Mod1.2/2.2, RELAP5/MOD3.2, MELCOR
1.8.5, and ASTEC V1.3/V2. The study of the overall context of these scenarios makes it
possible to take into account not only the thermohydraulic characteristics, but also the
complexity of the contexts arising in mastering the situation. The results of the context study
complement the thermohydraulic analyses and provide additional opportunities for evaluation
of alternative strategies.

Example 3 — Context-based digraph decision making model during the emergency situation on
the NPP site.

The third application offers a model for assessing the organizational structure for emergency
decision making based on the context. The data are necessary for correct evaluation of
considerations and context symptoms related to modelling of any human and crew performance
(supervisor, manager, head, group, organization, etc.) in Level 1 and 2 PSA.

Example 4 — The Kozloduy NPP proposal for the risk informed operation, maintenance and
repair acceptance rules.

The experience of Kozloduy NPP operation has shown that both planned and unplanned repair
and maintenance play a very important role in the process of safety management. One of the
beneficial ways of enhancing Kozloduy NPP safety is to improve and optimize the activities
and requirements in the technical specification (TS) by considering risk informed decisions in
addition to deterministic evaluations and expert opinion. Furthermore, additional analyses are
necessary to determine which POS has to be chosen for repair and maintenance of certain
equipment.
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Kozloduy NPP has developed a proposal for the evaluation of changes of the risk informed
AQTs and non-risk informed requirements. The proposal uses two kinds of curve that have to
be matched by Refs [41, 46] acceptance rules for both conditional core damage probability and
conditional large early release probability:

(1) Pareto frontier of undominated choices, determined by the physics and economics of the
situation, unrelated to subjective preferences of the decision maker;

(2) Decision maker’s compromise (utility trade off) curves, which are independent of
particular choices available.

Example 5 — Areas of compliance for the Kozloduy NPP risk informed (RI) TSs.

By the use of the risk monitoring software tool (RS Risk Watcher) based on the Level 1 PSA
model and with the support of the Level 2 PSA model, the contributions to the respective risks
(CDF, LERF) were calculated from the planned or unplanned repair and maintenance of many
safety related system configurations, according to the required AOT by TS (3 days). The goal
was to find opportunities for the risk informed optimization of repair and maintenance activities,
as well as to change the RITS.

Level 2 PSA has been applied to evaluate the contribution of using the permanent equipment
to cope with allowed outages. In the future, one of the objectives of Level 2 PSA will be to
assess the contribution of the portable equipment to the management of severe accident
situations and its role in taking compensatory measures during repairs and maintenance. Such
an assessment can also serve to improve education and training of the staff working with this
equipment.

Options for the limited AOT of the unplanned repair are possible in four of the plant operating
states according to the non-RITS requirements for AOT < 3 days of the SSC; of the Kozloduy
NPP: a) POSO (‘full power’); b) POS2+ (‘hot shutdown’); c) POS6+ (‘cold shutdown”); d)
POS10+ (‘no fuel in the reactor’):

An option for the unlimited AOT (i.e. more than 3 days) of the planned repair could be allowed
only when the increase in CDF for and specific POS (e.g. no fuel in the reactor) complies with
the non-risk-informed TS requirement. This is the safest choice but if some groups of SSCs
(channels with power and water supply) aggregate a high cumulative risk (CDF/LERF), then
they have to be ungrouped and repaired separately as for the unplanned repair above.

As a result of the optimization of AOT, the following four RI areas of compliance for
justification and change of the non-RI TS requirements were identified:

Area 1: All AOTs for non-risk-informed repairs in this area need to be changed as risk informed,
and the preferred order to perform the repair (unplanned and planned) is: ACDFposo,
ACDFposi0, ACDFpos2+, ACDFposs+, ACDFposi0+;

Area 2: Non-RI AOTs in TS can be changed to RI for feasible repairs (unplanned and planned)
and the preferred order to perform them is: ACDFposo, ACDFposio, ACDFpos2+, ACDFpose+,
ACDFrosio+;

Area 3: Risk informed repairs are feasible with additional corrective and compensatory
measures, the preferred order to perform them is: ACDFposio, ACDFposo, ACDFposa+
ACDFpose+, ACDFposio+;
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Area 4: Risk informed repairs are not feasible without ungrouping the SSC and repairing them
separately with design, corrective and compensatory measures in POS10 (ACDFposio).

Example 6 — AOT calculation, selection and changing in TS by integrated risk informed
decision making process.

Integrated risk informed decision making requires risk monitoring and reporting all contexts
related to hazards, alarms, circumstances and violations. The contextual interaction between
risk monitoring and Level 1 and 2 PSA models is an important feature that needs to be taken
into account in calculating the actual and hypothetical risk curves of planned and unplanned
repair and maintenance activities, corrective and compensatory measures. To be able to conduct
an extended risk analysis and make balanced risk informed decisions, we need the PSA Level
1 and 2 multi-unit models of the NPP, which need to include the dynamic context of as many
facilities, hazards and contributors on the NPP site as possible:

e Shared equipment, conditions and organization;

e Symptom-based SB EOP and SAMG;

e Common cause failures, events and hazards;

e Human failure events during the accident scenario progression.

2.5.6. Klectricité de France Level 2 probabilistic safety assessment overview for
operating plants, France

EDF’s PSA scope has expanded considerably in recent years, in line with French regulatory
requirements. Baseline Level 1 and Level 2 PSAs were only developed for internal events. In
the framework of the fourth PSR involving the 900 MW(e) series (32 PWR units), Level 1
PSAs have been developed for internal hazards (fire, flooding, explosion) and external hazards
(earthquakes, flooding) while Level 2 PSAs have been developed for fire, internal flooding and
earthquakes events. Both Level 1 and Level 2 PSAs cover the at-power state, low power and
shutdown modes, and consider fuel in the reactor building and in the spent fuel pool. The scope
might be further expanded in the context of the next PSR to come (involving the 1300 MW(e)
series, 20 PWR units) by integrating new external hazards and hazard combinations according
to a screening process.

Level 2 PSA objectives and risk metrics definition are mainly based on the French regulatory
context, EDF’s objectives for the periodic safety review, and may consider para-regulatory
context such as IAEA Safety Guides. It has to be noted that EDF Level 2 PSA does not aim to
prepare any Level 3 PSA, which is not requested by the French regulatory body. Moreover, the
French regulatory body does not define quantitative safety goals for Level 2 PSA. Instead, it
requests continuous safety improvements during the plant operation lifetime.

For operating plants Level 2 PSA, release categories are defined on a ‘symptom based’
approach according to the degree of core damage, the containment status, the mitigating
systems status. Simple radiological release bin categories are used for Level 2 PSA results
presentation, representing an efficient way to ensure compliance with Level 2 PSA objectives
and to capture insights. Since underground pollution is considered as a high stake in France, it
has to be noted that each Level 2 PSA sequence has two different consequences: one for
atmospheric releases and one for underground releases (basemat status).

An integrated PSA model approach has been used since 2008 using RiskSpectrum™ software.
Some aspects of Level 2 PSA development process are specifically addressed in the
presentation.
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As regards to the PSA Level 1 and Level 2 interface, general principles for PDScet
characterization were discussed. The difficulty lies in finding the trade-off between a precise
characterization of accidental scenarios and the need to have a rather simple Level 2 PSA to be
easily used and maintained. It has to be noted that PDS are also defined for some Level 1 PSA
success branches that would be of interest for abnormal radiological release assessment (e.g.
containment bypass sequences without core melt).

Regarding severe accident phenomena analysis, the relevant phenomena taken into account in
Level 2 PSA and the main ways to assess their impact on the containment were presented. For
some phenomena, a pressure load is determined by SA calculation codes and compared to the
containment fragility curve. For others, the assessment relies on expert judgment, based on
supporting studies and/or publications.

As regards to HRA, a new methodology called HAMSTER was presented. It allows to take into
account multiple interactions occurring in a complex ‘operating system’ (e.g. operating crew in
main control room, field operators, emergency teams, operating procedures). This method is
applicable to Level 1 PSA and to Level 2 PSA, and to internal events PSA as well as internal
or external hazards. Although the methodology and resulting assessment are strongly linked to
EDF procedures and organization, the method can be easily adapted for other operating and
crisis organizations.

Some specific Level 2 PSA considerations were discussed in the HRA framework. In general,
no dependency factors are considered between human factor events (HFE) required before (i.e.
as part of EOPs in Level 1 PSA) and after core damage (i.e. as part of SAMG in Level 2 PSA),
as an important change of plant operation configuration occurs when entering SAMGs.

After the accident at the Fukushima Daiichi NPP, EDF created the FARN (‘Force d’Action
Rapide du Nucléaire’, 300 people spread over five sites in France) to ensure that robust
equipment and qualified external human resources are available at all times, in particular to
mitigate any radioactive releases into the environment in the event of a severe accident. A HRA
methodology is still under development for assessing HFE crediting portable equipment
(brought by FARN or already available on the site). Nevertheless, a bounding assessment is
currently being undertaken, taking into account the available time to perform the dedicated
action; the adverse conditions on site and nearby (climatic, road access, radiation, etc.); and the
need to potentially perform numerous actions (and the prioritization strategy applied).

A very simplified Level 2 PSA for SFP is carried out due to the absence of containment (the
SFP is located outside the reactor building) and mitigation means. Thus, the release frequencies
come from a direct allocation from CDF (differentiating accidental draining and loss of cooling
accidents).

In the framework of the 4th 900 MW(e) PSR, many changes have been made in order to
improve the safety level of these reactors. In terms of severe accident management, two areas
of improvement have been identified: avoiding basemat failure (corium melt-through) and
avoiding containment venting opening. This had led to the implementation of two main severe
accident management features: an ex-vessel corium stabilization system (whose objective is to
increase the surface of the spreading area of the corium by connecting the reactor pit and an
adjacent room) and a dedicated containment heat removal system designed for severe accident
conditions. Modifications implemented in the framework of the 4th 900 MW(e) PSR have
resulted in a significant reduction in the important release frequency.
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For operating plants, strategies for dealing with core melt and design of additional safety
features are developed on a deterministic basis. Level 2 PSA is used to check the efficiency
(from a probabilistic point of view) of these additional safety features, and to identify possible
design or operations improvements.

Any baseline internal event PSA developed at EDF addresses a single unit on a nuclear site and
some multi-unit aspects may be included in a simplified way in baseline external hazards PSAs.
However, a more refined sensitivity analysis to multi-unit aspects has been carried out based
on a practical approach of which an overview is given in the presentation. The analysis, focused
on loss of offsite power and loss of ultimate heat sink events for twin units, was limited to the
Level 1 PSA. The application of this practical approach showed that, for EDF PWRs, the risk
increase and PSA insights considering multi-unit aspects are limited and thus there is no need
to go further than the actual baseline single-unit PSA model.

In general terms, risk increase due to multi-unit aspects strongly depends on the design
characteristics of the plants that are present on the site. Plant designs with many individual
unit-specific mitigation means and few individual shared systems are less impacted by
multi-unit aspects than plant designs with many individual shared systems. Thus, for EDF, the
need for a full scope multi-unit PSA, which may be time consuming (because it involves the
development of a large PSA model including all units), needs to be examined carefully. In some
cases, a practical approach to take into account multi-unit aspects may appear to be sufficient
to capture the main probabilistic insights.

2.5.7. Level 2 probabilistic safety assessment for spent fuel pool of the Armenian nuclear
power plant, Armenia

This presentation provided the approach used to implement Level 2 PSA for the Armenian NPP
SFP. The presentation consisted of three parts: the background and objectives, Level 1 and
Level 2 PSA for the Armenian NPP SFP. The Armenian NPP is a VVER-440 type reactor
where the SFPs are located outside the containment. This presentation was intended to present
the approaches and results of the internal event PSA study performed for the Armenian NPP
SFP.

The initial scope of the SFP probabilistic analysis study was internal events for both SFPs at
full power operation. Proceeding from that circumstance that one of the study objectives is to
provide the Armenian Nuclear Regulatory Authority (ANRA) with appropriate technical
background for its decision making. The Nuclear and Radiation Safety Center (NRSC), a
technical support organization of ANRA, decided to extend the scope of the project and include
operating states with one tier of stacked fuel in the SFP and give a qualitative assessment of the
release of radioactive material to the environment.

The presentation covered the major tasks of the internal event Level 1 PSA performed for the
SFP of the Armenian NPP: internal initiating event analysis, accident sequence analysis,
supporting deterministic analysis, system analysis, HRA, data analysis, dependency analysis,
and the results. Level 1 PSA performed for the Armenian NPP SFPs showed that the main
contribution to the fuel damage frequency (FDF) of Unit 1 SFP is mechanical damage of the
limited number of fuel assemblies, meanwhile for Unit 2 the main contributions to the FDF are
the human induced loss of coolant accident and mechanical damage of the limited number of
fuel assemblies.
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Regarding the Level 2 PSA the objective of the project was to give the qualitative assessment
of the release of radioactive material to the environment based on Level 1 PSA results. For that,
the results of Level 1 PSA were grouped based on the amount of fuel damaged and time to
damage. The fuel damage states were grouped based on the potential amount of the releases:
‘negligible’ and large; the evaporation was not considered as a release. The frequencies of large
releases from the SFP of Unit 1 and Unit 2 are 5.82 x 107 per reactor-year and 5.82 x 10”7 per
reactor-year respectively, meanwhile for ‘negligible’ releases from the SFP of Unit 1 and Unit 2
are 3.26 x 107 per reactor-year and 1.13 x 10 per reactor-year respectively.

2.5.8. Level 2 probabilistic safety assessment of Slovak nuclear power plants, Slovakia

The defence in depth concept for NPPs involves deploying multiple levels and layers of
protection to ensure safety. These include physical barriers to ensure the achievement of
fundamental safety functions, and emergency response measures. The containment, as the final
barrier, has to withstand loads from various severe accidents and prevent significant radioactive
releases into the environment. The Level 2 PSA studies of the VVER plants in Slovakia were
prepared for internal events, internal hazards and external hazards to, as stated in Ref. [47]:

e “To identify the ways in which radioactive releases from the plant can occur following the
core damage;

e “To calculate the magnitudes and frequency of the release;
e “To provide insights into the plant behaviour during a severe accident;

e “To provide a framework for understanding containment failure modes, the impact of the
phenomena that could occur during and following core damage and have the potential to
challenge the integrity of the containment;

e “To support the severe accident management and development of guidelines.”

This presentation described the main results and the lessons learned from the Level 2 PSA
studies of the VVER 440 type reactors in Slovakia.

Based on the analyses performed within the Level 1 PSA, these external events were included
into the Level 2 PSA: earthquake, extreme wind, tornado, extreme snow, extreme rain,
extremely high air temperature, extremely low air temperature, icing and lighting. Human
induced external events are not included in the Level 2 PSA models. Frequency of aircraft crash
was determined to be less than 1.0 x 107 per year. Thus, the aircraft crash is excluded from
further analysis. Similarly, influence of neighbouring industry and other external influences
were estimated and excluded from further analysis.

The results of the analysis are compared with the probabilistic safety criteria defined for the
Slovak plant:

e LERF < 1.0 x 10 per year plant in operation (including external hazards);
e LERF < 1.0 x 10 per year new plant (including external hazards).

The results are used to determine whether there are any weaknesses in the design and operation
of the plant. Where such weaknesses are identified, considerations are made to reduce the risk
from the severe accident. This typically includes the additional safety systems to provide
protection for some of the adverse consequences of a severe accident. This is the case for Slovak
NPPs, where the systems were completed and the guidelines for severe accident management
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were implemented. PSA results evaluated the benefits of these safety measures in terms of risk
reduction.

The total LERF for internal events, internal hazards and external hazards were determined to
be:

e Less than 1.0 x 107 per year for operating plants (Unit 1 and 2 of the Mochovce plant and
Unit 3 and 4 for the Bohunice plant);

e Less than 1.0 x 107 per year for plants under construction (Unit 3 and 4 of the Mochovce
plant).

These values indicate that results of large early releases are in compliance with established
probabilistic safety criteria defined for the Slovak nuclear power plants.

2.5.9. Updates to PWROG large early release frequency probabilistic risk assessment
modelling methods, United States of America

2.5.9.1. Current PWROG simplified Level 2 PRA methods

As a basis, current LERF methods were described:

e Containment bypass: Covers steam generator tube rupture (SGTR) and interfacing system

loss of coolant accident initiating events. Scrubbing credit is generally limited to isolated
SGTR scenarios only.

e Containment isolation failure: Have a methodology for calculating a probability of having a
pre-existing large containment leak, which is based on extrapolating results from the
Integrated Leak Rate Test interval.

¢ Intentional reactor coolant system (RCS) depressurization mechanisms: RCS is something
that interfaces with SAMG and is relatively limited. RCS was used because SAMG was
separated with Westinghouse and Combustion Engineering. Have a human error probability
(HEP) of either 0.1 or 0.5.

e Consequential SGTR: Have two different models, pressure and thermally induced SGTR.
Both models include conditional SGTR probabilities which is derived from Ref. [48].

e Hydrogen combustion: Calculate peak pressures based on simplified calculations from Ref.
[49] and assume adiabatic isochoric complete combustion conditions.

e Direct containment heating based on Ref. [50] for Westinghouse NSSS plants and based on
Ref. [51] for Combustion Engineering NSSS plants;

e Ex-vessel steam explosions considered based on Ref. [29].

2.5.9.2. PWROG SAMG development and impact on Level 2 PSA

PWROG SAMG for the US plants were completed in February 2016 and SAMG for
international plants were completed in December 2016. A programme to integrate the
international reference plant into the PWROG SAMG started in April 2021.

The impact of SAMG updates on Level 2 PRA operator actions:

e Includes procedure-type guidance for the main control room operators for early priority
actions including RCS depressurization;
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e Integration of FLEX and other portable equipment;

e Improved guidance for containment venting.

2.5.9.3. Updates to PWROG LERF models and methods (2021-2022)
The PWROG expanded the applicability of the PWROG LERF models and methods for:

e Westinghouse, Combustion Engineering and Babcock and Wilcox NSSS designs;
e Large dry containments and ice condenser containments;

e Methods expanded to include plants with passive autocatalytic recombiners (PARs) and
containment filtered vents.

Improvements in the PWROG SAMG allow for improved reliability of post-core damage
operator actions to be quantified:

e Lower human error probabilities for intentional RCS depressurization.

e Improved reliability for containment venting. Containment venting for pressure control
is unlikely to impact LERF sequences; however, this may need to be confirmed with
plant specific analysis, especially for plants with lower design pressure.

e Risk insights from key post-core damage operator actions can help inform future
revisions of PWROG SAMG.

2.5.9.4.  Incorporation of modern research

Insights from three recent publications will be included in the new PWROG LERF
methodology: NRC thermally induced steam generator tube rupture study [52], state of the art
reactor consequence analysis (SOARCA) [53], EPRI technical basis report (TBR) [54].

Recent studies are expected to reduce conservatism in LERF PRAs in the following areas:

e Reduce the assumed dose consequences of isolated and un-isolated SGTR core damage
sequences;

e Reduce uncertainty in treatment of thermally induced SGTRs.
2.5.10. Summary of Session V

The experience from nuclear industry facilities in several Member States was presented. During
the section discussions the following highlights were made:

e As stated in Ref. [45], “Severe accident management and mitigation measures could be
reduced by a factor of at least ten for the probability of large off-site releases requiring
short-term off-site response.” For modern designs, this seems unrealistic (e.g. plants with
the estimated CDF to be in the range of 1 x 107 per year, with the risk profile being
dominated by irreducible contributors, it needs to be recognized that providing a low
LERF/CDF ratio is rather impossible).

e The requirement to have balanced design is not applicable for modern designs where we
have low CDF, because few contributors will have the most impact (up to 99%), due to the
lack of knowledge of these particular issues (e.g. vessel rupture).
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The results of the discussions were considered as appropriate in the revised version, which are
summarized below:

e Thereis aneed to consider in the source term calculations other sources of potential release.

e The Level 2 PSA methodology aims to be technology inclusive rather than technology
neutral or technology specific.

e There were suggestions in relation to the definition of risk metrics and probabilistic safety
goals for Level 2 PSA. It is understood that these suggestions aim at supporting Member
States to define risk metrics and probabilistic safety goals for Level 2 PSA in their national
regulations with the objective to facilitate independent peer reviews and harmonization of
regulatory practices rather than provide quantitative values.

e There is a need to provide further recommendations in relation to integral and separate
approaches for development Level 1 PSA and Level 2 PSA keeping in mind the latest
developments for new NPPs and for advanced NPPs for which the Level 1 PSA risk metrics
are less relevant than those of Level 2 PSA.

e There is a need for recommendations related to the reassessment of the list of internal and
external hazards and consideration to address their combination of hazards in Level 2 PSA.

e There is a need to clarify the objective of recommendations related to the development of
Level 2 PSA for multi-unit site considering the lack of consensus and general practice in
Member States.

e There were suggestions to provide further recommendations related to the modelling of
HRA in Level 2 PSA.

e There is a need for recommendations related to the development of Level 2 PSA for SFP.

e There is a need for examples of specific applications of Level 2 PSA, including the
importance of risk informed applications that provide a balance between conservatism and
best estimate assumptions.

e Examples of recent results of research programmes in relation to severe accident strategies
need to be considered.

During the discussion, the definition of the general objective for the development of Level 2
PSA was discussed: to verify the robustness of the severe accident management strategies to
implement effective protection of the population and the environment against severe accidents,
for which particularly high quality Level 2 PSAs are required. For this purpose, meeting
numerical safety goals is not primarily required, but a comprehensive understanding of
assumptions and severe accident phenomena relevant to the NPP technology and design.
However, Level 2 PSA results could contribute to the demonstration of the ‘practical
elimination’ concept for plant event sequences that could lead to an early radioactive release or
a large radioactive release. It was also highlighted that Level 2 PSA can be used in the process
of verifying the implementation of possible severe accident strategies when hazards occur.

3. SUMMARY OF THE TECHNICAL MEETING
3.1. SUMMARY

The experience gained during the technical meeting was identified and grouped in the most
relevant area for deeper processing and inclusion in SSG-4 (Rev. 1) [3]. The conclusions are
presented below.
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3.1.1. Technology neutral vs technology specific and inclusive

SSG-4 [2] provides high level recommendations, and the proposed methodology of Level 2
PSA is applicable to all reactor technologies. The understanding of the term ‘technology
neutral’ will apply only to a general probabilistic safety assessment methodology, as general
quantitative risk assessment method, where no specifics related to reactor technology will be
presented. However, a ‘technology inclusive’ term is proposed since the recommendations
recognize specific aspects related only to nuclear power plants such as reactor core, reactor
containment, SFP and release categories. However, to complement the technology inclusive
methodology, it is understood that the phenomena associated with severe accidents are
technology and design specific, therefore the recommendations provided in SSG-4 [2], which
are primarily based on experience with water cooled reactor technologies, might need to apply
engineering judgement when adapted to other reactor technologies. SSG-4 (Rev. 1) [3] aims at
presenting recommendations as technology inclusive rather than technology neutral.

3.1.2. Definition of risk metrics and safety goals for Level 2 probabilistic safety
assessment

Currently Members States have different definitions of probabilistic safety goals for Level 2
PSA. For example, there was no consensus in the definition of terms such as ‘large’ and ‘early’
release. In that regard, it is clear that risk metrics LERF and LRF have to be defined based on
measurable values: ‘magnitude’, ‘time’ and ‘frequency’, and include relevant information about
the radioactive substances that could be released in terms of chemical elements and forms, as
well as either absolute values or percentage of core inventory of specific radionuclides. Further
suggestions related to the definition of previous aspects are provided in Section 2.2.7.

Furthermore, the definition of probabilistic safety goals for Level 2 PSA needs to consider the
new design features proposed by new NPP and advanced NPP designs. For instance, many
advanced NPP designs propose a lower reactor thermal power, facilitating residual heat removal
through passive safety systems and natural circulation, together with other design safety
features aimed at reinforcing the confinement function. The incorporation of those design safety
features in their designs results in achieving lower LRF or LERF values compared to existing
probabilistic safety goals for NPPs currently in operation (e.g. from Ref. [45]). This, therefore
raises the question about their applicability for new NPP designs. Another aspect to be
considered is related to the balanced risk profile of the NPP design, which for some advanced
NPP designs might be rather difficult to achieve. Indeed, the results of Level 2 PSA will reflect
the advantages of incorporating design safety features in those advanced NPP designs, leading
the risk picture to be dominated by single initiating event or hazard which could have a major
contribution to the overall CDF/LRF (e.g. reactor vessel rupture or some seismic events). Then,
the difficulty to propose alternative design options and reinforcements to reduce the impact of
such internal initiating events or external hazards with a dominant contribution to the CDF/LRF
means, due to the high uncertainties associated with these events, has to be considered.
Therefore, it might not be advisable to reduce the probabilistic safety goals for Level 2 PSA for
advanced NPPs with regard to generation III and III+ NPPs designs one decade lower. Instead,
further recommendations related to the validation of methods used for the development of Level
2 PSA, the assumptions considered as well as the analysis of the associated uncertainties to the
Level 2 PSA results rather than meeting the quantitative value seem more important. SSG-4
(Rev. 1) [3], together with the new edition of the ASME standard for Level 2 PSA, aim to
achieve such an objective.
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Considering the above discussions, and that IAEA safety standards are based on a consensus
reached over the best international practices, it is challenging to provide recommendations in
SSG-4 (Rev. 1) [3] including quantitative values related to Level 2 PSA probabilistic safety
goals. Instead, SSG-4 (Rev. 1) [3] provides recommendations on aspects to be considered when
national regulations define Level 2 PSA probabilistic safety goals allowing for a clear
understanding among regulatory bodies, designers and operating organizations, facilitating
independent peer reviews and contributing to the harmonization of regulatory frameworks
among Member States.

3.1.3. Level 2 probabilistic safety assessment for the other sources of potential
radioactive releases

The need for quantification in the source term calculation of potential radioactive releases from
all sources on the site as the outcome of Level 2 PSA has been confirmed during the meeting
discussions. Therefore, given the significant quantity of radioactive substances located in the
SFP and the potential consequences for the environment and the population in case of
significant damage of that fuel, the development of Level 2 PSA for the SFP is an important
task. However, there are several aspects to be considered. The first point is related to the criteria
corresponding to the fuel damage in the SFP defined in the Level 1 PSA. Indeed, several
Member States have mentioned different criteria for defining fuel damage in the SFP for the
Level 1 PSA, such as boiling of the SFP, fuel uncovering, and fuel damage. Another aspect is
related to the location of the SFP in a structure capable to ensure an effective confinement
function, such as inside or outside reactor building. The last aspect to consider is related to the
combined impact on the energy and mass released in the containment when combined severe
accidents happen in the reactor core and the SFP which is located inside the reactor containment
building. Therefore, the difference between NPP designs makes difficult to provide common
recommendations in the development of Level 2 PSA.

In relation to the consideration of other potential radioactive releases, besides reactor core and
the SFP, in the source term calculation, the discussions agreed that there is a need to propose
recommendations in SSG-4 (Rev. 1) [3]. First, all types and forms of radioactive substances
stored on the NPP site need to be identified. Currently, the Level 2 PSA approach allows the
consideration of most radioactive substances in the source term calculation, however there is
an issue related to sources (e.g. radioactive waste) stored outside an effective structure ensuring
the confinement function. The potential impact of those sources can be quantified in the overall
source term calculation for the site, however the Level 2 PSA methodology, as used for the
reactor core, could be significantly simplified, because incidents on such sources could lead to
a direct release to the environment. Therefore, despite the lack of regulatory consensus on this
specific topic among Member States, the meeting discussions agreed that a conservative
approach will be acceptable.

Additionally, there is an issue related to risk aggregation for Level 2 PSA results when
considering the reactor core, SFPs, and other sources of radioactive release, which needs to be
solved for the risk informed decision making application.

3.1.4. Reassessment of the list of internal and external hazards and considerations to
address their combination of hazards in Level 2 probabilistic safety assessment

The accident at the Fukushima Daiichi NPP has reinforced the need to consider the combination
of internal hazards and external hazards in recent PSA developments. The process for assessing
internal hazards, external hazards and their combinations is considered in the development of
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Level 1 PSA. In many developments of Level 2 PSA in Member States, the list of internal
hazards, external hazards and their combinations consider only those which were not screened
out in Level 1 PSA. However, during the technical meeting the need to reassess the screening
process defining the list of internal hazards, external hazards and their combinations to be
considered for a Level 2 PSA was discussed. The reassessment of the screening process needs
to consider both the consequence and the frequency of the combination of hazards. The main
reasons justifying the reassessment were related to the difference in mission times and
equipment modelled in both Level 1 PSA and Level 2 PSA. Therefore, the potential impact of
hazards on the containment integrity as well as the dependent failures, which can be induced
by hazard combinations, need to be considered in the development of Level 2 PSA, if those
aspects have not yet been considered in the Level 1 PSA.

3.1.5. Considerations related to multi-unit sites for Level 2 probabilistic safety
assessment

The TAEA provides a series of examples and good practices related to the methodology for
development of multi-unit PSA. However, there is no common consensus or experience on the
development of this practice in Member States. In particular, one aspect of the multi-unit
methodology requiring clarity is related to the definition and understanding of probabilistic
safety goals for multi-unit Level 2 PSA. However, it is understood that the methodology for
multi-unit Level 2 PSA is similar to that for Level 1 PSA, which has to consider all possible
dependencies on the site mainly related to the site resources such as human, equipment,
organization and possible common caused failures.

For example, common cause failures need to be considered following a realistic approach on
those pieces of equipment that could be affected by the initiating event such as batteries, water
tanks or emergency diesel generators. However, the introduction of those common cause
failures in the multi-unit model depends on the assumptions considered for the single unit model
and on the assumptions related to the extrapolation to the other units nearby.

Considering the lack of consensus on the practice for development Level 2 PSA for a multi-unit
site, it was agreed that there could be recommendations provided aiming at harmonization of
the practice in SSG-4 (Rev. 1) [3]. However, those recommendations need to specify that they
only apply to those Member States where there is a regulatory requirement compelling the
development of such PSA developments. Otherwise, a simplified approach could be practical
to assess the risk level for a site where more than one unit is installed. In SSG-4 (Rev. 1) [3],
this recommendation has been taken into consideration and allows for flexibility in relation to
multi-unit Level 2 PSA.

3.1.6. Further explanation on integral vs separate models

Two approaches are established in relation to the development of Level 1 PSA and Level 2 PSA
studies in Member States. Those approaches basically define the transition of information from
a Level 1 PSA model to a Level 2 PSA model, which are either a separated model approach or
an integrated model approach.

Both approaches have their own features and specific advantages and disadvantages, see
Section 2.2.7. In addition, it is important to highlight that most recent developments of PSA
studies either for Generation III NPP or for advanced NPP designs follow the integrated
approach. The main reasons for considering the integrated approach rather than the separate
approach are related to regulatory requirements, the reliability of design safety features in those
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NPP designs and subsequently the results obtained in Level 1 PSA (see Section 2.2.7). On the
contrary, for NPPs in current operation, the separated approach has been followed for the
development of Level 1 PSA and Level 2 PSA and it is still widely used in many Member
States. SSG-4 (Rev. 1) [3] will provide recommendations in relation to the use of both possible
approaches.

3.1.7. Human reliability analysis in Level 2 probabilistic safety assessment

Human actions have great impact in PSA and the meeting discussions covered them in the
context of development of Level 2 PSA. In order to assess the effectiveness of human actions,
HRA methods are conducted as part of the development of PSA studies. Since current HRA
methods for Level 1 PSA might not be fully applicable for Level 2 PSA, several adaptations to
existing HRA methods or new HRA methods have been developed. These HRA methods need
to reassess assumptions to quantify HEP made in Level 1 PSA, since there might be changes
such as due to increased stress factor related to the management of severe accident situations.
One aspect discussed was related to the integration of the SAMG in the development of Level 2
PSA, considering that many Level 2 PSA studies did not consider SAMG from the beginning.
Another aspect to be considered was related to the inclusion of additional safety features for
mitigating design extension conditions with core melting and the deployment of non-permanent
equipment to ensure electrical power supply, water supply, compressed air and batteries.
Therefore, the integration of previous aspects in the development of Level 2 PSA requires the
evolution of HRA methods. SSG-4 (Rev. 1) [3] will provide recommendations related to HRA
methods to be considered in the development of Level 2 PSA.

3.1.8. Applications of Level 2 probabilistic safety assessment

Several practical applications of Level 2 PSA results were presented during the technical
meeting. Most of them are mainly for risk monitoring application, which allow to monitor the
level of risk change (i.e. delta LRF or LERF) as part of the risk informed decision making
process (e.g. in relation to design modifications, change in technical specification, changes on
NPP configuration or maintenance). Nonetheless the practical application of Level 2 PSA
results is not widely used in Member States due to the high level of uncertainties associated
with their results. SSG-4 (Rev. 1) [3] will provide recommendations encouraging the use of
Level 2 PSA studies in risk informed decision making process applications. Other examples
related to the application of risk informed decision making process are provided in Ref. [9].

Another important application of Level 2 PSA results is related to the demonstration of the
practical elimination concept. The practical elimination concept was developed in the 1990s by
the French and German advisory groups for the construction of new NPPs equipped with PWR
and later integrated in Ref. [55]. The idea of practical elimination complements the defence in
depth approach by ensuring that adequate, sufficient and robust safety provisions will be
considered in the NPP design allowing to effectively exclude the occurrence of those plant
event sequences that could lead to unacceptable consequences to the population and the
environment in terms of length of time and area. Therefore, the practical elimination concept is
applied to those plant event sequences that could lead to an early radioactive release or a large
radioactive release. The demonstration of the application of this concept considers the physical
impossibility of the event to happen or to ensure with high degree of confidence that the event
is extremely unlikely to happen. While the use of the first option for the demonstration of the
practical elimination concept seems more deterministic, it might be only applicable to few
cases. There was agreement during the technical meeting discussions that the application of
Level 2 PSA studies could contribute to the demonstration of the second option by providing
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insights related to the probabilistic terms used such as ‘high degree of confidence’ and
“extremely unlikely’. However, there is consensus that the demonstration of the application of
the practical elimination concept cannot rely only on meeting probabilistic values.

3.1.9. Examples of research programmes

The development of Level 2 PSA methodology is continuing to evolve and being enhanced by
the incorporation of knowledge related to research activities on severe accident phenomena.
Relevant research and development programmes are conducted in several Member States and
during the technical meeting some examples were presented. The most important areas of
research and development are the following:

In-vessel or ex-vessel phenomenology of severe accidents;

Dynamic of accident progression;

Development of calculation codes for improving the realism of modelling;
Analysis of uncertainties;

Human reliability analysis;

Assessment of release consequences;

Development of SAMG;

e Risk aggregation of Level 2 PSA results.

3.2. PATH FORWARD

The technical meeting demonstrated the accumulated practical experience and significant level
of efforts in IAEA Member States on Level 2 PSA approaches. While these efforts are
noteworthy, they have demonstrated the methodological challenges associated with this area.
Therefore, continued coordination at the international level is suggested by the meeting
participants to coordinate these efforts in order to develop optimal approaches addressing the
topic of ‘Level 2 PSA’ and subsequent more deep and realistic safety assessment of nuclear
installations.

The contributions presented during the meeting were devoted to new methodological
developments and implementations of interesting aspects of Level 2 PSA approaches, projects
with implementation such activities and expected challenges for future analyses.

The selection of the indicated topics for the technical meeting discussion was aimed at
collecting the experience on the development and application of Level 2 PSA for NPPs covering
a wide range of tasks (e.g. methods, approaches and assumptions). The technical meeting
discussions also highlighted their influence in the Level 2 PSA results, advantages and
disadvantages, and confirm the need to apply the realism expected for PSA analysis.

This technical meeting was concurrent with completed and ongoing activities in IAEA:

e Revision of SSG-3;

e Development of a TECDOC on “Advanced Probabilistic Safety Assessment (PSA)
Approaches and Applications for Nuclear Power Plants” that contains general
information corresponding to additional approaches used in PSA;

e Development of new Safety Reports Series on Human Reliability Analysis;

e Development of a TECDOC on “Risk aggregation”;

e MUPSA Projects, including CRP projects and development new TECDOC;
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e Safety assessment for SMR.

Collected Member States experience on Level 2 PSA and output from the technical meeting
will be used as key inputs to the revision of Safety Guide SSG-4.
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CDF
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FDF
HEP
HFE
HRA
IE
IVR
LERF
LRF
LWR
NPP
PDS
POS
PSA
PSR
RCS

SAMG
SET
SFP
SFR
SGTR
SSC

ABBREVIATIONS

Allowed outage time

Accident progression event trees
Anticipated transient without scram
Core damage frequency
Containment event tree
Deterministic safety assessment
Emergency operating procedures
Fuel damage frequency

Human error probability

Human factor events

Human reliability analysis
Initiating event

In-vessel retention

Large early release frequency
Large release frequency

Light water reactor

Nuclear power plant

Plant damage states

Plant operation state
Probabilistic safety assessment
Periodic safety review

Reactor coolant system

Reactor pressure vessel

Severe accident management guideline
System event tree

Spent fuel pool

Sodium cooled fast reactors
Steam generator tube rupture

Structure, system, and component
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ANNEX I. TECHNICAL MEETING PARTICIPANTS SUGGESTIONS FOR
REVISION OF SSG-4

The suggestions from the participants in the technical meeting, summarised in Table I-1, have

been examined in detail and implemented, as appropriate, in SSG-4 (Rev. 1), which was in
preparation at the time of this publication.

TABLE 4. SUGGESTIONS FOR THE REVISION OF SSG-4.

Issue

Proposed change

Terms and terminology
The terminology varies
publications.

SSG-4 does not define the terms and definitions
used in the publication.

from other IAEA

SSG-4 uses the terminology of superseded IAEA
publications (e.g. beyond design basis accident).
Need to check for compliance with current Safety
Requirements.

To add a section to define terms and definitions
such as large, early, mission time, release category,
source term, etc.

SSG-4 does not aim to address essential points, such
as:

o SFP;

. Multi-unit, and multi-sources;

¢ Radioactivity outside the reactor core.

To provide recommendations for considerations of
the SFP including two conceptual design solutions:
SFP inside and SFP outside containment.

To provide recommendations for potential
accidents involving multiple reactor units and SFPs
concurrently (multi-unit and multi-sources Level 2
PSA).

To provide recommendations regarding radioactive
waste stored on the site (this might be rather
general, e.g. assess maximum possible release and
identify propagation paths).

Information provided in para. 1.7 and Section 5 is
not sufficient to define release categories in terms
of quantities of released radioactive products (these
quantities are recommended to be assessed at the
step of Source terms analyses).

SSG-4 does not clearly address what are the
endpoints of the containment event tree and the
attributes of release categories.

To revise Figure 1 and items (3) and (4) of para. 1.7
to give a clear and consistent picture of the process.
To combine Sections 5 and 6 to have a complete
picture of the endpoint of containment event trees
and provide an illustrative example of containment
event tree in graphical form.

Section 2 “PSA Project Management and
Organization”

Section 2 includes subsection 2.1 “Definition of the
objectives of Level 2 PSA”, but does not provide
any information on recommended or practiced
probabilistic safety goals or criteria associated with
Level 2 PSA.

To add subsection “Level 2 PSA probabilistic
safety goals or criteria”, in which it is suggested to
discuss various risk metrics used in Level 2 PSA in
Member States, relative safety goal and criteria
practiced in Member States, as well as general
recommendations on Level 2 PSA risk metrics and
safety goals (criteria) that needs to be provided.

Section 3 “Identification of design aspects

important to severe accidents and acquisition of

information”

The section does not contain recommendations

related to information needed for Level 2 PSA for:

o Radioactive sources other than fuel in the
reactor;

. Hazards other than internal events;

e Other modes of operation than operation at
power.

To add recommendations addressing external
hazards and their combination in corresponding
sections that describe the related information
needed for Level 2 PSA for other sources of
radioactivity, for shutdown operation, including
external and internal hazards.
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“In order to extend the scope of the Level 2
PSA to include internal and external
hazards, their impact on systems necessary
for mitigation of severe accidents, including
systems that support operator actions, as
well as the impact on containment integrity,
should be taken into account.”

This text gives a very important message; however,
in practice, there are many errors observed when
hazards are included in the Level-1/2 PSA model
(E.g. many systems important for Level 2 PSA are
not modelled in Level 1 PSA and thus internal or
external events Level 1 PSA features are not
reflected in the models for such systems developed
within Level 2 PSA).

Issue Proposed change
6 | Section 4 “Interface with Level 1 PSA: grouping | To address the following aspects:
of sequences” ¢ Treatment of recoveries in the L1-L2 interface
Does not really provide useful information. model;

¢ Enhancement of Level 1 PSA model to add
features needed for Level 2 PSA (e.g.
consideration of abandoned systems);

e Attributes important for Level 2 PSA for
shutdown states (Paras 4.11 and 4.12 do not
provide really useful information);

e Consideration of mission time in the L1-L2
interface model (24 hours used in Level 1 PSA
might not be sufficient).

7 | Paragraph 4.7. of SSG-4 states: To add discussion that bypass end states can be
divided into bypass localized and non-localized.
“For plant damage states with containment | For localized bypass (if core melt already occurs)
bypass, the main consideration should be the | phenomena in the reactor and containment still need
identification of attributes that are associated | to be considered.
with attenuation of concentrations of
radioactive material along the release
pathway or affect the timing of release. This
should include the type of initiating event,
the status of the emergency core cooling
system (including failure time) and whether
the leak pathway is isolable after a period or
whether it passes through water (e.g. steam
generator inventory or flooded building).”
Implicitly this text can be understood that if bypath
is localized or submerged releases are over, reactor
vessel damage still might occur and all containment
phenomena are still applicable.
8 | Paragraph 4.10. of SSG-4 states: To elaborate in more detail recommendations for

inclusion of hazards in the Level 1 and 2 PSA
models.
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Issue Proposed change
9 | Section 5  “Accident progression and | e To give clear recommendations on how end
containment analysis” states in CET are defined.

e CET questions are presented in the form suitable | ¢ To  provide recommendation for CET
for “EVENTTREE” code. This code is rarely construction using integrated Level 1 and Level
used now as it does not allow the integrated 2 PSA models.
model to be developed. No information on CET | ¢ To provide examples of CETs developed using
structure and nodal questions used in more integrated models.
common software (RiskSpectrum, Cafta, | ¢ To provide specific recommendations on
Saphire, FinPSA, NUPRA, etc.). specific features of CETs for PDSs developed

e No recommendations on how hazards, various for hazards and shutdown states (if any).
radioactive sources, and operational states are | o To add a separate section “CET quantification”
represented in CET models. (as it is done in SSG-3 (Rev. 1)).

e Very limited discussion on CET quantification
(only para 5.26): There are many real problems
in CET quantification, dealing with the size of
the model, with the treatment of highly probable
“success” branches, with the possibility to use 3
or more branches in CET logic, etc.

10 | Paragraph 5.13. of SSG-4 states: Make the statement broader (e.g. representative

sequences from those leading ...).
“The analyses of severe accidents should
cover all sequences leading either to a
successful stable state, where sufficient
safety systems have operated correctly so
that all the required safety functions
necessary to cope with the plant damage
state have been fulfilled, or to a containment
failure state.”

The statement is too strong. It is not possible to

cover ALL sequences.

11 | Paragraph 5.16. of SSG-4 states: Remove speculative text “involving a greater level

“The term ‘containment event tree’ is
adopted in most Level 2 PSAs, while
‘accident progression event tree’, involving
a greater level of modelling, is less
frequently used. The term ‘containment
event tree’ is used throughout this Safety
Guide.”

It is arguable that APET has a greater level of
modelling. Otherwise, why use a term that is
associated with a method that might have a lower
level of details.

of modelling”.
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Issue

Proposed change

12

Paragraph 5.19. of SSG-4 states:

“Regarding chronology, it is both useful and
common practice to divide the containment
event tree into phases sequential in time,
with the transitions between phases
representing important changes in the issues
that govern accident progression, such as:”

This text seems to be based on old practices when
severe accidents were analysed in several phases. It
is not clear for newcomers and might not be needed
for experienced experts. Nowadays, when
integrated codes allow running accidents from IE up
to releases or even doses it is not essential how
phases are defined.

Add relaxation explaining the reasons for several
phases and the possibility to assess lesser phases (up
to one).

13

Paragraph 5.20. of SSG-4 states:

“Examples of a typical structure and nodal
questions of a containment event tree for a
typical pressurized water reactor with a
large, dry containment are provided in Table
6.”

It is arguable. Table 6 presents the typical structure
of input to EVENTREE code, but not for CET.

Rewrite in the way that Table 6 presents nodal
questions for specific software, but the content of
these nodal questions can be used for any CET.

14

Paragraph 5.21. of SSG-4 states:

“Actions for severe accident management
should be reflected in the Level 2 PSA.
Typically, the human actions credited in
PSA are included in plant procedures and
severe accident management guidelines.”

The original text is not complete. In Level 2 PSA it
is possible to consider systems recovery (repair) if
the time to release is long. In particular for modern
designs, it might be longer than 72 hours, for SPF it
is typically longer than 72 hrs.

To add a recommendation that systems recovery
which is not credited in Level 1 PSA can be credited
in Level 2 PSA (if feasibility is confirmed).

15

Paragraph 5.38. of SSG-4 states:

“Each value within the range of values that
the uncertain parameter can take on is
associated with a probability, thereby
creating a probability density function or
probability distribution.”

Uncertainty dealing with the probability of
phenomenological events in the CET (e.g.
probability of hydrogen detonation) might not be
treated as parametric and actually, it might not be
represented by probabilistic distribution. The
probability itself is the measure of uncertainty.

To add discussion on how the uncertainty of
phenomenological events needs to be treated in
CET. This issue has to be discussed as it is not clear
for many practitioners (e.g. cases when error factor
10 was assigned for the event with probability 0.8
were observed).
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Issue

Proposed change

16

Paragraph 5.43. of SSG-4 states (without the note):

“Results and insights gained from the
quantification of containment event trees
should be summarized and discussed.
Results are often tabulated in the form of a
so-called containment performance matrix
(‘C matrix’), which is a concise way of
comparing the relative likelihood of the
various outcomes of the containment event
trees. The C matrix identifies the conditional
probabilities C (m, n) that a release category
‘n’ can be realized, given a plant damage
state ‘m’. Uncertainty analysis leads to
alternative sets of values of the elements of
the C matrix.”

Para 5.43 is the first paragraph where the term
‘release category’ is used. It is not useful to present
something which is not defined. The last sentence
of para 5.43 is not clear (how uncertainty analyses
can give alternative sets of values?).

To elaborate definition of end states of CETs, how
they are defined, attributes for the definition of
release categories approaches for grouping
sequences in RC, etc.

It is proposed that paragraphs 6.3-6.10 (with a
major update) be introduced in Section 5.

17

Para 5.47 of SSG-4 states (without the note):

“Generally, for each of the selected release
categories, one representative accident
sequence is selected for which a source term
is estimated on the basis of results obtained
from other PSAs, or using plant specific
calculations employing an appropriate
computer code for estimating source terms
for severe accidents, as discussed in Section
6 and Annex I1.”

It is not clear which scenario is representative, what
needs to be represented (what common features?),
why other PSAs can be used and what is meant by
the term ‘source term’.

To rewrite the paragraph and
definitions.

add missing

18

Section 6 “Source terms for severe accidents”
The Section use ‘release category’, ‘CET end state’,
‘source term’ terms. There is an impression that
sometimes it is used as synonyms but seems to be
different.

For Level 2 PSA the current trend is to run analyses
from IE up to releases, there is no need to calculate
source terms for release categories (whatever it
means).

Release categories already include radiological
content. Further grouping in source terms require
consideration of other features important for dose
assessment.

Both Sections 5 and 6 require complete revision
taking into account the current state of knowledge.
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Issue

Proposed change

19

Annex III “Sample outline of documentation”
Recommendations related to system models are
needed for Level 2 PSA (spray system, containment
isolation, systems, important for severe accidents
progression and post-melt behaviour (core catcher,
ex-vessel flooding, etc.).

Section M5 has confusing and unneeded details.
Not clear what needs to be discussed in M5.1.3
“Summary of point estimate results for plant
damage states analysed” section.

Inconsistencies of section M6 with Section 5 and 6
of SSG-4. The SFP, shutdown, hazards PSA are not
reflected in the structure (except for Section 3).

To comprehensively review and update the
proposed outline. The SFP, shutdown state, hazards
PSA need to be reflected in the outline.

20

Important information can be presented in
additional Annexes.

To add recommendations on approaches for
assessment of the reliability of passive systems in
Level 2 PSA (core catcher, recombines, etc.).
Include recommendations or examples of
approaches for assessment of certain important
phenomena (grip rupture, DCH,
detonation/deflagration, etc.). Include illustrations
for bridge trees and CET.

In the new Annex add development and use of
Level 2 PSA at the design stage.
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