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FOREWORD

The TAEA’s Statute authorizes the Agency to establish safety standards to
protect health and minimize danger to life and property — standards which the
ITAEA must use in its own operations, and which a State can apply by means of its
regulatory provisions for nuclear and radiation safety. A comprehensive body of
safety standards under regular review, together with the ITAEA’s assistance in their
application, has become a key element in a global safety regime.

In the mid-1990s, a major overhaul of the IAEA’s safety standards
programme was initiated, with a revised oversight committee structure and a
systematic approach to updating the entire corpus of standards. The new
standards that have resulted are of a high calibre and reflect best practices in
Member States. With the assistance of the Commission on Safety Standards, the
IAEA is working to promote the global acceptance and use of its safety standards.

Safety standards are only effective, however, if they are properly applied in
practice. The IAEA’s safety services — which range in scope from engineering
safety, operational safety, and radiation, transport and waste safety to regulatory
matters and safety culture in organizations — assist Member States in applying
the standards and appraise their effectiveness. These safety services enable
valuable insights to be shared and I continue to urge all Member States to make
use of them.

Regulating nuclear and radiation safety is a national responsibility, and
many Member States have decided to adopt the IAEA’s safety standards for use in
their national regulations. For the contracting parties to the various international
safety conventions, IAEA standards provide a consistent, reliable means of
ensuring the effective fulfilment of obligations under the conventions. The
standards are also applied by designers, manufacturers and operators around the
world to enhance nuclear and radiation safety in power generation, medicine,
industry, agriculture, research and education.

The TAEA takes seriously the enduring challenge for users and regulators
everywhere: that of ensuring a high level of safety in the use of nuclear materials
and radiation sources around the world. Their continuing utilization for the
benefit of humankind must be managed in a safe manner, and the IAEA safety
standards are designed to facilitate the achievement of that goal.






THE TAEA SAFETY STANDARDS

BACKGROUND

Radioactivity is a natural phenomenon and natural sources of radiation
are features of the environment. Radiation and radioactive substances have
many beneficial applications, ranging from power generation to uses in
medicine, industry and agriculture. The radiation risks to workers and the
public and to the environment that may arise from these applications have to
be assessed and, if necessary, controlled.

Activities such as the medical uses of radiation, the operation of nuclear
installations, the production, transport and use of radioactive material, and the
management of radioactive waste must therefore be subject to standards of
safety.

Regulating safety is a national responsibility. However, radiation risks
may transcend national borders, and international cooperation serves to
promote and enhance safety globally by exchanging experience and by
improving capabilities to control hazards, to prevent accidents, to respond to
emergencies and to mitigate any harmful consequences.

States have an obligation of diligence and duty of care, and are expected
to fulfil their national and international undertakings and obligations.

International safety standards provide support for States in meeting their
obligations under general principles of international law, such as those relating
to environmental protection. International safety standards also promote and
assure confidence in safety and facilitate international commerce and trade.

A global nuclear safety regime is in place and is being continuously
improved. IAEA safety standards, which support the implementation of
binding international instruments and national safety infrastructures, are a
cornerstone of this global regime. The IAEA safety standards constitute
a useful tool for contracting parties to assess their performance under these
international conventions.

THE IAEA SAFETY STANDARDS

The status of the IAEA safety standards derives from the IAEA’s Statute,
which authorizes the IAEA to establish or adopt, in consultation and, where
appropriate, in collaboration with the competent organs of the United Nations
and with the specialized agencies concerned, standards of safety for protection



of health and minimization of danger to life and property, and to provide for
their application.

With a view to ensuring the protection of people and the environment
from harmful effects of ionizing radiation, the IAEA safety standards establish
fundamental safety principles, requirements and measures to control the
radiation exposure of people and the release of radioactive material to the
environment, to restrict the likelihood of events that might lead to a loss of
control over a nuclear reactor core, nuclear chain reaction, radioactive source
or any other source of radiation, and to mitigate the consequences of such
events if they were to occur. The standards apply to facilities and activities that
give rise to radiation risks, including nuclear installations, the use of radiation
and radioactive sources, the transport of radioactive material and the
management of radioactive waste.

Safety measures and security measures' have in common the aim of
protecting human life and health and the environment. Safety measures and
security measures must be designed and implemented in an integrated manner
so that security measures do not compromise safety and safety measures do not
compromise security.

The TAEA safety standards reflect an international consensus on what
constitutes a high level of safety for protecting people and the environment
from harmful effects of ionizing radiation. They are issued in the IAEA Safety
Standards Series, which has three categories (see Fig. 1).

Safety Fundamentals

Safety Fundamentals present the fundamental safety objective and
principles of protection and safety, and provide the basis for the safety
requirements.

Safety Requirements

An integrated and consistent set of Safety Requirements establishes the
requirements that must be met to ensure the protection of people and the
environment, both now and in the future. The requirements are governed by
the objective and principles of the Safety Fundamentals. If the requirements
are not met, measures must be taken to reach or restore the required level of
safety. The format and style of the requirements facilitate their use for the
establishment, in a harmonized manner, of a national regulatory framework.
The safety requirements use ‘shall’ statements together with statements of

! See also publications issued in the IAEA Nuclear Security Series.
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FIG. 1. The long term structure of the IAEA Safety Standards Series.

associated conditions to be met. Many requirements are not addressed to a
specific party, the implication being that the appropriate parties are responsible
for fulfilling them.

Safety Guides

Safety Guides provide recommendations and guidance on how to comply
with the safety requirements, indicating an international consensus that it is
necessary to take the measures recommended (or equivalent alternative
measures). The Safety Guides present international good practices, and
increasingly they reflect best practices, to help users striving to achieve high
levels of safety. The recommendations provided in Safety Guides are expressed
as ‘should’ statements.

APPLICATION OF THE IAEA SAFETY STANDARDS

The principal users of safety standards in JAEA Member States are
regulatory bodies and other relevant national authorities. The IAEA safety



standards are also used by co-sponsoring organizations and by many
organizations that design, construct and operate nuclear facilities, as well as
organizations involved in the use of radiation and radioactive sources.

The IAEA safety standards are applicable, as relevant, throughout the
entire lifetime of all facilities and activities — existing and new — utilized for
peaceful purposes and to protective actions to reduce existing radiation risks.
They can be used by States as a reference for their national regulations in
respect of facilities and activities.

The IAEA’s Statute makes the safety standards binding on the IAEA in
relation to its own operations and also on States in relation to IAEA assisted
operations.

The TAEA safety standards also form the basis for the IAEA’s safety
review services, and they are used by the IAEA in support of competence
building, including the development of educational curricula and training
courses.

International conventions contain requirements similar to those in the
IAEA safety standards and make them binding on contracting parties.
The IAEA safety standards, supplemented by international conventions,
industry standards and detailed national requirements, establish a consistent
basis for protecting people and the environment. There will also be some
special aspects of safety that need to be assessed at the national level. For
example, many of the IAEA safety standards, in particular those addressing
aspects of safety in planning or design, are intended to apply primarily to new
facilities and activities. The requirements established in the TAEA safety
standards might not be fully met at some existing facilities that were built to
earlier standards. The way in which IAEA safety standards are to be applied
to such facilities is a decision for individual States.

The scientific considerations underlying the TAEA safety standards
provide an objective basis for decisions concerning safety; however, decision
makers must also make informed judgements and must determine how best to
balance the benefits of an action or an activity against the associated radiation
risks and any other detrimental impacts to which it gives rise.

DEVELOPMENT PROCESS FOR THE IAEA SAFETY STANDARDS

The preparation and review of the safety standards involves the IAEA
Secretariat and four safety standards committees, for nuclear safety (NUSSC),
radiation safety (RASSC), the safety of radioactive waste (WASSC) and the
safe transport of radioactive material (TRANSSC), and a Commission on
Safety Standards (CSS) which oversees the IAEA safety standards programme
(see Fig. 2).
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FIG. 2. The process for developing a new safety standard or revising an existing standard.

All TAEA Member States may nominate experts for the safety standards
committees and may provide comments on draft standards. The membership of
the Commission on Safety Standards is appointed by the Director General and
includes senior governmental officials having responsibility for establishing
national standards.

A management system has been established for the processes of planning,
developing, reviewing, revising and establishing the IAEA safety standards.
It articulates the mandate of the IAEA, the vision for the future application of
the safety standards, policies and strategies, and corresponding functions and
responsibilities.

INTERACTION WITH OTHER INTERNATIONAL ORGANIZATIONS

The findings of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and the recommendations of international



expert bodies, notably the International Commission on Radiological
Protection (ICRP), are taken into account in developing the IAEA safety
standards. Some safety standards are developed in cooperation with other
bodies in the United Nations system or other specialized agencies, including
the Food and Agriculture Organization of the United Nations, the United
Nations Environment Programme, the International Labour Organization, the
OECD Nuclear Energy Agency, the Pan American Health Organization and
the World Health Organization.

INTERPRETATION OF THE TEXT

Safety related terms are to be understood as defined in the IAEA Safety
Glossary (see http://www-ns.iaea.org/standards/safety-glossary.htm). Otherwise,
words are used with the spellings and meanings assigned to them in the latest
edition of The Concise Oxford Dictionary. For Safety Guides, the English
version of the text is the authoritative version.

The background and context of each standard in the IAEA Safety
Standards Series and its objective, scope and structure are explained in
Section 1, Introduction, of each publication.

Material for which there is no appropriate place in the body text
(e.g. material that is subsidiary to or separate from the body text, is included in
support of statements in the body text, or describes methods of calculation,
procedures or limits and conditions) may be presented in appendices or
annexes.

An appendix, if included, is considered to form an integral part of the
safety standard. Material in an appendix has the same status as the body text,
and the IAEA assumes authorship of it. Annexes and footnotes to the main
text, if included, are used to provide practical examples or additional
information or explanation. Annexes and footnotes are not integral parts of the
main text. Annex material published by the IAEA is not necessarily issued
under its authorship; material under other authorship may be presented in
annexes to the safety standards. Extraneous material presented in annexes is
excerpted and adapted as necessary to be generally useful.
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1. INTRODUCTION

BACKGROUND

1.1. The Safety Fundamentals, Fundamental Safety Principles [1], establish
principles to ensure the protection of workers, the public and the environment,
now and in the future, from harmful effects of ionizing radiation. These principles
emphasize the need to assess and manage the risk posed by nuclear facilities. In
particular, Principle 5 of Ref. [1] (para. 3.22) on optimization of protection states:

“To determine whether radiation risks are as low as reasonably achievable,
all such risks, whether arising from normal operations or from abnormal or
accident conditions, must be assessed (using a graded approach) a priori
and periodically reassessed throughout the lifetime of facilities and
activities.”

1.2. Several IAEA Safety Requirements publications were developed to provide
more specific requirements for risk assessment for nuclear power plants. The
Safety Requirements publication on Safety Assessment for Facilities and
Activities ([2], para. 4.13) emphasizing the need for a comprehensive safety
analysis states:

“The safety assessment has to include a safety analysis, which consists of a
set of different quantitative analyses for evaluating and assessing
challenges to safety in various operational states, anticipated operational
occurrences and accident conditions, by means of deterministic and also
probabilistic methods.”

It is also stated in connection with Requirement 15 of Ref. [2] (para. 4.55) on
deterministic and probabilistic approaches:

“The objectives of a probabilistic safety analysis are to determine all
significant contributing factors to the radiation risks arising from a facility
or activity, and to evaluate the extent to which the overall design is well
balanced and meets probabilistic safety criteria where these have been
defined.”

1.3. The Safety Requirements publication on Safety of Nuclear Power Plants:
Design ([3], para. 5.69) establishes that:



“A safety analysis of the plant design shall be conducted in which methods
of both deterministic and probabilistic analysis shall be applied. On the
basis of this analysis, the design basis for items important to safety shall be
established and confirmed.”

It is also emphasized further in Ref. [3] (para 5.73) that:

“A probabilistic safety analysis of the plant shall be carried out in order:

(1)
@)

)

4

®)

(6)

(7
®)

to provide a systematic analysis to give confidence that the design will
comply with the general safety objectives;

to demonstrate that a balanced design has been achieved such that no
particular feature or PIE' makes a disproportionately large or
significantly uncertain contribution to the overall risk, and that the first
two levels of defence in depth bear the primary burden of ensuring
nuclear safety;

to provide confidence that small deviations in plant parameters that
could give rise to severely abnormal plant behaviour (‘cliff edge
effects’) will be prevented,;

to provide assessments of the probabilities of occurrence of severe core
damage states and assessments of the risks of major off-site releases
necessitating a short term off-site response, particularly for releases
associated with early containment failure;

to provide assessments of the probabilities of occurrence and the
consequences of external hazards, in particular those unique to the
plant site;

to identify systems for which design improvements or modifications to
operational procedures could reduce the probabilities of severe
accidents or mitigate their consequences;

to assess the adequacy of plant emergency procedures; and

to verify compliance with probabilistic targets, if set.”

1.4. Thus, a comprehensive probabilistic safety assessment (PSA) is required to
be performed to assess and verify the safety of nuclear power plants in relation to
potential internal initiating events and internal and external hazards. This Safety
Guide complements the Safety Guide on Level 1 PSA [4], providing
recommendations on what analyses need to be performed and what issues need to

! PIE: postulated initiating event.



be addressed to ensure that the Level 2 PSA meets the requirements on safety
assessment established in Ref. [2].

1.5. PSA has been shown to provide important safety insights in addition to
those provided by deterministic analysis. PSA provides a methodological
approach to identifying accident sequences that can follow from a broad range of
initiating events and it includes a systematic and realistic determination of
accident frequencies and consequences. In international practice, three levels of
PSA are generally recognized:

(1) In Level 1 PSA, the design and operation of the plant are analysed in order
to identify the sequences of events that can lead to core damage and the core
damage frequency is estimated. Level 1 PSA provides insights into the
strengths and weaknesses of the safety related systems and procedures in
place or envisaged as preventing core damage.

(2) In Level 2 PSA, the chronological progression of core damage sequences
identified in Level 1 PSA is evaluated, including a quantitative assessment
of phenomena arising from severe damage to reactor fuel. Level 2 PSA
identifies ways in which associated releases of radioactive material from
fuel can result in releases to the environment. It also estimates the
frequency, magnitude and other relevant characteristics of the release of
radioactive material to the environment. This analysis provides additional
insights into the relative importance of accident prevention and mitigation
measures and the physical barriers to the release of radioactive material to
the environment (e.g. a containment building).

(3) In Level 3 PSA, public health and other societal consequences are
estimated, such as the contamination of land or food from the accident
sequences that lead to a release of radioactive material to the environment.

PSAs are also classified according to the range of initiating events (internal
and/or external to the plant) and plant operating modes that are to be considered.

1.6. If the aim of the PSA is to determine all the contributions to risk to public
health and society, then the PSA should take account of the potential for release
from other sources of radioactivity from the plant, such as irradiated fuel and
stored radioactive waste. Such an aim is not detailed in this Safety Guide, which
focuses, rather, on releases of radioactive material resulting from severe
accidents.



1.7. Level 2 PSA is a structured process. Although there may be differences in
the approaches for performing a Level 2 PSA, the general main steps are shown
in Fig. 1 and are as follows:

(1) Level 1 PSA provides information on the accident sequences that lead to
core damage and hence provides the starting point for the Level 2 PSA. The
accident sequences identified by the Level 1 PSA may not include
information on the status of the containment systems that mitigate the
effects of severe accidents.

(2) The interface between Level 1 PSA and Level 2 PSA is where the accident
sequences leading to core damage are grouped into plant damage states
based on similarities in the plant conditions that determine the further
accident progression. If the status of containment systems was not
addressed in the Level 1 PSA, it needs to be considered by means of
so-called ‘bridge trees’ of the interface between Level 1 PSA and
Level 2 PSA or as the first step of the Level 2 PSA.

(3) Containment event tree analysis® is where the accident progression is
modelled to identify the accident sequences that lead to challenges to the
containment and releases of radioactive material to the environment.

(4) Source term analysis is used to determine the quantities of radioactive
material released to the environment from each of the release categories.
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INTERFACE PSA
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FIG 1. General overview of the development of a typical Level 2 PSA.

% The term ‘accident progression event tree’ is also used by some practitioners for this
part of the Level 2 PSA.



1.8. It should be noted that the process for carrying out PSA is not unique, but
rather depends on the approach to the Level 2 PSA selected. For practical
purposes, the Level 2 PSA process may require a number of grouping tasks to be
carried out as indicated in Fig. 1:

(a) The grouping of the core damage sequences (extended to include the status
of containment systems) into the plant damage states that form the starting
point for the Level 2 PSA;

(b) The grouping of similar plant damage states into a condensed set of plant
damage states to be taken forward into the containment event tree analysis;

(c) The grouping of the severe accident sequences identified in the containment
event tree analysis into release categories;

(d) The grouping of the release categories into a condensed set of source term
categories that are taken forward into the Level 3 PSA.

1.9. Level 1 PSAs have now been carried out for almost all nuclear power plants
worldwide. Level 2 PSAs have been, or are being, carried out for most nuclear
power plants worldwide. In addition, Level 3 PSAs have been carried out for
some nuclear power plants in some States.

OBJECTIVE

1.10. The objective of this Safety Guide is to provide recommendations for
meeting the requirements of Ref. [2] in performing or managing a Level 2 PSA
project for a nuclear power plant; this Safety Guide therefore complements the
Safety Guide on Level 1 PSA [4]. One of the aims is to promote a standard
framework, standard terms and a standard set of documents for PSAs to facilitate
regulatory and external peer review of their results.

1.11. This Safety Guide also provides a consistent, reliable means of ensuring the
effective fulfilment of obligations under Article 14 of the Convention on Nuclear
Safety [5].

1.12. The recommendations presented in this Safety Guide are based on
internationally recognized good practices. However, they are not intended to
pre-empt the use of equivalent new or alternative methods. On the contrary, the
use of any method that achieves the objectives of Level 2 PSA is encouraged. The
details of the methods of analysis are subject to change as understanding of
severe accident phenomena improves. However, the framework for PSA outlined
in this Safety Guide is expected to apply for the foreseeable future.



SCOPE

1.13. This Safety Guide addresses the necessary technical features of a
Level 2 PSA for nuclear power plants in relation to its application, with emphasis
on procedural steps and the essential elements of the PSA rather than on details of
the modelling methods, since modelling is considered to be well documented in
the relevant literature. This Safety Guide includes all the steps in the Level 2 PSA
process up to, and including, the determination of the detailed source terms that
would be required as input into a Level 3 PSA.

1.14. This Safety Guide describes all aspects of the Level 2 PSA that need to be
carried out if the starting point is a full scope Level 1 PSA as described in
Ref. [4]. If the objectives of the Level 2 PSA are restricted as described in
paras 2.3-2.7, only the relevant parts of the recommendations presented in this
Safety Guide will need to be met; if the scope of the Level 1 PSA is limited as
described in paras 2.8-2.10, additional analysis to that described in this Safety
Guide will need to be carried out.

1.15. Different plant designs use different provisions to prevent or limit the
release of radioactive material following a severe accident. Most designs include
a containment structure as one of the passive measures for this purpose. The
phenomena associated with severe accidents are also very much influenced by the
design and composition of the reactor core. The recommendations of this Safety
Guide are intended to be technology neutral to the extent possible. However, the
number and content of the various steps of the analysis assume the existence of
some type of containment structure.

1.16. General aspects of performance, project management, documentation and
peer review of a PSA and implementation of a management system that meets
with the safety requirements in The Management System for Facilities and
Activities [6] are described in the Safety Guide on Level 1 PSA [4] and are,
therefore, not addressed here. This Safety Guide addresses only the aspects of
PSA that are specific to Level 2 PSA.

STRUCTURE

1.17. This Safety Guide consists of eight sections and three annexes.
Sections 2—7 provide recommendations for the performance of a Level 2 PSA.
These sections correspond to the major procedural steps of a Level 2 PSA as
shown in Fig. 2. Section 8 provides recommendations on the uses and



applications of a Level 2 PSA. Annex I gives an example of a typical schedule for
the performance of a Level 2 PSA. Annex II discusses various types of computer
code available for simulation of severe accidents and PSA studies. Annex III
presents a sample outline of documentation for a Level 2 PSA.

2. PSA PROJECT MANAGEMENT AND ORGANIZATION

2.1. This section provides recommendations on meeting Requirement 22 of
Ref. [2] on management of the safety assessment. The detailed aspects of project
management and the organization of PSA set out in Section 3 of the Safety Guide
on Level 1 PSA [4] are also applicable to Level 2 PSA and are not repeated here.
Only those aspects that are particularly important for Level 2 PSA are presented
in this section.
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FIG. 2. Main steps in the performance of a Level 2 PSA.



DEFINITION OF THE OBJECTIVES OF LEVEL 2 PSA

2.2. Paragraphs 2.2-2.7 provide recommendations on meeting Requirement 4 of
Ref. [2] on purpose of the safety assessment. A Level 2 PSA covers the
progression of events that may occur in a nuclear reactor following an accident
sequence that has led to significant damage to the reactor core (a severe accident).
The main objective of the analysis is to determine if sufficient provisions have
been made to manage a severe accident and mitigate the effects of such an
accident. These provisions could include:

(a) Systems provided specifically to mitigate the effects of the severe accident,
such as molten core retention features, hydrogen mixing devices or
hydrogen recombiners, or filtered containment venting systems;

(b) The inherent strength of the containment structures or the capability for
radioactive material retention within a confinement building, and the use
for accident management of equipment provided for other purposes;

(c¢) Guidance to plant operators on severe accident management.

2.3. Performance of Level 2 PSA is a structured process as described in
Section 1 and shown in Fig. 1. The scope of Level 2 PSA will be determined by
its specific intended uses and by plans to carry out a Level 3 PSA. Although the
basic framework and methods of Level 2 PSA are well established, the analysis in
Level 2 PSA demands high levels of expertise and technical resources. Even
when high levels of resources are employed, analyses of the containment and the
radiological source terms are subject to large uncertainties associated with
phenomena.

2.4. Differing end uses place differing emphases and requirements on the
various inputs into, and components of, a Level 2 PSA. At the start of the project,
the requirements for the Level 2 PSA should therefore be set out fully and it
should be ensured that the user or recipient of the PSA understands these
requirements and believes them to be realizable.

2.5. The overall objectives of the Level 2 PSA should be defined. These can
include the following:

(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.

(f) To provide 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.

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

Each of these objectives would place differing emphasis on one of the various
aspects of the Level 2 PSA. The objectives reflecting the intended uses and
applications of the Level 2 PSA should therefore be clearly specified at the
beginning of the project.

2.6. The PSA model should be as realistic as possible. Appropriate
consideration should be given to the significance of key uncertainties associated
with phenomena. Care should be taken to avoid distorting the conclusions of the
PSA through models and assumptions that are systematically biased towards
particular outcomes (often for the sake of conservatism).

2.7. It should be noted that any limitations in the Level 1 PSA will be carried
forward into the Level 2 PSA. This will need to be taken into account in the
intended uses and applications of the Level 2 PSA.

SCOPE OF THE LEVEL 2 PSA

2.8. Paragraphs 2.8-2.11 provide recommendations on meeting Requirement 1
on graded approach and Requirement 14 relating to the scope of the safety
analysis for a Level 2 PSA [2]. In undertaking a Level 2 PSA, there are two types



of situation likely to be encountered. In the first case, the Level 2 PSA is part of
an integrated full scope PSA. In the second case, the Level 2 PSA is seeking to
extend an existing Level 1 PSA. If the Level 2 PSA is performed as part of an
integrated study, the requirements of the Level 2 PSA should be fed into the
Level 1 PSA so that all plant related features that are important to the analysis of
the containment response and source terms are considered wherever possible in
the Level 1 PSA. If the Level 2 PSA is performed after the Level 1 PSA is
complete, then some additional systems analysis may be necessary. In either case,
in the linkage of the Level 1 and Level 2 PSA models, typically via the
specification and quantification of plant damage states, it should be ensured that
the Level 2 PSA takes fully into account the initial and boundary conditions from
the Level 1 PSA model and the dependencies between the Level 1 PSA and the
Level 2 PSA.

2.9. If the starting point is an existing Level 1 PSA, then its output may not
explicitly cover all the features that need to be taken into account in the
Level 2 PSA. Thus, if the objective of the Level 1 PSA was the quantification of
core damage frequency, then the status of the containment and the containment
safety systems may not have been directly addressed and therefore will have to be
determined as part of the Level 2 PSA or as part of the modelling of the interface
between Level 1 and Level 2 PSA (e.g. specification and quantification of the
plant damage states).

2.10. If the scope of the PSA includes internal or external hazards (e.g. fire,
earthquakes), their potential impact on the confinement function and the
dependent failures they could cause should be taken into account as part of the
Level 2 PSA, if they have not been previously taken into account in the Level 1
output. Examples of such dependent failures include failures in the containment
isolation system due to cable fire, damage of containment structures due to
seismic events, etc.

2.11. Finally, in determining the scope of the Level 2 PSA, consideration should
be given to the input requirements for a Level 3 PSA, if one is contemplated. The
ultimate product of a Level 2 PSA, then, will be a description of a number of
challenges to the containment, a description of the possible containment
responses and an assessment of the consequent releases to the environment and
their associated frequencies. The description will include the inventory of
material released, its physical and chemical characteristics, and information on
the time, energy, duration and location of the releases.
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PROJECT MANAGEMENT FOR PSA

2.12. Paragraphs 2.12-2.17 provide recommendations on meeting Requirement 5
of Ref. [2] on preparation for the safety assessment for Level 2 PSA. Information
on the decisions that the PSA project managers should take and on the
supervision, coordination and implementation of various tasks is provided in
paras 3.3-3.14 of Ref. [4]. This information is also applicable to the Level 2 PSA
and is not repeated here. One aim of project management for Level 2 PSA is to
ensure that the PSA being produced does indeed represent the plant in its ‘as is’
condition and reflect realistic operating practices to the extent possible, and that it
does take account of recent developments in methods, models and data.

2.13. In accordance with the requirements established in Ref. [6], a management
system for the project should be implemented with due consideration given to the
safety implications of the results of the Level 2 PSA and its intended uses. Owing
to the complex phenomena addressed in Level 2 PSA and their associated
uncertainties, as well as the extensive use of expert judgement and computational
tools with limited resources for validation, the establishment of an adequate
technical review system is of high importance (so as to meet Requirement 21 of
Ref. [2] on independent verification). In particular, the application of expert
judgment should be justified and managed through a controlled and documented
process. Provisions should be made by the project management for establishing
independent review processes or performing comparative studies, as appropriate.
Further details on the specific needs for technical review of relevant aspects of
the analysis, project documentation and configuration control are provided in
Sections 3-7.

2.14. The production of a Level 2 PSA requires a high level of interaction
between the analysts working on the analysis, who will offer a wide range of
expertise. The project organization should provide working arrangements that
ensure that there are good interactions and communication between all the
members of the analysis team, including project managers and analysts. In
addition, another objective of the overall management should be to ensure that, as
the analysis progresses and insights are developed, the approaches to the different
technical areas are modified as necessary to ensure that the analysis is
progressing in a coherent way and that there is a reasonable balance of effort
across all topics. The need to sustain good communication among the analysts
during the entire PSA cannot be overemphasized.
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2.15. The project management should aim to ensure that the insights gained from
carrying out the analysis relating to plant vulnerabilities and severe accident
management are properly understood by the plant management and operating
staff, so that the operating organization gains ownership of the Level 2 PSA, and
by the regulatory body or other relevant interested parties.

TEAM SELECTION

2.16. In the selection of the Level 2 PSA team, it should be ensured that there is
an adequate level of expertise in the following areas: (i) knowledge of the design
and operation of the plant, (ii) knowledge of severe accident phenomena and
containment challenges, and (iii) knowledge of PSA techniques. The depth of the
team’s expertise can be different depending on the stage in the lifetime of the
plant at which the PSA is carried out, the scope of the PSA and the intended
applications of the PSA, but extensive participation of the plant engineers and
utility personnel, or designers if performed at the design stage, and probabilistic
safety analysts specialized in accident phenomena and other Level 2 PSA
disciplines is essential.

2.17. For a nuclear power plant at operation, the Level 2 PSA team should
comprise:

(a)  Operators and operational analysts: Specialists in the design and operation
of the plant and key containment systems, the emergency operating
procedures and the severe accident management guidelines.

(b) Specialists in phenomena: Specialists in severe accident phenomena,
containment performance, uncertainties associated with severe accidents,
chemical and physical processes governing accident progression,
containment loads, releases of radionuclides and computer codes for the
analysis of severe accidents.

(c) Structural specialists: Specialists in the structural design, the pressure
capacity and the failure modes of the containment.

(d)  Other PSA specialists: Specialists in event tree analysis, fault tree analysis,
human reliability analysis, uncertainty analysis, statistical methods,
processes for expert elicitation and judgement, PSA computer codes and
Level 1 PSA.
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3. IDENTIFICATION OF DESIGN ASPECTS
IMPORTANT TO SEVERE ACCIDENTS AND
ACQUISITION OF INFORMATION

IDENTIFICATION OF DESIGN ASPECTS IMPORTANT TO SEVERE
ACCIDENTS

3.1. This section provides recommendations on meeting Requirements 6—13 of
Ref. [2] for Level 2 PSA. Before starting the analysis, the Level 2 PSA team
should become familiar with the design and operation of the plant. The aim
should be to identify and highlight plant systems, structures, components and
operating procedures that can influence the progression of severe accidents, the
containment response and the transport of radioactive material inside the
containment. Design features that can influence the progression of a severe
accident and Level 2 PSA include: fan coolers, containment sprays and/or filtered
containment venting systems and suppression pools. This exercise should include
the reactor building and/or the auxiliary building and the secondary containment
or other relevant structures and buildings. For existing plants, familiarization with
the plant should include a plant walk-through and should involve the participation
of operating staff and engineers. The plant familiarization should involve all
members of the Level 2 PSA team.

3.2. The specific plant features that can influence the progression of a severe
accident should be identified and characterized. Examples of the features that
need to be identified are as follows:

(a) The area under the reactor pressure vessel is important with regard to the
behaviour of molten core material after it exits the bottom of the reactor
pressure vessel, since the area influences the extent to which the molten
core material will spread and its coolability.

(b) The flow paths from the area under the reactor pressure vessel to the main
containment volume. Restrictions to the flow or other geometric aspects of
the flow path will reduce the extent to which core debris is dispersed
following a lower head failure. This is particularly important for high
pressure melt ejection in a light water reactor.

(¢) A highly compartmentalized containment configuration will limit the extent
to which combustible gases mix and become distributed in the containment
atmosphere.

(d) Features that could lead to containment bypass sequences.
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These and other plant specific design features should be identified for further
investigation.

3.3. Examples of key design features of the plant that are significant in respect
of the progression and mitigation of severe accidents are listed in Table 1. In
addition to plant features, relevant operating procedures and severe accident
management guidelines should also be considered.

ACQUISITION OF INFORMATION IMPORTANT TO SEVERE ACCIDENT
ANALYSIS

3.4. Paragraphs 3.4-3.6 provide recommendations on meeting Requirement 19
of Ref. [2] on use of operating experience data for Level 2 PSA. When the PSA
team has developed a general understanding of the plant design and features that
may influence severe accidents and releases of radioactive material, the
quantitative data that are necessary to carry out the plant specific analysis should
be collected and organized. The data necessary for the PSA depend in part on the
scope of the analyses and the nature of the computational tools. For example, the
amount and type of input data collected may depend on the plant specific
computer model used to calculate accident progression. Detailed architectural
and construction data for the containment structure should be collected to develop
plant specific model calculations of the containment performance if such
calculations are required by the scope of the containment performance analysis.

3.5. Data should be obtained from qualified sources, such as:

(a) Design documents and/or plant licensing documents;

(b)  As built drawings;

(c) Plant specific operating, maintenance or test procedures;
(d) Engineering calculations or analysis reports;

(e) Observations during plant walkdowns;

(f) Construction standards;

(g) Vendor manuals.

References to the source(s) of data should be recorded as part of the PSA
documentation.
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TABLE 1. EXAMPLES OF KEY PLANT AND/OR CONTAINMENT

DESIGN FEATURES

Key plant and/or containment design feature

Comment

REACTOR
Reactor type

Power level

Type of fuel mix/type of cladding

CORE

Mass of fuel and mass of cladding

Fuel assembly geometry

Type and mass of control rods

Spatial distribution of reactor power

Decay heat

Radioactive material inventory

REACTOR COOLANT SYSTEM

Reactor coolant and moderator types
Reactor coolant system coolant/moderator volume
Accumulator volume and pressure set point

Reactor coolant system depressurization devices
and procedures

Pressure relief capacity

Isolation of containment penetrations connected
to the reactor coolant system

CONTAINMENT*

Containment geometry

Containment free volume

Containment design pressure and temperature

Boiling water reactor, pressurized water
reactor, advanced gas cooled reactor or other

Total thermal power at steady state

Oxide, mixed oxide/zircaloy, stainless steel

Actual operational values

Actual operational values

Actual operational values

Typically axial and radial peaking factors
Total decay heat level as a function of time

Full inventory of radionuclides in the core

Water, heavy water, CO,, helium and others
As designed and fabricated

Actual operational values
Specify set point and procedures
Actual operational values

Potential for containment bypass

Shape and separation of internal volumes

As built, taking into account displacement
by structures

A realistic assessment of maximum
capacity is required for the PSA
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TABLE 1. EXAMPLES OF KEY
DESIGN FEATURES (cont.)

PLANT AND/OR CONTAINMENT

Key plant and/or containment design feature

Comment

Containment material construction

Operating pressure and temperature
Hydrogen control mechanisms

Suppression pool volume

Containment cooler capacity and set points
Concrete aggregate

Design of cavity, keyway or pedestal

Flooding potential of cavity or pedestal

Sump(s), volume filters and location(s)

Proximity of containment boundaries

Containment venting procedure and location

Response to external hazards

Potential for containment isolation failure

Potential for cooling of molten core

Steel, concrete, other
Actual operational values

Provision of inertness, ignitors, passive
recombiners, other

Water and atmosphere volumes
Actual operational values
Specify chemical content
Dispersive versus non-dispersive
Flooded or dry

Geometric details, identification of
materials (painting, pipe insulation, etc.)
potentially affecting sump filter clogging

Distance from reactor pressure vessel and
cavity or pedestal

Location of vent line and actuation
procedure

Structural damage due to seismic events or
flooding events

Penetration arrangements and reliability of
seal materials for containment isolation

Design of Generation III+ plants includes
some features for cooling of the spread
molten core

a

The specific information listed here might change in some areas for plants without a pressure

retaining containment (e.g. nominal leak rate will need to be included for plants with

structures that provide a confinement function).
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TABLE 2. SAMPLE COMPARISON
DESIGN CHARACTERISTICS

OF PLANT AND CONTAINMENT

Parameter and design feature

Significance or comparability

Ratio of reactor power to reactor coolant
system volume

Ratio of reactor power to containment volume

Ratio of Zr mass to containment free volume

Accident progression times, time for recovery
actions

Scaling of containment loads

Potential for combustion and scaling of
containment loads

Potential for dispersal and high pressure melt

Under-vessel to containment pathways .o
ejection

Non-condensable gas generation and
radioactive material release during molten
core—concrete interaction

Concrete aggregate

3.6. If the intention is to use data from a reference plant in the development of
the Level 2 PSA, the plant specific data should be compared with reference plant
values. Such a comparison is of great value in determining whether the two plants
are in fact ‘similar’ and therefore would likely have similar vulnerabilities.
Table 2 lists examples of design features of the plant and containment for
comparison with those of other plants and how they can be used. However, great
care has to be applied when drawing conclusions from such a comparison.

4. INTERFACE WITH LEVEL 1 PSA:
GROUPING OF SEQUENCES

4.1. This section provides recommendations on the interface between
Level 2 PSA and Level 1 PSA. It addresses the analysis of results and
information from the Level 1 PSA that needs to be carried out to provide the
necessary input for the Level 2 PSA. However, if a Level 2 PSA is performed as
part of an integrated PSA project comprising Level 1 PSA and Level 2 PSA, an
interface between the two levels may not need to be explicitly defined.
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4.2. Level 1 PSA identifies a large number of accident sequences that lead to
core damage. It is neither practical nor necessary, in particular for PSA for full
power conditions, to treat each accident sequence individually when assessing
accident progression, containment response and radionuclide release in the
Level 2 PSA. Accident sequences should be grouped together into plant damage
states in such a manner that all accidents within a given plant damage state can be
treated in the same way for the purposes of the Level 2 PSA. If necessary, the
accident sequence models in the Level 1 PSA should be adjusted to take account
of the specific needs of the Level 2 PSA. Plant damage states should represent
groups of accident sequences that have similar accident timelines and which
generate similar loads on the containment, thereby resulting in a similar event
progression and similar radiological source terms. Attributes of accident
progression that will influence the chronology of the accident, the containment
response or the release of radioactive material to the environment should be
identified. The attributes of the plant damage states provide boundary conditions
for the performance of severe accident analysis.

PLANT DAMAGE STATES FOR PSA FOR INTERNAL INITIATING
EVENTS FOR FULL POWER CONDITIONS

4.3. Generally, plant damage states can be classified into two main classes:
those in which radioactive material is released from the reactor coolant system to
the containment and those in which the containment is either bypassed or is
ineffective. Thus, the plant damage states should specify the containment status
(e.g. intact and isolated, intact and not isolated, failed or bypassed) and, for plant
damage states where the containment is bypassed, should specify the type and
size of the bypass (e.g. loss of coolant accident in interfacing systems, steam
generator tube rupture). If the reactor building or secondary containment is likely
to have a major influence on the source term, then its status is specified by means
of the plant damage state. For plant damage states in which the containment is
intact, a containment event tree analysis should be performed. For other plant
damage states, only source term analysis may be necessary, although the
containment event tree may be needed to address possible plant features that can
reduce the source term (e.g. scrubbed releases versus unscrubbed releases).

4.4. The following subsections give examples of the attributes that may need to

be taken into account in defining these two classes of plant damage states.
Examples of such attributes are given in Table 3.
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TABLE 3. EXAMPLES OF ATTRIBUTES OF PLANT DAMAGE

STATES

Initiating event

Reactor coolant system pressure
at core damage

Status of emergency cooling
system and other cooling systems
(timing of core damage)

Status of containment’s engineered
safety features

Large loss of coolant accident

Small loss of coolant accident

Safety or relief valve stuck open

Transient

Bypass event (loss of coolant accident in interfacing
system or steam generator tube rupture)

High (relief valves are challenged)
Medium (above low pressure coolant injection head)
Low (including method of depressurization)

All injection fails to start (no injection, early damage)

Coolant injection initially successful, but recirculation
cooling fails (later core damage)

Emergency core cooling functionality after core damage
or breach of reactor pressure vessel

Steam generator cooling availability

Sprays (if any):
— Operate at all times
— Fail on demand
— Initially operate, but fail on switchover to
recirculation cooling

Suppression pool (if any):
— Effective at all times
— Ineffective (pool drained or bypassed early)
— Bypassed late

Fan coolers (if any):
— Operate at all times
— Fail on demand
— Fail late

Venting systems:
— Operate at all times
— Fail on demand
— Fail late
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TABLE 3. EXAMPLES OF ATTRIBUTES OF PLANT DAMAGE
STATES (cont.)

Containment status Intact and isolated at the onset of core damage
Intact, but not isolated at the onset of core damage
Structural failure or enhanced leakage (with indication of
size and location of leakage)®

Status of secondary containment Intact and isolated at the onset of core damage
(reactor building or enclosure Intact, but not isolated at the onset of core damage
building) Structural failure or enhanced leakage®

*  This includes any external events that may damage containment structures.

Plant damage states not initiated by bypass of the containment

4.5. In specifying plant damage states that are not initiated by bypass of the
containment, account should be taken of the equipment and system failures
identified in the Level 1 PSA that could affect either the challenge to the
containment or the release of radioactive material. Aspects that should be taken
into account include the following:

(a) Type of initiating event, which can, for example, affect the rate of discharge
of fluid to the containment, the progression of the core melt and hydrogen
generation, and the timing of the release of radioactive material.

(b) Failure mode of the core cooling function, which can affect the timing of
the core melt.

(c) Extent of fuel damage.

(d) The reactor circuit pressure at the onset of core damage and the status of
safety valves or relief valves and other components that could change the
pressure in the reactor pressure vessel before failure of the lower head of the
reactor pressure vessel. The pressure in the reactor pressure vessel at the
time of lower head failure is important as it may influence the mode of
discharge of debris to containment. This, in turn, could present a challenge
to containment integrity if, for instance, high pressure melt ejection and
direct containment heating ensue. The pressure in the reactor pressure
vessel after the onset of core damage also influences the possibility of
temperature and pressure induced failures of the reactor coolant system
(e.g. creep rupture of piping and steam generator tubes, or thermal seizure
of a safety or relief valve in the open position). The pressure will be
influenced by the initiating event and the functionality of any
depressurization system.
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4.6. The status of the containment’s engineered safety features® is of high
importance in determining the response of the containment and such safety
features should be taken into account in the grouping of accident sequences into
plant damage states, as they may influence containment cooling, the removal of
radioactive material, the mixing of combustible gases present, etc. Other
attributes of plant damage states may be important in some applications of PSA.
For instance, if the PSA is being used to help determine accident management
measures, then the status of the electrical power supply should be taken into
account, since this information may be required for some later actions. The
details of how these characteristics are taken into account may depend on the
methodology used for linking the Level 1 and Level 2 PSAs, although these
issues should be addressed irrespective of the methodology applied.

Plant damage states with bypass of the containment

4.7. For plant damage states with containment bypass, the main consideration
should be the identification of attributes that are associated 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). For leaks into the auxiliary building or
an equivalent one, the status of emergency exhaust filtration systems, heating,
ventilation and air conditioning, and whether or not the leak is submerged, could
be significant and should be taken into account.

Final selection of plant damage states

4.8. Ifthe consideration of all factors and parameters that affect the Level 2 PSA
results in too large a number of potential plant damage states, then they should be
reduced to a manageable number. Two approaches can be used. The first is to
combine similar plant damage states and perform a bounding analysis to select a
representative sequence that characterizes the plant damage state for the purpose
of'the Level 2 PSA. The second approach is to use a frequency cut-off as a means
of screening out less important plant damage states. Careful screening is
necessary prior to introducing a frequency cut-off criterion at the plant damage
state level. This is especially true when dealing with plant damage states that

3 The attributes listed in Table 3 should be adjusted, as appropriate, for plants with
structures that provide a confinement function rather than pressure retaining containments.
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could involve large and early releases of radionuclides to the environment. In any
case, in the selection process account should be taken of the degree of variability
and uncertainty introduced in the Level 2 PSA by the grouping of accident
sequences into plant damage states and consideration should be given to how this
affects the specific objectives of the PSA.

PLANT DAMAGE STATES FOR AN EXISTING LEVEL 1 PSA

4.9. If the Level 2 PSA is an extension of a Level 1 PSA performed originally
without the intention to perform a Level 2 or Level 3 PSA, specific aspects
relevant to the specification of plant damage states are unlikely to have been
considered in the Level 1 PSA. For example, the Level 1 PSA may not have
addressed the status of containment systems or other systems that do not directly
affect the determination of core damage (i.e. they do not contribute to the success
criteria for preventing core damage). In such cases, the Level 1 PSA should be
expanded to take into account the missing aspects in the specification of plant
damage states (see Table 3 for reference). One method for incorporating such
missing systems into the PSA is to develop bridge trees that link to Level 1
system models, as shown in Fig. 1, thereby capturing important dependencies
(support systems, operator performance, etc.).

EXTENSION OF SCOPE OF LEVEL 2 PSA TO OTHER INITIATING
EVENTS

4.10. 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 could lead in some
cases to the specification of a new set of distinct plant damage states, for
example, for the case of earthquakes with the potential to induce containment
failure. The system analyst should consider the need to introduce new plant
damage states and possibilities for assimilating new plant damage states into
existing ones; for instance some containment failures could be assimilated into
containment isolation failures.
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EXTENSION OF SCOPE OF LEVEL 2 PSA TO OTHER POWER STATES

4.11. Differences in the Level 2 PSA with respect to the mode of operation and
power level when the initiating event occurs result primarily from differences in
inventory and in the status of the primary circuit and the containment. The plant
damage states specified for full power conditions should be used with care for
low power and shutdown modes when the containment may be opened or not
inerted; direct use of plant damage states specified for Level 2 PSA for full power
conditions may not be possible. The unique conditions associated with low power
and shutdown states generally necessitate the identification of additional
attributes that are not applicable to full power operation.

4.12. Additional plant damage states should be specified for low power and
shutdown states if there are significant differences that could have a major impact
on plant behaviour in severe accidents or if there are other reasons for performing
a more accurate representation of specific states. Some examples for pressurized
water reactors include operation at mid-loop when the primary circuit inventory
is low, or cases in which the primary circuit is open (e.g. during head removal or
during refuelling) or the containment is not isolated (e.g. during some refuelling
operations). Additional attributes that could be considered in the specification of
plant damage states for low power and shutdown PSA include, therefore, the
status of the containment and the level of the coolant.

5. ACCIDENT PROGRESSION AND
CONTAINMENT ANALYSIS*

ANALYSIS OF CONTAINMENT PERFORMANCE DURING SEVERE
ACCIDENTS

5.1. This section presumes the existence of some type of passive structure with
the capability to withstand some of the conditions resulting after severe damage
to the reactor core and thus retaining a large portion of the radioactive material.

* This section addresses several key parts of a Level 2 PSA. The order in which they are
presented here is not an indication of their relative importance or the order in which they should
be carried out within a PSA project.
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The most common version of such a passive structure in many plant designs is a
containment building, which includes associated containment systems. Where
such a structure does not exist, the analysis described in the following is not
entirely applicable.

5.2. The primary objective of an assessment of containment performance is to
develop a realistic characterization of the modes (mechanisms) of, and criteria
for, containment leakage or failure under severe accident conditions. Design
criteria for the containment are generally not adequate measures of capacity of
the containment because of the safety factor built into such values. Actual values
of the ultimate pressure capacity of the containment have sometimes been found
to exceed design values by a factor of two to four. Further, containment design
limits may not take into account the harsh environmental conditions that can
develop inside the containment during a severe accident, which often require
consideration of entirely new failure modes.

5.3. To generate a realistic assessment of containment performance limits,
detailed information on the structural design of the containment and containment
penetrations (see Table 4) should be collected. In the collection of information for
the analysis, particular consideration should be given to the potential for leakage
through a steel liner or penetrations.

TABLE 4. EXAMPLES OF IMPORTANT FEATURES OF THE STRUCTURAL
DESIGN OF THE CONTAINMENT AND CONTAINMENT PENETRATIONS

Containment type Steel
Concrete:
— Prestressed
— Post-tensioned
— Reinforced

Containment penetrations  Equipment hatch(es)
Personnel hatch(es)
Piping penetrations
Electrical penetrations
Atmosphere purge line(s)
Vent line(s)

Other aspects Geometrical shape of containment (sphere, cylinder, rectilinear)
Geometrical discontinuities, e.g. transition from cylindrical shell
to top head and basemat
Liner anchorages
Interactions with other surrounding structures
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5.4. This step of the Level 2 PSA is aimed at developing a plant specific
estimate of the ultimate strength of the containment. This can be done by carrying
out plant specific structural calculations. However, depending on the scope of the
Level 2 PSA study, use can be made of existing calculations for plants having
similar containment designs. In this case, the PSA documentation should provide
a thorough justification for the use of existing calculations, by demonstrating the
similarities of the designs and the applicability of the existing structural response
analyses to the plant under consideration.

5.5. Two basic approaches have been used in PSA studies to characterize the
loss of containment integrity, namely, the ‘threshold” model and the ‘leak before
break’ model. The threshold model defines a threshold pressure, with some
associated uncertainties, at which the containment is expected to fail, with a large
rupture and with the potential for significant and rapid blowdown of the
containment atmosphere to the environment. In the leak before break model,
containment leakage is expected to precede a major rupture. In general, leakage
begins at pressures below the ultimate capability pressure and progressively
increases up to the ultimate capability pressure, at which point a larger failure of
the containment is expected to occur. Furthermore, if the rate of addition of mass
and energy to the containment atmosphere is smaller than or equal to the leakage
rate, containment pressurization is not expected to occur and massive failure of
the containment could be averted.

5.6. If plant specific calculations are necessary, containment performance
analyses should be based on validated structural models supported by data and
reasonable failure criteria. In the analysis, consideration should be given to
various types of load on the containment, e.g. static pressure loads, pressure ramp
rates, localized heat loads and localized dynamic pressure loads. The supporting
analyses provide an engineering basis for containment failure mode, location,
size and ultimate pressure and/or temperature capabilities.

5.7. While internal pressure loading is the principal determinant of potential
containment failure, consideration should also be given in the Level 2 PSA to the
possible effects of temperature on the structural performance of containment. The
temperature of the containment could affect the strength characteristics of the
structural materials as well as cause degradation of penetration seal materials.

5.8. In determining the structural performance of the containment, the
uncertainties associated with estimation of the structural capacities necessary for
withstanding extremes of pressure and/or temperature should also be assessed.
Such uncertainties can be determined by techniques for uncertainty quantification
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and propagation, as part of the structural capacity assessment. Alternatively,
expert judgement supported by simple analysis could be used to establish the
failure pressure and/or temperature distribution for various credible failure modes
(leaks and ruptures). In the uncertainty assessment and in modelling the
propagation of uncertainties, account should be taken of uncertainties in the
properties of materials and in modelling (e.g. criteria used to define ‘failure’).

5.9. The effects of extensive erosion of concrete structures due to long term
exposure and to attack by molten core debris (molten core—concrete interactions)
should be examined. For example, the response of a reactor pressure vessel
support structure (e.g. concrete pedestal), containment wall or floor to the
complete or partial penetration by core debris should be examined if calculations
of severe accident progression suggest such levels of erosion are possible.

5.10. Potential locations for melt through of the containment (e.g. penetrations,
sump suction lines) should be identified and analysed.

ANALYSIS OF THE PROGRESSION OF SEVERE ACCIDENTS

5.11. Plant specific analysis of the progression of accidents is the preferred
method for evaluating severe accident behaviour. As a minimum, calculations
should be performed for each of the plant damage states that are significant
contributors to the core damage frequency of the plant. In addition, calculations
could also be performed for those plant damage states that may have a small
frequency of occurrence, but which have the potential to result in large and/or
early releases of radioactive material to the environment. Such plant damage
states typically involve either direct containment bypass or early failure of the
primary and/or secondary containments. If detailed calculations are performed
for plant damage states with high frequency of occurrence and high
consequences, a sufficiently wide range of information will usually be generated
to estimate the response of the plant for other plant damage states that are not
addressed in detail. In addition, generic studies of severe accident phenomena and
containment response reported in the literature for similar plants and
containments could also be used to complement the scope of plant specific
calculations to include a broader set of conditions.

5.12. A less rigorous and less appropriate approach, but one which is
occasionally necessary, is to adapt the results of analyses for one or more
reference plants of a similar design. This approach should be carried out only by
exercising extreme caution. In such circumstances, the uncertainties associated
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with the progression of severe accidents can outweigh the differences in plant
specific design aspects. Small differences in plant design features can be
accommodated by appropriate scaling of the reference plant analyses with regard
to key design attributes. This approach is most appropriate where a special
analysis of key phenomena has been performed for a reference plant and it is
desired to take insights from the reference analysis to supplement plant specific
calculations. For example, such an analysis for one plant may have addressed an
accident phenomenon that is not modelled in detail by the commonly used
computer codes for severe accident simulation, and in this case scaling or
adapting the reference analysis provides additional useful input into the plant
specific evaluation.

5.13. The analysis of the progression of severe accidents should be performed
using one or more computer codes for severe accident simulation (see Annex II).
The computer code(s) chosen to perform detailed analysis and the number of
calculations that should be performed depends on the objective of the PSA.
Among the issues that should be considered in making these decisions are:

(a) The code(s) should be capable of modelling most of the events and
phenomena that may appear in the course of the accident.

(b) Interactions between various physicochemical processes should be
correctly addressed in the computer code.

(c) The extent of validation and benchmarking effort and associated
documentation should be satisfactory.

(d) Computing time and resource requirements should be reasonable.

The analysts should be aware of the technical limitations and weaknesses of the
selected code(s). 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.

5.14. Sensitivity analyses should be performed to understand how the various
modelling options within a code affect calculated results. Known areas of
modelling uncertainty with potential implications on the modelling of severe
accident progression are listed in Table 5.

5.15. The key variables calculated (such as peak pressures and temperatures,
mass of combustible gas generated, timing of major events) must be assessed and
documented for use in the models for quantification of accident progression
(containment event tree) addressed in paras 5.16-5.31. Key variables are
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TABLE 5. EXAMPLES OF AREAS OF UNCERTAINTY RELEVANT TO
THE PROGRESSION OF SEVERE ACCIDENTS

Type of severe accident event

Related phenomena

In-vessel hydrogen generation

In-vessel natural circulation

In-vessel fuel-coolant interactions
(energetic and non-energetic)

Failure mechanisms of reactor
pressure vessel

High pressure melt ejection and/or
direct containment heating

Ex-vessel fuel-coolant interactions
(energetic and non-energetic)
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Formation of flow blockages in core
‘Ballooning’ of cladding

Recovery and addition of water
Relocation of molten fuel

Circulation flows in reactor coolant system loops

Heat-up and creep rupture of reactor coolant system
pressure boundary (hot leg nozzle, pressurizer surge
line and steam generator tubes)

Competing mechanisms of degradation and failure of
reactor coolant pump seal

Potential for terminating damage to in-vessel fuel
Recriticality

Explosive failure of reactor pressure vessel
Releases of radioactive material

Melt penetration and cooling within head penetrations
Local failure of lower head of reactor pressure vessel
Global (creep) failure of reactor pressure vessel

Trapping of debris on containment structures

Heat release on hydrogen generation from zirconium
oxidation

Debris transport outside of cavity and/or pedestal

Hydrogen combustion

Releases of radioactive material

Debris fragmentation and quench (cooling)
Quasi-static increase in containment pressure

(steam spike)
Dynamic loads to containment from steam explosion
Releases of radioactive material



TABLE 5. EXAMPLES OF AREAS OF UNCERTAINTY RELEVANT TO
THE PROGRESSION OF SEVERE ACCIDENTS (cont.)

Type of severe accident event Related phenomena

Core—concrete interactions Erosion of containment structure by debris
Generation of incondensable gas
Lateral spreading of debris and potential for contact with
containment pressure boundary
Releases of radioactive material

Hydrogen combustion Mixing and/or stratification in atmosphere

Steam inerting

Propagation of ignition and deflagration flames

Flame acceleration and transition from deflagration
to detonation

Ignition and detonation

Heat losses to structures

Confinement structure response to combustion pressure
wave (open doors or blow-out panels, displacement of
water pools, etc.)

typically catalogued at important points in time and recorded as time dependent
plots for detailed study. The results displayed should be clearly discussed in the
PSA documentation.

DEVELOPMENT AND QUANTIFICATION OF ACCIDENT PROGRESSION
EVENT TREES OR CONTAINMENT EVENT TREES

5.16. In Level 2 PSAs, event trees are used to delineate the sequence of events
and severe accident phenomena after the onset of core damage that challenge
successive barriers to radioactive material release. They provide a structured
approach for the systematic evaluation of the capability of a plant to cope with
severe accidents. Their use is shown in Fig. 1. Such event trees are termed
accident progression event trees or containment event trees. 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.
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Structure of containment event trees and nodal questions

5.17. The top events or nodal questions in a containment event tree should
address the events and physical processes that govern accident chronology, plant
response to beyond design basis conditions, relevant challenges to barriers to
radioactive material release and the eventual magnitude of the release of
radioactive material to the environment. Nodal questions of the containment
event tree should also address issues and actions relating to severe accident
management (see also paras 5.19 and 5.20). The nodal questions of the
containment event tree are strongly specific to plant type, i.e. issues of
importance to severe accident behaviour in one type of reactor and/or
containment system may not be important to others.

5.18. The list of such events and processes can be rather extensive. Therefore,
containment event trees can grow to become rather large and complicated logic
models. However, relatively simple logic models can be sufficient for certain
applications. Thus, for instance, if the objective of the Level 2 PSA is solely to
determine the large early release frequency and a quantitative assessment of the full
range of severe accident source terms is not required, smaller containment event
tree structures can be developed that focus on severe accident sequences with high
consequences within the appropriate time frame. In any case, the overall structure
of the model should be traceable by independent reviewers and manageable by the
PSA team. Therefore, in the containment event tree structures, a reasonable balance
between modelling detail and practical size should be achieved.

5.19. The containment event tree structure should be chronologically correct,
should properly take into account interdependencies among events and/or
phenomena and should reflect an appropriate level of detail to satisfy the
objectives of the Level 2 PSA. 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:

(a) Phase 1: Immediate response of the plant to the plant damage state caused
by the initiating event through the early period of in-vessel core damage.

(b) Phase 2: Late period of in-vessel core damage up to failure of the reactor
pressure vessel.

(c) Phase 3: Long term response of the plant.

5.20. Phase 3 is sometimes further subdivided into three subphases: (i) phase 3a
— close to the time of reactor pressure vessel failure (to address challenges
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occurring due to failure of the reactor pressure vessel, e.g. direct containment
heating); (ii) phase 3b — up to a few hours after failure of the reactor pressure
vessel (to address immediate ex-vessel molten core behaviour, e.g. stabilization
of the melt ex-vessel or onset of the core—concrete interaction); and (iii) phase 3¢
— long term, starting from a few hours after failure of the reactor pressure vessel
(to address challenges arising from ex-vessel melt behaviour, e.g. pressurization
due to the generation of non-condensable gases during core—concrete interaction
or combustion phenomena or pressurization due to ongoing steam generation).
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.

Accident recovery or actions for severe accident management and
equipment issues

5.21. 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. Manual actions that are
demanded soon after the onset of core damage can be represented in the accident
sequence event trees in the Level 1 PSA model, if the conditions for their
implementation can be predicted with confidence. In such cases, the status of
such manual actions (success or failure) must be reflected either explicitly by the
use of an attribute of a plant damage state which indicates this status or implicitly
via their impact on the status of other attributes already defined for the plant
damage state. Relevant severe accident management actions that are not
represented in the Level 1 model should be incorporated into the containment
event trees. Typically, such actions would be those which are expected later in the
chronology of the severe accident sequence, for example, refilling of steam
generators to reduce releases to the environment via damaged steam generator
tubes and restarting the low pressure injection after a high temperature induced
break in primary circuit boundaries. In turn, the results of the Level 2 PSA can,
and should, be used to identify or improve severe accident management actions
as explained in Section 8.

5.22. It is important to ensure that potential dependencies between operator
actions included in the accident sequence models in Level 1 PSA and in the
containment event trees for Level 2 PSA are assessed and taken into account, as
appropriate. The probabilistic treatment of manual actions should be consistent
with the Level 1 PSA. Dependencies relating to system availability should also be
correctly taken into account.
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TABLE 6. EXAMPLES OF NODAL QUESTIONS FOR A CONTAINMENT
EVENT TREE FOR A PRESSURIZED WATER REACTOR

Top event question Prior Question type
P q dependencies P
Phase 1: Initiating event through to early period
of in-vessel core damage
1 Is the containment isolated? None Based on plant
damage state
2 What is the fraction of the plant damage state with None Based on plant
AC power available? damage state
3 What is the mechanical status of sprays in the very None Based on plant
early time frame? damage state
4 What is the mechanical status of fans in the very None Based on plant
early time frame? damage state
5 Is the reactor coolant system depressurized manually 2 Based on
in the very early time frame? emergency
operating
procedures
6 Does a temperature induced ‘hot leg’ failure occur 5 Accident
in the very early time frame? progression
7 Does a temperature induced rupture of a steam generator 5, 6 Accident
tube occur in the very early time frame? progression
8 Is AC power restored or maintained in the very early 2 Based on plant
time frame? damage state
9 Are sprays actuated in the very early time frame? 3,6,8 Accident
progression
10 Does hydrogen combustion occur in the very early 4,5,6,8,9 Accident
time frame? progression
11 Does the containment fail in the very early time 1,10 Accident
frame? progression
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TABLE 6. EXAMPLES OF NODAL QUESTIONS FOR A CONTAINMENT
EVENT TREE FOR A PRESSURIZED WATER REACTOR (cont.)

Top event question Prior Question type
P q dependencies P
12 TIs containment isolation recovered in the very early 1,8 Based on plant
time frame? damage state
13 Is the filtered vent system actuated in the very early 1,10, 11 Accident
time frame? progression
Phase 2: Late period of damage progression,
including breach of the reactor pressure vessel
14 Is core damage arrested in the vessel, preventing a 5,6,7,8 Accident
breach of the reactor pressure vessel? progression
15 Does an energetic fuel-coolant interaction occur and 5,6,7,14 Accident
breach the reactor pressure vessel and containment? progression
16 What are the mode of reactor pressure vessel breach 5,6,7,14,15 Accident
and the process of core debris ejection? progression
17 Does ‘rocketing’ of the reactor pressure vessel occur 16 Accident
and breach the containment? progression
18 Is the under-vessel region flooded or dry at breach None Plant damage
of the reactor pressure vessel? state and
design
19 What is the mode of under-vessel fuel-coolant interaction 16, 18 Accident
following breach of the reactor pressure vessel? progression
20 Does hydrogen combustion occur at breach of the 4,8,9, 10, Accident
reactor pressure vessel? 14,16 progression
21 Does the containment fail at breach of the reactor 1,11, 13,15, Accident
pressure vessel? 16, 19, 20 progression
22 Does the filtered vent system actuate at breach 1,11, 13,15, Accident
of the reactor pressure vessel? 16, 19, 20, 21 progression
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TABLE 6. EXAMPLES OF NODAL QUESTIONS FOR A CONTAINMENT
EVENT TREE FOR A PRESSURIZED WATER REACTOR (cont.)

Top event question Prior Question type
P q dependencies P
Phase 3: Long term response of the plant
23 Is AC power restored or maintained in the late time 8 Based on plant
frame? damage state
24 Do sprays actuate or continue to operate in the late time 23,9 Plant damage
frame? state/accident
progression
25 Do fan coolers actuate or continue to operate in the late 4, 8 Based on plant
time frame? damage state
26 What is the status of fans and sprays in the late time 24,25 Summary type
frame? question
27 Is core debris in a coolable configuration outside the 16, 18, 19, Accident
vessel? 15,17 progression
28 Does hydrogen combustion occur in the late time frame? 10, 20, 26 Accident
progression

29 Does containment failure occur in the late time frame? 1,10, 11, 13, Accident
15,21, 26, progression
20, 28,19

30 Does the filter vent system actuate in the late time frame? 1, 10, 11, 13,  Accident
15,19, 20, progression
21, 26, 28, 27

31 Is the integrity of the containment basemat maintained? 11, 12, 21, 22, Accident
27,29, 31 progression

32 What are the modes of containment failure? 11, 21,29 Accident
progression

5.23. The effect of the environmental conditions resulting from a severe accident
on the survivability of components and systems credited within the Level 2 PSA
model should also be assessed and, as appropriate, taken into account.
Environmental impacts may include temperature, pressure, humidity and
radiation conditions, as well as effects derived from energetic events (e.g. short

34



term temperature and pressure spikes or impulse loadings from detonations or
steam explosions).

5.24. Potential adverse effects of severe accident management actions should
also be considered as part of the event tree logic. For instance, injection of water
into a degraded core may be able to arrest the progression of a severe accident.
However, there is also the potential for energetic fuel-coolant interaction, fuel
shattering and additional releases of steam, hydrogen and radioactive material.

Quantification process for containment event trees

5.25. The assignment of conditional probabilities to branches of the containment
event tree should be supported by documented analyses and data to provide a
justified representation of the uncertainty in the outcome at each node. Account
should be taken of issues that could affect the analyst’s ability to predict the
progression of severe accidents, including completeness, fidelity and validation
of available computer codes, applicability of available experimental data to full
scale reactor conditions, etc. Example methods for dealing with such
uncertainties can be found in Refs [7-10].

5.26. The rationale used to develop appropriate probabilities for each branch can
sometimes be made more traceable by decomposing the problem into a number of
sub-issues according to the governing phenomena [11, 12]. Such assessments
may be carried out separately and reported in support documentation of the
results that are used in the nodal questions of the containment event tree or may
be an integral part of the containment event tree in the form of decomposition
event trees that are linked to the headings of the containment event tree. The
degree to which the assessments are integrated into the quantification of the
containment event tree is principally dependent on the capabilities of the software
being used for quantification of the Level 2 PSA. Linked event trees, fault trees
(see e.g. Ref. [13]), user defined functions and other methods have been used for
developing and quantifying containment event trees.

5.27. Regardless of the approach taken to develop values for the probabilities of
events, the process should be traceable so that others can follow and understand
the technical rationale, and it should be applied consistently to the full range of
events or questions described in the containment event tree. Several sources of
current and relevant information can be used to support the assignment of
probabilities, such as:
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(a) Deterministic analyses using established computer codes for modelling
severe accidents or basic principles;

(b) Relevant experimental measurements or observations;

(c) Analyses and findings from studies of similar plants;

(d) Expert elicitation involving independent experts.

5.28. Several methods and tools are available to translate such information into a
numerical value for each probability. Two simple tools, the threshold approach
and the integral approach, are briefly described in this Safety Guide.
Reference [14] has historically been a key source of information for many Level
2 PSAs. However, the state of knowledge of severe accident phenomena has
progressed since the Ref. [14] study, thus reducing its usefulness as a reference
for modern Level 2 PSA studies, which should reflect the current state of
knowledge. A compilation of recent, relevant severe accident phenomena can be
found in Refs [15, 16]. Developments have taken place in a number of areas, such
as:

(a) In-vessel steam explosions (alpha mode containment failure), e.g. Ref. [11];

(b) Direct containment heating, e.g. Ref. [17];

(c) Failure of the lower head of the reactor pressure vessel, e.g. Refs [18, 19];

(d) Flame acceleration and the transition from deflagration to detonation, e.g.
Ref. [20].

Threshold approach

5.29. The threshold approach can be used to estimate the probabilities of events
that occur when the predicted accident conditions approach an established limit
or criterion. The failure probability is, therefore, a function of ‘how close’ the
parameter is to the failure threshold. The assignment of numerical values is thus
indicative of the analyst’s confidence in the rigour, applicability and
completeness of deterministic predictions of relevant phenomena.

Integral approach

5.30. In the integral approach, a higher degree of mathematical rigour is applied
to the comparison of how close the parameter of interest (pressure, temperature,
etc.) is to the failure threshold (failure pressure, failure temperature, etc.). Both
the parameter of interest and the failure threshold are treated as uncertain
parameters. Probability density functions representing probability distributions of
uncertain parameters are arrived at on the basis of deterministic analyses and
expert judgement, and the overlap and/or interference of two such probability
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distributions determines the degree of ‘belief” in (the subjective probability for)
failure. In this case, the consistency of the resulting probability values is
dependent on consistent assignment of distribution parameters (median values,
deviations about the median, choice of distribution type and limits).

5.31. Both approaches, the threshold approach and the integral approach, can be
applied either individually or in combination in the PSA. In any case, for ensuring
that probabilities are derived in a consistent manner across the wide range of
events and phenomena evaluated in the Level 2 PSA, a set of rules should be
developed and included in the PSA documentation. Such rules should include the
rationale used to assign particular probabilistic estimates.

TREATMENT OF UNCERTAINTIES

5.32. Paragraphs 5.32-5.42 provide recommendations on meeting Requirement
17 of Ref. [2] on uncertainty and sensitivity analysis for Level 2 PSA.
Uncertainty arises in a Level 2 PSA analysis as a result of several factors,
including:

(1) Incompleteness uncertainty. The overall aim of a Level 2 PSA is to assess
the possible scenarios (sequences of events) that can lead to releases of
radionuclides, mainly those scenarios modelled in the Level 1 PSA.
However, there is no guarantee that this process can ever be complete and
that all possible scenarios have been identified and properly assessed. This
potential lack of completeness introduces an uncertainty in the results and
conclusions of the analysis that is difficult to assess or quantify. It is not
possible to address this type of uncertainty explicitly. However, extensive
peer review can reduce this type of uncertainty.

(2) Loss of detail due to aggregation. Grouping accident sequences or cutsets
from the Level 1 PSA into plant damage states for input into the
Level 2 PSA for practical reasons also introduces uncertainties due to the
resulting loss of some modelling detail. Further, the process of ‘binning’ (or
grouping) accident sequences introduces uncertainty through the possibility
that the attributes used by the analyst to group ‘similar’ accident sequences
are incomplete. These elements of uncertainty are also difficult or
impossible to quantify, but which will diminish over time as increases in
computing resources allow increasing levels of detail to be captured in the
PSA.
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(3) Modelling uncertainty. This arises due to a lack of complete knowledge
concerning the appropriateness of the methods, models, assumptions and
approximations used in the individual analysis tasks that support a
Level 2 PSA. Modelling uncertainties are formally addressed as part of the
uncertainty treatment in the Level 2 PSA (see paras 5.33-5.40).

(4)  Parameter uncertainty. This arises due to the uncertainties associated with
the values of the fundamental parameters used in the quantification of the
Level 2 PSA, such as equipment failure rates and initiating event
sequences. This is the type of uncertainty that is usually addressed by an
uncertainty analysis through specifying uncertainty distributions for all the
parameters and propagating them through the analysis.

Items (1) and (3) above are usually referred to as epistemic uncertainties
(i.e. uncertainties due to lack of knowledge). Aleatory (randomness) uncertainties
may also be present in some events in the Level 2 PSA.

5.33. Since Level 2 PSA analysts use probabilities in the containment event trees
to reflect confidence that particular choices of modelling parameters or event
outcomes are the correct ones, the Level 2 PSA is in some sense directly
concerned with the treatment of uncertainties, which is therefore one of the most
important aspects of the analysis.

5.34. The Level 2 PSA analysts should identify the dominant sources of
uncertainty in the analysis and should quantitatively characterize the effects of
these uncertainties on the baseline (point estimate) results. This is typically
accomplished using two methods: (i) sensitivity analysis and (ii) uncertainty
analysis.

5.35. Whereas sensitivity analysis is used to measure the extent to which results
would change if alternative models, hypotheses or values of input parameters
were selected (and thus provides an evaluation of uncertainty in respect of a
particular issue or a particular group of related issues at a time), uncertainty
analysis examines a range of alternative models or parameter values, assigns each
model or value a probability and generates a distribution of the results, within
which the baseline results represent one possible outcome. Each result within the
full distribution is accompanied by a (subjective) probability representing the
degree of belief in that result. Cumulative probability levels for the results can be
calculated (e.g. the 5th, 50th and 95th percentiles represent 5%, 50% and 95%
probabilities, respectively, and the ‘true’ result is below the respective level for
which each of these probabilities is stated). In general, the process of
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quantification and propagation of uncertainties in the Level 2 PSA can be divided
into four principal steps as set out in paras 5.36-5.42.

(1) Specification of the scope of the uncertainty analysis

5.36. The sources of uncertainty in a Level 2 PSA are numerous and it is
impractical to address all of them quantitatively. Experience in performing
uncertainty studies for limited aspects of severe accident phenomena suggests
that the effects of uncertainties from some sources are larger and more dominant
than the effects of uncertainties from other sources. In an integral sense, then, the
aggregate uncertainty in Level 2 PSA results can be estimated by selecting the
dominant sources of uncertainty and treating them in detail. Reference [10]
provides information on an evaluation of uncertainties in relation to severe
accidents and Level 2 PSA.

5.37. Sensitivity analysis is a useful tool to guide the selection of dominant
sources of uncertainty. Example areas of uncertainty related to the progression of
severe accidents are listed in Table 5.

(2) Characterization and/or evaluation of uncertainty issues

5.38. After the definition of the scope of the analysis, the second step is to
identify the range of values of uncertain parameters. 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. In
many cases, such density functions or probability distributions will have been
determined in the assessment of probabilities for branch points in the containment
event tree. Additional parameters that may also be characterized or evaluated by
means of probability distributions may be, for example, source term calculation
parameters not explicitly addressed in the containment event tree.

5.39. Judgements reflected in the probability distributions for each parameter
should be supported by data, analyses and consideration of the published
literature. In addition, the probability distributions of uncertain parameters should
be peer reviewed as part of the PSA study.

(3) Propagation of uncertainties
5.40. The propagation of uncertainties through the analysis can also be

accomplished using various methods, depending on the objective of the
uncertainty analysis. Examples of available propagation techniques include:
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(1) the use of discrete probability distributions and (ii) direct simulation methods
based on either simple (Monte Carlo) random sampling or stratified (Latin
hypercube) sampling procedures, which are primarily used nowadays. Additional
details can be found in Refs [7, 14, 21-25].

(4) Display and interpretation of results

5.41. The results of the uncertainty analysis should be carefully evaluated to
strengthen the conclusions of the Level 2 PSA. In modern PSAs that include a
quantitative assessment and propagation of uncertainties, the results are displayed
using histograms, probability density functions, cumulative distribution functions
and tabular formats showing the various quantiles of the calculated uncertainties,
together with the estimates of the mean and median of the probability
distributions [7, 14]. Regression analysis techniques can also be applied to assess
the importance of particular uncertain issues in the PSA. Correlation coefficients
of dependent variables with respect to uncertain issues or phenomena can provide
insights into their importance.

5.42.If a sensitivity analysis is used as a surrogate for a comprehensive
uncertainty analysis, metrics should be developed to indicate the influence of
alternative models or parameter values on the results of the Level 2 PSA.

SUMMARY AND INTERPRETATION OF QUANTIFICATION RESULTS OF
CONTAINMENT EVENT TREES

5.43. 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’.

> Bach alternative C matrix within this set may in fact have, dependent on the nature of
the events in the containment event tree, elements whose values are 1 or 0 and the baseline
C matrix will have elements whose values are the weighted averages of the C matrix values
over the whole set of alternative matrices.
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5.44. The major contributors to early containment failure (including events
involving bypass of the containment and non-isolated containment) should be
identified and explained. The root causes of variations in the conditional
probability of early containment failure among the various plant damage states
should be explored and explained.

5.45. By combining the results of the Level 1 PSA (frequencies of occurrence of
the various plant damage states and their associated uncertainties) with the
conditional probabilities of various failure modes and/or release modes and their
associated uncertainties resulting from quantification of the containment event
tree, the frequencies and uncertainties associated with each release category can
be determined.

5.46. The contribution of each release category to the total release frequency
should also be tabulated, to enable identification of major contributors to the total
release frequency.

5.47. 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 II. The selection of the representative
accident sequence should be governed by its frequency and consequence
dominance within the release category. Alternatively, source terms can be
estimated for each and every accident sequence contributing to a particular
release category and/or bin. An intermediate approach is sometimes taken where
calculations are performed for the dominant accident sequence and an alternative
accident sequence in each release category. In addition, for release categories that
result from potentially uncertain mechanisms (e.g. steam explosion, direct
containment heating) for which trustworthy models are not readily available,
code calculations could be augmented by simple analyses and expert judgement.

¢ Some Level 2 PSAs have developed parametric source term models on the basis of
calculations performed with codes such as MAAP [26] or MELCOR [27] and this approach
enables the uncertainties in the source term parameters to be combined with the integrated
process for uncertainty assessment and uncertainty propagation.
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6. SOURCE TERMS FOR SEVERE ACCIDENTS

6.1. The next step in the Level 2 PSA is the calculation of the source terms
associated with the end states of the containment event tree. Source terms
determine the quantity of radioactive material released from the plant to the
environment. Several additional characteristics of the release may be defined in
accordance with the scope of the PSA (see Table 7). Since the containment event
trees have a large number of end states, for practical reasons this requires the end
states to be grouped into release categories. The source term analysis is then
carried out for the release categories. For this purpose, one of the ‘integral’
computer codes described in Annex II can be used. Hence, this part of the process
involves:

(a) Specifying the release categories;

(b) Grouping the end states of the containment event tree into the release
categories;

(c) Carrying out the source term analysis for the release categories;

(d) Grouping the release categories into source term categories for use in the
Level 3 PSA.

6.2. The extent to which source term analysis needs to be carried out depends on
the objectives and intended applications of the PSA. If the source term is to be
used in a Level 3 PSA, the characteristics of the environmental source term may
need to be more extensive. The analysis of off-site consequences will necessitate
a complete characterization of the release of radioactive material (i.e. a
quantitative tracking of the entire core inventory of radioactive material) for all
accident sequences that contribute to the total core damage frequency [28]. On
the other hand, in some Level 2 PSAs, only the frequency of accidents that would
result in a large early release will need to be characterized [15, 29]. For many
Level 2 PSAs, a middle ground is aimed for, in which the release of radioactive
material associated with the total core damage frequency is required, but only for
selected species of radioactive material. lodine and caesium are often selected as
leading indicators of the overall radiological source term. Thus, there are many
ways of specifying the attributes of a radiological source term. However, it is
important to specify these attributes at the beginning of the Level 2 PSA.
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SPECIFICATION OF RELEASE CATEGORIES

6.3. Containment event trees have a large number of end states, each of which
represents a sequence of events that occurs following core damage. Many of these
events have a significant influence on the release of radioactive material from the
containment. Characteristics of such events include:

(a) The failure mode of the reactor coolant system;

(b) The mode and time of failure of the containment;

(c) The cooling mechanisms of the molten core material;
(d) The retention mechanisms for radioactive material.

6.4. However, many of the end states of the containment event tree are identical
or similar in terms of the phenomena that have occurred and the resulting release
of radioactive material to the environment. Similar end states should be grouped
or binned together to reduce the number of distinct accident sequences that need
deterministic source term analysis.

6.5. A set of attributes should be specified that relate to the possible transport
mechanisms of the radioactive material and failure mechanisms of the
containment that can be used to characterize the release categories. Typical
attributes that have been used in specifying the release categories for light water
reactors are shown in Table 7. The release of radioactive material to the
environment is a function of these attributes.

6.6. These attributes should be used to specify the set of release categories used
for the source term analysis in the Level 2 PSA. If this process generates a very
large number of release categories, these should be further grouped into a
manageable set that can be used in the source term analysis.

GROUPING OF END STATES OF CONTAINMENT EVENT TREES INTO
RELEASE CATEGORIES

6.7. The end states of the containment event tree should next be grouped into the
specified release categories. Since this involves the grouping of typically
thousands of end states of the containment event tree into a small number
(typically tens) of release categories, a systematic process should be applied to
this grouping process. This should be normally done using a computerized tool
because of the necessity for efficiently handling a large amount of information.
The particular way that this is done will depend on the software used for
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TABLE 7. TYPICAL ATTRIBUTES USED FOR THE SPECIFICATION OF
END STATES OF CONTAINMENT EVENT TREES

Release attributes

Variations

Time frame of the severe accident
in which the release begins

Pressure of reactor pressure vessel
during core damage

Modes or mechanisms of
containment leakage

Active engineered features
providing capture mechanisms
for radioactive material

Passive engineered features
providing capture mechanisms
for radioactive material

At the onset of core damage (e.g. bypass of the
containment)
Early (during in-vessel core damage)

Intermediate (immediately following breach of the

reactor pressure vessel)
Late (several hours after breach of the reactor
pressure vessel)

High (near nominal)
Low (depressurized)

Design basis accident leakage

Beyond design basis accident leakage
Catastrophic rupture of containment

Loss of coolant accident in interfacing system
Steam generator tube rupture

Open containment isolation valves

Basemat penetration

Sprays

Fan coolers
Filtered vents
Others

Secondary containments
Reactor buildings
Suppression pools
Overlying water pools

Ice beds

“Tortuous’ release pathways
Submerged release pathway

Typical attributes of Level 2 PSA
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TABLE 7. TYPICAL ATTRIBUTES USED FOR THE SPECIFICATION OF
END STATES OF CONTAINMENT EVENT TREES

Release attributes Variations
Time elapsing since the start of Short (e.g. for pressurized water reactor typically
the severe accident less than 2 h)

Medium (e.g. for pressurized water reactor typically
between 2 and 10 h)

Long (e.g. for pressurized water reactor typically
greater than 10 h)

Location of release Ground level
Elevated
Energy of release Low (minimal buoyancy in ex-plant atmosphere)

Energetic (highly buoyant)

Release rate Rapid ‘puff”’ release
Slow continuous release
Multiple plumes

Additional attributes for linking to Level 3 PSA

quantification of the containment event tree, but it can involve post-processing of
the end states of the containment event tree (cutsets) or including the attributes in
the containment event tree model and using them in the grouping process.

6.8. The grouping of the end states of the containment event tree should be
carried out with regard to the various factors that affect the release of radioactive
material. In the past, the grouping of the end states of the containment event tree
has been performed using a two, or even three, stage process to group the end
states separately. For example, the first stage of the grouping process might be to
group the end states according to the factors governing the magnitude and timing
of the release. This would be followed by a second, and possibly a third, stage,
where these groups are partitioned on the basis of attributes important to the
analysis of the off-site dispersion of radioactive material in the atmosphere and/or
the assessment of health effects to persons located off the site. The latter stage is
important for studies extending to Level 3 PSA, but can also be helpful in
interpreting the results of PSAs performed only through Level 2.
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6.9. Each end state of the containment event tree within a particular bin is
expected to have similar radiological release characteristics and off-site
consequences, so that the source term analysis carried out for the group
characterizes the entire set of end states within the group and reduces the amount
of source term analysis that needs to be carried out.

6.10. The frequency of the release categories should be calculated by summing
the frequencies of all the end states of the containment event tree that are assigned
to the group.

SOURCE TERM ANALYSIS

6.11. Many plant design features and accident phenomena have been shown to
influence the magnitude and characteristics of source terms for severe accidents.
These include fixed plant design characteristics, such as configuration of the fuel
and the control assembly and material composition, core power density and
distribution, burnup and concrete composition. These plant design characteristics
will be the same for all the end states of the containment event tree. In addition,
there are a number of factors that can vary from one accident sequence to another,
including:

(a) The pressure of the reactor coolant system during core damage and at the
time of breach of the reactor pressure vessel;

(b) Availability of cooling water (in-vessel and ex-vessel);

(c) Depth and composition of ex-vessel core debris;

(d) Operation of containment safety equipment (suppression pool, sprays, ice
condensers, etc.);

(e) Size of containment breach (i.e. leak rate);

(f) Location of containment failure and resulting transport pathway to the
environment.

6.12. One option is to perform plant specific source term analysis to determine
the magnitude and attributes of the source term for each of the release categories.
This should be done using a computer code capable of modelling the integrated
behaviour of severe accident phenomena, that is, simultaneously calculating the
thermohydraulic response of the reactor, heat-up of the core, fuel damage and
relocation of fuel material, containment response, release of radioactive material
from the fuel and transport of radioactive aerosols and vapour through the reactor
coolant system and the containment.
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6.13. In the source term analysis, all the processes that affect the release and
transport of radioactive material inside the containment and in adjacent buildings
should be modelled, including:

(a) Releases of radioactive material from the fuel during the in-vessel phase;

(b) Retention of radioactive material within the reactor coolant system;

(c¢) Releases of radioactive material during the ex-vessel phase;

(d) Retention of radioactive material inside the containment and adjacent
buildings.

6.14. In the calculation of the source term and the plant model, the spatial
distribution of the radionuclide species within the reactor coolant circuit and the
containment should be estimated, as well as the quantity released to the
environment.

6.15. The analysis should be carried out for a sufficient number of accident
sequences in each release category, to provide confidence that the source term for
the group has been accurately characterized. In practice, if the release category
contains very similar accident sequences and the phenomena that drive the
release have a relatively low uncertainty, it may be acceptable to carry out the
source term analysis for a relatively small number of accident sequences.
However, if the release is driven by energetic phenomena (such as direct
containment heating) or involves phenomena that have a relatively high level of
uncertainty, source term analysis will need to be carried out for a number of
accident sequences to provide confidence that the source term has been well
characterized. For some recent Level 2 PSAs, where one of the current severe
accident codes and a powerful computer were used, the source term analysis was
carried out for at least one representative accident sequence within each release
category.

6.16. Source term analysis that uses an integral code should be supplemented by
a code with more detailed models if the source term analysis for a particular
release category is particularly sensitive to a unique feature of the plant design or
to a specific transport mechanism for radioactive material. However, in some
situations it may not be possible or practicable to carry out plant specific source
term analysis, for example, at the early design stage of a new plant and at the
early stages of carrying out the Level 2 PSA, where rapid results are required.
Parametric models can be used to obtain preliminary or bounding estimates of
source terms [30].
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6.17. Another option is to use the source term analysis from another plant where
the design and features of the reference plant relating to the progression of severe
accidents are sufficiently similar to the plant being analysed and the results of the
deterministic analysis are available. When reference studies are used as a
surrogate for plant specific calculations, it is important to note that three
qualifications should be met in order for reference plant analyses to be acceptable
for use in a Level 2 PSA:

(1) A technical basis should be established to support the contention that the
plant under study is sufficiently similar to the proposed reference plant.
Design features that affect the transport of radioactive material and its
retention within the reactor pressure vessel, associated coolant system
piping and containment structures should be identified and compared.

(2) It should be ensured that the accident sequence(s) modelled in reference
plant analysis are sufficiently similar to the accident sequences of interest to
the Level 2 PSA for the plant under study. Differences in the operation of
reactor safety systems or containment systems can invalidate the
applicability of a reference plant calculation to a particular plant damage
state’.

(3) The reference plant calculation should be performed using a contemporary
model of plant response to severe accident phenomena. Caution should be
used in applying reference plant results that are several years old. The state
of knowledge and level of sophistication in modelling the progression of
severe accidents have evolved significantly in recent years and thus reduced
the value of some results available in the open literature (i.e. scientific and
technical publications).

6.18. When using any of the integral computer codes for severe accident analysis, it
is important to recognize that they act on groups of radioactive elements or
chemical compounds rather than on individual radioisotopes [31, 32]. This
simplification is necessary to reduce the hundreds of radioactive isotopes of
radioactive material and actinides generated in nuclear reactor fuel to a reasonable
number of groups of radioactive elements that can be tracked by an integrated

7 For example, many calculations of accident sequences involving ‘station blackout’ for
several reactor designs can be found in the open literature. However, there are many variations
of station blackout, depending on the particular system configuration of a plant. In some cases,
sufficient DC power might be available to operate a small group of components (e.g. relief
valves) or systems (e.g. steam driven pumps) in some plants that are not available in other
plants. Such differences should be carefully considered before calculated results from the
literature are applied to the plant under study.
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severe accident computer code. Different group structures have been used in
different computer codes. However, most group structures are based on similarities
in the physical and chemical properties of the radioactive elements. The group
structure also takes into account similarities in the chemical affinity of the elements
to reactions with other radioactive elements and non-radioactive material that they
might encounter in transport within the reactor coolant circuit and containment, e.g.
steam, hydrogen, structural materials. A typical group structure used in the analysis
of releases of radioactive material is shown in Table 8. The radiological source term
is, therefore, typically expressed in terms of the fraction of the initial core inventory
of one or more of these groups of radionuclides.

6.19. The efficiency with which the groups of radionuclides listed in Table 8 are
transported to the environment depends strongly on the chemical form that they
assume after they leave the core region. Numerous chemical interactions can
occur, which cause elemental forms of these species to react and form compounds
with a wide range of physical properties [30]. Iodine, for example, is widely
known to react with caesium to form volatile Csl. However, this is not the only
form in which iodine can be transported along the release pathway. Several of the
species listed in Table 8 can be transported in more than one chemical form.
Partitioning of the core inventory of reactive species among their possible
chemical forms is an uncertain parameter that should be considered in the
assessment of radiological source terms.

TABLE 8. TYPICAL GROUP STRUCTURE FOR ELEMENTS IN
RADIOACTIVE MATERIAL

Group Elements in group Representative element in group
Noble gases Xe, Kr Xe

Halogens I, Br I

Alkali metals Cs, Rb Cs

Alkaline earths Ba, Sr Ba

Chalcogens Te, Sb, Se, As Te

Refractory metals Ru, Mo?, Pd, Tc, Rh Ru

Lanthanides La, Y, Nd, Eu, Pm, Pr, Sm La

Actinides Ce, Pu, Np, Zr, U* Ce

a

Mo and U are represented as separate groups in some models.
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VERIFICATION AND VALIDATION OF COMPUTER CODES FOR
SOURCE TERM ANALYSIS

6.20. Paragraphs 6.20 and 6.21 provide recommendations on meeting
Requirement 18 of Ref. [2] on use of computer codes for Level 2 PSA. The
integral code(s) used for the source term analysis should be verified and validated
to provide confidence in the results that are produced. However, it needs to be
recognized that the level to which verification and validation can be carried out
for severe accident analysis codes is much less than for other codes used to
support the PSA, such as the thermohydraulic codes used to support the success
criteria for safety systems in the Level 1 PSA. This is because there is, in general,
a limited applicability of experimental results to real reactor conditions, as it is
not always possible to carry out experiments that reflect the extreme conditions
that occur in a severe accident and the scale of the geometry of the reactor coolant
system and the primary circuit.

6.21. The users of an integral code should be experienced in the use of the code
and be familiar with the phenomena being modelled by the code and the way that
they interact, the meaning of the input and output data, and the limitations of the
code.

RESULTS OF THE SOURCE TERM ANALYSIS

6.22. The overall results of the source term analysis should be clearly presented
and documented. The frequencies and characteristics of the source term
categories should be clearly presented. One way of doing this is to present the
results in the form of a matrix similar to the C matrix described in Section 5, in
which the frequency (or the contribution to the total core damage frequency) of
each release category is tabulated. An example format for this method of
presenting the results of the source term analysis is shown in Table 9.

6.23. The source terms and frequencies of the release categories should be used to
determine the large release frequency or the large early release frequency for
comparison with numerical safety criteria where they have been set, as described
in Section 8. (This will require the terms ‘large’ and ‘early’ to have been defined
within the Level 2 PSA project. This can be done in a number of ways, as outlined
in Section 8.)
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6.24. An alternative format for displaying the results of the source term analysis is
by means of a complementary cumulative distribution function that is based on the
frequency of releases greater than X, where X varies from the smallest to the largest
calculated quantity of release. (This will require the term ‘quantity of release’ to be
defined within the Level 2 PSA project, which might be understood, for example,
as the activity of a leading isotope or of a group of relevant isotopes.) The
frequency of releases and the magnitude of releases should be considered together
for the interpretation of the Level 2 PSA and its applications.

6.25. The insights gained from such a quantitative evaluation of radionuclide
releases should be summarized and discussed. The results of the quantitative
sensitivity analysis or uncertainty analysis should also be presented and
discussed. In particular, for each radioactive material group, the frequency of
exceeding a given release quantity should be provided. The results should clearly
show the statistical significance of each complementary cumulative distribution
function (mean, median, 95th percentile, etc.).

UNCERTAINTIES

6.26. Paragraphs 6.26—6.28 provide further recommendations on meeting
Requirement 17 of Ref. [2] on uncertainty and sensitivity analysis for Level 2 PSA.
In addition to the uncertainties in modelling severe accident phenomena, many of
the chemical and physical processes governing the release of radioactive material
from fuel, deposition and retention on reactor internal surfaces and from scrubbing
by containment safety systems are still poorly understood. Major sources of
uncertainty in the evaluation of source terms are listed in Table 10.

6.27. Past and ongoing research programmes have made significant progress
towards reducing uncertainty in severe accident source terms (e.g. Ref. [32]).
Uncertainties associated with the physical processes involved in core damage and
core relocation lead to uncertainty in respect of the release of radioactive material
from fuel. Uncertainties associated with containment response to beyond design
basis accident conditions lead to uncertainty in respect of the driving forces for
radioactive material transport along the pathway to the environment. Examples of
uncertainties associated with these areas are given in Section 5.

6.28. These uncertainties are generally not taken into account explicitly in the
probabilistic quantification of the Level 2 PSA. However, the uncertainties in the
source term quantification should be addressed by carrying out sensitivity studies
for the major sources of uncertainty that influence the results of the Level 2 PSA.
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TABLE 10. ISSUES GIVING RISE TO UNCERTAINTIES IN SOURCE
TERMS

e Uncertainties in core damage processes and containment behaviour (see Table 7)

o Effects of fuel exposure (burnup) on the release rate of radioactive material from fuel

e Chemical forms of volatile and semi-volatile species

e Chemical interactions with fuel, neutron absorbers and structural materials during core
degradation

e Deposition rates of radioactive material and aerosols on the surfaces of the reactor coolant
circuit

e Deposition of radioactive material in piping and other components in accident sequences
with containment bypass

e Release of radioactive material and aerosols during molten core—concrete interaction

e Chemical processes during molten core—concrete interaction

e Interaction between hydrogen burn or radicals in flame fronts and airborne radioactive
material

e Scrubbing efficiency of aerosols and vapours in suppression pools, ice beds or bubble
towers

e Aqueous chemistry of radioactive material captured in water pools

e Revaporization and resuspension of radioactive material from surfaces

e Chemical decomposition of radioactive material aerosols

7. DOCUMENTATION OF THE ANALYSIS:
PRESENTATION AND INTERPRETATION OF RESULTS

7.1. Details of the rationale and analyses employed for a Level 2 PSA should be
reported in a way that presents information on the methods used, the PSA
process, and the insights and conclusions drawn in a logical manner. The report
should be compiled in such a way that it facilitates review activities, including
peer review, and provides a structured entry route to detailed supporting material.

7.2. Comprehensive and general guidance on the requirements for, and the
objectives, organization and preparation of, documentation for PSA are provided
in Ref. [4]. This guidance is equally applicable to Level 2 PSA. This section
provides specific recommendations on meeting Requirement 20 on
documentation of safety assessment [2] for Level 2 PSA.
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OBJECTIVES OF DOCUMENTATION

7.3. The documentation for a Level 2 PSA should provide sufficient information
to satisfy the objectives of the study and to support the needs of the users of the
Level 2 PSA. It should also facilitate its subsequent refinement, updating and
maintenance in the light of changes to plant configuration or technical advances
in severe accident analysis. Possible users of a Level 2 PSA include:

(a) Operating organizations of nuclear power plants (management and
operating personnel);

(b) Designers and reactor vendors;

(c) Reviewers;

(d) Regulatory authorities and persons or organizations providing them with
technical support;

(e) Other government bodies;

(f) The public.

7.4. The documentation should be well structured, clear, concise and open to
scrutiny by readers and reviewers, including peer reviewers. In addition, the
Level 2 PSA documentation should be easily upgradeable for maintaining a
living PSA concept, so as to meet Requirement 24 of Ref. [2] on maintenance of
the safety assessment for Level 2 PSA and Requirement 12 of Ref. [2] on
carrying out Level 2 PSA at all stages of the plant lifetime. Thus, it also needs to
allow for easy broadening of the scope of the PSA in question and its use for
additional applications. The underlying assumptions, exclusions, limitations and
features are integral elements of the documentation for a Level 2 PSA and should
be explicitly presented.

7.5. Conclusions should be distinct and should reflect not only the main general
results, but should emphasize the conclusions drawn from the analysis of
uncertainties associated with phenomena, models and databases and the
contributory analyses. The effect of underlying assumptions, uncertainties and
conservatisms in the analyses and methods on the results of the Level 2 PSA
should be demonstrated through the presentation of the results of sensitivity
studies.

7.6. If screening criteria have been applied to eliminate accident sequences with
low frequencies of occurrence from further analysis, for example, from the output
of the Level 1 PSA or in the definition of plant damage states, then an estimate of
the contribution of the truncations should be assessed and should be presented
with the final Level 2 PSA results.
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7.7. The Level 2 PSA report should clearly document important findings of the
Level 2 PSA, including:

(a) Plant specific design or operational vulnerabilities identified;

(b) Key operator actions for mitigating severe accidents;

(c) Potential benefits of various engineered safety systems;

(d) Areas for possible improvement in operations or hardware for the plant and
the containment in particular.

7.8. At this stage, the results of the PSA may be compared with probabilistic
safety criteria for Level 2 PSA, if these have been set. Available probabilistic
safety criteria and/or goals vary considerably among Member States, but the most
common forms for Level 2 PSA include criteria and/or goals for the frequency of
a large early release and the maximum tolerable frequency of releases of various
magnitudes. While the threshold for large early release frequency represents a
point estimate frequency for a particular unacceptable release, the maximum
tolerable frequency of releases of various magnitudes expands this concept across
the full range of possible releases.

ORGANIZATION OF DOCUMENTATION

7.9. Some parts of the documentation may be intended for use within the
operating organization, while other parts of the documentation may be intended
for wider external use. Some of the users, for example the public, might use,
primarily, the summary report of the PSA, while others might use the full PSA
documentation, including the computer model. The nature and the amount of
information for inclusion in the documentation for external use compared with
that intended for in-house support documentation should be established by the
PSA team and reviewed by the project management for the Level 2 PSA.

7.10. The Level 2 PSA documentation should contain all of the detailed
information that would be needed to reconstruct the PSA study. To the extent
possible, all of the intermediate analyses, rationales for probabilistic estimates
and supporting calculations should be documented, either as appendices or as
internal reports. All working papers and computer code inputs and outputs not
included in the formal documentation for external use should be retained in a
traceable format.
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7.11. The recommendations on organization of documentation provided in the
Safety Guide on Level 1 PSA [4] also apply to the case of Level 2 PSA. The
Level 2 PSA documentation should be divided into three major parts, namely:

(1)  Summary report;
(2) Main report;
(3) Appendices to the main report.

7.12. The summary report should be designed to provide an overview of
motivations, objectives, scope, assumptions, results and conclusions of the PSA
and potential impacts on plant design, operation and maintenance. The summary
report generally is aimed at a wide audience of reactor safety specialists and
should be adequate for high level review. Other aspects of the summary report are
described in Ref. [4].

7.13. An outline of the main report should be also provided in the summary
report, to guide reviewers to sections where additional details and supporting
analyses are included. The summary report should be prepared by an individual
who has an excellent overview of the entire PSA study. It should be prepared after
the entire documentation has been completed and reviewed by individual task
leaders and/or analysts for correctness and consistency.

7.14. The main report should give a clear and traceable presentation of the
complete PSA study, including clear statements of all assumptions, rationales and

plant specific aspects affecting the results.®

7.15. A sample outline for the documentation for a Level 2 PSA is provided in
Annex I11.

8. USE AND APPLICATIONS OF THE PSA

8.1. This section provides recommendations on meeting Requirement 23 of
Ref. [2] on use of the safety assessment for Level 2 PSA. PSA has been applied in

8 The main report is intended for use by specialized PSA analysts and peer reviewers.
The main report and all of the appendices should include sufficient information to support fully
the conclusions of the Level 2 PSA.
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the design and operation of nuclear power plants in many States to complement
results obtained by traditional methods of safety assessment. Many PSA
applications use the results of Level 1 PSA (Ref. [4]) and often also require
Level 2 PSA results. The following list includes some successful examples of
applications of Level 2 PSA; it should be noted that these applications of
Level 2 PSA are not in use in every State:

(a) Comparison of results of the Level 2 PSA with probabilistic criteria to
determine if the overall level of safety of the plant is adequate;

(b) Evaluation of plant design to identify potential vulnerabilities in the
mitigation of severe accidents;

(c) Development of severe accident management guidelines that can be applied
following core damage;

(d) Use of the source terms to provide an input into emergency planning;

(e) Use of the source terms and frequencies to determine off-site consequences
(Level 3 PSA);

(f) Prioritization of research relating to severe accident issues;

(g) Use of a range of other PSA applications in combination with the
Level 1 PSA results.

SCOPE AND LEVEL OF DETAIL OF PSA FOR APPLICATIONS

8.2. The scope and the level of detail of the Level 2 PSA should be consistent
with its intended uses or applications, examples of which are described below.
For example, the scope and the level of detail of a PSA that was intended to
provide an estimate of the large release frequency or the large early release
frequency and be used to provide insights into the potential failure modes of the
containment will be different from the scope of a Level 2 PSA that was intended
to provide an input into emergency planning or to a Level 3 PSA. In the
calculation of large release frequencies or large early release frequencies, there is
a need to identify accident sequences and their frequencies where the release
would be categorized as ‘large’. However, for the purposes of emergency
planning or for a Level 3 PSA, the source terms and frequencies would need to be
specified more accurately. In addition, the level of detail of the PSA would need
to be greater if it were intended to use the Level 2 PSA model in a risk monitor.

8.3. To be suitable for a wide range of uses and applications, the Level 2 PSA
should be based on a full scope Level 1 PSA as described in Ref. [4]. This
requires that the Level 1 PSA: (a) includes a comprehensive set of internal
initiating events, internal hazards, and natural and human made external hazards,
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and (b) addresses all the modes of operation of the plant, including startup and
operation at power, low power and all the modes that occur during plant
shutdown and refuelling. This will ensure that the insights from the PSA relating
to the risk significance of accident sequences, structures, systems and
components, human errors, common cause failures, etc., are derived from a
comprehensive, integrated model of the plant. If the Level 2 PSA is based on a
Level 1 PSA that has a more limited scope or details, these limitations need to be
taken into account in the application of the Level 2 PSA.

8.4. In order to meet Requirement 24 of Ref. [2] on maintenance of the safety
assessment, the Level 2 PSA used for any application should be actively
maintained and regularly updated, taking into account changes in plant design
and operational practices as well as feedback from experience and advances in
technology that may compromise the validity of the PSA. For the Level 2 PSA,
this updating needs to take account of changes in the provisions made and the
guidance provided for severe accident management, updates to the severe
accident analysis carried out to support the Level 2 PSA model and the results of
research carried out that provide a better understanding of the phenomena that
occur during a severe accident.

USE OF THE PSA THROUGHOUT THE LIFETIME OF THE PLANT

8.5. The Level 2 PSA should be used to provide one of the inputs into design
evaluation throughout the lifetime of a nuclear power plant. It should be used
during the design process for a new plant to determine whether adequate features
for the mitigation of severe accidents are being incorporated into the design of the
plant and this should be updated throughout the construction and operational
stages of the lifetime of the plant.

8.6. The Level 2 PSA should also be used to provide an input into the
development of the severe accident management guidelines, which should be
available when the plant goes into operation.

RISK INFORMED APPROACH

8.7. The aim of applying a risk informed approach is to ensure that a balanced
approach is taken when making decisions on safety issues by considering
probabilistic risk insights with any other relevant factors in an integrated manner
[33].
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8.8. In any of the applications of the Level 2 PSA described below, the insights
from the PSA should be used as part of the process of risk informed decision
making that takes account of all the relevant factors when making decisions on
issues related to the prevention and mitigation of severe accidents at the plant:

(a) Any mandatory requirements that relate to the PSA application being
addressed (which would typically include any legal requirements or
regulations that need to be complied with);

(b) The insights from deterministic safety analysis;

(c) Any other applicable insights or information (which could include a
cost—benefit analysis, remaining lifetime of the plant, inspection findings,
operating experience, doses to workers that would arise in making
necessary changes to the plant hardware, environmental protection
concerns, etc.).

COMPARISON WITH PROBABILITIC SAFETY CRITERIA

8.9. The overall results of the Level 2 PSA should be compared with the
probabilistic safety criteria (if these have been specified). The aim should be to
determine whether the risk criteria or targets have been met or whether additional
features for prevention or mitigation of accidents need to be provided.

8.10. This comparison should take account of the results of the sensitivity
analyses that have been carried out and the uncertainties inherent in the
Level 2 PSA. The sensitivity analyses and the uncertainty analyses should be
used to indicate the degree of confidence in meeting the criterion or target and the
likelihood that it may be exceeded.

8.11. A typical numerical safety criterion defined for the Level 2 PSA relates to
the large release frequency or the large early release frequency. A large release
means a release of radioactive material from the plant that would require off-site
emergency arrangements to be implemented. The release can be specified in a
number of ways including the following:

(a) As absolute quantities (in becquerels) of the most significant radionuclides
released;

(b) Asa fraction of the inventory of the core;

(c) Asaspecified dose to the most exposed person off the site;

(d) As arelease resulting in ‘unacceptable consequences’.
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8.12. In 1999, probabilistic criteria were proposed by the International Nuclear
Safety Advisory Group (INSAG) [34] for a large off-site release of radioactive
material requiring a short term off-site response. The following objectives were
given.” Several States have also set similar numerical values which have
generally been defined as objectives or targets.

8.13. In addition, for future nuclear power plants, rather than defining
probabilistic criteria, INSAG [34] has proposed that the objective should be
“... the practical elimination of accident sequences that could lead to large early
radioactive release, whereas severe accidents that could imply late containment
failure would be considered in the design process with realistic assumptions and
best estimate analysis so that their consequences would necessitate only
protective measures limited in area and in time.”

USE OF PSA FOR DESIGN EVALUATION

8.14. The Level 2 PSA should be used to carry out a safety evaluation of the plant
design. The aim should be to gain insights into how severe accidents progress,
identify plant specific vulnerabilities and provide an input into the consideration
of whether improvements need to be made to the design of the plant for the
prevention or mitigation of severe accidents, such as the installation of hydrogen
recombiners or filtered venting systems.

Identification of plant vulnerabilities

8.15. The use of Level 2 PSA for design evaluation is very similar to that for
Level 1 PSA, as described in Ref. [4]. As well as calculating the overall value of
the large release frequency or large early release frequency, the computer codes
used to develop the Level 2 PSA model and to quantify it provide a range of other
information including:

° The objective for large off-site releases requiring short term off-site response is
1 x 107 per reactor-year for existing plants. Reference [34] does not specify a numerical value
for a large off-site radioactive release for future plants, but states the following qualitative
objective: “Another objective for these future plants is the practical elimination of accident
sequences that could lead to large early radioactive releases, whereas severe accidents that
could imply late containment failure would be considered in the design process with realistic
assumptions and best estimate analyses so that their consequences would necessitate only
protective measures limited in area and in time.”
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(a) The frequency of each of the release categories.

(b) The possible combinations of failures (cutsets) that contribute to each of the
release categories.

(c) The importance functions for systems, components and other basic events
included in the PSA model. (This will depend on the computer code used
for the development of the Level 2 PSA but could include the
Fussell-Vesely importance, the risk achievement worth, the risk reduction
worth, the Birnbaum importance, etc.)

8.16. The information provided by the Level 2 PSA should be used to identify
weaknesses in the features provided for the prevention and mitigation of severe
accidents. This information could include:

(a) The significant failure modes of the primary circuit and the containment;

(b) The dominant phenomena that lead to (early or late) containment failure;

(c) The structures, systems and components that have the highest importance
for large release frequency or large early release frequency.

Consideration should be given to making improvements to the features provided
for the prevention or mitigation of severe accidents in order to reduce those
contributions to the overall risk that have the highest risk significance.

8.17. The improvements considered should include the provision of additional
protective systems and features for mitigating the consequences of the severe
accident. This could involve incorporating such additional protective systems and
features into a new design or backfitting them into an existing plant.

8.18. The results of the Level 2 PSA should be used as a resource for determining
whether adequate provisions for defence in depth have been made. For example,
the PSA could provide a basis for determining whether severe accident
management measures and guidelines fully address the fourth level of defence in
depth as defined in Ref. [3].

Comparison of design options
8.19. When design improvements are being considered with regard to severe
accident management measures, a range of options are often available. The

Level 2 PSA may be used to provide an input into the comparison of these
options.
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8.20. The Level 2 PSA should be used to compare the benefits in terms of risk
reduction from the incorporation of these additional systems and features. The
way that this is done depends on the complexity of the modifications being
considered, but could range from the production of a revised PSA model to
post-processing the cutsets to take account of simpler changes and even to
carrying out sensitivity studies that relate to the design options. In doing this, it
needs to be recognized that a design change may impact a whole sequence of
events modelled in the containment event tree, or even change the basis for
evaluation of some nodes of the containment event tree. A design change might
also affect the Level 1 PSA. Competing impacts need to be recognized and taken
into account in the evaluation of the design change. As an example, a
modification to the spray system may benefit the control of steam pressurization,
but may have the potential to lead to combustible conditions in some time frames,
or even lead to concerns about containment underpressure.

SEVERE ACCIDENT MANAGEMENT

8.21. The Level 2 PSA should be used as a basis for the evaluation of the
measures in place and the actions that can be carried out to mitigate the effects of
a severe accident after core damage has occurred. The aim of mitigatory measures
and actions should be to arrest the progression of the severe accident or mitigate
its consequences by preventing the accident from leading to failure of the reactor
pressure vessel or the containment, and controlling the transport and release of
radioactive material with the aim of minimizing off-site consequences. Examples
of mitigatory actions that could be carried out for pressurized water reactors
include:

(a) Opening the pressurizer relief valves in order to reduce the primary circuit
pressure and so avoid molten core material being ejected from the reactor
pressure vessel under high pressure;

(b) Adding water to the containment by any available means after the molten
core has exited from the primary circuit so as to provide a cooling
mechanism.

8.22. The results of the Level 2 PSA should be used to determine the
effectiveness of the severe accident management measures that are described in
the severe accident management guidelines or procedures, whether they have
been specified using the Level 2 PSA or by any other method.

62



8.23. In developing a Level 2 PSA, it should be recognized that the phenomena
that occur in the course of a severe accident are highly uncertain and often
interrelated, so that an accident management measure that is aimed at mitigating
a particular phenomenon might make another phenomenon more likely.
Examples of this for pressurized water reactors include the following:

(a) Depressurization of the primary circuit may prevent high pressure melt
ejection but might increase the probability of an in-vessel steam explosion.

(b) Introducing water into the containment may provide a cooling medium for
molten core material after it has come out of the reactor pressure vessel but
might increase the probability of an ex-vessel steam explosion.

(c) Operation of the containment sprays may provide a means of removing heat
and radioactive material from the containment atmosphere but might
increase the flammability of the containment atmosphere by condensing
steam.

These interdependencies between the various phenomena that can occur during a
severe accident should be identified using the Level 2 PSA and should be taken
into account in the development of the severe accident management guidelines.
Updates of the Level 2 PSA and updates of the severe accident management
guidelines should be performed in an iterative manner to facilitate the progressive
optimization of the severe accident management guidelines.

EMERGENCY PLANNING

8.24. The source terms and frequencies derived in the Level 2 PSA, along with
calculations of the off-site dose as a function of distance, should be used as inputs
into the development of off-site emergency planning. One or more reference
accidents can be defined and used in this process.

8.25. An important requirement for a Level 2 PSA that is to be used for
emergency planning is that the source terms should be accurately specified in
terms of the quantities of radioactive material released and the additional
attributes.

8.26. The source terms and frequencies derived in the Level 2 PSA can be used as
an input to determine the extent of the emergency planning zones and the area for
the distribution of prior information (so as to meet Requirement 23 of Ref. [2] on
use of the safety assessment).
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OFF-SITE CONSEQUENCES

8.27. The source terms and frequencies derived in the Level 2 PSA can be used as
the starting point for determining the off-site consequences that can result from
releases of radioactive material from the plant. Such off-site consequences
include health effects to members of the public and a range of consequences,
including contamination of land, water and food, evacuation, permanent
relocation, etc.

8.28. The source terms and frequencies derived in the Level 2 PSA should be
used as the starting point for the Level 3 PSA carried out to address the off-site
consequences that could arise from a severe accident at the plant. The scope of
the Level 2 PSA to be used for this purpose should include a detailed model of the
transport of radioactive material and its release from the plant.

PRIORITIZATION OF RESEARCH

8.29. Level 2 PSA models the complicated and highly interrelated phenomena
that occur after a severe accident. Although there has been a considerable amount
of research into these phenomena, there is still a lack of knowledge in some areas
that leads to a significant level of uncertainty in the predictions of the
Level 2 PSA.

8.30. The Level 2 PSA should be used to provide a basis for the identification and
prioritization of research activities. Such research activities should focus on the
areas of uncertainty that have the highest risk significance.

OTHER PSA APPLICATIONS

8.31. The Level 2 PSA should be used in combination with the Level 1 PSA
results for a number of applications, as described in Ref. [4] for the Level 1 PSA.
The use of Level 1 and Level 2 PSAs in combination will provide additional
insights to those obtained solely from the Level 1 PSA, since the relative
importance of structures, systems and components is normally different for
Level 2 PSA results, such as large release frequency or large early release
frequency, than for Level 1 PSA results, such as core damage frequency.
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Annex I
EXAMPLE OF A TYPICAL SCHEDULE FOR A LEVEL 2 PSA

I-1. Table I-1 shows a simplified schedule for a short Level 2 PSA based on the
tasks described in this Safety Guide. The periods shown are representative of the
minimum expected duration of the task for a typical PSA scope and for typical
analysis methods and composition of analysis teams. Particular design aspects,
degree of knowledge of applicable severe accident phenomena, availability of
suitable reference plant analyses, etc., may considerably affect the duration of the
various tasks. In addition, some tasks are of an iterative nature. Tasks may need to
be split into more than one phase so that some of them can be repeated when the
results of other tasks are available. This is not shown in the table, which is only
intended to provide some orientation.

TABLE I-1. EXAMPLE SCHEDULE FOR A LEVEL 2 PSA

Month
Planning Study performance
1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12

and or
. Definition of objectives [ ]
. Definition of scope [ |
Project management plan
. Selection of approach and establishment of procedures
Team organization
Team training
. Funding and scheduling
. Setting of quality assurance procedures
. Selection of internal peer reviewers

©EONOG A WN S

Study performance
10. Plant familiarization, identification of important design features
11. Interface to Level 1 PSA and sequence grouping
12. Accident progression and containment analyses:
a. Containment performance analysis
. Severe accident progression analysis
. D P and qu ification of i 1t event trees
. Treatment of accident progression uncertainties

b
c.
d
e.

y and interpi ion of id progression results

13. Source terms for severe accidents:
a. Binning of containment event trees end states into release categories|
b. Source terms analysis
c. Treatment of uncertainties in source terms
d. Summary and interpretation of results

Documentation of PSA: Display and interpretation of results

14. Integration, interpretation and documentation of results:

a. Objectives and princi of [ |
b. Or ization of i

c. Prep: ion of d.

Quality control and review



Annex I1

COMPUTER CODES FOR SIMULATION OF SEVERE ACCIDENTS

INTRODUCTION

II-1.

Severe accident phenomena are complex and have many interdependencies

which can be realistically examined using complex computer codes. This annex
provides insights into the type of code typically used in Level 2 PSAs and a brief
description of their areas of application.

GENERAL DESCRIPTION OF COMPUTER CODES

Types of code

II-2. The codes that model the physical response of the core, the reactor coolant
system and the containment to severe accidents can be divided into three types
according to their capabilities and intended use:

()

)

68

Mechanistic codes calculate governing phenomena with models based on
first principles, with computational resources being of secondary
importance. Mechanistic codes are used typically in research to design and
analyse severe accident experiments. Once validated against appropriate
experimental conditions, they are also used to establish benchmarks for
simpler codes. Codes of this type span a wide range of technical disciplines,
from the behaviour of damaged fuel to the release of radioactive material,
and from transport to hydrogen mixing and combustion processes.
Examples of codes in each of these areas are given in para. [1-9.

Integral codes, which are designed for routine application in PSA,
generally use simplified models of some phenomena so that calculations
can be completed relatively quickly (within hours or at most a few days
with the current computing technology). As they are relatively fast running,
these codes can be used to evaluate plant response to many different
accident sequences, or can be run several times for the same accident
sequence to support uncertainty analysis. To ensure that the overall
execution time of the code is reasonable, the modelling approach to some
phenomena is simpler than the approaches used in mechanistic codes. The
processes governing fuel damage and melting are offered as an example of
the sort of simplification used. In a mechanistic code, models might be used



€)

to evaluate explicitly the individual effects of several damage mechanisms
within fuel rods, including swelling of fuel pellets and ‘foaming” due to the
expansion of fission product gases, thermomechanical interactions between
the swollen fuel pellet and bounding clad, local ballooning at weak points in
the clad, changes in material composition and properties associated with
formation of eutectic mixtures, material liquefaction and candling, etc. This
same process might be treated in a simpler and composite manner in
integral codes. For example, clad ‘failure’ (i.e. release of the gap inventory
of radionuclides) might be represented by specifying an effective clad
failure temperature, while the effect of eutectic formation on liquefaction
properties of the fuel might simply be represented by reducing the effective
‘melting temperature’ of the fuel. The extent to which such simplifications
properly reflect important characteristics of the actual governing
phenomena is determined by comparison of the calculated results with
experimental data and with the results of parallel calculations performed
with mechanistic codes. Examples of such comparisons are found in Refs
[1I-1] and [1I-2].

Parametric codes and algorithms provide rough estimates of parameters for
specific PSA applications, such as estimation of the radiological source
term [II-3] or of containment loads accompanying high pressure melt
ejection [II-4]. Such tools are generally used to establish the primary
technical basis when more runs are needed than can be reasonably handled,
even by contemporary PSA codes. Parametric codes are based on simple
parametric models that interpolate between fixed points, for which
calculations with a more complicated code have already been performed, to
determine the values of the parameters. The use of such codes is reasonable
for the generation of uncertainty values, but it is important to take into
account that the parameters used in the codes, as well as the results
produced by them, have to be calibrated by more detailed calculations or
experimental data.

II-3. In the past, an approach was used where separate codes, each dealing with
a particular phase or aspect of severe accident behaviour, were coupled in a suite,
with some interfacing facility for the transfer of information between the codes.
However, for routine PSA application, it is desirable to have automatic transfer of
information between the elements of a code suite as manual transfer is slow and
can also lead to the introduction of errors. A more integrated and modular
approach has tended to be adopted in the newer generation of severe accident
codes.
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Validation status of a code

II-4. Verification and validation of computer codes are crucial mechanisms that
enhance confidence in their application. Achieving a state with severe accident
codes that could reasonably be termed validation is very difficult. However, the
extreme conditions that occur in a severe accident and the scale of the physical
geometry are difficult to realize in experiments. The process of validation, in
general, comprises a validation matrix involving many simulations. Care needs to
be taken with code validations that have been achieved by varying the values of
user supplied parameters until a reasonable fit to experimental data is achieved.
At best, this is an indirect experimental measurement of the parameter values and
not an independent validation of the code.

Use of the codes

II-5. Deterministic accident analysis codes need to be designed so that a
Level 2 PSA analyst having a good degree of familiarity with general accident
phenomena can run them reliably without needing to have the same detailed
knowledge as a specialist using a mechanistic code dealing with a particular
phenomenon or a phase of a severe accident. However, it is essential that the
analyst has a good working knowledge of the reactor systems. In order for the
code calculations to be meaningfully incorporated into the framework of a
Level 2 PSA, the analyst will need to have a reasonable knowledge of the
following:

(a) The phenomena addressed in a code and their modelling approach and
limitations;

(b) The meaning of the input variables;

(¢) The meaning of the output variables.

[I-6. The point to be emphasized is that, given the complexity of these issues,
the code cannot simply be treated as a ‘black box’. The user will need to have a
sound knowledge of the strengths and limitations of the code, which may not be
used out of the range of situations and conditions for which it has been designed.

EXAMPLES OF INTEGRAL CODES FOR SEVERE ACCIDENT ANALYSIS
II-7. This section provides a brief description of some specific codes currently

in use for Level 2 PSAs, which deal with most or all of the phenomena shown in
Fig. II-1. A list of major mechanistic codes is also included.
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FIG. II-1. General form of severe accident codes for light water reactors.

Integral codes

II-8. Integral codes model the physical response of the entire plant to postulated
severe accidents from the initiating event through to the release of radioactive
material to the environment. The range of phenomena and processes modelled by
such codes includes:

(a) Thermohydraulic processes in the primary reactor coolant system, the
containment structure and/or the confinement buildings;

(b) Degradation of core cooling, fuel heat-up, cladding oxidation, fuel
degradation (loss of fuel geometry) and melting and relocation of core
material;
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(c)

(d)
(©)
®

(2
(h)

(1)

Heat-up of the reactor pressure vessel lower head from relocated fuel
material and the thermal and mechanical loading and failure of the reactor
pressure vessel lower head;

Transfer of core material from the reactor pressure vessel to the
containment ‘cavity’;

Thermochemical interactions between molten core debris and concrete on
the containment floor and resulting generation of aerosols;

In-vessel and ex-vessel hydrogen production, transport and combustion;
Radioactive material release (aerosol and vapour), transport and deposition;
Behaviour of radioactive aerosols in the reactor containment building,
including scrubbing in water pools, and aerosol mechanics in the
containment atmosphere, such as particle agglomeration and gravitational
settling;

Impact of engineered safety features on thermohydraulic and radionuclide
behaviour.

Major codes of this type are summarized in Table 11-1.

Mechanistic codes

II-9. Examples of mechanistic codes that have been used in recent severe
accident studies are listed in Tables II-2 and II-3. The phenomena addressed are
indicated in the tables. The level of detail examined by these codes generally
exceeds that necessary for most Level 2 PSAs. Nevertheless, their application is
occasionally required under special circumstances, such as when particular issues
are unusually important to severe accident behaviour in a unique plant design.
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TABLE II-1. INTEGRAL CODES FOR SEVERE ACCIDENT ANALYSIS

State

Computer code

Organization

Conception and uses

United States
of America

MAAP4

EPRI

Extensively benchmarked to a wide
variety of experiments, actual plant
events and other thermohydraulic codes.

MELCOR

Sandia National
Laboratories
for NRC

Extensively validated against
experimental data. Adopted by a
worldwide group of users in regulatory,
research and utility organizations.
Modularly structured in interchangeable
code packages with well-defined
interfaces.

France/Germany

ASTEC

IRSN and GRS

Reference code for several European
research organizations. Modularly
constructed and validated against many
experiments.

Canada

MAAP4-CANDU

AECL

Extensively benchmarked to a wide
variety of experiments, actual plant
events and other thermohydraulic codes
and adapted to the CANDU core.

Japan

THALES-2

JAEA

Reference code for research
organizations in Japan. Modularly
constructed and validated against many
experiments [II-5].
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PROBABILISTIC CODES

I1-10. Codes for simulation of fault trees and event trees and other simulation
codes typically used for Level 1 PSAs are also used for Level 2 PSAs. In many
cases, such codes have been adapted or enhanced to address certain unique
requirements of Level 2 PSA applications, such as the solution of logic models
with large event probabilities, and enhanced capabilities or more diverse methods
for addressing uncertainties. A compilation of computer codes for Level 1 PSA is
provided in Ref. [I[-4]. Codes that have been specifically developed for
containment event tree analysis are generally very well qualified for
phenomenological issues in Level 2 PSA, but may have to be adapted to model
the behaviour of systems.

REFERENCES TO ANNEX I1

[II-1] JONES, A.V.,, et al., Validation of severe accident codes against Phebus FP for plant
applications: Status of the PHEBEN2 project, Nucl. Eng. Des. 221 (2003) 225-240.

[[I-2] ADROGUER, B., et al., Core Loss During a Severe Accident (COLOSS Project) Final
Synthesis Report, Rep. IRSN/DPAM/Dir/04-0008, SAM-COLOSS-P078, Nucl. Eng.
Des. 221 (2003) S55-76.

[[I-3] INTERNATIONAL ATOMIC ENERGY AGENCY, A Simplified Approach to
Estimating Reference Source Terms for LWR Designs, IAEA-TECDOC-1127, TAEA,
Vienna (1999).

[[I-4] LEONARD, M.T., Rough estimates of severe accident containment loads
accompanying vessel breach in BWRs, Nucl. Technol. 108 (1994) 320-337.

[I-5] KAJIMOTO, M., MURAMATSU, K., WATANABE, N., “Development of
THALES-2, a computer code for coupled thermal-hydraulics and fission product
transport analysis for severe accident at LWRs and its application to analysis of fission
product revaporization phenomena”, Safety of Thermal Reactors (Proc. ANS Int. Top.
Mtg, Portland, 1991), American Nuclear Society, La Grange Park, IL (1991) 584.

[1I-6] IDAHO NATIONAL ENGINEERING AND ENVIRONMENTAL LABORATORY,
SCDAP/RELAP5-3D Code Manual, Rep. INEEL/EXT-02-00589, 5 Vols, Rev. 2.2,
INEEL, ID (2003).

[1I-7] HEAMES, T.J., et al., VICTORIA: A Mechanistic Model of Radionuclide Behavior in
the Reactor Coolant System Under Severe Accident Conditions,
Rep. NUREG/CR-5545, Rep. SAND90-0756, Rev. 1, Sandia Natl Labs, US Govt
Printing Office, Washington, DC (1992).

[1I-8] YUEN, W.W., et al., The verification basis of the PM-ALPHA [and ESPROSE.m]
code, Nucl. Eng. Des. 189 (1999) 59—138.

[1I-9] TRAMBAUER, K., et al., ATHLET-CD User’s Manual, GRS-P-4, Gesellschaft fiir
Anlagen- und Reaktorsicherheit mbH (GRS), Cologne (2004).

76



[[I-10] BERTRAND, F., SEILER, N., “Analysis of QUENCH tests including a B4C control
rod with ICARE/CATHARE and B4C oxidation modelling assessment”, paper
presented at NURETH-11, Int. Top. Mtg on Nuclear Reactor Thermal Hydraulics,
Avignon, 2005.

[[I-11] NAKADAL Y., et al., “Integral severe accident analysis of light water nuclear power
plants by IMPACT-SAMPSON code”, paper presented at NURETH-10, Int. Top. Mtg
on Nuclear Reactor Thermal Hydraulics, Seoul, 2003.

[I-12] VIEROW, K., Development of the VESUVIUS code for steam explosion analysis, Jap.
J. Multiphase Flow 12 (3) (1998) 242248, 358-364.

[I-13] KAJIMOTO, M., MURAMATSU, K., “The Validation of the ART Code through
Comparison with NSPP Experiments in the Steam-Air Environment,” Aerosol
Behavior and Thermal-Hydraulics in the Containment (Proc. OECD/NEA Workshop
Fontenay-aux-Roses, 1990), OECD, Paris (1990) 145.

[I-14] MURATA, K.K., et al., Code Manual for CONTAIN 2.0: A Computer Code for
Nuclear Reactor Containment Analysis, Rep. NUREG/CR-6533, Rep. SAND97-1735,
Sandia Natl Labs, NM (1997).

[II-15] ALLELEIN, H.J., et al, Entwicklung und Verifikation eines Containment-
Codesystems (COCOSYS) und eines deutsch-franzosischen Integralcodes (ASTEC),
GRS-A-2736, GRS-A-2737, Gesellschaft fiir Anlagen- und Reaktorsicherheit mbH
(GRS), Cologne (1999).

[lI-16] ROYL, P, et al., “Status of development, validation, and application of the 3D CFD
code GASFLOW at FZK”, Use of Computational Fluid Dynamics Codes for Safety
Analysis of Nuclear Reactor Systems, IAEA-TECDOC-1379, IAEA, Vienna (2003).

77



Annex III

SAMPLE OUTLINE OF DOCUMENTATION
FOR A LEVEL 2 PSA STUDY

S. Summary report

S1. Introduction

S2.  Overview of the objectives and motivation for the study

S3.  Overview of the approach

S4.  Results of containment failure modes and likelihoods

S5.  Radiological source terms and their frequencies (complementary cumulative
distribution functions)

S6. Summary of plant vulnerabilities to severe accidents, interpretation of results

S7.  Conclusions and recommendations

S8.  Possible risk reduction measures

S9.  Organization of the main report

M. Main report

MI1. Introduction
MI1.1 Background
M1.2 Objectives
M1.3  Scope of the study
M1.4 Project organization and management
M1.5 Composition of the study team
M1.6 Overview of the approach
M1.7 Structure of the report

M2. Description of the design of the plant and the containment
M2.1 Plant and containment design features affecting severe accidents
M2.2 Operational characteristics
M2.3  Description of plant modifications and containment system modifications
(if any)

M3. Interface to Level 1 PSA
M3.1 Grouping of accident sequences and specification of attributes
M3.2 Plant damage states for internal initiating events and associated
uncertainties
M3.3 Plant damage states for external initiating events and associated
uncertainties
M3.4 Plant damage states for other power states and associated uncertainties
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M4. Analysis of the containment’s structural performance
M4.1 Description of the structural design and failure modes of the containment
M4.2  Approach for structural analysis
M4.3  Structural response and fragility results
M4.4 Summary of uncertainties and/or fragility curves for containment
performance
M4.5 Impact of external events

MS5.  Accident progression and containment analysis
M5.1  Severe accident progression analysis
M5.1.1  Scope of analysis
M5.1.2 Method of analysis (codes, models, etc.)
M5.1.3  Summary of point estimate results for plant damage states
analysed
M5.2  Accident progression event trees/containment event trees
M5.2.1 Containment event tree structure
M5.2.2  Operating procedures and recovery
M5.2.3  Containment event tree quantification process
M5.2.4 Binning of containment event tree end states
M5.2.5 Treatment of uncertainties
M5.2.6 Results
MS5.2.6.1 Point estimate C matrix
M5.2.6.2 Uncertainties in failure probabilities
MS5.2.6.3 Interpretation of results

M6. Accident source terms
M6.1  Grouping of radioactive materials
M6.2 Method of analysis (codes, models, etc.)
M6.3  Summary of point estimate results for plant damage states analysed
M6.4 Treatment of uncertainties
M6.5 Results
M6.5.1 Point estimate source term characteristics
M6.5.2  Uncertainties in source term characteristics
M6.5.3 Interpretation of results

M7. Sensitivity and importance analyses
M?7.1 Identification of sensitivity issues
M7.2 Results of sensitivity analysis
M7.3 Importance ranking of issues, systems and components

M8. Conclusions
M&8.1 Key insights on characteristics of severe accidents and containment response
M8.2 Design features and inherent mitigation benefits
MS8.3  Conclusions relative to PSA objectives

79



Appendices
Al. Basis for containment structural fragilities
A2. Basis for containment event tree quantification
A3. Results of deterministic severe accident analyses
A3.1 Containment loads
A3.2  Accident source terms
A4. Basis for probability distribution and ranges of uncertain parameters
AS. Detailed results of uncertainty analysis and/or sensitivity analysis
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