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1. INTRODUCTION
BACKGROUND

1.1. 1AEA Safety Standards Series No. SF-1, Fundamental Safety Principles [1], establishes
principles to ensure the protection of workers, the public and the environment, now and in the
future, from the harmful effects of ionizing radiation. These principles emphasize the need to
assess and control the inherent risk. In particular, para. 3.22 of SF-1 [1] 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 establish more specific requirements
foron risk assessment for nuclear power plants. Requirement 42 of IAEA Safety Standardp
Series No. SSR-2/1 (Rev. 1), Safety of Nuclear Power Plants: Design [2] states:

“A safety analysis of the design for the nuclear power plant shall be conducted in
which methods of both deterministic analysis and probabilistic analysis shall be
applied to enable the challenges to safety in the various categories of plant states
to be evaluated and assessed.”

Furthermore, para. 5.76 of SSR-2/1 (Rev. 1) [2] states®:

“The design shall take due account of the probabilistic safety analysis of the plant for all
modes of operation and for all plant states, including shutdown, with particular reference
to:

(a) Establishing that a balanced design has been achieved such that no particular feature
or postulated initiating event makes a disproportionately large or significantly
uncertain contribution to the overall risks, and that, to the extent practicable, the
levels of defence in depth are independent;

(b) Providing assurance that situations in which small deviations in plant parameters
could give rise to large variations in plant conditions (cliff edge effects) will be
prevented;

(c) Comparing the results of the analysis with the acceptance criteria for risk where these
have been specified.”

Thus, probabilistic safety assessment (PSA) is considered to be an important tool for analysis
ferensuringto ensure the safety of a nuclear power plant in relation to potential initiating event;
that eanmight be caused by random component failure ardor human error, as well as interngl
and external hazards.

1.3. Paragraph 4.13 of IAEA Safety Standards Series No. GSR Part 4 (Rev. 1), Safety
Assessment for Facilities and Activities [3] states:

! INTERNATIONAL ATOMIC ENERGY AGENCY, Safety of Nuclear Power Plants: Design, IAEA
Safety Standards Series No. SSR-2/1 (Rev. 1), IAEA, Vienna (2016)
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“The safety assessment shall include a safety analysis, which consists of a set of different
quantitative analyses for evaluating and assessing challenges to safety by means of
deterministic and also probabilistic methods.”

Paragraph 4.55 of GSR Part 4 (Rev. 1) [3] states:

“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.”

Thus, a comprehensive PSA is required to investigate the safety of a nuclear power plant
thoroughly.

1.4. PSA has been shown to provide important safety insights in addition to those provided
by deterministic analysis. PSA provides a methodological approach ferto 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 and/or fuel damage? and the corresponding
core and/or fuel damage frequencies are estimated®. Level 1 PSA provides insights into
the strengths and weaknesses of systems, structures and components (SSCs) important to
safety, and procedures in place or envisaged as—preventingto prevent core and/or fuel
damage.

(2) In Level 2 PSA, the chronological progression of core and/or fuel damage sequences
identified in Level 1 PSA areis evaluated, including a quantitative assessment of
phenomena arising from severe damage to reactor fuel- and/or to spent 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 frequencies-as-wel-asfrequency and
other relevant characteristics of-the releases of radionuclides 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 radicactive
materiatradionuclides to the environment (e.g. a containment building)). Further
information is provided in IAEA Safety Standards Series No. SSG-4, Development and
Application of Level 2 Probabilistic Safety Assessment for Nuclear Power Plants [4].

(3) InLevel 3PSA, 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
radioactivityradioactive material to the environment.

1.5. Level 1 PSA, Level 2 PSA and Level 3 PSA are sequential analyses, wherewith the
results of each assessment usually serveserving as a basis for the PSA at the next level. Level
1 PSA provides insights into design weaknesses and into ways of preventing accidents leading
to core and/or fuel damage, which might be the precursor efto accidents leading to major

2 As sections 5-9 focus on the reactor core, the term ‘core damage’ is used in these sections unless fuel damage
is being referred to specifically. Spent fuel pool specific considerations of core and fuel damage are provided in
Sections 10 and 12, whereas considerations specific to multi-unit PSA are discussed in Section 11.

1on Q a) N tha reag a thara in-these sacti s th n o <
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releases of radioactive material with potential consequences for human health and the
environment. Level 2 PSA provides-additional insights into the relative importance of accident
sequences leading to core and/or fuel damage in terms of the severity of the releases of
radioactive material they might cause, and insights into weaknesses in confinement functionk
and measures for the mitigation and management of severe accidents-and, along with ways
improving them-f, as described in SSG-4}Finathy; [4]. Level 3 PSA provides insights into th
relative importance of accident prevention and mitigation measures, expressed in terms of
adverse consequences for the health of both plant workers and the public, and the
contamination of land, air, water and foodstuffs. In addition, Level 3 PSA provides insights
into the relative effectiveness of aspects of accident management relating to emergency
preparedness and response.

1.6. This Safety Guide was prepared on the basis of a systematic review of relevant
publications, including Refs [1-3], current and ongoing revisions of other Safety Guides [4—d£
7], a~-International Nuclear Safety Group {({NSAG)-reports [8, 9] and other publications that
address the safety of nuclear power plants.

1.7. This Safety Guide replaces IAEA Safety Standards Series No. SSG-3, Development and
Application of Level 1 Probabilistic Safety Assessment for Nuclear Power Plants*, which it

supersedes.
OBJECTIVE

OBJECTIVE

1.8. The objective of this Safety Guide is to provide recommendations for meeting the
requirements of GSR Part 4 (Rev. 1) [3] in relation to performing or managing a Level 1 Psﬁ\
project for a nuclear power plant and using it to support itsthe plant’s safe design and operatior].
This Safety Guide is applicable to existing and new nuclear power plants. The
recommendations provided in this Safety Guide aim to promote technical consistency among
Level 1 PSA studies in order to provide reliable support for applications of PSA and risk
informed decision making. A further aim of this Safety Guide is to recommend a standard
framework that can facilitate a regulatory review or an external peer review of a Level 1 PSA
and its various applications.

1.9. 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 [10].

1.10. The recommendations presented in this Safety Guide are based on internationall
recognized good practices. Hewever—tThis Safety Guide is not intended to pre-empt the usg
of equivalent new or alternative methods—On-the-centrary,; rather, it is intended to encouragg
the use of any method that achieves the objectives of Level 1 PSA-is-encouraged. However,
the framework for PSA outlined in this Safety Guide is expected to apply for the foreseeable
future.

SCOPE

4 INTERNATIONAL ATOMIC ENERGY AGENCY, Development and Application of Level [l
Probabilistic Safety Assessment for Nuclear Power Plants, IAEA Safety Standards Series No. SSG-3
IAEA, Vienna (2010).
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SCOPE

1.11. This Safety Guide addresses the necessary technical features of a Level 1 PSA and
applications for nuclear power plants (both eperatingexisting and new plants), on the basis of
internationally recognized good practices. Level 1 PSAs have now been carried out for most
nuclear power plants worldwide. The scope of a Level 1 PSA addressed in this Safety Guide
includes all operating states of the plant (i.e. atin power_operation and shutdown) and all
potential initiating events and potential hazards, namely: (a) internal initiating events caused
by random component failures and human error, (b) internal hazards (e.g. internal fires-and,
floods, explosions, turbine missiles) and (c) external hazards, both natural (e.g. earthquake,
high-winds;-external flooding)-and-ef-, high winds, other meteorological hazards) and human-
induced (e.g. akrplaneaircraft crash, explosion pressure waves, accidents at nearby industrial
facilities):) as well as combinations of external hazards.

1.12. This Safety Guide focussesfocuses on the assessment of the nuclear power plant
respeetive-reactor core and the fuel in the core and in the spent fuel pools. An assessment of
other sources of radioactive material on the site- (e.g. thein interim fuel storage facilities;) is
not in the scope of the-Safety-Guide—Fhe-seope-ofthis Safety Guide; however, in the case of
hazards that affect the whole site, any adverse effects that such facilities might have on the
reactor(s) and spent fuel pool(s) are taken into consideration in the safety assessment and are
therefore addressed in this Safety Guide-. This Safety Guide also covers alse-multi-unit aspects
which may be considered when developing a Level 1 Multi-Uaitmulti-unit PSA which-is-aimed
to quantify the-multi-unit risk metrics.

1.13. The consideration of hazards arising from malicious actiensacts is not within the scope
of this Safety Guide.5:

1.14. In earrying-eutperforming Level 1 PSA, the most common practice is to perform the

analysis for the various hazards and operating states in separate-medules-havingthe integrated
model, using a Level 1 PSA for power operation for internal initiating events as a basis. This

Safety Guide feHews-this-appreachpresents information on various PSA types included in the
integrated model.

1.15. The recommendations of this Safety Guide are intended to be technology neutral to the
extent possible, and it is expected that the vast majority of the recommendations will be
applicable to differentvarious types of nuclear power plant.

STRUCTURE
STRUCTURE

1.16. Section 2 provides recommendations on the-general issues concerning the performance
and use of the PSA, including the scope of the PSA, validation of the PSA and a living PSA.
Section 3 provides key recommendations on project management and organization for PSA
and general aspects of PSA documentation. Section 4 addresses the task of familiarization of
the team carrying-outperforming the PSA with the nuclear power plant. Sections 5-8 provide
recommendations on the methodology of a Level 1 PSA for power operation, including low
power states, for various initiating events and hazards. Specifically, Section 5 provides

theNonetheless a Level l PSA Heeds%e—bels con5|dered as sensmve |nf0rmat|on and b&treated accordlngly (see IAEA

Nuclear Security Series No. 23-G, Implementing-Guide,“Security of Nuclear Information®)- [11]).
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recommendations on Level 1 PSA for internal initiating events., Section 6 summarizes key/
recommendations on the general aspects of Level 1 PSA for internal and external hazards, and
Sections 7 and 8 address the specifiesspecific aspects of Level 1 PSA for internal hazards ang
external hazards, respectlvely Section 9 prowdes key recommendatlons foron Level 1 PSAfr

quantifyat guantifying multi-unit risk metrics, whereas consideration of multi-unit interactions
from a single unit Level 1 PSA perspective are presented in Sections 5-—10. Section 12 sets oyt
key recommendations feron the applications of a Level 1 PSA. FhreeThe three annexes provid
an example of a generic list of internal and external hazards, an-exampleexamples of a firg
propagation event tree and a seismic event tree and supporting information on PSA for
shutdown states.

2. GENERAL CONSIDERATIONS RELATING TO THE
PERFOMANCEPERFORMANCE AND USE OF PSA

2.1. This section describes some general issues relevant to the performance of PSA and the
use of PSA results in practice. FhoughAlthough the scope of the Safety Guide is limited tb
consideration of Level 1 PSA, this section describes the issues from a broader perspective in
order to provide a complete picture of the capabilities of PSA technology and its results. Some
statements in this section do not represent explicit recommendations; rather, they provide
supporting information to facilitate understanding of the context of other statements and
recommendations provided in other sections of the Safety Guide.

SCOPE-OFTHESCOPE OF THE PSA

2.2. Paragraphs222-4-providerecommendations-on-meeting-Requirement 1 of GSR Part 4

(Rev. 1) [3] en-astates:

“A graded approach shall be used in determining the scope and level of detail of th
safety assessment carried out at a particular stage for any particular facility o
activity, consistent with the magnitude of the possible radiation risks arising fron|
the facility or activity.”

While Requirement 14 of GSR Part 4 (Rev. 1) [3] relating-to-the-scope-ofthe-safety-states thg

“The performance of a facility or activity in all operational states and, as necessary, ifn
the post-operational phase shall be assessed in the safety analysis-feraPSA-.”

ST

T—+

The scope of the PSA to be undertaken should be correlated with the probabilistic safety goals
or criteria; if they have been specified in national regulations or guidelines. At a high level,
quantitative results of PSA are often used to verify compliance with probabilistic safety goals
or criteria, which are usually formulated in terms of quantitative estimates of (i) core damag
frequency or fuel damage frequency, frequencies(ii) frequency of radioactive releases
differentvarious types andor (iii) societal risks, and which might therefore may-necessitate th
performance of a Level 1-PSA, Level 2-PSA or Level 3 PSA, respectively. Probabilistic safet
goals or criteria do not usually specify which hazards and plant operating states have to be
addressed. Therefore, in order to use the PSA results for the-verification-ofto verify complianck
with existing probabilistic safety goals or criteria, a full scope PSA involving a comprehensive
list of initiating events and hazards and all plant operating states should be performed unless
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the probabilistic safety goals or criteria are formulated to specify a PSA of limited scope, or
alternative approaches are used to demonstrate that the risk from those initiating events and
hazards and operating states that are not in the model does not threaten compliance with the
probabilistic safety goals or criteria.

2:2:2.3. The scope of the Level 1 PSA should include consideration of the-fuel in the reactor
core forof a single unit—TFhe—recommendations, for which Recommendations on the
development of a Level 1 PSA for the reactor core of a single unit are specifiedprovided in the
Sections 5--9. The-scope-of-the Level 1 PSA should also include consideration of the-fuel in
the spent fuel pool, for which recommendations are provided in Section 10. ln-addition;-the
secope-ofLevel L-PSAIt might further include consideration of multi-unit risk metrics, for which
recommendations are provided in Section 11.

23:2.4. A major advantage of PSA is that it provides an explicit framework for the analysis
of uncertainties in risk estimates. The identification of sources of uncertainty and an
understanding of their implications on the PSA model and its results should be considered an
inherent part of any PSA, so that, when the results of the PSA are to be used to support a
decision, the impact of the uncertainties can be taken into account.

VALIDATION AND REVIEW OF THE PSA

PARAGRAPHS 2.5VALIDATION AND 2.6 PROVIDE RECOMMENDATIONS ON
MEETHNG-REVIEW OF THE PSA

2:4.2.5. Requirement 18 of GSR Part 4 (Rev. 1) [3] enthe-usestates that “Any calculational
methods and validation-ef-computer codes for-aRPSA-and-Reguirement 21-6f GSR-Part-4-{3}
onused in the independentsafety analysis shall undergo verification of—PRSA.and
validation.” PSA involves a number of analytical methods. These include the analysis of
accident sequences and thetheir associated systems, typically through the development of event
tree and fault tree logic models;—the along with methods for the solution of thethese logic
models, the_development of models of phenomena that could occur, for instance, within the
containment of a nuclear power plant following core damage_and/or fuel damage, and the
development of models for the transport of radionuclides in the environment to determine their
effects on health and the environment, depending on the scope of the analysis (Level 1, 2 or 3).
Prior to their application, it should be demonstrated that these analytical methods provide an
adequate representation of the processes taking place. Fheln accordance with para. 4.60 of GSR
Part 4 (Rev. 1) [3], the computer codes that support these analytical methods are—reguired
teshould be adequate for the purpose and scope of the analysis, and the controlling physical
and logical equations are-reguiredshould be correctly programmed in the computer codes:see

25:2.6. Requirement 21 of GSR Part 4 (Rev. 1) [3] states that “The operating
organization shall carry out an independent verification of the safety assessment before
it is used by the operating organization or submitted to the regulatory body.” It is a widely
accepted practice for the organization conducting a PSA to commission an independent peer
review of the PSA fremby an eutsideexternal body, sometimes from a different State, to
provide a degree of assurance that the scope, modelling and data are adequate; (e.qg. consistent
with the scope of the document submitted to the regulatory body), and to ensure that they
conform to current, internationally recognized good practices in PSA. The experts involved in
the review of the PSA should not be engaged in any activities relating to performance of the
PSA under consideration and should represent an organization that is independent of the
developer of the PSA.
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ERANGLIVING PSA

26:2.7.  Paragraphs27—2.9providerecommendations-on-meeting-Requirement 24 of GS
Part- 4 (Rev. 1) [3] en-maintenance-of-thestates that “The safety assessment
PSA:shall be periodically reviewed and updated.” In the operating lifetime of a nuclear
power plant, modifications are often made to the SSC design or to the way the plant is operated.
Such modifications could have an impact on the level of risk associated with the plant.
Additional statistical data on the frequencies of initiating events and the probabilities of
component failure will become available during plant operation. Likewise, new informa{i:;t

updated knowledge, new operating experience and more sophisticated methods and tools

beeome-availablemight be acquired, which maymight change some of the assumptions mad
in the analysis and hence the estimates of the risk given by the PSA. Consequently, the PSA
should be kept up to date throughout the lifetime of the plant to ensure that it remains relevant
for the decision making process. A PSA that undergoes regular periodical updating is termed a
‘living PSA’. In updating a PSA, account should be taken of changes in the design and
operation of the plant, new technical information, more sophisticated methods and tools that
become available and new plant specific data derived from the operation of the plant, e.g. data
to be used for the assessment of initiating event frequencies or component failure probabilities.
The updating of a PSA should be initiated by a specified process and the status of the PSA
should be reviewed regularly to ensure that it is maintained as a representative model of the
plant and fits the purpose for which it is intended-fer.

2+1:2.8. Data should be collected throughout the lifetime of the nuclear power plant to chec
or update the analysis. Such—dataThese should include data on operating experience, i
particular data on initiating events, data on component failures and unavailability during
periods of testing, maintenance and repair, and data on human performance. The results from
the analysis should be periodically reassessed in the light of new data. Emerging data sets from
other plants of the same type or of similar configuration, if available, should also be used for
the improvement of the living PSA

2:8:2.9.  The development of a living PSA should be encouraged in order to assist thp
decision making process in the normal operation of the plant. Many issuesdecisions, such ag
evaluation of the change in risk associated with a change to the plant or a temporary change in
the allowed outage time of a component, can be supported by arguments derived from a PSA.
Experience has shown that such a living PSA can be of substantial benefit to the operating
organization and its use is generally welcomed by regulators.

PROBABILISITC SAFETY GOALS OR CRITERIA

2.10. Requirement 4 of GSR Part 4 (Rev. 1) [3] states:

“The primary purposes of the safety assessment shall be to determine whether an
adequate level of safety has been achieved for the—purpese—of-conducting-a RSA
facility or activity and whether the basic safety objectives and safety criterig
established by the designer, the operating organization and the regulator
body...have been fulfilled.”

When the aim of the PSA is to identify significant contributors to risk or to choose between
various design options and plant configurations, a reference value may not be necessary.
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However, when the aim of the PSA is to assist in reaching a judgement on whether (i) a
calculated risk is acceptable, (ii) a proposed change to the design or operation of the plant is
acceptable, or (iii) a change is necessary to reduce the level of risk, then probabilistic reference
values should be specified to provide guidance to designers, operating organizations, regulators
and other interested parties in fulfilling their respective roles in the provision of safe nuclear
power, on the level of safety desired or required for the plant. In some States, current practice
is for reference values to be formulated as probabilistic safety goals, with the implication that
they represent orientation values whose achievement is to be aimed for. In other States, the
reference values are criteria that specify strict limits for which compliance is required.

2:9:2.11. A PSA will yield numerical values relating to risk at various levels, depending on
the consequences to be evaluated. Probabilistic safety goals or criteria may be set in relation to
any or all of the following measures:

(@) The probability of failure of particular safety functions or systems involved in the
performance of safety functions;

(b) The frequency of core damage® or fuel damage (Level 1 PSA);

(c) The frequency of a specific release (specified, for-example;e.q., in terms of its quantity,
isotopes; or timing) of radioactive material from the plant or the frequency of a-release
of radioactive material as a function of its magnitude (Level 2 PSA}-{4}:):

(d) The frequency of occurrence of specific health effects to members of the public or the
frequency of occurrence of particular environmental consequences (Level 3 PSA).

210:2.12. Inthe Member States-the, probabilistic safety-criteriareference values are typically
identified either as_criteria, targets, goals, objectives, guidelines or—+eference values for
orientation. In addition, the numerical values for the levels of risk, which correspond to the
threshold of tolerability and the design targets, differ from State to State.-”

241.2.13. For the probability of failure of safety functions or systems, the probabilistic targets
can be set at the level of the safety function or system. Such probabilistic targets are useful for
checking that the level of redundancy and diversity provided is adequate. Such targets will be
specific to the plant design and therefore no recommendations on setting such targets can be
provided here. In the safety assessment, it should be checked whether these targets have been
met. If they have not, the design may still be acceptable provided that the higher level criteria
have been met. However, particular consideration should be given to the systems in question
to see whether any reasonably practicable improvements can be made.

242.2.14. On the basis of current experience with the design and operation of nuclear power
plants and on the basis of acceptable risks, there-are-proposed numerical values that-arehave
been defined on a natlonal Ievel in some Member States to be used for existing and new nuclear

6 For-the-concept-of core-damage-specifieSpecific probabilistic safety goals or criteria reedsneed to be specified_for core
damage, as described in Section 5 of this Safety Guide. These safety goals or criteria may be different for different reactor
designs.

7 The-availableAvailable frameworks and examples for the definition of probabilistic safety criteria are discussedprovided in

Ref. [£112].
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HINSAG{see-Ref{8}. The International Nuclear Safety Group has proposed the objectives fo
core damage frequency separately for existing plants and future plants-® (see Ref. [8])°.

=

243.2.15. Core erdamage frequency and fuel damage frequency are the most common
measures of risk used in Level 1 PSA. In many States, numerical values of this type are used
either formally or informally as probabilistic safety goals or criteria.

USE-OFUSE OF PSA IN-DECISION-MAKINGIN DECISION MAKING

2.16. Paragraphs—2-16—2.24-provide-recommendations—on—meeting-Requirement 23 of GSR
Part 4 (Rev. 1) [3] enstates:

“The results of the use-ofa-Level1-PSA-safety assessment shall be used to specify
the programme for maintenance, surveillance and inspection; to specify the
procedures to be put in place for all operational activities significant to safety, and
for responding to anticipated operational occurrences and accidents; to specify the
necessary competences for the staff involved in the facility or activity; and to make
decisions in an integrated, risk informed approach.”

224.2.17. The PSA should be used during the lifetime of the plant to provide an input into
decision making in combination with the results and insights of deterministic safet
anahysesanalysis and considerations of defence in depth.

245.2.18. PSA can provide useful insights and inputs for various interested parties, such as
operating organizations (i.e. management—ane, engineering, operations and maintenance
personnel), regulatory bodies, technical support erganisatiensorganizations, designers angd
vendors, for making decisions on such matters as:

(@) Design modifications and plant modifications;
(b) Optimization of plant operation and maintenance;
(c) Safety analysis and research programmes;

(d) Regulatory issues.

246:2.19. Where the results of the PSA are to be used in support of the decision making
process, a formal framework for doing so should be established (see Ref. [9]). The details of
the decision making process will depend on the purpose of the particular PSA application, the
nature of the decision to be made and the PSA results to be used. If numerical results from the
PSA are to be used, reference values against which these results can be compared should be
established.

247.2.20. The PSA should address the actual design or_operation or, in the case of a plarit
under construction or when modifications are being undertaken, the intended design or
operation of the plant, which should be clearly identified as the basis for the analysis. The status
of the plant can be fixed as it was on a specific date or as it will be when th_eagreiji
modifications are completed-—Fhis—needs-to-be-dene, in order to provide a clear target for

9 The objectives for core damage frequency in Ref. [8] are (a) 1 x 104 per reactor-year for existing plants and (b) 1 x 105 p

=

reactor-year for future plants. It is not explicitly specified in Ref. [8] for which scope of PSA the numerical values al
applicable; it is assumed that a full scope PSA is meant.
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completion of the PSA. Later changes can be addressed in the framework of a living PSA
programme, as described in paras 2.7-2.9.

248:2.21. For aplant in the design stage, the results of the PSA should be used as part of the
design process to assess the level of safety. tn-this-case-theThe insights gained from_the PSA
should be considered in combination with the insights gained from deterministic analysis to
make decisions about the safety of the plant. Decisions on the safety of the plant should be the
result of an iterative process aimed at ensuring that national requirements and criteria are met,
the design is balanced, and the risk is as low as reasonably achievable.

2:19:2.22. In addition, the results of the PSA should be compared with the reference values
such as probabilistic safety goals or criteria if these have been specified in national regulations
or guidelines. This should be done for all probabilistic goals or criteria defined for the plant,
including those that address system reliability, core damage frequency; and/or fuel damage
frequency, frequenciesfrequency of releases of radioactive material, health effects for workers,
health effects for the public and off-site consequences such as land contamination and
restrictions on foodstuffs.

220-2.23. The PSA should set-eutaim to identify all accident sequences that net-negligibhy
contribute in a non-negligible way'° to risk. If the analysis does not address all significant
contributions to risk (ferexample;e.q. if it omits external hazards or shutdown states), then the
conclusions drawn from the PSA about the level of risk from the plant, the balance of the safety
features provided and the need for changes to be made to the design or operation to reduce the
risk maymight be biased. Fhereforethe-utilizationSuch limitations should be acknowledged
when using PSA to support decision making. The use of the full scope PSA medelsmodel is
therefore recommended.

22%.2.24. The results of the PSA should be used to identify weaknesses in the design or
operation of the plant. These weaknesses can be identified by considering the contributions to
the risk from groups of initiating events, the importance measures of the SSCs and the
contributions of human error to the overall risk. Where the results of the PSA indicate that
changes could be made to the design or operation of the plant to reduce risk, thesuch changes
should be incorporated where reasonably achievable, taking the relative costs and benefits of
any modifications into account-- (see Ref. [13]).

2:22.2.25. Section 12 provides detailed recommendations on specific applications of PSA for
decision making by the regulatory body and ferby operating or design organizations.

3. PROJECT MANAGEMENT AND ORGANIZATION FOR PSA
DBEFHNHHON-OF-OBIECTHNES-AND-SCOPE-OFHHEPSAPROJIECT

10 Contribution to risk could be deemed as negligible on the basis of the evaluated potential impact on the final results and the
subsequent decision making process.
1 This relates only to scenarios that are not triggered by security events such as malicious acts.
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DEFINITION OF OBJECTIVES AND SCOPE OF THE PSA PROJECT

3.1. Determination of the objectives of the PSA together with its intended and potential uses
is an important step to undertake prior-to-starting-the-process-of-performingbefore embarkin
on a PSA. The scope of the PSA is defined by the analysis level (i.e. Level 1, 2 or 3), th
initiating events and hazards considered, and the operating states (i.e. atin power operation or
shutdown states'?) addressed. The scope of the PSA should be compatible with both the
objectives of the studyanalysis and the available resources and information, ie-such as tht
necessary procedures and methods, available personnel, expertise; and funding, and the tim
needed for the analysis. For example, if the objective of a PSA is to verify the risk arising from
plant operation against specified probabilistic safety goals, thus implying a complete risk
assessment, a full scope PSA comprising a comprehensive listing of initiating events and
hazards and all plant operating states should be performed. Adequate resources should be
provided for the analysis. In addition, other sources of radiation;-particutarky (e.g. the fuel it
the spent fuel pool) sheuldmight need to be analysed, depending on the formulation of th
probabilistic safety goals.

3.2. tsheuld-berecognized-thattheThe intended applications of PSA
reguirements-enmight have an impact the scope of the PSA, en-the modelling approaches an

on-the level of detail. If such-additional-requirements-arethis impact taken into account at th

planning stage of the PSA project, it will help to avoid inconsistencies in the results and insights
obtained. For instance, if it is planned to use the PSA for the development of a severe accident
management programme, a Level 2 PSA should be performed. An extension to Level 2 or even
Level 3 RSA-should be-also requiredbe envisaged if #the PSA is to be used to supportth
definition of emergency planning zones. As another example, if it is planned to use the PSA
model asa baS|s for a risk monitor, the PSA-model should be ‘symmetrical” in te;m&ef—theﬂs

i3
ant
3

eﬂeueHheuleep&“ More detalls on the PSA features eL%#necessary for its various
applications-efRPSA are provided in Section 12.

PROJIECFMANAGEMENTFORPROJECT MANAGEMENT FOR PSA

3.3. Paragraphs-3.3-3-14-previde recommendations-en-meeting-Requirement 5 of GSR Part
4 (Rev. 1) [3] enpreparationforstates:

12 PSA for low power and shutdown states is sometimes performed as part of the same, stand-alone study;; however, it ismaly
be more practical to perform low power PSA as part of the PSA for power operation- (that is how the states are being covere|

within this Safety Gulde)

13_Non

“A PSA model is con5|dered symmetrlcal if it eXDlICIth models |n|t|at|nq events in aII Iocatlons in which they can occu

including all primary circuit loops, all trains of the credited systems, and all running and standby trains of normally operating
systems (cf. para. 5.82). Non-symmetrical modelling of initiating events could create obstacles in obtaining a realistic risrg
profile through the risk monitor when introducing specific changes in the plant configuration.
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“The first stage of carrying out the safety assessment forLevel-1-RPSA;shall be to
ensure that the necessary resources, information, data, analytical tools as well as
safety criteria are identified and en-meetingare available.”

Furthermore, Requirement 22 of GSR Part 4 [3}-en-management-of(Rev. 1) [3] states

that “The processes by which the safety assessment—_is produced shall be planned,
organized, applied, audited and reviewed.”.

3:3:3.5. Project management of the PSA depends strongly on the specific conditions in a
State, namely:

(@) The organizations participating in the PSA project;
(b) The type and extent of the-involvement of the participating organizations;
(c) The objectives and the scope of the PSA study.

After the objectives and-the scope of the PSA have been specified, the management scheme for
the PSA project should be developed, including the selection of methods and establishment of
procedures, the selection of personnel and the organization of the team that will perform the
PSA, the training of the team, the preparation of a PSA project schedule, the estimation and
securing of the necessary funds, and the establishment of quality assurance procedures and peer
review procedures.

34.3.6. A PSA study is normally commissioned by one of the following:

(@) The plant designer;
(b) The operating organization of the plant;
(c) The regulatory body.

The PSA can be performed by these-greupsthe above bodies or by consultants, research
institutes, universities, technical support organizations, or a combination of these. ta-any-case;
theThe operating organization should always participate as a source of operational knowledge,
as well as being a beneficiary from the insights obtained. -

35:3.7. It is generally-considered-desirable to start-the-process-of performing the PSA as

early as possible in the lifetime of the plant. Design weaknesses or procedural weaknesses that
are recognized early can be corrected or improved less expensively than those that remain until
the plant is in operation. While a PSA can be started inat any ef-the-stagesstage in the lifetime
of the plant, the PSA models and documentation should be maintained and regularly updated
throughout the operating life of the plant to provide continued benefit.

3:6:3.8.  The PSA study should consider a particular ‘freeze date’ for modelling the as built
and as operated plant conditions. If it is known at the beginning of the PSA project that certain
changes in plant design and operation will be implemented in the near term, before the PSA is
finished, a decision should be taken at an early stage of the PSA as to whether these changes
will be addressed in the PSA. If the decision is made to address the future changes, the freeze

15 Implementation of this recommendation could be challenging ferin the case of PSA performed at the design stage-of-the
plant—Alseif“generie”. If a generic PSA is being performed for thea reference plant, the participationcontribution of
operating experience from the operating organization maymight be preferred-to-support-theknowledge—from-their
operating-experiencesparticularly beneficial.
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date should be determined accordingly, and the PSA should take account of the status of the
plant after the modifications.

3-7%3.9.  The documentation for the PSA should be developed in a clear, traceable,
systematic and transparent manner so that it can effectively support the review of PSA,
applications of PSA and future PSA upgrades.

SELECHON-OF-METHOBS-ANB-ESTABLHISHMENT-OFPROCEBURES

SELECTION OF METHODS AND ESTABLISHMENT OF PROCEDURES

3-8:3.10.  Appropriate working methods and procedures should be established at the outse
of the project se-that-there-iswith a minimum-ef-view to their minimal modification te-thes|
preeedures-during the project. Unnecessary iterations in methods and procedures maymigh
cause delays in the PSA project. General guidance fer—theon methodological tools an
approaches to analysis is given in the following sections of this publication. Once the working
methods have been selected, the various procedural steps should be interfaced with the tasks
of quality assurance and training to produce a detailed plan of the tasks, including a schedule
for the project.

o D —+

3:9.3.11.  The resources in-terms-efneeded to complete a PSA, including the expertise of th
specialists involved, human resources, computer time; and calendar time-and-se-on-thatwill-bf
necessary-to-complete-aPSA, depend greatly on the scope of the PSA, which is in turn governe
by the overall objectives, and on the expertise already available expertise-in the PSA tean.

Scheduling-of-the-activitiesActivities should be carried-out-fellowing-the-establishment ¢
scheduled in accordance with the detailed procedures established and sheuld-taketaking int

account the availability of personnel.

oD (D

O

TEAM-SELECTION-AND-ORGANIZATION

TEAM SELECTION AND ORGANIZATION

3-106:3.12. The members of the team thatperformperforming the PSA can be characterized b
the organization they represent (if different organizations are involved) and the technicg
expertise they provide. Once the necessary personnel have been identifiedselected, lines g
communication should be set-tpestablished and specific tasks should be assigned. The trainin
necessary training should be determined-and-planned, in accordance with the activities of th
PSA:, and subsequently organized. The task-efteam-formation and training of the team i
closely associated with the eerresponding-tasks-ef-quality assurance_tasks addressed in para|
3.15-3.16.

T (D —h —

3414.3.13. The expertise necessary to conduct a PSA should previdecomprise two essentigl
elements: knowledge of the-plantPSA technigues and knowledge of PSA-techniguesthe plani.
This expertise can vary in depth, depending on the scope of the PSA, but the participation of
the plant designer and/or the operating organization of the plant should be foreseen;-if-pessible;
More specifically, the—recessary—expertise relating to knowledge of the plant should b
obtainedcome from persons with extensive familiarity with the design and operation of th
plant uneerin operating states and accident conditions.

P -

342.3.14. A team that-wilperformperforming a PSA for the first time should be provided
with training to acquire the expertise necessary to complete the studyanalysis successfully.
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ESTABLHISHING-QUALITY-ASSURANCEPROGRAMMEFORPSA
THEESTABLISHING A QUALITY ASSURANCE* PROGRAMME FOR APSA

343:3.15. A quality assurance’’ programme for PSA encompasses activities that are
necessary to achieve the appropriate quality of the PSA and activities that are necessary to
verify that the appropriate quality is achieved. For a PSA, appropriate quality means an end
product that is correct and usable, and-ere which meets the objectives and fulfils the scope of
the PSA. The quality assurance programme should provide for a disciplined approach to all
activities affecting the quality of the PSA, including, where appropriate, verification that each
task has been satisfactorily performed and that necessary corrective actions have been
implemented.

3-14-3.16. Quality assurance of the PSA should be viewed and established as an integral part
of the PSA project, and-the quality assurance procedures should be an integral part of the PSA
procedures. The quality assurance procedures should provide for control of the constituent
activities associated with a PSA in the areas of organization, technical work and
documentation. In their application to the-technical work, quality assurance procedures are
aimed at ensuring consistency betweenamong goals, scope, methods and assumptions, as well
as accuracy in the application of methods and in calculations. Quality assurance procedures
should include control of thePSA documentation of the PSA- and of the different versions of
the PSA models. General requirements for control of documents are established in Ref{12GSR

Part 2 [14].

GENERAL-ASPECTS-OFGENERAL ASPECTS OF PSA
PBOCUMENTATHONDOCUMENTATION

Obijectives and content of PSA documentation

en-meeting-Requirement
20 of GSR Part 4 B}enﬂe%%en%aﬂen—fer—l:eve\l(Rev 1435A—) [3] states that “The results and
findings of the safety assessment shall be documented.” The primary objectives of the-PSA
documentation should be to meet the needs of its users and_to be suitable for the specific
applications of the PSA. Possible users of the PSA include:

(a) Operating organizations of nuclear power plants (i.e. management, engineering

operations and eperatingmaintenance personnel);
(b) Designers and vendors;

(c) Regulatory bodies and persons or organizations providing them with technical support;
(d) Other government bodies;
(e) The public.

17 In other IAEA safety standards, including IAEA Safety Standards Series No. GSR Part 2, Leadership and Management for
Safet uality assurance’ is used in this Safety Guide, however, to
reflect widely accepted current practices and terminology used in the area of PSA.
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Some of these users, the public for example, might use-primarily; use the summary report off
the PSA, while others wilimight use the full PSA documentation, including the compute
model.

=

3:16:3.18. PSA documentation includes work files, computer inputs and outputs_wit|
explanations, correspondence, interim reports and the final report of the PSA. The PSA
documentation ef-PSA-should be complete, well structured, clear and easy to follow, alsf
regarding-including for its review and update. +The documentation should be presented in
traceable and sequential manner, i.e. the order of appearance of analysisanalyses in the fing
documentation should follow, as far as possmle the order in WhICh Masthey were actuall
performed ;

—_—T T2

%A—m—qeestme—and—ﬂs—use—fer—al%ema{we—apeheanen& EXp|ICI'[ presentatlon of th

assumptions, exclusions and limitations for extending and interpreting the PSA is also of
critical importance to users.

3-47.3.19. The documentation should provide within the report (or by reference to available
material) all neeessarythe information needed to reconstruct the results of the study. AI|I
intermediate supporting analyses, calculations and assumptions that will not be published in
any external reports should be retained as notes, working papers or computer outputs. This is
very important for reconstructing and updating each detail of the analysis in the future.

Organization of documentation
3:48:3.20. The final report of the PSA study should be divided into three major parts:

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

3-19:3.21. The summary report should be designed to provide an overview of the motivations,
objectives, scope, assumptions, results and conclusions of the PSA at a level that is useful to a
wide audience of reactor safety specialists and that is adequate for high level review. The
summary report should be designed:

(@) To support high level review of the PSA,;

(b) To communicate key aspects of the study to a wide audience of interested parties;

(c) To provide a clear framework and guide for the reader or user priertebefore consultinb
the main report.

3.20.3.22. The summary report of a PSA should include a subsection on the structure of the
main_report, which-should—present—concise—deseriptionswith a very brief indication of thﬁ
contents of the sections of the main report and ef-the-individual-appendices. The relatio
between various parts of the PSA should also be included in this subsection of the summary
report.

3.24.3.23. The main report should give a clear and traceable presentation of the complete PSA
study, including a description of the plant, the objectives of the study, the methods and data
used, the initiating events considered, the plant modelling results and the conclusions-, as well
as recommendations. The main report, together with its appendices, should be designed:
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(a) To support technical review of the PSA,

(b) To communicate key detailed information to interested users;

(c) To permit the efficient and varied application of the PSA models and results;

(d) To facilitate the updating of the models, data and results in order to support the continued
safety management of the plant.

3.22.3.24. The appendices should contain detailed data, records of engineering computations
and detailed models. The appendices should be structured-se-as to correspond directly to the
sections and subsections of the main report, as far as possible.

3:23:3.25. _In addition to the general recommendations feron documentation provided in this
section, specific recommendations feron documentation are provided in other sections of this
Safety Guide, for example, documentation for PSA for internal initiating events, fo~PSA for
internal fire, for-PSA for internal flooding, for—PSA for external hazards and fer-PSA for
shutdown states.

4. FAMILIARIZATION WITH THE PLANT AND COLLECTION OF
INFORMATION

4.1. his-section-provides—recommendations—on—meeting-Reguiremen o RP /

onln preparation for a Level 1 PSA-Fhe, the PSA team members should familiarize themselves
with the design and operation of the plant, including the emergency procedures and the test and
maintenance procedures. Information sources that may be used for familiarization with the
plant include the following:

(a) FhesafetySafety analysis report for the plant;
(b) Technical specifications for the plant;

(c) System descriptions;

(d) As built (as is) system drawings (piping and instrumentation diagrams);

(e) Electrical line drawings, including circuit diagrams and trip criteria for the electrical bus
protection system;

(f)  Control and actuation circuit drawings;

(9) Normal operating procedures, emergency procedures, test procedures and maintenance
procedures;

(h)  Analyses pertinent to the determinants of mission success criteria of systems;

(i)  Operating experience from the plant or from similar plants in the same
State or other States, and reports and analysis of incidents;

(i) Operator’s logs;

(k) Discussions with operating staff;

(I)  Plant operational records and reports of shutdowns;

(m) Plant databases and/or the computerized management system for maintenance, if
available;

(n) Plant layout drawings;

(0) Drawings of piping location and routing;

(p) Drawings of cable location and routing;

(q) Plant walkdown reports;

()  Regulatory requirements;
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(s) Other relevant plant documents.

4.2. The plant documents containing the information necessary for the analysis should be
collected and made available to the PSA team. Depending on the scope of the PSA, more
specific information may be requiredneeded, for example, plant layout and topography of thg
site and surroundings for PSA for external hazards. Interaction with operating personnel who
are not part of the PSA team might be necessary for clarification and additional information.

4.3. Currently, in many Member States, performance of a PSA is required as part of the safet
analysis report. In this case, the PSA documentation may refer to the corresponding sections of
the safety analysis report, e.g. descriptions of systems. All referencesinformation should b
clearly previdedreferenced so that thereferred-infermationit can be easily found.

11

4.4, Plant familiarization is a key element of PSA for external and internal hazards. A
thorough plant walkdown should be performed to verify information on hazard sources and
plant features susceptible to damage eue-teas a result of the hazard. Specific guidance for plant
familiarization ferin relation to external and internal hazards should be provided.

5. LEVEL 1PSAFOR INTERNAL INITIATING EVENTS FOR
POWER OPERATION

5.1. This section provides recommendations on meeting Requirements 6-13 of GSR Part 4
(Rev. 1) [3] ferwhen performing a Level 1 PSA for internal initiating events. In particular, it
provides recommendations on the technical issues that need to be addressed in earrying
eutperforming a Level 1 PSA for internal initiating events caused by random component
failures and human errors eceurring-atduring power operation. The general framework for
analysis is illustrated in Fig. 1.

GENERAL-ASPECTS-OFLEVELGENERAL ASPECTS OF LEVEL 1 PSA
METFHOBOLOGYMETHODOLOGY

5.2. The first step should be to define the overall approach and methodology to be used fo
the-Level 1 PSA. The overall approach and methodology should be-eapable-ef-provide for th
modelling theof fault sequences that could occur, starting from an initiating event, and sheuH
be-capable-of-identifying-thefor the identification of combinations of SSC failures and huma
errors that could lead to core damage.

oo =

23



Type “B” human failure events

INTEGRATED PSA

MODEL

INITIATING EVENT

Initiating events frequencies

. Beterministic SUppoTT 1o 1E ANALYSIS | Listof Initiating events
2 grouping
g
5 DETERMINISTIC > Su
3] 1 29
o SUPPORT 88 T o =
g 8 38 g2
S ® == 8= 3 @
% 3 2o < 2 39
-] o S0 = O c®?
< £ £8 3o S50
38 = 238 o
> G 3 =
£ 02 X
= <3 Safety Functions and
Human error prok Success Criteria
HUMAN ACCIDENT DATA A
RELIABILITY SEQUENCE ANALYSIS
ANALYSIS - ANALYSIS Reliability and CCF
Human failure events to arameters
be considered and context @ 2 P
characterisation 2 ﬁ w3
o 8.8
s55 B3
[T » =
2o O A3
@ c <
® © 5
Human error probabilities 2 =
SYSTEM ANALYSIS Reliability parameters

Human failure events to be considered

QUANTIFICATION AND
INTERPRETATION OF

RESULTS

Type B human failure events

INTEGRATED PSA

MODEL

INITIATING EVENT

Initiating events frequencies

- ANALYSI
c Supporting analyses to IE SIS
2 grouping
IS
5 SUPPORTING 2 se
Q =
£ ANALYSES 88 =X £3
S r 22 32 53
k3 o O = n
g g58 g5 |25 ||z3
s £a? g5 20 S®
[$} BN 53 w
EX g oK
= <
HUMAN Human error probabilities ACCIDENT
RELIABILITY SEQUENCE
ANALYSIS ANALYSIS
Human failure events to
be considered and context @ 2
characterisation S 2 °
S0 o o
=R EE
358 g >
52° ]
T ® 5
Human error probabilities 0 —

List of initiating events

Safety functions & SSCs
to be considered

ANALYSIS

Human failure events to be considered

]SYSTEM ANALYSISI -

Reliability and CCF
parameters

Reliability parameters

DATA AND CCF

I

QUANTIFICATION AND
INTERPRETATION OF

RESULTS

SSCs to be considered

24

[ Field Code Changed




FIG. 1. General analysis framework of a Level 1 PSA for internal initiating events._|E: initiating event;
AS: accident sequence; CCF: common cause failure

5.3. Several techniques can be used in performing a PSA. However, the usual approach is to
use a combination of event trees and fault trees. The relative size (complexity) of the event
trees and fault trees is largely a matter of preference of the team earrying-eutconducting the
analysis and also depends on the features of the software used.

5.4. One widely practised approach is to use a combination of small event trees and large fault
trees, often referred to as the fault tree linking approach. The event trees outline the broah
characteristics of the accident sequences that start from the |n|t|at|ng event and, dependlng on
the success or failure of the systems—credited i

systems>).systems'®, lead either to a successful outcome-e, to-the core damage (see par
5.42 and 5.43), or to one of the plant damage states (used in the Level 2 PSA). The fault trees
are used to model the failure of the credited systems to carry out their safety functions. LhE
dependencies (between different credited systems or between a credited system and initiatin
event) are modelled in the fault trees and in the event trees.

5.5. Another approach thatiswidehyrusedtaken is to earry-eutperform the analysis using larg
event trees and small fault trees. In this approach, the failures of safety functions, credite

systems and support systems are modelled in the event trees. This approach is variously
referred to as the large event tree approach, the linked event tree approach, or the event tree
with boundary conditions approach. It is also possible to earry-outperform the analysis usindy
event trees only or fault trees only. However, in the latter case, the high level fault tree structure
is usually derived from, or based on, an event tree or set of event trees.

5.6. The overall aim should be to calculate a best estimate of the core damage frequency while
avoiding the introduction of excessive conservatisms wherever possible, since this may unduly
bias the results. Hence, the Level 1 PSA should be based on best estimate models, assumptions
and data. However, some conservatism may be necessary where there is a high level of
uncertainty, in order to avoid unjustifiable optimism._The use of a conservative approach
should be justified. Where a best estimate of the NPP’s response to an initiator is not availablg
one or more of the following sources might be used: a) bounding deterministic analysis; b))
design analysis; ¢) commissioning tests; d) operational tests; and e) expert judgment.

5.7. For plants with multiple units, the interactions between the units (both positive and
negative, from a risk point of view) should be considered in Level 1 PSA from the perspectivi
of the unit under consideration. Fhe—recommendationsRecommendations on multi-unit PS
aimeddeveloped to quantify multi-unit risk metrics are provided in Section 11.%-

9 <Credited systems’ are systems credited in the PSA, which include operating and standby safety systems anf

non-safety systems whose operation during an accident can help prevent an undesired end state (e.g. corg

damage, fuel damage).
20 In_the case of initiating events affecting the entire site-the-consideration-of, it is important to consider adverse
effects efon other facilities on site (e.g. interim dry fuel storage facilities_to the reactor and spent fuel pool is
considered to be important).
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5.8. TFhe-lt should be possible to use the Level 1 PSA model

developed-should-be-capable-of
being-used-for the intended applications and ef-being-updatedto update it for possible future
applications.

5.9. The analysis should be carried out using a suitable computer code that has the following
capabilities:

(a) It should be capable of handling the very large and complex logic model of the nuclear
power plant.

(b) It should be capable of determining the minimal cutsets by Boolean logic reduction.

{b)(c) It should be capable of quantifying the PSA model in a reasonably short time frame.

{e}(d) It should be capable of providing the information necessary to interpret the Level 1 PSA,
such as the core damage frequency, dominant minimal cutsets, frequencies of minimal
cutsets (combinations of initiating events and failures and/or human errors leading to core
damage), importance measures and results of uncertainty and sensitivity analyses.

5.10. The development of a Level 1 PSA model is an iterative process and it should be earried
eutcontinued until an accurate, sufficiently detailed model has been produced.

INHHAHNGEVENT-ANALYSIS

INITIATING EVENT ANALYSIS

5.11. The starting point of the Level 1 PSA is the identification of the set of initiating events.
An initiating event is an event that could-lead-directhy-to-core-damage(e-g-—reactor-vessel
ruptre}-orthat-challenges normal operation, and which necessitates successful mitigation
using-safety-or-nen-safety-systems to prevent core damage.

5.12. This section deals with the identification of internal initiating events that could arise
during power operation. The general methodology for Level 1 PSA for internal and external
hazards is presented in Section 6 and detailed recommendations are provided in Sections 7 and
8, respectively. Recommendations on issues specific to the identification of initiating events
that could arise in shutdown states are provided in Section 9, fer-initiating events that could
arise in the spent fuel pool are-previded-in Section 10 and fer-Multiinitiating events that could
arise in relation to multi-unit PSA are-previded-in Section 11)..

Identification of initiating events

5.13. A systematic process should be used to identify the set of internal initiating events to be
addressed in the Level 1 PSA. This should involve a numbersufficiently comprehensive
combination of different approaches including:

(a) Review of the deterministic design basis accident analysis and design extension
conditions analysis and the safety analysis report;

(b) ldentification of initiating events on the basis of the analysis of operating experience from
the plant being analysed and from similar plants;

(c) _Comparison with the lists of initiating events developed for the Level 1 PSAs for similar
plants and with existing safety standards and guidelines;
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{a)(d) Analytical methods such as hazard and operability studies or failure mode and effects
analysis or other relevant methods for plant SSCs to determine whether their failures,
either partial or complete, could lead to an initiating event;

{b}(e) Deductive analyses such as master logic diagrams to determine the elementary failures
or combinations of elementary failures that would challenge normal operation and lead to
an initiating event;

5.14. The set of internal initiating events used as the basis for the-Level 1 PSA should be as
comprehensive as possible. H-isrecognized-thatitis-notpoessible-to-demonstrate-thatat-pessiblp

initiating—events—have—been—identified—However—by—usingThe use of a sufficientl
comprehensive combination of the different-approaches listed in para. 5.13, it-is-possible-tp

gatnbolsters confidence that the set of initiating events that-has-been-identified for the plant is
as comprehensivecomplete as possible.

5.15. In identifying initiating events, particular consideration should be given to any design
features that are novel or distinctive to the plant in question as potential sources of new
initiating events. This is particularly important for new nuclear power plants wherefor which
there is little or no operating experience-and, where special efforts should be made to identify
unique initiating events, failure modes, accident sequences and dependencies that are particular
to that design. The analytical techniguesmethods indicated in para. 5.13-{a(d) should be carriefi
out for all the operating systems and standby systems to identify possible initiating events (or
consequential failures that eextdmight constitute initiating events) that could arise through
failure to operate, partial failure to operate or inadvertent operation.

5.16. The major categories of initiating events thatare-included in the Level 1 PSA are eventh
that threaten the safety functions, such as removal of heat from the reactor core, control of the
primary coolant inventory, maintaining of the integrity of the primary circuit and control of the
reactivity of the core.

5.17. The set of initiating events identified should include partial functional failures or partial
system failures as-well-as—completefallures,—for-example;(e.q. reduction of feed to steal
generators or loss of feed to one steam generator) as well as_complete failures (e.g. complet
loss of al-feed to all steam generators:). This is important sireebecause initiating even
involving partial failures could still make a significant contribution to the risk.

5.18. The set of initiating events identified should include those that can occur during all
permissible operating states, for example, operation with one of the coolant loops removed
from service.

5.19. The set of initiating events should include events of very low frequency with potentially
large consequences, for example, rupture of the reactor pressure vessel, or loss of coolant
accidents in interfacing systems. Inclusion of loss of coolant accidents in interfacing systems
is particularly important if the Level 1 PSA is intended to be used as the basis for a Level 2
PSA (and possibly a Level 3 PSA).
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5.20. For sites with more than one nuclear power plant unit, the set of initiating events that
eanmight affect more than one of the units at the same time should be identified, for example,
loss of off-site power. In addition, events that eanmight arise in one of the units and lead to an
initiating event in another unit should be identified, for example, for a Level 1 PSA for internal
hazards, an initiating event in the unit being analysed could be caused by a strike from a missile
generated by disintegration of a turbine in an adjacent unit.

5.21. The set of initiating events identified for the plant should be compared with that for
similar plants, as stated in para. 5.13-(c), to ensure that all the relevant initiating events have
been included. Where differences are identified, additional initiating events should be included,
or justification should be provided of why they are not relevant.

5.22. Areview of the operating experience of the nuclear power plant (if it is already operating)
and of similar nuclear power plants should be earried-eutconducted to ensure that any initiating
events that have actually occurred are included in the set of initiating events addressed in the
Level 1 PSA. The causes of such initiating events should be identified and taken into account

in the analysis.

Transients

524.5.23. The Level 1 PSA should be based on a comprehensive set of transients that
eancould occur. Examplesin terms of the-typesprincipal effects on potential degradation of
transient-thatcan-occurincludefundamental safety functions, transients are categorized into the

following_categories:

(&) Increase in reactor heat removal, e.g. owing to opening of secondary relief valve(s) or a
steam line break;

(b) Decrease in reactor heat removal, e.g. owing to loss of main feed or a feed line break;

(c) Decrease in reactor coolant system flow rate, e.g. owing to tripping of the reactor coolant
pump, pump seizure or shaft break;

(d) Anomalies in reactivity and power distribution, e.g. owing to uncontrolled control rod
withdrawal, control rod ejection or boron dilution;

(e) Increase in reactor coolant inventory, e.g. owing to inadvertent operation of the emergency
coolant injection system;

(f) Any other event causing a reactor trip or immediate shutdown of the reactor-_(except loss
of coolant accidents).

5:25.5.24. The set of transients should include loss of off-site power as an internal initiating
event. The initiating event involving loss of off-site power should be specified in terms of the
frequency of occurrence and the-duration-ef-the-less-of-off-site-pewer,-which, and should take
into account the likelihood of recovery of off-site power. This_information should be based on
details of the design and operating experience in relation to the grid connections to the plant.

5.26.5.25. When lessesloss of off-site power that could occur gue-teas a result of internal
hazards (such as a fire in the plant) and external hazards (such as extreme environmental
conditions or an earthquake) areis modelled explicitly in a PSA for those hazards, the definition
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of the loss of off-site power for the model for internal initiating events should exclude these
causes so as to avoid double counting in the Level 1 PSA.

5.26. Particular attention should be paid to loss of off-site power event when it is followed b
loss of all on-site AC power in the event sequence, since PSA studies have shown that thi
situation (known as station blackout) has made a significant contribution to risk for a numbe

of plants.

5.27. The set of initiating events should also include failures of support systems, for example,
electrical power systems, instrument air, cooling water systems, room cooling systems and the
instrumentation and control systems. This is particularly important where the failure of a
support system could lead to a-reacter—tripan initiating event and the support system als
provides a safety function after a+eacter-tripthe initiating event.

Loss of coolant accidents

5.28. A complete set of initiating events that can lead to a loss of coolant accident should be
considered in Level 1 PSA.

5.29. The set of loss of coolant accidents identified should include all the different sizes and
locations of breaks that can lead to a loss of primary coolant. Possible locations of break
should be identified on the basis of the actual design and layout of the plant-ane-the. The set
loss of coolant accidents should_also include failures of pipework and valves, in particula
relief valves.

5.30. FhesetoflossLoss of coolant accidents that can result in the discharge of primary coolam
outside the containment should be identified. FhisThese typically ineludesinclude stea
generator tube ruptures and loss of coolant accidents in interfacing systems where the primar
coolant leakage from the break bypasses the containment and henee-is_therefore not availabl
for recirculation from the containment sump.

5.31. The set of loss of coolant accidents identified should be categorized and grouped in
accordance with the success criteria of the SSCs that reedsneed to be operated to prevent corg
damage. For pressurized water reactors, loss of coolant accidents are usually categorized as
large, medium or small, mainly on the basis of the perfermancereguiredresponse needed frorh
the coolant injection systems to mitigate the loss of coolant accident. Depending on the plant
design, a different set of equipment may be requiredneeded to provide protection from very
small loss of coolant accidents such as those involving failure of the reactor coolant pump seal.

Grouping of initiating events

5.32. In order to limitkeep the analysis requiredneeded for the-Level 1 PSA to a manageablg

size, a-greuping-processthe initiating events should be earried-eutgrouped before proceeding tp
the accident sequence analysis.

5.33. If, in order to furthertimitreduce the size of the PSA model to-a-manageable-size; semp
further, the initiating event groups are screened and some are excluded from eensideration-fof
5

nelusion-in-the model, the screening criteria established-should be consistent with the purpos
of performing-the PSA, so that significant contributors to risk are not excluded. If screening i
performed, it may still need to be revisited for specific PSA applications.
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5.34. Initiating events should be arranged in groups in which all of the following properties of
the initiating events are the same (or very similar):

(@) The accident progression following the initiating event;

(b) The success criteria for the credited systems;

(c) The effect of the initiating event on the availability and operation of credited systems,
including the presence of conditions for signals that will actuate protection actions or
block actuation of systems;

(d) The response expected from operating personnel.

5.35. The success criteria for the credited systems used for a specific group of initiating events
should be the most stringent criteria for all the individual events within the group.

5.36. Where initiating events with slightly different accident progressions and/or success
criteria for the credited systems have been grouped together, the accident sequence analysis
should provide a bound for all the potential accident sequences and consequences of these
initiating events.

5.37. The grouping of initiating events should be done in such a way that undue conservatism
is not introduced into the analysis.

5.38. Initiating events that could cause a containment bypass (e.g. steam generator tube rupture
or loss of coolant accidents in interfacing systems) should not be grouped with other loss of
coolant accidents where the containment would remain effective. This aspect may be
particularly important for applications for which Level 2 PSA is not available, as the
consequences are greater.

5.39. The Level 1 PSA documentation should include a list of all the initiating events that have
been identified for the plant and should provide a description of each initiating event and
sufficient information on the method used to identify it, e.g. hazard and operability studies,
failure mode and effects analysis, master logic diagram or review of operating experience.

ACCIBENT-SEQUENCE-ANALYSIS
ACCIDENT SEQUENCE ANALYSIS

5.40. The next step in the analysis is to determine the response of theby plant operating
personnel to each group of initiating events—{as-identified-in-accordance-with-theforegoing
precedure) that necessitates the operation of credited systems to carry out the safety functions
to prevent core damage. Such safety functions typically include shutting down the reactor and
keeping it subcritical, and remevat-efremoving heat from the reactor core (see para. 5.46).

5.41. The events that are identified in the accident sequences will relate to the success or failure
of the SSCs and human actions taken in carrying out the safety functions requiredneeded for
the groups of initiating events. The end states of the accident sequence models will correspond
either to a safe stable state where all reguirednecessary safety functions have been successfully
fulfilled or to core damage. Criteria should be developed feron what constitutes thea safe stable
state.?%:

2 Several safe stable statestates can be specified (e.g. the-hot standby, cold shutdown)).
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Core damage

5.42. A criterion (or criteria, if appropriate) should be developed feron what constitutes corp
damage or a particular degree of core damage.?? For example, for light water reactors, it is often
assumed that core damage occurs if any one of the fuel parameters (such as the eladcladding
temperature) exceeds its design basis limit or a higher limit if this can be justified--.. In additior],
criteria for other undesired consequences may also be assigned, such as reactor vessel cold
overpressure, reactivity transient or boiling in the spent fuel pool.

5.43. The specification of what constitutes core damage is often done by adopting an indirect
criterion. For example, for a pressurized water reactor, core damage is assumed to occur
following prolonged wneevery—ef-the-topuncovering of the core or if a maximum specified
cladding temperature is exceeded. If a significantly long time interval is requiredneeded tp
cause core damage after ureevery-efthe topuncovering of the core,-then this should be taken
into account in framing a realistic definition of core damage.

Safety functions and success criteria

5.44. The accident sequence analysis should be carried out for each group of initiating events,
as identified in paras 5.32-5.39.

5.45. For sequences ending in a safe stable state, the-accident sequence analysis should b

pursued over a time period;—ended—with—thesequence—mission—time; that will aHewfo

consideringenable the effect of long term measures to be putinplacetoanalysed. This wi
ensure that the risk estimate beyond the sequence mission time is negligible (as compared t

the risk during the mission) and that possible cliff- edge effects are appropriately captured.

O T— 1~ D

5.46. The safety functions that need to be performed to prevent core damage should be
identified for each initiating event group. The safety functions requiredneeded will depend oh
the reactor type and the nature of the initiating event and will typically include:

{b)(a) Shutdown of the reactor and maintaining subcriticality;
{e}(b) Heat removal from the reactor core;
{d)(c) Maintaining the integrity of the primary circuit-and-the-contatnmment.

5.47. The credited systems and actions by operating personnel that will reed—te—b
avaHableneeded to perform each of these safety functions should be identified, along with th|
associated success criteria.

oD

5.48. The actions by operating personnel that arewill be necessary to bring the plant to a safe,
stable state should be identified on the basis of an analysis of plant procedures-analysis. It is g

good practice to specify—eperatoridentify these actions i
betweencollaboratively among plant eperatersoperating personnel, systems analysts an

human reliability analysts.

22 Several core damage states can be specified-depending-on-the-degree if there are varying degrees of the-damagefor. Fqr
example, in channel type reactors, damage to different numbers-ef-channels is usually considered depending on the severi
of the consequences—{i-e—. (for CANDU and RBMK type reactors the-criterion-is-severe core damage-and is defined as
condition where there is extensive physical damage of multiple fuel channels due to overheating leading to loss of the core
structural integrity).
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5.49. The success criterion should define the minimum level of performance for each credited
systemssystem (including the-systems with supporting functions;-e-g- such as the service water
system;_and power supply systems) necessary to fulfil the safety function, taking into account
the specific features of each sequence. Where redundant trains of the credited system are
involved, the success criteria should be defined as the number of trains that are needed to
remain operable. Where multiple credited systems are involved, the success criteria should take
into account the performance needed from each of the different systems. This could include
partial operation of each of the systems as supported by the safety analysis with level-of details
sufficient details to provide an acceptable justification.

5.50. The success criterion for each action by operating personnel should consider the time
between the moment when (based on available information) the action can be initiated and the
fastfirst moment when the action even-cerrecthy-performed-is-able-tewill not lead to fulfilment

of the suecessful-systemsafety function required—{considering(taking into account the time
reguiredneeded for diagnosis and for the action perfermaneeto be taken).

5.51. The-systems-thatSystems and components that are credited for the mitigation of an
initiating event but which would fail as a result of the initiating event should be identified and
taken into account in specifying the success criteria. These-consistofsystems-and-components

that-are-credited-for-the-mitigation-of the-initiating-event—Examples of such cases are where
the initiating event involves the failure of a support system-for-example- such as the electrical

power andor cooling water systemssystem, or where the initiating event produces a harsh
environment in an area where the equipment credited for mitigation of the initiating-event; is
located. in—either—case—this—eanEither of these cases might lead to failure of the
reguirednecessary systems. Anotherexample-arises-inln the case of a large or intermediate loss
of coolant accident in a pressurized water reactor-where, if the break occurs in a-celdany leg
connected to the reactor, the flow weuld-be-lost-from the trains of the emergency core cooling

system connected to that leg:-this-would-need-to-berecognized-in-defining-the-success-criteria

will be lost.

%Q—The success criteria should speC|fy the systentkmlssmn Hme—se—thai—the—reaeter—maehes—a

MWHWWWFWMNWS for the credlted

systemslIn many cases, this has been taken to be 24 or 48 khours for most initiating events. Fer
designs-thatprevideThe mission time should be defined adequately for capturing possible cliff
edge effects and ensuring that the residual risk accrued after the features-to-delay-core-damage
{e-g—passive-systems)-consideration-of a-longer-mission time may-be-necessany:

pemennel—system&analys&&and—haman—@abﬂ%analysts egllglbl

5.54.5.53. The Level 1 PSA documentation should include a list of the safety functions,
credited-systems,—support systems and actions by operating personnel that are necessary for
each initiating event to bring the reactor to a safe;-stable-shutdewn-state state, along with the
associated success criteria.

Analysis to support the specification of success criteria

5.55.5.54. The success criteria for the credited systems should be justified by supporting
analysis. Supporting analysis would include the thermohydraulic analysis for decay heat
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removal following transients and loss of coolant accidents, and neutronics analysis for reactor
shutdown and hold-down. Supporting analysis should be based on the-plant specific data
{wheneverwherever possible}; and should conform to the best practice for using thequalifiefl

and valid computer eode-and-should-be-independenthyreviewedcodes.

5:56.5.55. Wherever possible, realistic success criteria that are based on best estimate
supporting analysis should be defined and used in the Level 1 PSA-[5}.: see IAEA Safety
Standards Series No. SSG-2 (Rev. 1), Deterministic Safety Analysis for Nuclear Power Plants

[51.

5,5%.5.56. However, if conservative success criteria that are based on conservative design
basis analyses have been used in the Level 1 PSA for some of the credited systems in any
accident sequence, this should be noted and the results of the overall analysis should be
reviewed carefully to ensure that such conservatism does not dominate the risk and hence
obscure insights from the Level 1 PSA.

5.58.5.57. Fhis—paragraph—provides—recommendations—on—meetingIn_accordance with
Requirement 18 of GSR Part 4 (Rev. 1) [3]—en+|seeﬁeem1au%e¥—eedesier—a—lzevel—1—%A—'FhejE
the computer codes used to justify the success criteria should be well qualified to model th

transients, loss of coolant accidents and accident sequences being analysed and to obtain a best
estimate prediction of the results. The computer codes should be used only within their
established realm of applicability and sheutd—be-used—only by qualified code users. Begt
estimate input data and assumptions that avoid unnecessary conservatisms should be used
wheneverwherever possible; see SSG-2 (Rev. 1) [5]. ‘

Modelling of accident sequences

5.59.5.58. The accident sequences that could occur following each initiating event group
should be identified. This can be done by constructing an event tree for each initiating event
group, which models the success or failure of the credited systems, support systems and human
actions in earrying-eutperforming the safety functions. It is considered good practice to drav{/
detailed event sequence diagrams, including human interactions, before constructing the event
tree.

5:60.5.59. The event tree for the initiating event group should address all the safety functions
that need to be performed and the credited systems that need to be operated as specified by the
success criteria. The status of the front line credited systems (i.e. success or failure) for the
initiating event group usually forms the headings for a particular event tree:-this-is-semetimep
referred—to—as—the—event-tree—top—event. The headings may also include any actions by

g

t

operating personnel that directly affect the course of an accident, particutarhyin particulg
actions to be taken in accordance with the emergency operating procedures. Any other even
with a direct and significant effect on the sequence may also be used as a heading.

5.64.5.60. The structure of the event tree should take account of the time sequence of the
headings on the event tree representing actions by operating personnel or actuation of systems.
The most natural way is to order them chronologically, following the time sequence of the
demands made on the systems or on the operating personnel._However, the headings cap
sometimes be ordered in another way to simplify treatment of dependencies or to reduce modg|
size.

5:62.5.61. The event tree structure should take into account functional and physical
dependencies (see para. 5.9089) that maymight occur as a result of the initiating even,
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eqmpment failures andor human errors—DependeHefes—beMeemeFedﬁed—syﬁems—(usualw

5.63.5.62. The accident sequence analysis should cover all relevant combinations of success
or failure of the credited systems in responding to the initiating event group and should identify
all accident sequences leading either to a successful outcome, where sufficientenough credited
systems have operated correctly se-that all the requirednecessary safety functions for the
initiating event have been earried-eutfulfilled, or to a core damage state.

End states of accident sequences and plant damage states

5.64.5.63. The accident sequence analysis will identify accident sequences where all the
required safety functions have been fulfilled in a satisfactory manner so that core damage
wit(or other undesired consequences) do not occur, and accident sequences where one or more
of the safety functions have not been fulfilled so that core damage is assumed to occur. This
distinction will generally be sufficient if the analysis is to stop at a Level 1 PSA. However, if
the intent is to use the results of the Level 1 PSA as input tefor a Level 2 PSA, it is general
practice to group the accident sequences that lead to core damage into plant damage states,
which will be a starting point for forming the interface between the Level 1 PSA and the Level
2 PSA. It is more useful ifto specify the plant damage states are-specified-as a-part of the Level
1 PSA {rather-than pestpeningto postpone the specification of plant damage states to the first

step of the Level 2 PSA)—F@r—e*ample—fe#GANDU—Wpe—reaete#s—the—mﬁereM—aeetdem

5.65:5.64. If a Level 2 PSA is being pursued, then a set of plant damage states should be
defined that takes account of the characteristics of each accident sequence leading to core
damage that could affect the containment response or lead to a release of radioactive material
to the environment. Plant damage states should be specified-by—means—of-a—cooperative
effortdefined collaboratively between the Level 1 PSA analysts and the Level 2 PSA analysts.%

5.66.5.65. The characteristics specified for the plant damage state are generally left to the
discretion of the anahystanalysts, but would typically include:

(@) The type of initiating event that has occurred (intact primary circuit or loss of coolant
accident);

(b) Failures of the credited systems (in the reactor protection system, residual heat removal
system or emergency core cooling system) that have occurred, leading to core damage;

(c) The state of the primary circuit pressure (high or low) at the time of core damage;

(d) The time at which core damage occurs (early or late relative to the time of reactor trip);

(e) The integrity of the containment (intact, failed, isolation failure, bypassed dueowing to a
steam generator tube rupture or a loss of coolant accident at interfacing systems);

(f)  Loss of coolant accident with or without pressure suppression capability (for boiling
water reactors);

(g) The state of the pool (subcooled or saturated) when core damage occurs (for boiling water
reactors);

2 The combination of Level 1 end states involving severe core damage and failures of containment
subsystems may be generated by means of interface event trees: see SSG-4 [4]
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(h)  The availability of the containment protection systems (containment sprays, heat removal
systems and hydrogen mixing or recombiners);

(i)  The availability of AC and DC power and associated recovery times;

(J)  The actions by operating personnel that have been attempted and failed.

The list above is appropriate for a PSA ferin power operation. Fhe—additienatAdditiong|
characteristics applicable forto shutdown states are provided in Section 9 (see para. 9.3334).

5.67.5.66. The accident sequences leading to core damage should therefore be characterized
in accordance with the general physical state of the plant to which each accident sequence leads
and tewith the possible availability of the credited systems that could prevent or mitigate h
release of radioactive material.

5.68--The Level 1 PSA documentation should present the event trees that have been drawn to
determine how the accident sequences progress-and-should-give-a. A description of the logic
behind the event tree structure—Fhis-is-impertant should be given to aid understanding, sincg
the event tree diagram itself prowdes no reasoning, only the results of reasoning-and-hencp

5:69.5.67. The-documentation-should-provide-explanatory. Explanatory information forth|
headings-inon the event tree—For headings should also be provided, for example, an-event-tref

whether the heading may—representrepresents a simple function; or—H—may—represent
compound event (where more than one function is included under one heading). Assumptions
made in the development of the event tree and the corresponding definition of the headings
should be clearly presented and justified.

WD D

5:70:5.68. The documentation should also describe the plant damage states and should give a
description of how they have been specified.

SYSTEMS-ANALYSIS

SYSTEMS ANALYSIS

5:74.5.69. The next step in the analysis is to model the credited system failures that ar

identified in the accident sequence analysis. If this is done by means of fault tree analysis, then
the top event of the fault tree is taken as the credited system failure state(s) identified by thp
event tree analysis. The fault trees extend the analysis down to the level of individual basic
events, which typically include component failures (e.g. failures of pumps, valves: or diesdl
generators), unavailability of components during periods of maintenance or testing, common
cause failures of redundant components and human failure events that represent the impact of
human errors.

5:72.5.70. The scope of the fault trees that need to be drawn depends on the size and
complexity of the event tree; the fault tree will be less complex the more detailed the event tree
is.24

24 Other techniques are possible and may be used for specific aspects of the PSA. However, the usual approach is to use a
combination of event trees and fault trees and this approach is assumed to be used (see paras 5.4-5.6).
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Fault tree analysis

5:73.5.71. Where fault trees are used, they should be developed at a level of detaisdetalil
sufficient to capture the possible dependencies and to provide a complete logical failure model
for all the credited system failure states identified by the event tree analysis.

5:74.5.72. The failure criterion that provides the top event of the fault tree for each safety
function should be the logical inverse of the accident sequence success criterion, as specified
in paras 5.49-5.5857. In some cases, more than one fault tree model may be necessary for the
same credited system to address the success criteria specified for different initiating event
groups or in different branches of the event tree, depending upon the sequence of events prior
to demand for the system. This can be done by developing different fault tree models or by
using logical switches (so-called ‘house events’) to disable or enable the appropriate parts of
the fault tree model, depending on the success criterion.

5:75.5.73. The basic events modelled in the fault trees should be consistent with the available
data on component failures. The component boundaries and component failure modes as
modelled in the fault trees should be consistent with those defined in the data on the component
failures. This is equally valid for both active and passive components.

5:76:5.74. The fault tree models should be developed to the level of significant failure modes
of individual components (e.g. pumps, valves, diesel generators) and individual human errors
and should include all the basic events that could lead, either directly or in combination with
other basic events, to the top event of the fault tree. The level of detail of the analysis is
generally left to the discretion of the analystanalysts, but_it should be sufficient to capture the
possible dependencies and it should be consistent with the available data on component failures
and the proposed applications of the Level 1 PSA.

57#5.75. The set of basic events to be modelled in the fault trees should be identified by
means of systematic analysis (for-example;e.g. by means of a failure mode and effects analysis
that has been carried out as part of the design assessment to identify important component
failure modes) and a review of actions by operating personnel supported by task analysis to
identify potential human errors.

5:78.5.76. The fault tree model should include all the credited system components that are
reguiredneed to be operational, including support system components. It should also include
passive components whose failure could affect the operation of the system, for example,
undetected-filter blockages and pipe leaks. The fault tree model should be developed in a way
that ensures that the-functional-dependencies-and-compenent-fatlure-dependencies are taken
into account explicitly. Omitting the explicit modelling of these dependencies maymight
significantly bias the results and underestimatelead to an underestimation of the relative
importance of the support systems. Passive components (e.g. pipelines, cables) may be
excluded from the PSA model if their reliability is shown to be an order of magnitude higher
than the reliability of any component considered in the model whose failure would have the

same consequences.

5:79.5.77. The degree of resolution of the components in the fault tree should be sufficient to
ensure that all the hardware dependencies can be modelled. For example, where the same
system provides cooling water to a number of components, this cooling water system should
be modelled explicitly. Available data on component reliability should also be taken into
account in defining the level of resolution (e.g. reliability data maymight be available for a
pump as a whole, but not for its constituent parts, such as the rotating wheel, coupling;_and
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bearing). In addition, in defining the degree of resolution of the components in the fault tree,
consideration should be given to insights required—from the PSA in terms of the risk
significance of plant equipment or of individual parts of equipment.

5.86.5.78. Where individual components are grouped together and a composite event is used
to model their failure, it should be demonstrated that the failure modes of each component in
the composite event hashave the same effect on the system as the composite event itself. Iih
addition, all the composite events included in the model should be functionally independent,
i.e. no individual component should appear in more than one composite event, or elsewhere as
a basic event.

5.84.5.79. The fault tree models should take account of individual components or trains of
equipment in the credited systems that maymight be taken out of service for testing,
maintenance or repair in the course of the lifetime of the plant. Such components or trains of
equipment should be identified and modelled explicitly in the fault tree analysis. This can be
done, for example, by including basic events in the fault trees to represent component outages.

5.82.5.80. The way-thatthe-unavailability of systems eueowing to testing and maintenance i
modeHed-should be modelled in a way that is consistent with plant technical specifications
and_with testing and maintenance practices in the plant.

5.83.5.81. A system for uniquely coding or labelling each of the logic gates and basic events
in the fault tree models should be developed and this system should be used consistently
throughout the complete logic model developed for the Level 1 PSA.

5.84.5.82. The development of the model should be consistent with the proposed applications
of the Level 1 PSA. For example, if the Level 1 PSA is to be used for a risk monitor application,
the model should be symmetrical so that it explicitly models initiating events in all locations in
which they can occur, including all primary circuit loops, all trains of the credited systems, and
all running and standby trains of normally operating systems. The development of a
symmetrical model will allow the importance measures calculated by the Level 1 PSA code to
be used in a straightforward manner (see para. 5475171 for-the examples of importanck
measures).

Required systems information

5.85.5.83. Functional descriptions should be produced for each of the systems credited in the
Level 1 PSA to ensure that there is a valid and auditable basis for the logic model being
developed. Functional descriptions typically include the following:

(@ The function of the system;

(b) The system failure modes;

(c) The system boundaries;

(d) The interfaces with other systems;

(e) The operating state being modelled (for systems with more than one medestate); |
(f)  The components that need to operate or change their state and their normal configuration;
() Whether the component operations are manual or automatic;

2 In the modelling of maintenance outages, it is generally assumed that the plant is operated within the limiting conditions for
operation specified in the technical specifications.
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(h)  The conditions that need to exist for automatic signals to be received by the components.

5.86-5.84. A simplified schematic diagram should be provided for each system which shows
the system as modelled in the fault tree, including:

(@  All the system components modelled in the fault tree;

(b) The nermal-configurations of the components during normal operation;

(c) The pipe segments or wiring segments connecting the components;

(d) The support system interfaces (e.g. power, eleetricatinstrumentation and control, cooling,
ventilation).

5.87.5.85. The functional descriptions and schematics provided for the credited system should
provide a clear basis for development of the fault trees. The Level 1 PSA documentation should
provide an explanation of how this information was used in the development of the fault trees.

ANALYSIS OF BERPENBENTFAHURES

ANALYSIS OF DEPENDENT FAILURES

5.88.5.86. Particular consideration should be given to the treatment of dependencies in the
logic model developed for the Level 1 PSA since, in PSAs carried out in the past, dependent
failures have often been found to be one of the dominant contributors to the core damage
frequency.

5.89.5.87. There are four different types of dependency that can occur:

(@) Functional dependencies include dependencies resulting from plant conditions, for
example, failure to depressurize leads to unavailability of low pressure injection, and
dependencies dueowing to shared components, common actuation systems, common
isolation requirements or common support systems (e.g. power, eseling;-instrumentation
and control, cooling, ventilation).

(b) Physical dependencies (also referred to as spatial interaction dependencies) gueowing to
an initiating event that can cause failure of credited system equipment. This can occur
due-toas a result of pipe whip, missile impact, jet impingement or environmental effects.

(c) Human interaction dependencies dueowing to errors made by the plant staff that either
contribute to, or cause, an initiating event, or lead to the unavailability or failure of one
or more items of credited system equipment so that they do not operate when
reguiredneeded following an initiating event.

(d) Component failure dependencies dueowing to errerssimilarities in  design,
manufacturemanufacturing or installation errors or errors made by plant personnel during
plant operation. These are addressed by a common cause failure analysis (see paras
5.9592-5.9895).

5.90.5.88. A systematic review should be earried-eutperformed of the design and operation of
the plant to identify all the potential dependencies that could arise, leading to the unavailability
of credited system components or a reduction in their reliability in providing protection against
initiating events.

5.91.5.89. All functional and physical dependencies should be modelled explicitly-in-the-event
tree-orfault-tree-model.. Human interaction dependencies and component failure dependencies
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should also be modelled; these are discussed further in paras 5.9996-5.124121 on humal
reliability analysis and paras 5.9592-5.9895 on common cause failure analysis.

5:92.5.90. All the functional dependencies that could arise within systems should be taken
into account ef-in the fault tree model. These should be identified and modelled explicitly ih
the fault tree analysis. It is good practice for the analysts to tabulate all these dependencies in
a matrix of system dependencies, which can be used as a basis for constructing the fault trees
and which is helpful to the reviewers in checking them. Functional dependencies should not be
included among the component fallure dependencies i in the common cause failure probabllltles
of the system

593.5.91. The intersystem functional dependencies that could arise dueowing to sharegl
components or support systems should be identified and modelled explicitly in the fault tree
analysis. In the linked event tree approach (see para. 5.5), intersystem functional dependencies
can be addressed using the boundary condition method. Such dependencies could arise in
separate credited systems that perform the same safety function or in associated support
systems. These need to be included explicitly in the fault trees.

ANALYSIS-OF-COMMON-CAUSEFAHEURES

ANALYSIS OF COMMON CAUSE FAILURES

5.94.5.92. The sets of redundant equipment where component failure dependencies could
arise should be identified and included in the Level 1 PSA model for the common cause failure
of these components. There are a number of methods available for modelling common cause
failure in a Level 1 PSA and the method chosen should be supported, whenever possible, by

the collection of data. Addressing both intra-systemintrasystem and nter-systemintersystern
common cause failure events is considered a-good practice.

5:95.5.93. The common cause failures that can affect groups of redundant components should
be identified and modelled using the appropriate features of the PSA software. This is often
done in the fault trees. The analysis should identify all the relevant component groups and thg
impertant-failure modes. Any assumptions made concerning the defences against common
cause failures should be stated in the Level 1 PSA documentation.

5.96.5.94. Justification should be provided for the common cause failure probabilities used
for each of the component failure modes included in the Level 1 PSA. This justification should
take into account—ef the level of redundancy in the system, the design aspects of the
components, the layout of the system in terms of the levels of separation, segregation and
equipment qualification, and the operational, testing and maintenance practices for the system.

5.97.5.95. Where possible, the common cause failure probabilities should be based on plant
specific data and should take_into account-ef data from the operation of similar plants anfi
generic data. If generic common cause failure parameters are to be used for the calculation of
common cause failure probabilities, the applicability of these values should be analysed and
justified. The component boundaries, failure modes and failure root causes in the generic data
sources to be used should be consistent with those assumed in the PSA. If expert judgement is
to be used for the assignment of common cause failure parameters (when neither plant specific
data nor generic data are available), an appropriate justification should be provided for the data
and error—factorsuncertainty parameters assigned_and should be commensurate with the
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uncertainty in the process of specifying the common cause failure parameters. One—case-for
wseAn example of when only generic data eoutdmight be foravailable is the PSA at the design
stage of a new nuclear power plant.

HUMANREHABHHY-ANALYSIS

HUMAN RELIABILITY ANALYSIS

5.98.5.96. The human errors that can contribute to the failure of safety functions or the failure
of credited systems should be identified and included in the logic medelsmodel. A structured
and systematic approach should be adopted for the identification of human failure events
{HFE};, the incorporation of the effect of such events in the plant logic model (event trees and
fault trees) and the quantification of the probabilities of such events, i.e. human error
probabilities. A structured and systematic approach will provide confidence that a

comprehensive analysis has been carried out to determine the centributions-te-thefrequeney-of
ee#e—elamage—#emcontrlbutmh made by aII types of HFE;Gweh—the—hﬂa;h—elegwes—e#
eumni—nuelea#pewe#p#ams—fauh—seqeehees—ma;ehﬂhg—human fallure evems—leamhg—te
2 ibutienevent to the
core damage frequency A useful startlng pomt isto check the selected approach apphed-against
one of the approaches generally used to ensure that all the necessary steps for a-human
reliability analysis are earried-euttaken.

5.99.5.97. The recommendations provided in paras 5.99-5.124121 relate to the most common
methods used for human reliability analysis in a Level 1 PSA f441.(see Ref. [15]). The process
for human reliability analysis should consist of the following four iterative steps:

(1) Identification and definition of HFEshuman failure events to be considered in the PSA;
(2) Qualitative assessment of HFEshuman failure events;

(3) Quantitative assessment of HFEshuman failure events;

(4) Integration into PSA model.

5:100:5.98. There is a wide variety of methods available for human reliability analysis and the
state of the art in this area is still evolving. The method chosen should be applied and
documented consistently and correctly. When a human reliability analysis method is used
outside of its original scope or is complemented or replaced by expert judgements, this process
should be clearly documented with sufficient justifications to support an appropriate human
reliability analysis process.

5:1404.5.99. The aim of quantitative assessment in_human reliability analysis should be to
generate probabilities of human errors that are beth-consistent with one another and-censistent

within all the analysis-carried-outin-otherparts of the Level 1 PSA.

5:102.5.100. The human reliability analysis should be earried—outperformed in close
cooperation with the plant operating and maintenance staff to ensure that the analysis reflects
the design features of the plant and its operation underin operating states and accident
conditions. If this is not possible (ferexample;e.q. if the analysis is to be carried out for a plant
at the design stage), the analysts should use information from other, similar plants, or should
clearly state the assumptions upon which their analysis is based.
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Identification and definition of human failure events

5:103:5.101. A structured and systematic procedure should be applied for the
identification and definition of theall types of human failure events that-need-to be included in

the Level 1 PSAJ%%G%%&H—BM—HF&%—%M—M—WMT

5:104:5.102. The human reliability analysis should include human failure events occurring
before the initiating event that have the potential to lead to the failure or unavailability of SSC
important to safety (usuathy-referred-to-asTFypetype A human failure events). These events ca
occur during repair, maintenance, testing, inspection or calibration tasks. If sueh-errorsth|
events remain undetected, the component or component groups affected will be unavailabl
when needed after an initiating event. Partictarhy—impeortantOf particular importance ar
failure events that have the potential to result in the simultaneous unavailability of multiple
trains of credited systems. These sources of unavailability are included in the models at
component, train or system level.

D D I(IJ =7

5-105:5.103. A systematic review of plant procedures should be earried-eutperformed t
identify human failure events that might occur during the repair, maintenance, testing
inspection and calibration tasks earried-outundertaken by operating personnel for the system
modelled in the Level 1 PSA and-thereby-to-identify-Type(type A human failure events:). Th
review should determine the potential for HFEssuch events to occur and the effect of thes
potential HFEsevents on the unavailability or failure of credited system equipment.

1=
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5-106:5.104. A systematic review of plant procedures should be earried-eutperformed tp
determine potential human failure events that could lead to an initiating event (Fypetype B
human failure events). AsAt a minimum, a-checkit should be earried-eutto-ensurechecked thgt
these types of human failure events-that-could-cause-tnitiating-events-areevent have been taken

into account in the evaluation of frequencies of initiating events used in the analysis.

5:407.5.105. A systematic review of plant procedures should be earried-outperformed t
identify the human failure events that might occur during critical actions that-wiH-need-te-b;
carried-euttaken by operating personnel after the occurrence of an initiating event (Fypetype (
human failure events). The review should determine the potential for HFEshuman failur
events to occur and the effect of these potential errors on the unavailability or failure of

component-e+, system—Fype_or safety function. type C HFEshuman failure events usuall
previdemake a significant contribution to the core damage frequency-and-hence-are-eften-th

5.1468.5.106. Significant errors of commission—_ (i.e. incorrectly performing

reguirednecessary task or action; or performing an extraneous task that is not requirednecessary
and might lead-te-worseningexacerbate the accident progression or cause an initiating event
should be eensidered—Fhistaken into consideration-can-lead-to-thecreation-of. As a resul
additional accident sequences_might be created. While it is not yet general practice to includ
errors of commission in the base case PSA, it is considered te-be-a-good practice to us
information on the general causes of errors of commission to reduce their potential (see-f9

example;, €.0., Ref. [1415]).

5:109.5.107. Repair actions (e.g. the replacement of a motor on a valve so that it can be
operated) should be credited in the PSA only if there is strong justification for their feasibilitgj.
Human Reliabitity-Analysis-(HRA)reliability analysis techniques cannot be-always be used for
repair actions since the method of repair is case dependent. It might be possible to credit repair
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actions if the specific failure mode of the equipment is known for the specific sequence and (i)
itis-pessible-te-gquickhythe failure can be diagnosed the-failurequickly, (ii) the spare parts and
repairing personnel are in place, are-(iii) the environmental and work conditions needed for
performing repair are in place or can be ensured, and (iv) the time window is sufficiently long
to credibly assume the possibility for repair, including the time needed to bring spare partparts
and repairing-persenatrepair personnel to the plant. Recovery is defined in the PSA context as
athe restoration of a function lost as a result of a failed SSC by overcoming or compensating
for its failure. Recovery can be handled by the operating personnel-as-distinction-from, whereas
repair_cannot. The appropriateness of the recovery and repair actions should be documented.

5.410.5.108. Actions that are—hereic”might be considered ‘heroic’ (e.g. operating
personnel need—to—enterentering an extremeenvironment with extremely high-_radiation
environmentlevels to perform the action) or actions that are performed without any
preeedureprocedural guidance or are-nettrained-enstraining should not be included or credited
in the analysis—Exeeptions-may-bejustified,-but-this-sheuld-net-be as normal practice, though

exceptions may be made, with justification.

5444.5.100. Assessment of human reliability in the context of deploying portable
equipment should follow the same general principles as generaty—inthe overall human
reliability analysis_process. If the applied-human reliability analysis method applied does not
originally address all key human performance factors relevant to deploying portable
equipment, the method should be adapted and complemented in such a way that these
performance factors are taken into account.

Qualitative assessment of human failure events

5412.5.110. The qualitative assessment of HFEshuman failure events should include the
collection, analysis and documentation of information that is relevant for analysts to understand

the personnel tasks envelepedinvolved in the HFEs-subject-efthe-specifichuman failure events
undergoing human reliability analysis.

5413.5.111. Information eeHection—should eensider—relevant—sources—includingbe

collected from the following whensources, as applicable:

(@) Procedural guidance;

(b) Visits atto relevant plant locations;

(c) Reviews of operating experience;

(d) Interviews, talk-throughs, and walk-throughs with operating personnel; and trainers;

(e) Information on the performance of operating personnel in the plant simulator;

(f)  Thermohydraulic analyses;

(g) Other parts of the PSA, typically systems analysis notebooks and accident sequence
analyses.

5:114.5.112. Qualitative assessment should lead to a eharacterisationcharacterization of
human failure events so that the-quantification and modelling can be performed in-an-adeguate
manner-adequately. This characterization is usually achieved bythrough the following main
activities:

(a) Task analysis to achievegain a detailed understanding of the activities required to meet
the success criteria associated te-the-HFEwith human failure events;
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(b) Context eharacterisationcharacterization to characterize the scenario and th
performance conditions defining the personnel activities covered by the HFEshuma
failure events, e.g. timing eenstrainsconstraints, procedural guidance, relevant cues;

(c) Erroridentification to identify the cognitive and manual activities that would result in
HFEhuman failure events;

(d) Error eharacterisationcharacterization to determine, justify, and characterize the potentigl
and mechanisms for recovering from the identified error.

These activities of the qualitative assessment are valid for all types of HFEhuman failure event
(A, B;.and C) and for all areas of PSA f14}.(see Ref. [15]).

5:415.5.113. For newly designed NPPs—mestnuclear power plants many of the source
forof qualitative information listed in para. 5.£15112 might not be available. In such cases, th
information for similar plants should be used. If this is not possible, then the-expert judgement
should be used for itemsthe activities listed above. In any case, tater-the correspondence
qualitative information to plantthe actual plant status should later be verified and the PS
should be updated, as needednecessary.

Quantitative assessment of human failure events

5:116.5.114. The human error probabilities derived should be scenario specific and should
reflect the factors that can influence the performance of operating personnel, including the level
of stress, the time available to carry out the task, the availability of operating procedures, the
level of training provided: and the environmental conditions. Other relevant factors should alsp
be considered, as appropriate. These factors (often ealledreferred to as ‘performance shapin
factors”) should be identified by the qualitative assessment.?®:

5447.5.115. The method used forthe-derivation-ofto derive the human error probabilitie
should be consistent with the methods generally used in PSAs or its use should be explicitly
justified.

5:118:5.116. While the-appheation-ef-different quantification methods may be applied for
different types of HFE-human failure event (i.e.g—between-types- for type A, Band C
considered;_events), the use of the same human reliability analysis approach (the huma
reliability analysis method or a combination of methods) should be used for the assessment
similar types of HFE-ispreferablehuman failure event to achieve-aensure consistency in th
analysis. If different approaches are used for the same type of HFEshuman failure event th
reasons for their selection should be documented.

5.117. The risk importance of HFEshuman failure events should be evaluated to identif
the—needevents that should be subject to perform—a—more detailed analysis .
Quantification-of-HFEs. The guantification of human failure events is often performed in tw

stages:-1)-sereening
(1) Screening assessment applying a simple quantification model-and-2)-detailed;

% 1t is recognized that the human error probabilities will also be influenced by the safety culture at the plant.
However, at present there is no agreed way of taking account of safety culture in evaluating human error
probabilities.
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(2) Detailed assessment where more factors and-a-more-detailed-context-characterisationis
are taken into account;-mestly and the context is characterized in more detail, in particular
for the most risk- significant actions by operating personnel.

In this approach, it should be ensured that the risk importance of HFEshuman failure events
are accurately characterized after the screening phasestage so that the risk significant
HFEshuman failure events needing more detailed assessmentsassessment can be identified.

5419.5.118. The assessment of Fypetype C HFEshuman failure events for internal and
external hazards should include the following-three-cases:

(@) HFEsHuman failure events that are included in the Level 1 PSA for internal initiating
events; but are also relevant ferto the scenarios induced by internal or external hazard
scenario-hazards. In this—easesuch cases, it sheuld—be—checked—whether—there—is—a
needmight be necessary to revise the assessment of performance shaping factors te
consider-thatas it might be more difficult for operating personnel to implement actions
than in the base case scenario (e.g. dueowing to a higher stress level associated tewith
the hazard context).

(b) HFEsHuman failure events that are relevant only ferto a specific hazard (e.g. firefighting
using portable fire extinguishing devisesdevices). The methods used to assess hazard
specific HFEs-mayhuman failure events can usually follow the same principles as the
ones used to analyse other types of HFEhuman failure event.

()  Undesired responses by operating personnel to spurious alarms and indications. More
information on identification and assessment of undesired actions by operating personnel
can be found in Ref. [£516].

Treatment of dependencies between human failure events

5:426.5.119. ldentificationAnalysis of dependent HFEshuman failure events should take
place—in—allphases—efbe embedded into the_overall human reliability analysis process
(identification, qualitative assessmentsassessment, quantitative assessments,—andassessment
integration of HFEs—irhuman failure events into the PSA model). There are likely to be
interdependencies between the individual HFEshuman failure events included in the logic
model. Such interdependencies could arise from the use of a common cue or procedural step,
neerrectcognitive coupling owing to the structure or content of plant procedures, an
neorrectdrivers of diagnosis eran-incorrect plan-ofactionand response planning, or similarities
in earrying—outconditions for taking response actions. Dependencies among human failure
events in the same sequence, if any, can significantly increase the human error probability.
Interdependencies between human failure events should be identified and quantified in the

analysis.

5:421.5.120. All minimal cutsets or scenarios involving multiple human failure events
should be identified.?’- The set of HFEshuman failure events that are combined in the same
minimal cutset or scenario should be reviewed to determine the degree of dependency between
them; the human error probabilities used in the quantification of the model should reflect this
degree of dependency.

27 Sueh-minimal-cutsetsThis can be identifieddone by setting the human error probabilities to a high value (e.g.
0.9) and recalculating the core damage frequency; the minimal cutsets involving multiple human failure events
will then appear at the top of the list of minimal cutsets.
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Integration of HFEshuman failure events in the PSA model

5422.5.121. Fhe-impact-ofrisk-significant-HFEsHuman failure events should be eithe
incorporated as basic events i-into the logic model. Depending on the definition and effect o
a human failure event, the corresponding basic event can appear at an appropriate level in th
system fault trees or used-as-it can represent an event tree headingsheading. Recovery type ¢
HFEshuman failure events may be-also be implemented during the post-processing phase o
the-quantification. The integration step should include a thorough examination of the minima
cutsets to verify that HFEshuman failure events have been incorporated correctly. Thi
examination should include a step to identify combinations of HFEshuman failure events whic
may reguireneed a dependency assessment (see paras 5.422-119-5.123120).
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OTHER-MODBELLINGISSUES

OTHER MODELLING ISSUES

Passive systems

5—}2%5 122 FunettenatA functional reliability assessment of passwe systems being-patt

perf-e#mmgto satlsfactorlly Qerform their safety functlons (i.e. assessment of thelr fallur

IV‘J D I

probability) should be considered in the PSA. Paragraphs5-125-5-131 deal-with-theThi

section relates to passive systems incorporating moving fluids or expanding solid structuresg
direct action devices;-er and stored energy sources (i.e. passive systems of categories B, C; an
D, as defined in Ref. [£6])-that-[17]). The demonstration of the functionality (including th
reliability and availability) of passive systems generally irvehsinvolves the use of one or mor
techniques such as thermohydraulic calculations, validation, expert judgement, validation;
testing; and performance monitoring to demonstrate their reliability.

=

D

5424.5.123. ReliabihityThe reliability assessment of passive systems should address the
specific passivity features, which can be rather different from the features of actively operating
systems and components. The concepts of active and passive safety deseribe-the-manneri
which-engineered-SSCsfunction-are distinguished from each-otherone another by determining
whether there-exists—any—+ehanecetheir engineered SSCs rely on external mechanical and/o
electrical power, signals or forces. Fhe-In a passive system, the absence of sueh-reliance H
passive-safetyon an external input means that the reliance is instead placed on natural Iaw:
properties of materials—ané, internally stored energy-—Seme—potential_or capacity a

environmental conditions. Potential causes of failure of active systems, such as lack of huma
action or power failure, de-netexistmay be eliminated when passive safety is previded\Whil
employed. It is necessary to understand not only the individual processes are-weH-understood
the-involved but also how they may be combined with one another. These processes and thei

combinations-ef-these—processes, which define the actual performance of such-systemsth|

system, may vary depending on changes in the conditions of state, boundary conditions an
failure or malfunctioning of components within the system;-thecireuit-ortheplant.

5:425.5.124. Assessment—ofAs passive safety systems (especially thermohydrauli
systems) generally rely on smaller driving forces than active safety systems, they are mor
sensitive to environmental and boundary conditions. The reliability assessment of passiv
systems should earefuthy—considertherefore cover failure mechanisms and events potentiall
affecting the environmental and other boundary conditions-for-system-eperation, such as th
conditions that influence natural lawsphenomena to effectively mitigate accident conditions
and mechanical or structural degradation;- (including ageing effects;) that are unique to passiv|
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systems. For example, natural circulation maymight be impaired or prevented by non-
condensable gases, blockage, wrong valve positions, impurities, corrosion, algae in tanks,
maintenance errors or foreign objects in the system; potential imperfections of the passive
system components (e.g. undesired inclination of pipes owing to improper construction) might
also degrade the performance of certain passive systems owing to the low magnitude of driving
forces.

5:426.5.125. Assessment—ofThe reliability assessment of passive systems should also
eonsider—thetake into consideration periodic testing and maintenance practices or planned
procedures, since such practices or procedures maymight have a significant influence on the
reliability of passive systems+ehabitity. For instance, H-itexists-the-feedback from the-periodic
testing and maintenance-may, if it exists, might reveal ary-age-related material degradations or
maymight demonstrate a need to modify the testing or maintenance strategies.

5427.5.126. The general approach for the reliability analysis of passive components and
systems should be similar to the approach for other systems considered in the PSA. Fhe
speetfieSpecific emphasis should be #aplaced on gaining confidence that the system failure
modes relevant to PSA have been defined properly and that the associated failure probabilities
have been assessed in a justifiable manner. This-may-requirea-development-ofa-model-based
approach-Therefore, to assess the reliability of a passive system-[27}, a model based approach
might need to be developed (see Ref. [18]) and/or use-other techniques such as testing and
expert judgement might need to be used.

5:428.5.127. The reliability analysis of a passive system should include the following
stages:

(@) System eharacterisationcharacterization to define the mission of the system,
associated accident scenarios, failure modes and success/ or failure criteria;

(b) ldentification of system failure mechanisms;

{b)(c) System modelling to enable an-evaluationconsideration of system performance in
various conditions—{system-modelling—is—needed-due-to-limited-possibilities—to
A R S S RS B R R R B AR B R R R A

(d) Identification of relevant parameters and sources of uncertainties in the system
model and input data;

(e) Quantification of uncertainties (using available techniques to consider aleatory and
epistemic uncertainties) to yield a reliability estimation for the system.

5.128. ComputerCommon cause failure is one of the most important failure modes of

passive systems that should also be considered. Typically, for type C and D passive systems,
the_common cause failure of moving parts or instrumentation and control components is
assessed using a standard technique for similar components in redundant trains. However, for
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type B passive systems, the causes of system failure might be the same for all system traing.
This should be reflected in the passive system model if the dependent failure of redundant traink
might have the same or close to the same probability as for any single train.

Software based systems

5430.5.129.  ReliabilityThe reliability assessment of eemputersoftware based system
being-part-ofthethat are considered to be SSCs credited to ensure safety functions or that cal
cause initiating events should be considered in the PSA. Computer-In this context, softwar
based systems in-this-context-are assumed to esnsiderinclude various +&Cinstrumentation an
control equipment with programmable modules.

(UI—J 12

5431 — The—A graded approach should be used to determine the scope and th
appreachmethod used for the reliability assessment of cemputersoftware based systems-shoulf
foHow, on the basis of the risk impertaneesignificance of the systems from thea PSA point 0
view. For instance, it-could-be-expeeted-that-ifa computer based system used to control th
reactor protection system-ane-the, reactor control systems or other high-risk impertane]
systems-are—controHed-by-a-computer-based-system;-they-maysignificant systems would b
expected to need a more detailed analysis whilethan the assessmenrt—ef—programmabl
components ir-otherof lower risk impoertancet&C-systems-may-only-require-analysis-in-a-mer

simphified-manner-Otheracceptable simplifiedsignificant instrumentation and control systems.
Simplified approaches for assessing the reliability of eemputersoftware based systems coul

be adopted for medeling-considering-theirmodelling, taking into consideration the architectur,
and theirthe safety classification-

5.130. Reliabitity-assessments of the systems.

5432.5.131. The reliability assessment of operator interface systems usuathy—censide
other—1&Cshould take into consideration other instrumentation and control system failur|
dependencies through normal PSA fault tree and event tree modelling, in which eascadeth
failures of systems credited earlier in an accident sequence are routinely cascaded. The operatg
and correlated operator interface system interdependencies between different
1&Cinstrumentation and control systems should be considered. For those programmablp
operator interface systems that are modelled in a simplified manner, justification should be
provided for the limitations in the analysis.
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5:433:5.132. Rehiability-The reliability assessment of eemputersoftware based system
should cover both hardware and software components as well as configuration data for th
programmable logic devices of those systems. Modelling the reliability of cemputersoftwar
based systems is a challenge-due-to-thefact-that-for-the-seftware-modules because the standars
statistical approaches have limited applicability- for the software modules.

D OO

5434.5.133.  As for any systems analysis, the first task for the reliability assessment of a
programmabledigital system should be to define the scope of the system and its PSA relatefi
tasks. Here, attention should also be paid to system tasks which, if spuriously actuated,
eancould have adverse effects on semea safety function. In addition, the interactions between
the +&Cinstrumentation and control systems should be analysed to define system dependencies
for the eensidered-system tasks under consideration.

5435.5.134. The analysis of cemputera software based systemssystem should b
sufficiently detailed to capture the functionally relevant failure modes of the systemssysten
and to capture the dependencies between systems. Both the failure mede“modes “failure t
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actuate certain I&C—funetion”instrumentation and <control function’ and ‘spurious
actuation”actuation’ should be considered. The reguired-level of detats—is—dependentdetail
needed depends on the 1&Cinstrumentation and control architecture and the
implementedsystem’s fault tolerant features4n—the—systems—'Fhe¥e#ere—H4qqay—b&neeessaFy—te
perform; a detailed functional analysis of failures.-_(including common cause failures;) might
need to be performed to eeme-tohelp make a conelusionwhatdecision on the sufficientlevel of
detats—is:detail needed. When more simplified models are used, they should include, at a
minimum, the major failure modes identified by the hazardfailure analysis used in the

development of the system {18}:(see Ref. [19]).

5.436.5.135. In the analysis of programmable components (e.g. processors,
communication modules, sensors, actuators;—ether—devices), the starting point should be to
consider both the hardware and software parts of the components (e.g. modules, sub-
eempenemssubcomponents) and then to fuﬁher—decompose hardwa%e—and—seﬂwape—inte

,and if appllcable data are
avallable The reliability analysisassessment of programmable components should include an
assessment-thatprovides-a justification for the selected level of details-ofcomponents’detail in
the analysis_of components. Reference [4819] provides an example failure modes taxonomy
for digital +&Cinstrumentation and control systems.

5:438.5.136. The reliability of the hardware modules should be assessed using standard
techniques, #as long as these techniques can model the system behaviour, failure modes and

dependeneesdependencies identified.

5:439.5.137. The reliability assessment of software modules should include an assessment
of existing operating experience (alseincluding from other NRPPsnuclear power plants or from
other industrial applications) and an assessment of the development processprocesses
(including the validation and verification process) to gain as reaserablemuch confidence as
possible ferin the prewded—rellablllty estlmates—Fer—the prowded The rellablllty assessment of
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2_[19 still poses a challenge, with recognized industrial practice still to b
established.?® For further information, see Ref. [20].

137

5:140.5.138. The treatment of the-recovery actions taken for loss of programmable systen
functions; should be coordinated with HFEhuman failure event models effor the main contrg
room design, minimum alarms and controls inventory. If recovery actions are credited to back]
up the loss of pregrammabledigital system functions, possible dependencies within relation t
the loss of instrumentation should be taken into account.

1

1~

5:441.5.139. The reliability analysisassessment of programmable systems, including
communrcatrons networks should |nclude an assessment of |ntersystem common causg
failures W o
preteeﬂen—system—er—&v&dwerse— Attentlon should be pald to computer systems carrylng ou
similar or the same safety
gwemewhetheethereareanyfunctlons If credrble dependenues in the hardware and softwar
of the two computer systems and—fsethisare identified, they should be taken into account i
the Level 1 PSA.

5:442.5.140. Uncertainties in the modelling of pregrammabledigital systems and dat
should be |dent|f|ed and addressed%e*peeted%akth&medeﬂmg—eneertamﬁewnﬂ%

at Ieast qualltatlvel y

addressed. Data uneertaintyuncertainties should also be addressed.
5:243.5.141.  As-stated-in-Ref[20]}-insights|AEA Safety Standards Series No. SSG-39

Design of Instrumentation and Control Systems for Nuclear Power Plants [21] states thg
“Insights gained from PSAprobabilistic safety assessment should be considered in the desig
of 1&Cl[instrumentation and control] systems—Derivation.” The derivation of 1&4
systemsinstrumentation and control system reliability should be substantiated and usebased o
internationally reeegnisedrecognized approaches. Assumptions should be documented an
justified. In this respect, AEA Safety Guide SSG-39 on Design of Instrumentation-and Contrd
Systers-for-Nuclear PowerPlants [20] peints-eutthat practices differ in Member States. Som
Member States expect quantitative estimates of probability of

teinstrumentation and control system errors caused by hardware and software failures. Fo
other Member States, design errors (including software errors) and their consequences are
adequately treated only by qualitative analyses of the architecture and of the design. Some
Member States; that apply numerical reliability to software, have established numerical limits
tefor software reliability claims.

=SS

2 The applicability of the assessment method varies depending on the type of software module (e.q. operatinfy
system, application software) and the failure mode being considered, but in practice all methods have limitations
in_producing a justifiable reliability number, as ideally expected in PSA. Significant uncertainty in the
identification of failure modes and modelling of dynamic interactions and data have been noted (see Ref. [20]).
This needs to be taken into account in the use of PSA in risk informed applications.
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BATAREQUIREDFOR-ALEVELDATA REQUIRED FOR A LEVEL 1 PSA

5.142. OneRequirement 19 of GSR Part 4 (Rev. 1) [3]states that “Data on operational
safety performance shall be collected and assessed.”

5:145.5.143. If plant specific experience is limited or absent, one of the main issues that
needs to be addressed is whether the available data are applicable to the design-efthe-equipment

design and the operating regime of the plant in question-ifplant-specific-experience-is-Hmited
9rabsent.

5:146.5.144. Plant specific data should be used whenever possible, supplemented by data
from similar plants, if it can be shown that this—isthese data are relevant, since—this—with
previdethus providing a broader seureerange of data. However, plant specific data will not be
available for a design PSA, for new plants or for plants that have only been in operation for a
relatively short time. In this-easesuch cases, data from similar plants should be used;-and; if
thisisthese are not available, generic data from the operation of all types of nuclear power plant
should be used.

5:147.5.145. If the available operating data do not indicate the occurrence of failures, the
initiating event frequencies and component failure probabilities assigned should be justified.

5.148:5.146. Justification should be provided for the data to be used for the Level 1 PSA.
In providing this justification, it is good practice to compare data from a—number—of
differentvarious sources and determine whether any differences can be explained. In general,
a judgement will need to be made in selecting the best data source.

5:149.5.147. If a combination of plant specific data and generic data from different sources
is to be used, justification should be provided for the methods used for selection of the specific
data or for amalgamation of data from more than one source. This can be done using a Bayesian
approach or by engineering judgement.

5.148. For the parameters used in the Level 1 PSA, not only a point estimate but also a
full uncertainty distribution should be derived, as these are necessary for the uncertainty
analysis.

Frequencies of initiating events

5:450.5.149. A frequency should be assigned to each_initiating event or initiating event
group modelled in the Level 1 PSA. The frequency for the initiating event group should be the
sum of the frequencies for all the individual initiating events assigned to that group. The
frequency should be denoted in occurrences per reactor calendar year such that the frequencies
account for the fraction of time the nuclear power plant is in the applicable plant operating
state.
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5:45%.5.150. In addition to the techniques mentioned in paras 5.146142-5.151148, anothef
way of assessing the frequencies of initiating events is by using a fault tree that provides a logic
model of all the equipment failures and human errors that can combine and lead to the initiating
event. It should be checked that the predictions yielded by the fault tree are consistent with
operating experience. If the results obtained from-the fault tree analysis are inconsistent With
operating experience, these results should be reconsidered in light of the intended applications
of the Level 1 PSA.

5452.5.151. The frequencies assigned for frequent initiating events should be consistent
with the operating experience from the plant under consideration and, if relevant, from simila|r
plants.

5:453.5.152. The Level 1 PSA report should give a description of each initiating event g(r
initiating event group identified for the plant along with the mean value for the initiating event
frequency, the justification for the numerical value assigned to it and an indication of the level
of uncertainty.

Component failure probabilities

5:454.5.153. Failure probabilities should be assigned to each of the components or types
of component included in the analysis. Determination of failure probabilities should be
consistent with the type of component, its operating regime, its surveillance (i.e. periodicdl
testing), the boundaries defined for the component in the Level 1 PSA model and its failurb
modes.

5:1455.5.154. Justification should be provided for the numerical values for the component
failure probabilities used in the quantification of the Level 1 PSA.

5:156.5.155. For components such as pumps that are-neededneed to operate for some tim
post-trip, the mission time should be specified. Determination of component mission time
should be definedbased on the basis—ef-the-system mission time defined through accident
sequence analysis as-defined-(see para. 5.52-).

5:157.5.156. The Level 1 PSA documentation should present all the component failure
data used in the quantification of the Level 1 PSA. The documentation should include a
description of the component boundaries, the failure modes, the mean failure probability, the
uncertainties associated with the data, the data sources used and the justification for the
numerical values used.

Component outage frequencies and durations

5:459.5.157. The quantification of the Level 1 PSA should take account of the
unavailability of components and systems forowing to testing, maintenance or repair. The
numerical values used for the frequencies and durations ferof component outages should be a
realistic reflection of the practices in use at, or planned for, the plant.

5.1460.5.158. Wherever possible, determination of component outage frequencies anfl
durations should be based on plant specific data obtained from an analysis of the plant
maintenance records and the records of component unavailability, supplemented by data from
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similar plants. If this is not possible, generic data or manufacturers’ data can be used as long
as justification can be provided that such data reflect plant operating practices.

5:461.5.159. The Level 1 PSA report should present the data on unavailability of
components and should provide justification for the numerical values used.

QUANHHCAHONOFTFHEANALYSIS
QUANTIFICATION OF THE ANALYSIS

5.1462.5.160. The logic model developed in the Level 1 PSA should be quantified using
the data indicated in paras 5.446142-5.163159. The accident sequence frequencies areshould
then_be calculated using the data for the initiating event frequencies, component failure
probabilities, component outage frequencies and durations, common cause failure probabilities
and human error probabilities.

5:163:5.161. For the approach using a combination of small event trees and alarge fault
treetrees (the fault tree linking approach, see paras 5.4 and 5.5), Boolean reduction needs to be
carried-outperformed for the logic models developed using event trees and fault trees for each
initiating event group. Logic loops might be generated during fault tree integration owing to
mutual system dependencies, often among the support systems such as service water,
instrument air and electric power systems. Before quantifying the Level 1 PSA, care should be
taken to ensure that no logic loops exist in the model. If such-teepsthey do exist, breaking the
loops is a prerequisite for quantification. The Level 1 PSA report should presentthe-mannerin
whichand-provide details of how; any logic loops in the model were broken.

5:164-5.162. i i }

with Requirement 18 of GSR Part 4 (Rev 1) [3]—BH—HSG—G¢M computer eedescode used for
&I:eveLL%A—'Fhethe quantlflcatlon of the Level 1 PSA is requued to be carried-out using-a
ed-undergo verification and
validation. A number of sophlstrcated Level 1 PSA computer codes that can be used to earry
outperform this analysis are available commercially or have been developed in various Member
States.

5:1465.5.163. The users of the codes should be adequately experienced and should
understand the uses and limitations of the code.

5.166:5.164. The overall results of the quantification of the Level 1 PSA model should
include:

(@) Core damage frequency (point estimates and uncertainty bounds or probability
distributions);

(b) Contributions to the core damage frequency arising from each ef-the-initiating event
greupsgroup;

(¢) Minimal Cutsetscutsets and minimal cutset frequencies (for the fault tree linking
approach) or scenarios and scenario frequencies (for the approach using event trees with
boundary conditions);

(d) Results of sensitivity studies and uncertainty analysis;

(e) Importance measures (such-as—thee.g. risk achievement worth-and-the, risk reduction
worth, Fussell-Vesely and Birnbaum importance for basic events) that are used for the
interpretation of the Level 1 PSA;
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(f)  Frequencies of the-plant damage states (if they are defined) to provide the interfac{a
between Level 1 PSA and Level 2 PSA.

5:167.5.165. The analysts should check that the accident sequences or minimal cutsets
identified by the solution of the Level 1 PSA model do indeed lead to core damage in
accordance with the assumptions made in the course of the development of the PSA. Ihfsreheje
should-be-carried-out-foraA sample of the sequences should be checked, focusing on those that
make a significant contribution to the risk. In addition, a check should be made to confirm that
the minimal cutsets representing combinations of initiating events and component failures that
are expected to lead to core damage are indeed included in the list of minimal cutsets generated.

5:168:5.166. The anatystanalysts should previde—a—definition-of-the—termdefine what i
meant by ‘a significant contribution to the risk’ as used in para. 5.469165. This could take thg

form of an absolute criterion or a relative criterion (e.g. relative to total core damage
frequency).

5.169.5.167. A check should be made that any post-processing that-has—been—carrieft
outperformed on the minimal cutsets to remove mutually exclusive events or to introducg
recovery actions not included explicitly in the Level 1 PSA model has indeed produced the
correct results. Post-processing is commonly used for the fault tree linking approach.

5.170.5.168. The Level 1 PSA documentation should present the results of the
quantification of the Level 1 PSA and should describe the most significant sequences and

minimal cutsets {for-the—faulitreetinking-approach)-and any post-processing that has bee
earried-outperformed.

5374.5.169. The anatystanalysts should previde—definitions—ofthe—termsdefine what i

meant by ‘significant sequence’ and ‘significant minimal cutset’ as used in para. 5.172164.
These could take the form of absolute criteria or relative criteria (e.g. relative to total core
damage frequency).

5472.5.170. For quantification of the Level 1 PSA, cut-offs will need to be specified to
limit the time taken for the analysis. The usual approach is to set a frequency cut-off so that
minimal cutsets with a lower frequency are not included in the analysis. {It is also possible tp
specify an order cut-off so that minimal cutsets with an order greater than a specified level are
not included in the analysis.). Justification should be provided that the cut-off has been set at h
sufficiently low level that the overall result from the Level 1 PSA converges and the cut-off
does not lead to a significant underestimate of the core damage frequency. The choice of cut-
off may vary depending on the application of the PSA.

IMPORTANCE ANALYSIS, SENSITIVITY STUDIES AND UNCERTAINTY
ANALYSIS

Importance analysis

5473.5.171. Importance measures for basic events, groups of basic events, credited
systems and groups of initiating events, should be calculated and used to interpret the results
of the PSA. tmpertaneeThe importance values used in Level 1 PSA typically include:
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(@) FheFussell-Vesely importance®;
(b) Fhe+iskRisk reduction worth®;
(c) FhesiskRisk achievement worth®?;
(d)  Fhe-Birnbaum importance®®

The various importance measures provide a perspective on which basic events; contribute most
to the current estimate of risk (Fussell-Vesely importance, risk reduction worth), which
contribute most to maintaining the level of safety (risk achievement worth) and for which basic
events the results are most sensitive (Birnbaum importance). The importance values should be
used to identify the SSCs and actions frerby operating personnel that contribute significantly
contribute-to risk and should be considered carefully at the design level or during the operation
of the plant. The importance values should be used to identify areas of the design or operation
of the plant where improvements need to be considered- [9], [13].

Types of uncertainty

5174.5.172. t t inrg-Requirement
17 of GSR Part 4 (Rev. 1) [3] en—unee#tamfeystatw that “Uncertalntv and sensitivity analysis
foratevel 1-PSA:shall be performed and taken into account in the results of the safety
analysis and the conclusions drawn from it.” It is recognized that there will be uncertainties
in the models developed and in the data used in the Level 1 PSA. These uncertainties should
be addressed when using the results of a PSA to derive risk insights or in support of a decision.
This can be done by earrying-outperforming sensitivity studies or an uncertainty analysis, as
appropriate. The uncertainties in the Level 1 PSA are normally classified into three general
categories as follows:

(@ Incompleteness uncertainty: The overall aim of a Level 1 PSA is to earry-eutperform a
systematic analysis to identify all the accident sequences that contribute to the core
damage frequency. However, there iscan be no guarantee that this process can-ever-beis
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.

(b) Modelling uncertainty: This arises dueowing to a lack of complete knowledge
concerning the appropriateness of the methods, models, assumptions and approximations
used in the analysis. It is possible to address the significance of some of them using
sensitivity studies.

30 For a specific basic event, the Fussell-Vesely importance measure is the fractional contribution to the total frequency
of core damage for all accident sequences containing the basic event to be evaluated.

31 TheriskRisk reduction worth is the relative decrease in the frequency of core damage if the probability of the particular
fatture-modebasic event is considered to be zero. Fhe-riskRisk reduction worth is a direct function of the reliabitity-ofthe
eguipmentbasic event probability and can be used to assess the contribution of the failure-medebasic event to the core damage
frequency.

32 The-riskRisk achievement worth is the relative increase in the frequency of core damage if the failureprobability of the
particular-item-of-equipmentbasic event is considered to be certain. TheriskRisk achievement worth is a measure of the
importance of the function perfermedrepresented by the eguipmentbasic event. It identifies the-eguipmentbasic events
playing a major role with regard to safety, even if the underlying failure rate of such egquipmentbasic events is very low.

33 The Birnbaum importance measure is a measure of the increase in risk when a-cempenentthe probability of a basic event is
fatedone compared with when the-cempenentit is eperatingzero.
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(c) Parameter uncertainty: This arises dueowing to the uncertainties in the parameters use
in the quantification of the Level 1 PSA. This-is-the type of uncertainty that-is usuall

addressed bythrough an uncertainty analysis—through, by specifying uncertaint
distributions for all the parameters and propagating them threughthroughout the analysig.

5:475.5.173. Consideration needs to be given as to how to use the uncertainty information
in the design evaluation and decision making process—However;, bearing in mind thdt
probabilistic safety geal-orgoals and criteria for core damage frequency often relate to poirt
estimates® rather than to uncertainty distributions. The way thatin which the Level 1 PSA i
used for the identification of weaknesses also relates to point estimates rather than to
uncertainty distributions.

Sensitivity studies

5:476.5.174. Studies should be earried-outconducted to determine the sensitivity of thp
results of the Level 1 PSA to the assumptions made and the data used.

547%.5.175. The sensitivity studies should be earried-eutconducted for the assumption
and data that have a significant level of uncertainty and whichthat are likely to have
significant impact on the results of the Level 1 PSA. The sensitivity studies should be }
ewtconducted by requantifying the analysis using alternative assumptions or by ssingtaking
range of numerical values for the data that reflect the level of uncertainty.

5178:5.176. The analystanalysts should previde—a—definition—ofthetermdefine what i
meant by ‘significant impact on the results of the Level 1 PSA” as used in para. 5.479175. Thi

could take the form of a numerical criterion in an absolute or a relative form (see para.
5.470166), a qualitative criterion—{e-g—i } } -, or
combination of both quantitative and qualitative criteria } : ignifi

accldentseguence).

5:479.5.177. The results of the sensitivity studies should be used to indicate the level of
confidence that may be placed in the insights obtained from the PSA, that is, whether the core
damage criterion or target has been met, whether the design is balanced and whether there are
possible weaknesses in the design and operation of the plant that have not been highlighted in
the base case Level 1 PSA with which the sensitivity cases are compared.

5:186:5.178. H-—should—be—noted—thatsensitivitySensitivity studies are usually eamet

eutconducted for one assumption or one parameter at a time and—that the results of th
sensitivity studies have no statistical significance. The sensitivity of relevant combinations of
assumptions can also be analysed.

Uncertainty analysis

548%.5.179. An uncertainty analysis should be earried—outperformed to determine the
uncertainty in the results of the Level 1 PSA that arises from the data that have been used to
quantify the Level 1 PSA.

34 In this context, a point estimate is meant to be either-a-peint-estimate-usually calculated by a PSA computer code or |
another parameter or quantile of the probability distribution, such as the mean or median.
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5:482.5.180. UneertatntyAs part of the data analysis, uncertainty distributions should be
specified for the parameters used in the quantification of the Level 1 PSA. Fhisshould-be-dene
as-part-of-the-data-analysis—These uncertainty distributions should be propagated through the
analysis to determine the uncertainties in the core damage frequency. These uncertainties
should be used to provide an indication of the level of confidence that therisk-eriterion-ortarget
has-been-metmay be placed in any insight or result derived the Level 1 PSA.

5.483.5.181. Failure rate coupling should be considered in uncertainty analysis—Fhis-is
with a view to addressaddressing the correlation of the-data which-have-been-derived from the
same source-and. This can be deneachieved by means of parameter sampling.

6. GENERAL METHODOLOGY FOR LEVEL 1 PSA FOR
INTERNAL HAZARDS AND EXTERNAL HAZARDS

INFROBUGHON
INTRODUCTION

6.1. Apart from random component failures and human errors (as discussed in Section 5) that
maymight lead to internal initiating events, fault sequences maymight be caused by the damage
imposed by other hazards. This section provides recommendations on meeting Requirements
6-13 of GSR Part 4 (Rev. 1) [3] for Level 1 PSA ferin relation to other hazards, which can be
categorized as follows:

(@) Internal hazards-eriginating, which originate from within the site boundary and are
associated with failures of facilities and activities that are under the control of the
operating organization. The—hazardsHazards caused by (or occurring at) different
facilities aton the same site are also considered to be internal hazards. Examples of
internal hazards are internal fires, internal floods, internal explosions, internal missiles
(e.g. turbine missiles), drop of heavy loads, on-site transpertatientransport accidents and
releases of hazardous substances from on-site storage facilities.

(b) External hazards—include, including natural or human induced events—that—are
originating, which originate outside the site boundary and outside the activities that are
under the control of the operating organization, ferover which the operating organization
therefore has very little or no control. Examples of natural external hazards are seismic
hazards, external floods, high winds erand other severe weather conditions;; examples
forof human induced hazards are aircraft erash;crashes, explosion pressure waves (blast),
off-site transpertatientransport accidents;_and releases of hazardous substances from
outside the nuclear power plant site.

6.2. Hazards, including combined eneshazards, can damage the plant SSCs and thus generate
accident sequences that might lead to core and/or fuel damage (or to other undesired end states
as appropriate, if these are to be considered in the Level 1 PSA). Often-hazardsHazards often
have the potential to affect many SSCs simultaneously and adversely impact plant personnel.
Both internal and external hazards including—their(and combinations_thereof) should be
included in the Level 1 PSA.%

3 This Safety Guide does not provide recommendations relating to events originating from the impact of war or acts of
sabotage or terrorism. However, consideration sheuld-beis given to incidental hazards posed by military facilities or
peacetime activities (e.g. crash of a military aircraft).
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6.3. Combinatiens—efCombined hazards eevermay refer to combinations of external-with
othertwo or more external hazards, combinations of external with-internal-hazards-and interngl
withhazards or combinations of two or more internal hazards. Details on the types of
combinations to be considered can be found in IAEA Safety Standards Series No. SSG-64,
Protection Against Internal Hazards in the Design of Nuclear Power Plants [6]. Combinationp
of hazards might have a significantly higher impact on plant safety than each individual hazard
considered separately, and the oecurrence—frequency of hazardsoccurrence of hazarg
combinations maymight be comparable to that of the individual hazards, e.g. a severe storm
maymight cause impertantheavy precipitation together with simultaneous dam failurg,
resulting in high water evellevels on the plant platform.

ANALYSISPROCESS

ANALYSIS PROCESS

6.4. A consistent approach should be applied to the identification of internal and external
hazards and the analysis of their contribution to core and/or fuel damage frequency. The maip
stages of the analysis of internal and external hazards are typically inecludeas follows:

(1) Collection of initial information on internal and external hazards;
(2) Hazard identification, including single and combined hazards;

(3) Hazard screening analysis, both gualitative and quantitative-and-guatitative;
(4) Bounding assessment;

(5) Detailed analysis.
The overall analysis approach is illustrated in Fig. 2.

6.5. While the stages of hazard identification and screening are similar for internal and
external hazards, the bounding assessment and detailed analysis for each hazard maymi
involve tasks that may—beare unique fer—theto that hazard—ecensidered, for example, fir
propagation will need to be analysed in the case of internal fires. This section addresses the
tasks of identification and screening of hazards, which are similar for internal and external
hazards; specific recommendations on the bounding assessment and detailed analysis for
specific hazards are provided in Section 7 for internal hazards and in Section 8 for external
hazards.

6.6. All potential internal and external hazards that maymight affect the plant are required tp
be considered and should be subjected to screening analysis, bounding assessment or detailed
analysis, as appropriate: see IAEA Safety Standards Series No. SSR-1, Site Evaluation for
Nuclear Installations [2222].

6.7. Asexplained in para. 54651161, the techmque used to break Iomc loops within Level
1 PSA for internal initiating events
are-develepedby consists of removing submodels representlng random fallures of components.
For example, to eliminate the logic loop between service water and power supply, the links to
fault trees of specific buses are removed. Dependent failures of these components (whose
random failures have been eliminated from the logic model) resulting from damage dueowinf)
to internal and external hazards should be incorporated in the Level 1 PSA models for internal

and external hazards.
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COLLECTION OF INITIAL INFORMATION

6.8. At the starting point of Level 1 PSA for internal and external hazards, all available
information specifically relating to the internal and external hazards should be collected. This
information should include, at a minimum:

@)

(b)
(©
(d)

©

®
(©)
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Design information relating to internal and external hazards as considered in the safety
analysis report;

List and layout of plant buildings and SSCs;

Plant layout, geography and topography of the site and_its surroundings;

Environmental conditions, such as climate zone; and meteorological characteristics, and
detailed observations on the meteorological and hydrological processes and phenomena
in the area where the nuclear power plant is located, in accordance with the country’s
natural phenomena observation programme;

InformatienCurrent information on the location of pipelines, transportatientransport
routes (air, water;rail, road, water) and on-site and off-site storage facilities for hazardous
(e.g. combustible, toxic, asphyxiant, explosive, corrosive) materials;

LoeatiopCurrent information on the location of industrial and military facilities in the
vicinity of the site;

Historical information on the occurrence of any internal and external hazards at the site
and in the region.
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6.9. The initial information should be updated and expanded in the course of the internal and
external hazards Level 1 PSA, depending on the necessary level of detail for the screening
analysis, bounding assessment or detailed analysis for each hazard.

IBENHHCAHON-OFHAZARDS

IDENTIFICATION OF HAZARDS

6.10. The task of hazard identification should aim to generate a comprehensive and traceable
list of potential internal and external hazards. Examples of specific hazards and hazard groups
are as follows (see Refs [6, 7, 22-25}):23-26] for more information):

Internal hazards:

(@ Internal fires;

(b) Internal explosions;

(c) Internal missiles;

(d)  Pipe breaks (including pipe whip and jet effects);
(&) Internal fleedsflooding;

(f)  Heavy load drops;

(@) On-site electromagnetic interference;

(h)  On-site release of hazardous substances;

{g)(i) High energy arcing fault;

(1) On-site transport accidents;

(k) On-site static electricity (large eddy currents);

() Radiation accidents involving other reactor units or radioactive sources located at the

D

same site.

External natural hazards:

(@  Seismic hazards;

{e)(b) External—floeds icalHydrological hazards, including externgl
flooding®’;
B 138,

36_External floods i

a d a-hazard-group-tha ul tHtp azards-such-as-dam-faHure, tsunamtfiv ood;-sto Lrg
37 The term ‘external floods’ covers multiple hazards such as dam failure, tsunamis, meteotsunamis, riverine floods and storrL

surges.
igh-wind

38
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(c) _ Meteorological hazards, including extreme meteorological conditions®® and high
winds*;

(d)  Extraterrestrial phenomena, such as meteorites and solar flares;

{e)—Biological phenomena*!

H—Extreme-meteorological-conditions*?

{g)(e) Extraterrestric-phenomena;

(h)(f)_Geological phenomena;

#—-Solarstorms:

(9)  Natural fires.

External human- induced hazards:

(€] Accidental aircraft crashes (aceidental)-of military or civil aircrafts);

(b)  Offsite—transportationOff-site explosion pressure waves (blasts) (from industrial or
military installations);

(c) Off-site transport accidents; (air, rail, road, water);

(d) OffsiteOff-site industrial storage accidents;

(&) Accidental off-site releases of hazardous substances;

() Off-site electromagnetic interference;

#)(q) Off-site human-_induced fires;

(h) _ Other military accidents (not intentional);

(i) Other industrial accidents.

6.11. As a starting point, the hazards }stedpresented in various-publications{e-g—see-Refs [26-
28-30] and Annex-hH-andthose examined in past PSA studies should be included in the list and
systematically reviewed in terms of their applicability to the site. Annex | provides an example
of a generic list of potential internal and external hazards.

6.12. The-generic-listshould-be-complemented-by-additionat Additional site or plant specific
hazardsy-f-ary-exist: should be added to this generic list, and the list should be updated regularly

to ensure that all such hazards are included. The identification of these-site or plant specific
hazards should be performed in a systematic, structured framewserkmanner to ensure
completeness. For existing plants, an integral part of the precess-of-identification-of-internal
and external hazards-hazard identification process should be a dedicated site survey and
plant/site walkdown.

3 According to IAEA Safety Series No. SSG-68 Design of Nuclear Installations Against External Events Excluding
Earthquakes in the Design of Nuclear Power Plants [29], extreme meteorological conditions include extreme air temperature
and humidity, extreme water temperature, snowpack, freezing precipitation and frost related phenomena, and lightning.
Other hazards may be connected to these, such as hail and frazil ice.

40 The term ‘high winds’ covers multiple hazards such as tornadoes, hurricanes, typhoons, downbursts and straight winds..

a Typical examples of biological phenomena isare abnormal fish population in the cooling pond, and algae
leaves or floating bodies (e.g. from animals) in the cooling water inlet.

42_Aecording-to-Re




6.13. A list of potential combined hazards that maymight be significant ferto risk should b
developed. In this context, cembined-hazards—includesSSG-64 [6] establishes three types o
hazard combinations—deseribed—in—[6}—consequential: consequent (subsequent);) eventd,
correlated events and unrelated (independent)-see-f6}-formore-detatled-deseription) events

=5 D

three categories of hazard combrnatlons should be mcluded in the hazard |dent|f|cat|0

Iu_ T——7

screening process for combined hazards.

6.15. CombinationsFor combinations of unrelated hazardsevents, account should censiderbj
taken of the duration of the impact of individual hazards in the combination (e.g. a seismi
event during a long drought period, a-plantan internal fire at the plant during-a long-lastin
external flooding).

[\ =am o auie

6.16. The potential combined hazards should be identified starting-fremon the basis of the lig
of individual internal and external hazards applicable to the site. The entirecomplete list g
applicable hazards should be used for this purpose before any screening analysis is carried-oy

4 performed.**

=R+

6.17. The combination of mutually exclusive hazards should be excluded.
SCREEMNINC-OMEHAZARDS - AMND-HAZARD-COME NATIOMNS

SCREENING OF HAZARDS AND HAZARD COMBINATIONS

6.18. A successive screening process is generally established to minimize the emphasis on
internal; and external hazards and hazard combinations identified in accordance with para-par.
6.11--6.13 whose significance to risk is low, and teinstead focus the analysis on hazards that
are risk significant. The successive screening process should be based on clearly defined
screening criteria and consistently applied to ensure that none of the significant risk
contributors from any internal;_or external hazard andor hazard eembiﬂatienscombinatioh
relevant to the plant and the site are omitted. The screening criteria and the screening process
should be included in the documentation of the Level 1 PSA along with the results from the
screening process.

6.19. When qualitative screening criteria are used, either individually or in combination, for
single or combined hazards it should be confirmed that:

(@) The hazard will retneither lead directly to an initiating event_nor significantly increasp
the core damage frequency for a given time period. For external hazards, this criterion i
generally applied when the hazard cannot occur close enough to the plant to af'fect it, or

when critical components are not impacted
net-generate-an-initiating-event, Satlsfactlon of this criterion will also depend on th

magnitude of the hazard.

a4 Usuallv combmed hazards |nvolve onlv natural hazards (e g.a combmatlon of hlqh Wlnd and high sea wate

level). However, combinations of natural hazards and human induced hazards are also possible and cannot bg
excluded a priori (e.g. an increased risk of ship accidents during severe weather conditions).
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(b)  The hazard will be slow to develop, and it can be demonstrated with high confidence that
there will be sufficient time to eliminate the source of the threathazard or to provide a
reliable and adequate response.

(c) The hazard is included within the definition of another hazard or the hazard combination
is included in the definition of thea more severe hazard.

(d) The impact of thea combined hazard is not mere-severegreater than the effectimpact of
the more severe hazard in the combination.

6.20. Quantitative screening criteria applied to hazards should depend on the overall objective
of the Level 1 PSA and should correlate with the overall core damage frequency (typically
obtained based-on the basis of full scope PSA)._For more information, see Refs. [28, 29].
Hazards of very low frequency but with potentially severe consequences in terms of releases
of radioactive material should be considered for the purposes of a Level 2 PSA.

6.21. The most important parameters relating to the damage potential of the internal and
external hazards should be specified. Several parameters should be specified if the damage
potential of a hazard cannot be limited to consideration of a single parameter. All parameters
specified for the hazards should be taken into account in performing the screening analysis (e.g.
water level and pressure from the flow).

6.22. FheSpecific emphasis should be placed on the analysis of the following exterral-hazards
sheuld-not-be-screened-out-as-an-entire-hazard elassgroups as they are the most significant at

many sites:

(@ Seismic hazards;

(b) WindHydrological hazards;
{e)—Exiemal-Hoeds:

(c) Meteorological hazards;
(d) Human induced hazards.

6.23. In order to ehminatescreen out specific hazards-frem-a-given-hazard-class, it should be
proven that the conditions specific to the location of the plant (topegraphic,—geegraphice.q.
topographical, geographical, meteorological—biolegic _or biological conditions) support the
assumption that these hazards are not sufficient to damage the plant (e.g. hurricanes in a non-
coastal area).

6.24. External hazards with a certain potential for damage should be screened out only whenif
itis demonstrated that the frequency of exceedance of a partlcular magnltude is negllglble@C

6.25. For each individual hazard, an-approximate-maximum-impact-that-could-occurgivenon

the basis of pessimistic assumptions about events subsequent to the initiating aceident-event
an approximate maximum impact should be determined and-should-be-usedfor use in the
screening process.

6.26. When the screening criteria cannot be applied to the hazard as a whole; but can be applied
to the hazard with a certain magnitude, the hazard as a whole should be divided into subclasses
and the screening criteria applied to each subelassessubclass, so as to avoid screening out
hazards with low frequency but high potential for damage. However, this approach should not
be taken if a quantitative screening criterion can be applied to the hazard as a whole, as it might

64




result in the screening out of each individual subclass and thus to the screening out of the hazardl
as a whole.

6.27. Initiating events occurring at the plant maymight be the result of the impact of a singl
hazard or a combination of two or more hazards. While using the screening criteria, it should
be justified that hazards whose combined impact can result in significant consequences are not
excluded from further consideration, even though each of them, considered independently,
would make a negligible contribution to risk.

6.28. A periodic review of the actual status of the plant and the surroundings should be
performed while applying screening criteria, in order to verify that changes in the original
design conditions are either not significant or are taken into account in the PSA. In particulad,
changes that have the potential to cause new hazards or to lead to an increased frequency of
hazards of a certain magnitude should be thoroughly investigated.“®

7. SPECIFICS OF LEVEL 1 PSA FOR INTERNAL HAZARDS
INTFROBUCHON
INTRODUCTION

7.1. This section provides recommendations on meeting Requirements 6-13 of GSR Part 4
(Rev. 1) [3] for a Level 1 PSA for internal hazards (see para. 6.8 for a list of typical interngl
hazards-ir-para-6-8). Specific recommendations are provided for Level 1 PSA relating to the
internal hazards for nuclear power plants—{ether. Other internal hazards are not explicitl
covered in this Safety Guide; but may be addressed using similar approachesy:.

A BOUNDING ASSESSMENT -AND DETAILED ANALYSIS FOR LEVEL 1 PSA FOR
INFERNALHAZARDS
BOUNDING ASSESSMENT AND DETAILED ANALYSIS FOR LEVEL 1 PSA FOR
INTERNAL HAZARDS

7.2. Internal hazards (see paras 6.1 and 6.8) should be considered in the frame of a bounding
assessment and/or detailed analysis; a conservative screening analysis is usually omitted (it has
been demonstrated in many studies that such internal hazards are often significant contributors
to the overall risk). A consistent approach should be applied for the bounding assessment and
detailed analysis for Level 1 PSA for internal hazards. It typically includes the following tasks:

(@ Collection of site and plant information supported, when feasible, by plant WalkdownsTL

4 The following examples of changes are for the purposes of illustration:

(a) Changes in military andor industrial facilities within a 30 km radius around the site or changes in nearby transport rout
(i.e. railways, aircraft routes, roads and rivers) leading to changes in the range and magnitude of human- induced extemjsl
hazards.

(b) Changes in dam construction on rivers abeveupstream of the plant site leading to an increase in the damage potential df
the external flood hazard.

(c) Changes in environmental conditions (e.g. average annual-wind-speed-and maximum annual wind speer}/,

water level, temperature, local precipitation) leadingwhich might lead to an-inereasea change in the frequenc]
of natural external hazards with a higher damage potential.

65



(b) Hazard characterization: identification of hazards, calculation of hazard frequency and
analysis of the impact of hazards:;
(c) Derivation of the Level 1 PSA for internal hazards from the Level 1 PSA for internal
initiating events:
(i)  Determination of initiating events induced by the internal hazards;
(ii)  Identification of necessary revisions to the existing event trees and fault trees
of the Level 1 PSA for internal initiating events;
(iii)  Analysis of specific dependencies and common cause failures;
(iv)  Analysis of specific data;
(v)  Analysis of specific human reliability aspects.
(d) Qualitative and/or quantitative screening-;
(e) Quantification of the contribution of internal hazards to core damage frequency (analysis
of results, sensitivity studies, and uncertainty and importance analyses)-);
(f)  Documentation (with particular consideration given to assumptions and references used
in the analysis, including quality assurance).

7.3. Most internal hazards (e.g. internal explosions, interpat-fire, taternatexplosion, flooding)
can occur in a variety of different locations within the plant {reems—boundary (inside or
outside buildings). trsuch-casesTherefore, the hazard characterization should specify:

(1) First=aA global plant analysis boundary so that all locations that could contribute to the
hazard risk are considered;

(2) Seeend-enclosedEnclosed plant areas, assuming that the existing protection features (e.g.
physical separation, barriers, isolation equipment) in the plant design will effectively
contain the damage inside the area where it was initiated.

7.4. Contributions to the-core_and/or fuel damage frequency from the internal hazards that
remain fellewingafter the screening process should be determined using a Level 1 PSA for
those hazards. A Level 1 PSA for internal hazards should rely on the model of plant response
developed for the Level 1 PSA for internal initiating events, both for at-power operation and
shutdown states. The availability of a Level 1 PSA for internal initiating events should be a
prerequisite for the development of a Level 1 PSA for internal hazards. The results of the
hazardshazard analysis may yield further initiating events in addition to those found by earrying
eutperforming the Level 1 PSA for internal initiating events (e.g. the loss of all information in
the main control room in the event of fire). In such cases, new accident sequences should be
developed and integrated into the Level 1 PSA.

7.5. For the purposes of quantitative simplified assessments of the risk resulting from a
specific internal hazard or for the screening of enclosed plant areas as specified in para. 7.3,
the core damage frequency can be estimated without a detailed Level 1 PSA model for internal
hazards. In this case, the general formula for calculating the cumulative contribution to core
damage frequency from the specific internal hazard is:

fhazard core damage — Y. fhazard in plant area i X_CCDPi

where:
fhazard core damage is the contribution from the specific internal hazard in the plant area to
the core damage frequency;
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Fhazard in plant area is the frequency of occurrence of the specific internal hazard in plant
area ‘i’;

CCDP; is the conditional core damage probability for plant area ‘i’, estimated
using the Level 1 PSA for internal initiating events, adapted with
conservative assumptions in accordance with the effect in the plant area
‘i’ of the internal hazard.

7.6. The impact analysis should consider the effect of hazard induced component failures on
initiating events included in the PSA and on associated mitigatory safety functions. Detailed
analysis based on physical studies (e.g. simulations of fire scenarios or flooding propagation
scenarios) should be earried—outperformed to reduce undue conservatism leading th
overestimation of the risk posed by the hazard.

7.7. The potential failure of the protection features such as barriers or physical separation that
could lead to the propagation of the damage to other areas should be addressed by means of a
specific detailed hazard analysis.

7.8. Basic site and plant information should be obtained from drawings or databases. For
operating plants, such information should be verified and completed by-usingthrough plant
walkdowns.

7.9. Since the information from plant walkdowns may-Bemight provide significant input tb
the Level 1 PSA for internal hazards, such walkdowns should be well planned, organized and
thoroughly documented.

7.10. Plant walkdowns should preferably be performed at the beginning of the process of
developing the Level 1 PSA for internal hazards, but semespecific tasks (i.e. detailed analysi
for selected hazards) could reguirenecessitate dedicated plant walkdowns.

7.11. The combination of the probabilities of hazard induced failures of SSCs important to
safety and independent failures in the Level 1 PSA model will yield the hazard induced core
damage frequency.

ANALYSIS- OF-INTERNALFIRE

ANALYSIS OF INTERNAL FIRE

General

7.12. A Level 1 PSA for internal fire is the probabilistic analysis of fire events occurring on
the site of a nuclear power plant and their potential impact on safety. Using probabilistic
models, the Level 1 PSA for internal fire should take into account [4231]:

(@ The possibility of a fire at any location in the plant:;

(b) The potential spread of fire to other locations-;

(c) Fire detection, fire suppression and confinement of fire—;

(d) The possibility of damage to equipment dueowing to actuation of fire suppression
systems (e.g. spray and flood caused by fire suppression systemsj-way _might damage
equipment that would otherwise survive a fire, or the failure mode of such equipment
maymight be altered-);
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(e) The effects of fire on SSCs ineludingand their associated cables—Fhe; the effects
considered should include new failure modes resulting from spurious actuation of
equipment caused by ‘hot shorts’-;

(f)  The possibility of damage to SSCs and to the integrity of the eivil-structures-of-the-plant
{plant’s structural features (e.g. walls, ceilings, columns, roof beams}.);

(q)  The impact-ofrandom-equipmentfailureseffects of fire on component dependencies and
component failure probabilities;

{g)(h)The effects of fire on human errers-actions and human error probabilities;

{hy(i) EffectsThe effects of-the fire, both direct (e.g. the need to evacuate the control room) and
indirect (e.g. confusing information resulting from spurious indications), on actions by
operating personnel and credited SSCs.

7.13. FhephysicalPhysical separation (i.e. fire barriers) between redundant trains of SSCs
important to safety maycan limit the extent of fire damage. Fherefore; The quantification of the
contribution of fire to the core damage frequency withusing the Level 1 PSA model for internal
fire should_therefore generally include probabilities of random failures of equipment not
affected by the fire and the likelihood of a test or maintenance outage.

7.14. In particular, the impact of smoke should be considered in a Level 1 PSA for internal fire
with-regare-to, taking into consideration the following:

(@) Smoke maymight cause eleetrieelectrical and/or electronic devices to fail-and, in
particular when accompanied by high temperature.

(b) Fhe-humanHuman error probability maymight be higher due-te-unusual-envirenmental
conditions{as a result of smoke-_(which maycan be toxic as well as merely irritating;)
and heat}-impoesed-by-the fire-event.

(c) The presence of smoke may necessitate evacuation of the main control room.

7.15. For a Level 1 PSA for internal fire forin shutdown states, the following specific aspects
should be considered:

(@) The specific items of the methodology for a Level 1 PSA for internal initiating events
forin shutdown eonditiensstates, as presented in Section 9-;

(b) The performance of separate screening sheuld—be—performed-separately—to take into
account of-the—greater potentially higher and additional fire loads (e.g. transient

combustibles) and different-andfor—additional potential ignition sources,—particularly

transient-combustibles typically associated with maintenance activities performed during
shutdown states—;

(c) The availability of fire protection means-avatabiity-;

(d) The potential for further paths for fire propagation (e.g. some doors maymight be open
during shutdown states)-);

(e) The increased occupancy of different plant locations during outages-may, which might
improve the fire detection capabilities but maymight also create additional fire sources-;

(f)  The fire related plant operating and configuration changes that are implemented to
control combustibles and those that are perfermedimplemented to provide compensatory
measures for system or component outages.
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7.16. Deterministic fire hazard analysis earried-eutand fire safe shutdown analysis, performe
as applicable during theplant design (see SSG-64 [6]) and the-operation (see NS-G-2.1 [30)-¢
the-plant32]), should be used to provide an important input to the Level 1 PSA for internal fire
forexample-the. The information provided might include a list of components and cables an
their locations;- and details of the partitioning of the plant into ‘fire cempartments-taking-at
aceountcompartments’®, on the basis of functional and detailed fire impact analyses performe

specifically for designing-the design of fire protection features.
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7.17. The approach to the Level 1 PSA for internal fire should be based on a systematic analysis
of all locations within the plant boundary—f42: see Ref. [31]. To facilitate thi
examinationanalysis, the plant should be subdivideddivided into distinet-physical-units(fir
compartments>*’).compartments, which are then scrutinized individually. The plant
partitioning earried—out—in-the—performed during design maymight be useful as an—initial
starting point for the division of these physical areas. CriteriaThe criteria applied for specifyin

fire compartments should be justified and documented.

7.18. The process for development of a Level 1 PSA for internal fire typically includes the
tasks shown in Fig. 3 and presented in paras 7.19-7.6867. For the purpose of this Safety Guidd,
a fire scenario is defined in terms of the fire ignition source and the extent of fire damage within
a compartment. In accordance with-te the level of detail of the analysis for the Level 1 PSA fo
internal fire, the frequency associated with a particular fire scenario depends on the ignition
frequency and the probability of fire suppression.

Data collection and assessment of potential for internal fire

7.19. The task of data collection and assessment in the Level 1 PSA for internal fire is aimed
at preparing the necessary data. The task should be focused on collecting the plant specific data
necessary for modelling the fire risk. However, some data used in the Level 1 PSA for internal
initiating events will have to be reassessed to take into account fire induced conditions.

7.20. The plant specific data for the Level 1 PSA for internal fire should include the following:

(a) Cable routes of the plant, including raceways, conduits, trays and barriers;
(b) The physical characteristics of the fire compartments and their inventories (see para.
7.22);
(c)  Data en-from operating experience related to: |
(i) fire events;
(i) observations of failures and/or deterioration of fire protection features; |
{e)(d) Compartment specific information on components regarding their potential to be a source
of fire ignition (i.e. component failures that could cause fire and transient combustible
materials);
{d)(e)Estimates of the reliability of fire detection and the—means—ferfire suppression f
firemeans;

4 In SSG-64 [6] a fire compartment is described as “a building or part of a building that is completel
surrounded by fire resistant barriers: all walls, the floor and the ceiling.” In contrast to this, in the conte

—

of a PSA for internal fires, a fire compartment could simply be a well enclosed room that is not necessaril
surrounded by fire resistant barriers.




{e)(f) Human actions in the event of a fire and human error probabilities;
{H)(g) Fire brigade availability and capability;

{g)(h)Features-of fireFire suppression systems-{thesystem and equipment characteristics (e.qg.
timing of system actuation, fire suppression agents that maymight cause equipment

damage or prevent operating personnel from entering the fire compartment);
(i) Equipment failure modes induced by fire and fire damage criteria.

7.21. BueOwing to the amount and the-nature of the information to be collected and-te-be
maintained for a Level 1 PSA for internal fire, the development of a database as a support tool

should be considered.
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FIG. 3. Process for development of a Level 1 PSA for internal fire.

Analysis of fire compartments

7.22. For the purposes of the PSA for internal fire, all buildings and structures included in the
analysis should be partitioned into distinct fire compartments, which are examined individually
(see para. 7.17). Fire compartments should be characterized at least by the following:

@
(b)

(©
(d)
©)
®

)

(h)
0]
0)
(k)

Their physical boundaries (e.g. walls, doors, dampers, penetrations);

The fire protection features: in place (e.q. fire detection and extinguishing systems anfi
equipment);

The fire resistance {fire-rating) of the barriers surrounding the compartment;

The components and equipment, including cables, located inside the fire compartment;
Adjacent fire compartments and-the connections to these;

Ventilation paths (ducts) that connect the fire compartment to be analysed with non-
adjacent fire compartments;

The fire load (e.g. type, amount, whether protected or unprotected, location, local
distribution-ard, whether permanent or temporary);

Potential ignition sources (e.g. type, amount, location);

Procedures and other administrative provisions for control of combustibl
materialmaterials;

Occupancy level (i.e. the possibility of fire detection ef the-fire-by personnel);
Accessibility of the location (e.g. for the fire brigade).

7.23. Either for data collection or for specification of fire compartments, the information
obtained from plant documentation should be verified during plant walkdowns by visual
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inspection of each fire compartment threughoutin the entire plant to the extent possible. This
verification should be such as to ensure that the data represent the actual and current condition
of the plant.

7.24. Estimation of the fire ignition frequency-ef-ignitien-ef-fires, both for fire compartments
and for fire sources, is an important part of the Level 1 PSA for internal fire and should be
performed either before screening for all fire compartments, or at the beginning of the
quantitative screening process for the most important fire compartments that survive the
qualitative screening process (see para. 7.44).

7.25. The ignition frequency ef-ignitien—associated with fire ignition sources and/or fire
compartments should be evaluated as far as feasible using plant specific data. \When-plant
speeifielf these data are insufficient_to estimate fire ignition frequency, generic data should be
used for-estimation-ef-the-fire-ignition-frequeney-along with the available plant specific data,
adjusted in-respecton the basis of the actual seurees-offire ignition_sources present (including
sources resulting from hot work), and the amounts of permanent and temporary combustible
materialand ignition sources in the fire compartments.

7.26. Estimation of the fire ignition frequency should take into account potential human errors
causing fire during specific operating states (e.g. human-_induced fires—inelude, including
transient fires and fires caused by welding, cutting; or other hot werk>fireswork in different
plant operating states).

7.27. Fire freguenciesfrequency should be estimated as a mean value with statistical
uncertainty intervals-afteridentification-and-qualitative-sereening-of fire seenaries.

Selection of equipment for Level 1 PSA for internal fire

7.28. On the basis of the examination of plant components considered in the Level 1 PSA for
internal initiating events, a list of equipment to be modelled in the Level 1 PSA for internal fire
Level-1-PSA should be established. The list should include equipment whose fire induced
failure might result in one or more of the following:

(@) The failure might lead to an initiating event;

(b) The failure might affect the ability of safety functions to mitigate an initiating event
(frontline systems and support systems);

(c) The failure might affect actions by operating personnel after the occurrence of an
initiating event induced by fire (type C human interactionsfailure events);

(d) The failure might lead to spurious actuation of functions that could induce other unsafe
effects on the plant, both during at-power operation and during plant shutdown.

Such failures might result from failure of motive power or control power, or from hot shorts
resulting in spurious operation or erroneous output from plant monitoring instrumentation and
alarms. The depth of the analysis of spurious actuation of equipment should be adapted to the
scope of the PSA and should focus on equipment or failure modes not already considered in
the Level 1 PSA.

7.29. The plant components and all the related elements of the model important to Level 1 PSA
for internal fire should be identified. The underlying basis for screening or subsuringincluding
component failure modes in the PSA model for internal initiating events should be
systematically re-examined to determine the validity of the assumptions made in the context of
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fire induced faults; and, where necessary, the model for internal initiating events should b
expanded. PassiveAs passive components could be also affected by fire-and, the vulnerabl
parts of passivesuch components should be considered _in the Level 1 PSA for internal fire.

DD

7.30. Identification of all-related cables and circuits associated with the components specified
in paras 7.28 and 7.29 and analysis of cable routes should be an integral part of this
examination. In addition, non-electrical circuits such as instrument air control lines should be
considered for potential damage due-tefrom fire.

7.31. Alist of Level 1 PSA related equipment for each fire compartment should be drawn up.
At a later stage of the detailed analysis, it will be necessary to determine more accurately
determine the locations of components within the fire compartment.

Screening by impact

7.32. Screening by impact should be used to eliminate non-significant fire scenarios on the
basis of qualitative (“(impact eriented’oriented) criteria. The screening starts with
identifyingthe identification of critical fire compartments and areas, followed by speeifyingthp
specification of potential single and multicompartment fire scenarios using pessimisti¢
assumptions. The impact oriented criteria used for screening out particular fire scenarios should
take into account the characteristics of those fire compartments involved in the scenario
considered.

7.33. A fire compartment may be screened out on the basis of negligible potential impact on
plant safety if one or moreboth of the following apply:

(@) The fire load density is below a specified accepted threshold and the potential for
propagation is very low; er |
(b)  All of the following conditions hold:
(i)  No equipment is present in the compartment that can cause an initiating event or
necessitate manual shutdown;
(ii)  Neither safety relevant systems (i.e. systems that are necessary for safe shutdown
of the plant), nor their cables or support systems are located in the compartment;

(iif) FheThere is very low potential for spreading-offire effects spreading to other fire
compartments containing SSCs important to safety-is-very-tow.

7.34. For the purposes of screening, all components and cables exposed to fire should be
assumed failed, that is, the pessimistic assumption is-usuathy made that the fire detection an
extinguishing features are either ineffective or not available. Other protective measures;-sueh
as_(e.q. fire shields, protective coatings-eF, enclosures not qualified as fire resistant) are ngt
usually taken into account.

7.35. Screening by impact should also cover multicompartment fire scenarios developed under
pessimistic assumptions for fire spreading. For each_individual fire compartment, complexegs
of compartments where fire could propagate are defined by adding to-that-compartment-all
adjacentthe compartments {adjacent in aH—directionsjany direction and by—adding—all
connectedthe compartments connected with that sharecompartment by ventilation without their
necessarily being adjacent to the—compartmentit. Then, all possible combinations of firp
compartments should be analysed with regard to the potential for spread of fire to adjacent {or
connected) fire compartments. To limit the number of combinations that need to be considereq,
general pessimistic assumptions could be made regarding the reliability and effectiveness of
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fire barrier elements, based-on_the basis of relevant qualification programmes, industry and
past facility performance data.

7.36. Fire with the potential to spread from outside the plant buildings to fire compartments
located inside should be considered in the analysis (e.g. potential spreadingspread of fire from
the transformer yard into the turbine hall).

7.37. For a multi-unit site and/or multi-source site, the potential spreadingspread of a fire from
one reactor unit or radioactive source to a fire compartment of another reactor unit should be
considered in the analysis. Alse--theThe possibility of fires in common areas (e.g. swing-ciesels
{ie—diesels shared between units);, switchyard) should be considered.

Screening by eentribution-te-core-damage-frequency

Integration of internal fire in the Level 1 PSA for internal initiating events

7.38. Screening of fire compartments by their contribution to the core damage frequency, on
the basis of quantitative criteria, is aimed at further elimination of fire compartments or
complexes of multiple fire compartments remaining after the first step of qualitative screening
by impact.

7.39. At this step, the contribution of fire to the core damage frequency should be calculated
using a probabilistic model developed on the basis of the existing Level 1 PSA model for
internal initiating events. Such a model is typically used to calculate the conditional core
damage probability for specific fire scenarios. At-thisstage,-forFor evaluating the frequencies
of occurrence of fire scenarios and the associated conditional unavailability of the necessary
safety functions dueowing to fire, pessimistic assumptions should be made regarding the
growth and propagation of fire, the effects of fire on equipment and the associated human
actions (i.e. actienactions for reducing fire effects): all equipment inside the fire compartment
itself is pessimistically considered unavailable and the means of detecting and extinguishing
fires are not credited. Human error probabilities for Fypetype C HFEshuman failure events are
penalized to eensidertake account of the fire context, as described in para 5.421118(a).

7.40. With these assumptions, for each remaining fire compartment, the model for the Level 1
PSA for internal initiating events should be modified in order to map the fire effects inside the
compartment, the spread of fire to other compartments and the associated initiating events and
equipment failure modes. This will allow the conditional core damage probability for each fire
compartment to be calculated, from which the global contribution of fire to the core damage
frequency may be calculated using the formula given in para. 7.5.

Human error probability analysis

7.41. Probabilities relating to recoveries and post-trip human errors should be revised in order
to assess the impact of the fire on the credited recoveries and human actions modelled in the
Level 1 PSA for internal initiating events. The assessment of Typetype C HFEshuman failure
events for Level 1 PSAs for internal fire PSAs-should include the following three-cases:(see
Ref. [16] for general guidelines on fire human reliability analysis):

(@) HFEsHuman failure events that are included in the Level 1 PSA model for internal
initiating events; but are also relevant for the fire hazard scenario. In this case, it should
be checked whether there is a need to revise the assessment of performance shaping
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factors dueowing to the possibility that it might be harder for operating personnel th
implement actions than in the base case.

(b) HFEsHuman failure events that are relevant only for fire-, including abandonment of thg
main _control room. In this case the methods to assess fire specific HFEshuman failurp
events usually follow the same principles as the-other types of HFEhuman failure event.

(c) Undesired responses by operating personnel to fire-_induced spurious alarms and

indications-{15}.

7.42. When applying the approach to human reliability analysis presented in Section 5,
performance shaping factors should be analysed, considering specific fire impacts such as
additional stress, the potential existence of contradictory signals, smoke, loss of lighting; anfl
difficulty in entering or passing through the area affected by the fire.

7.43. If human actions for recovery are credited in the Level 1 PSA model for internal initiatin
events, the feasibility of earrying-eutthetaking these actions should be checked. For examplg,
it might be difficult to carry out a particular recovery action in a room that is affected by fire.
Possible secondary effects of the fire on the control room air quality and on human error
probability should be checked.

Quantification of the contribution of internal fire to the core damage frequency for screening‘

7.44. For quantitative screening, the contribution of fire to the core damage frequency should
be assessed for each fire compartment, considering the corresponding frequency of the fire
scenario, in accordance with the general formula given in para. 7.5 and potential for fire
propagation.

7.45. Quantitative screening should be based on a pessimistic estimate of the conditional core
damage probability or the absolute contribution of fire to the core damage frequency. Two
criteria for quantitative screening of fire compartments could be defined as follows:

(@ The cumulative contribution of fire to the core damage frequency for all fire
compartments screened out should be under a specified threshold. This threshold may be
defined as a specific absolute value or be given in relative terms (e.g. the contribution of
internal initiating events to the core damage frequency).

(b)  The eriterion-forsereentng-contribution of fire in an individual fire compartments-shoult
be-set-to-a-value-high-enough-to-allow-seme-sereening—but-compartment to the cor

damage frequency is sufficiently low as-to retain all risk significant fire scenarios._Thg
threshold for screening may be defined in the same way as for the previous criteria bulft
should be at least an order of magnitude lower.

7.46. Screening by considering the contribution of fire to the core damage frequency should
considertake into account the frequency of damage to multiple fire compartments as the produdt
of the frequency of ignition in one fire compartment and the conditional probability of fire
spreading to other compartments.

7.47. The result of the entire screening process (i.e. screening by impact and by frequency)
should be as follows:

(@ A list of fire scenarios or fire compartments that eannetdo not represent significant
contributors to risk, and which can be screened out from detailed analysesanalysis. Th
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estimated risk associated with screened out scenarios or fire compartments should remain
in the overall fire PSA results, however.

(b) A list of fire scenarios associated with fire compartments that maymight represent
significant contributors to risk, and which therefore need further consideration. For each
fire scenario on this list, a quantitative Level 1 PSA model for internal fire should be
developed for further analysis.

Detailed analysis of fire
Analysis of fire scenarios

7.48. DPetailed-fire-The detailed analysis of fire should aimbe aimed at reducing the level of
conservatism in the fire scenarios identified so far in the screening process. The effect of fire
barriers inside the compartment and other means of protection from fire, the location of SSCs
important to safety and firefighting-fire extinguishing systems and equipment in place in the
fire compartment and other aspects such as growth and propagation of fire should all be taken
into account. All thedirect effects of fire, including flame, plume, ceiling jet, radiant heat from
hot gases, fire by-products such as smoke and soot, and indirect fire effects and consequences
(e.g. from fire extinguishing media, or consequential high energy arcing—and-smeke-arcs)
should be considered and assessed. Generally, dedicated walkdowns should be

performedundertaken in earrying-eutperforming the Level 1 PSA for internal fire to gather
supporting information for verification of the detailed analysis.

7.49. More realistic models should be applied for assessing human actions for reducing the
probability of equipment damage, growth and propagation of fire, and the effects of fire on the

equipment and-cablesSSCs.

7.50. The effects of fire and ef-pessible-spreading-effire by-products (e.g. smoke-and, toxic
gases) on human performance should be assessed. It should also be noted that overpressure
resulting from fire maymight prevent the opening of doors necessaryneeded for personnel to
access recovery locations or for the fire brigade to conduct firefighting activities.

7.51. The choice of specific modelling tools for the analysis of fire growth and propagation of
fire-(e.g. fire simulation codes) should be justified and documented.

7.52. Fire scenarios should describe the time dependent course of a fire that is initiated in a
selected compartment and any subsequent eemponent-and-cable-failures: of SSCs, including
cables. A fire scenario should be represented in the Level 1 PSA model for internal fire, for
example, by fire propagation-event trees (see example in Annex II), where all the important
features affecting fire development are modelled (i.e. design and quality of fire barriers, fire
growth and propagation model, eriterioncriteria for damage of equipment at risk, including
cables, fire protection and suppression features). The recommendations in Section 5 should be
applied for determining such fire propagation-event trees.

7.53. For the fire scenarios to be analysed, human reliability for manual actions and component
reliability effor fire detection and suppression systems and equipment should be assessed using
the same methodology as presented in Section 5 for PSA for internal initiating events.

7.54. Pathways that maymight be relevant for fire propagation effire-(e.g. ventilation ducts or
cable gutterstrays and channels, failed fire barriers) should be taken into account in the fire
scenarios.
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7.55. For fire compartments considered in the detailed fire analysis, data on the freguency-o
occurrence_frequency of a fire scenario should be complemented with additional data specifi
to the fire compartment, such as ren-permanent-the presence of temporary fire loads an

ignition sources; and their ignitability;ane-the-possible-presence-offire-toad.

7.56. The specified effectiveness and response times of automatic and manual capabilities for
fire detection and suppression should be substantiated for specific fire scenarios, together with
the specified probability of non-suppression of fire.

T

Analysis of fire in the main and supplementary control rooms

7.57. The Level 1 PSA model for internal fire in the main and supplementary control rooms
should take into account the specific features associated with these locations, such as the
widespread effect of a fire in the control rooms across all credited systems, the potential for
spurious actuation of systems and the impact of fire in control rooms on actions by operating
personnel. The latter should include:

(@) The effects of fire and fire by-products (e.g. smoke, soot) on the availability of th
necessary functions of instrumentation and related equipment;

(b) The capability of features for fire detection and suppression, including the potential
adverse impact of floeding;indirect fire effects, typically as a result of fire suppression
(e.g. from extinguishing media);

(c) The use of an alternative location for safe shutdown, taking into account aspects o
accessibility, interdependencies and other possible limitations;

(d) Fhe—potentialPotential fire-induced failure modes affecting both the main an
supplementary control rooms simultaneously (e.g. the spurious actuation of the switcher

caused by the fire in the supplementary control room leadingwhich can lead to-—th

overtaking the control from the main control room-due-te-the spuricus-activation)

(e) The effects of the spreading-efspread of fire by-products, such as smoke ardor toxi
gases.
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In addition, intracavity-fire propagation inside a fire compartment should be taken into accoun
including the presence of physical segregation and separation means such as qualified firg
barriers as well as spatial separation of redundant-components. of redundant trains.

12

Analysis of fire in therooms with electrical eempenentroamcomponents

7.58. FheRooms with electrical ecemponent—+eemscomponents, switchgear rooms, cable
spreading rooms and other rooms containing_electrical instrumentation and control equipment
tend to become natural centres of convergence for equipment and wiring. They contain
electrical equipment and cables that maymight belong to more than one train of the credite

)
system. Therefore, the potential impact of fire on redundant equipmentfor-safe-shutdewh
i

anditems important to safety or on other Level 1 PSA related equipment is likely to b
greaterhigher than the impact of fire in other plant locations and this should be considered i

the analysis.

7.59. There is also a higher probability ferof single or multiple spurious actuations of electricq
components because of fire induced electrical failures (e.g. shorts) in these locations. In th
analysis of spurious actuation of electrical components, the particular fire induced circui
failures should be identified and the associated conditional probabilities assessed.

— D —

7



Multicompartment fire analysis

7.60. Multicompartment fire analysis atms-te-tdentify-theis aimed at identifying potential fire
scenarios significant to risk that involve more than one fire compartment. It should be assumed
that fire maymight spread from one compartment to another through sharedfire barriers ervia
ventHation—duets—thatconnectbetween the compartments—Compared, in particular via fire
barrier _elements with the—analysis—performed—during—the—screening—proeess;
rmulticompartmentactive functions such as doors or dampers, or via barrier penetrations such
as cable trays or ventilation ducts. Multicompartment detailed fire analysis should be based on
a fire growth model, a model for analysis of fire propagation and a model for fire detection and
suppression.

7.61. As for single fire compartments, the detailed analysis for multicompartment firefires
should consider the depth of propagation of the fire; and the spread of eembustionproduets
andferthe-direct and indirect fire effects, covering not only heat transfer ef-heatto-adjacent(or
connectedybetween fire compartments:, but also other fire by-products, such as extinguishing
media.

Analysis of combined hazards

The potential for occurrence of comblnatlons of fires and other mﬁndﬁeed—eense%enﬂaml
internal-hazards (e-g-

explosionjall three comblnatlon cateqorles mentioned above in para. 6 13 (as deflned in SSG—

64 [6]) should be identified-and-assessed. Combinations involving fire as a consequence of
other hazards should be considered in the Level 1 PSA for those hazards, whereas combinations
involving fire with other consequential hazards should be considered in the Level 1 PSA for
internal fire. For combinations of fires correlated with other hazards by a common cause and
combinations of fires with unrelated hazards (occurring simultaneously but independently) that
have not been screened out, the analysts should decide whether these combined hazards are to

be conS|dered in the Level 1 PSA for_internal flre—'Fhe—mHMple—mdependth—ﬁms—eemd

ence or for one of the other hazards.

7.62. A qualitative analysis of internal fires induced by other hazards (e.g. seismicity,
lightning, external fire, airplaneaircraft crash) should be performed-_as part of the analyses
carried out for the initial event (see section 6). Fire compartments where the combined impact
of other hazards and fire could be important for safety should be analysed. tgnitiorExamples
of impacts to be considered include ignition sources induced by hazards, spurious actuation or
degradation of fire suppression systems; and difficulties in earrying—outtaking manual
firefighting actions-are-examples-of-impacts-to-be-considered (see the recommendations on

Level 1 PSA for external hazards provided in Section 8).

7.63. The following effects of internal fire induced by other hazards on the performance
shaping factors (or other factors, depending on the human reliability analysis method) of
operating personnel should be taken into account:

(@)  Accessibility of the compartments of interest after initiation-of-the fire has started;
(b) Increased stress level;

(c) Failures of indication or false indication;
(d) Combined effects of fire on the behaviour of operating personnel.
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Quantification of risk of internal fire

7.64. The specific models developed for the detailed analysis of the Level 1 PSA for internal
fire (e.g. model for a fire in the main control room or model to assess the impact of single or
multiple spurious actuations of components induced by fire) should be included in the complete
Level 1 PSA model.

7.65. The final quantification of the contribution of internal fire to the core damage frequency
should be performed for the fire compartments remaining after the-screening, considering thp
results of the detailed analysis. The results and the model used for quantitatively screening out
fire compartments by frequency should be included in the Level 1 PSA for internal fire. The
results of the Level 1 PSA for internal fire should be interpreted by identifying the main
contributors to core damage frequency (e.g. fire compartments, fire scenarios, human actions).
Assumptions relating to screening should be reviewed at this final stage to consider whether
contributors to the core damage frequency that were screened out need to be added to the
detailed model.

7.66. The quantification of the Level 1 PSA model for internal fire, the uncertainty analysis,
the importance analysis and the sensitivity analysis should all follow the recommendations
presented in Section 5. An uncertainty analysis should be performed to identify the sources of
uncertainty and to evaluate them. Sensitivity studies and importance analysis should be
performed to identify the elements of the Level 1 PSA for internal fire that are significant to
risk. Sensitivity studies should also be performed for the important assumptions and data. The
relative importance of various contributors to the calculated results should be determined.

Documentation for Level 1 PSA for internal fire

7.67. This-paragraph-providesrecommendations-en-meetingln accordance with Requirement
20 of GSR Part 4 (Rev. 1) [3}en-the-documentation-for-Level - PSA-forinternal-fire—The], th

Level 1 PSA for internal fire should be documented in a manner that facilitates its revie

apphicationsapplication and updating-ef-the-Level- - PSA-update. In particular, the followin

information should be included in the documentation:

(@ A description of the fire protection features specific to the plant, including passive and
active mitigation features—of-the—plant, as well as partitioning of the plant into fir+3
compartments;

(b) A description of the specific methods and data used fer-assessingto assess the internai‘l
fire hazard;

(c) A description of the changes made into the Level 1 PSA model for internal initiatin@
events to take into account the effects of internal fire;

(d) A characterization of fire compartments;

(e) Justification for the screening out of particular fire compartments from the analysis;

(f)  The results of the specificdetailed analyses for-detatledof fire scenarios, for example for
the main control room, for the electrical component room; and for multicompartment fi
and-multiple-hazardsfires;

(9) The final results of the Level 1 PSA for internal fire in terms of core damage frequency
as well as selected intermediate results;

(h)  The report of the plant walkdown in support of fire analysis.
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ANALYSIS-OFNTERNALFEOOBINGANALYSIS OF INTERNAL FLOODING

General

7.68. A Level 1 PSA for internal flooding is the probabilistic analysis of events relating to
release of liquids (usually water) occurring inside plant buildings and the potential impact of
such releases on safety. The process of development of a Level 1 PSA for internal flooding
typically includes the tasks shown in Fig. 4 and presented in paras 7.7069-7.98. For a Level 1
PSA for internal flooding for shutdown states, thesimilar aspects to those listed for internal fire
in para. 7.15 should be considered.
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Data collection and assessment of potential for internal flooding

7.69. For operating nuclear power plants, plant walkdowns H }
assessment-ofwith a specific focus on internal flooding should be performed to verify th
accuracy of information obtained from drawings and other sources of plant information and to

obtain necessary information on spatial interactions for analysis of the damage effects from
each potential source of internal flooding.

7.70. Possible internal flooding events should be identified and characterized (see SSG-64 [6]
for general considerations on flooding in the design of nuclear power plants). In earrying
outperforming this task, consideration should be given to the following:

(a) Possible sources of flooding: pipes, rterratvessels, tanks, pools, valves, heat exchangers,
connections to open-ended sources (e.g. sea, lake, river), muti-uritSSCs shared
systemsby multiple units or struetures-sources (e.g. fire main ring);

(b) Possible flooding mechanisms: breaks, leaks, ruptareruptures, spurious or desired
actuation of a spray system (e.g. the-containment spray system-e+the, fire extinguishing
system}-e+-),human error during operation or during maintenance related activities (e.g.
wrong positioning or inadvertent opening of a valve}.);

(c) Characteristics of the flood: capacity (depending on whether the source of flooding is a
closed or open system), flow rate, temperature—and, pressure, presence or possiblg
production of steam:;

(d) Flooding related alarms, leak detection systems, capacity of draining systems and
flooding related protection for components (such as equipment trip signals}.); |

(e) Critical flooding heights of components relevant to PSA and room dimensions in the
flooding areas.

7.71. When identifying potential flooding events, particular consideration should be given to
plant shutdown conditions, as water pathways are frequently manuathy-reconfigured at-sueh
timesmanually during shutdown.

7.72. Plant areas that can be affected by internal flooding should be determined and possible
propagation paths for the water should be identified. In doing this, consideration should be
given to multi-unit and spent fuel pool aspects and aceount-sheutd-be-taken-ofto the potentig|
for failure of flood barriers-gue-to-aceumulated-water-

7.73. The plant should be divided into physically separateseparated ‘flooding areas’, wherp
one-floeding-areaeach of which is viewed as generally independent of the other areas in termp
of the potential effects of internal flooding and the potential for flood propagation.

7.74. Plant specific data should be used as far as feasible for the estimation of frequencies of
internal flooding events. When plant specific data are insufficient, #-is-possible-to-use-generit
data or expert judgement may be used with appropriate justifications.

7.75. The main data for evaluatien-ofevaluating the frequency of internal flooding events arg
estimates of pipe failure rates and rupture frequencies with associated uncertainties. Batp
should-beThe data selected for piping systems thatshould represent significant sources of
internal flooding.
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7.76. The frequency and severity of flooding events caused by human error should be-also_be
evaluated, considering plant specific maintenance procedures and experience as well as

spurious actuation of water-based firefightingfire extinguishing systems.

7.77. Flood—frequenciesThe frequency of flooding should be estimated as a mean with
statistical uncertainty intervals-afteridentification-and-gualitative sereening-of flood-scenarios.

Identification of internal flooding scenarios

7.78. For each flooding area, the SSCs that could be affected by-the flooding occurring inside
should be identified. Depending on the scope of the analysis, the following flooding effects on
equipment could be relevant: submersion, temperature, pressure, spray, steam, pipe whip or jet
impingement as a consequence of a break in high energy piping or valve binding. It should be
ensured that the analysis is, as far as possible, complete.

7.79. ConsiderationThe consideration of cempenentsSSCs affected by internal flooding should
take—into—aceountinclude elevations, barriers, doors and drains. The potential for drain
blockages should also be considered.

7.80. The possibility of floodwater spreading from one area to another should be assessed,
including consideration of barrier failure.

7.81. All possible routes for the propagation of floodwater should be taken into consideration,
for example, non-leaktight doors, equipment drains; and the possibility of normally closed
doors or hatches being left open.

7.82. The location, including the elevation-6f and any protection features of electrical and/or
electronic components (e.g. cabinets, terminal boxes for cables for SSCs important tefor safety)
and other components that are sensitive eguipmentto humidity should be identified. In this way,
the vulnerability of components with respect to flooding of certain rooms can be identified.

7.83. The potential impact of flooding on plant operation should be assessed. Analysis-ofthe
petential-tmpact—of flooding—on—plant—operationThis assessment should include spurious

actuation of components or systems dueowing to flooding effects, which could initiate
particular accident sequences.

Screening by impact

7.84. Sereening-of-internalinternal flooding scenarios by-should be screened on the basis of
their impact-sheuld-be-perfermed-. Critical flooding areas can be selected by screening out
floeding—areas—on—the-basis—ef-those with a negligible potential impact on plant safety.

FleedingA flooding area may be screened out from-the-anabysis-by-—their—impact-if one or
mereboth of the following apply:

(@) Both of the following conditions hold:

(i)  The flooding area contains no equipment that can cause an initiating event;

(i)  Neither_the systems necessary for safe shutdown of the plant nor their support
systems are located in the cempartmentarea of flood origin or in the flood
propagation zone;-er

(b) The compartment does not contain any sources of flooding, including in-leakageflooding
originating from other compartments, sufficient to cause failure of equipment.
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Screening by eontribution-te-core-damage-frequency

Integration of internal flooding in the Level 1 PSA for internal initiating events

7.85. Internal flooding events could be further screened for their contribution to the core
damage frequency. Fhereforelf so, the Level 1 PSA for internal initiating events should bp
modified to take into account flooding phenomena (both system models and actions by
operating personnel).

7.86. A-completereview-of-theThe human reliability analysis performed in the Level 1 PS;I:
for internal initiating events should be performedfully reviewed. When applying the approac
to human reliability analysis presented in Section 5, performance shaping factors should be
analysed, with consideration given to the specifics of the flood initiator. Reassessmentangt
readjustment-of-humanHuman error probabilities should be perfermedreassessed and adjusted,
taking into account specific procedures for the mitigation of flooding. At a minimum, thg
following flood induced effects on the performance shaping factors of operating personnel
should be taken into account:

(@ Accessibility of plant locations where actions need to be taken by personnel to ensure th

eempartment&ehnterestrequrred safety functlons after floodlng

started
(b) Potential-increasedIncreased stress level;
(c) Failures of indication or false indication;
(d) Other effects of flooding on the behaviour of operating personnel.

Quantification of the contribution of internal flooding to the core damage frequency for
screening

7.87. For the-quantitative screening-task, a conservative approach should be usedtaken, whiclw
assumes that all components in the cempartmentarea being affected by the flooding will fail.
If this assumption does not give rise to a significant contribution to the core damage frequenc

(calculated by-using the formula given in para. 7.5), the flooding area can be screened out. T

7.88. Quantitative criteria for screening in accordance with contribution to the core damage
frequency should be defined for the Level 1 PSA for internal flooding. Examples of such
criteria could be as follows:

(@ The cumulative contribution of flooding to the core damage frequency for all flooding
areas screened out should be-undernot exceed a specified threshold. This threshold may
be defined as a specific absolute value or be given in relative terms (e.g. the contribution
of mternal |n|t|at|ng events to the core damage frequency)

(b) For an individual flooding area, the contribution of flooding to the core damagg
frequency is sufficiently low to retain all risk significant flood scenarios.
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7.89. The result of the entire screening process (i.e. screening by impact and by frequency)
should be as follows:

(@ A list of flooding scenarios or areas that eannetdo not represent significant contributors
to risk, and which can be screened out from detailed analyses—Estimatedanalysis. The
estimated risk associated with screened out scenarios or flooding areas should remain in
the overall internal flooding PSA results, however.

(b) A list of flooding scenarios associated with flooding compartmentsareas that maymight
represent significant contributors to risk, and which_therefore need further consideration.
For each flooding scenario on this list, a quantitative Level 1 PSA model for internal
flooding should be developed for further analysis.

Detailed analysis of flooding
Analysis of flooding scenarios
7.90. The quantitative, detailed flooding analysis should address the following issues:

(@) Timing calculations (e.g. rate of change of flood levels) for recovery;

(b) Human reliability analysis for the additional human actions necessary to mitigate the
flooding sequences;

(c) Development of event tree or fault tree models for each flooding scenario (based on the
Level 1 PSA for internal initiating events (see Section 5) or new models when
appropriate}};);

(d) Quantification of the corresponding event tree or fault tree with equipment that might
failed dueowing to the flood, and analysis of results, including sensitivity studies and
uncertainty analysis.

7.91. All potentially eontributory-initiatingcontributing flooding events should be analysed in
terms of the means of detecting and controlling them. The means of detection and control
should then be considered in estimating the probabilities of non-detection and non-isolation.

7.92. Internal flooding scenarios should describe the time dependent course of a flood
originating in a selected plant area and the subsequent component failures (see para. 7.7978).
A flooding scenario can be represented by event trees-ferfleeding where all important features
affecting flood development (design of flood barriers, flood detection and isolation of flooding
sources) and probabilities of component failures are modelled. Generally, dedicated
walkdowns should be performed in carrying out the Level 1 PSA for internal flooding in order
to gather supporting information for verification of the detailed flooding analysis.

7.93. Probabilities relating to recoveries and post-trip human errors should be revised in order
to assess the impact of the internal flooding on the credited recoveries and human actions
modelled in the Level 1 PSA for internal initiating events. The assessment of Fypetype C
HFEshuman failure events for internal flooding should include the following-three-cases:

(@) HFEsHuman failure events that are included in the Level 1 PSA for internal initiating
events; but are also relevant forto the flooding scenario. In this-casesuch cases, it sheuld
be-—checkedwhetherthere—is—a—needmight be necessary to revise the assessment of
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performance shaping factors due-to-the-pessibitity-thatas it might be hardermore difficult
for operating personnel to implement actions than in the base case scenario.

(b) HFEsHuman failure events that are relevant only ferto flooding (e.g. these-include—fo
example;those related to the isolation and subsequent restoration of the-electrical powe
supphiessupply). In this-casesuch cases, the methods used to assess flood specific HFE
mayhuman failure events can usually follow the same principles as the ones used t
analyse other types of HFEhuman failure event. The impact of the flooding specifi
actions (e.qg. the isolation and subsequent restoration of electrical power supply) on th
plant SSCs should also be considered in the PSA model.

(c) Undesired responses by operating personnel to flood-_induced spurious alarms an
indications.

) 1O U —

=

Analysis of combined hazards

7.94. The potential for occurrence of combinations of internal flooding and other hazards o)
all three combination categories mentioned in para. 6.13 (as defined in SSG-64 [6]) should b
assessed. Combinations involving internal flooding as a consequence of other hazards shoul
be considered in the Level 1 PSA for those hazards, whereas combinations involving interng
flooding with other consequential hazards should be considered in the Level 1 PSA for interng
flooding. For combinations of internal flooding correlated with other hazards by a commo
cause and combinations of internal flooding with unrelated hazards (occurring simultaneousl
but independently) that have not been screened out, the analysts should decide whether thes
combined hazards are to be considered in the Level 1 PSA for internal flooding or for one 0
the other hazards.

ST—T—T=TD =h
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+94:7.95. A qualitative analysis of internal flooding induced by other hazards (e.g. seismicity,
external flooding, aircraft crash, internal fire) should be performed:_as part of the analyse
carried out for the initial event (see Section 6). Flooding compartmentsareas where the
combined impact of other hazards and flooding could be important for safety should be
analysed. FleedingExamples of impacts to be considered include flood sources induced b
hazards and difficulties in earrying—outtaking manual fleedingflood protection actions;

} i _(see the recommendations on Level 1 PSA for externgl
hazards provided in Section 8). In addition, flooding caused by the actuation of a fir
extinguishing system discharging a large amount of water should be addressed in the context
of the Level 1 PSA for internal fire (see para. 7.62).

=

T

T

#95.7.96. The following effects of internal Heedsflooding induced by other hazards on th
performance shaping factors (or other factors depending on the human reliability analysi
method) of operating personnel should be taken into account:

(@) Accessibility of the-compartments—of-interestplant locations where actions need to b
taken by personnel to ensure the required safety functions after initiation—ofth

fleedflooding has started;
(b) Increased stress level,

(c) Failures of indication or false indication;
(d) CembinedOther effects of flooding and initiating hazard on the behaviour of operating
personnel.

11
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Quantification of risk of internal flooding

#96:7.97. The results and the model used for quantitatively screening out flooding scenarios
by frequency and the specific models developed for the detailed analysis of the Level 1 PSA
for internal flooding should be included in the complete Level 1 PSA model. Then, the final
quantification of the contribution of internal flooding to the core damage frequency should be
performed, including identification of the main contributors (e.g. flooding sources, flooding
scenarios) and review of assumptions relating to screening, uncertainty and sensitivity
analyses. The recommendations in Section 5 should be followed.

Documentation for Level 1 PSA for internal flooding

#97.7.98. This—paragraph—provides—recommendations—en—meetingln _accordance with
Requirement 20 of GSR Part 4 (Rev. 1) [3}-en-documentation-forevel- - PSA-for-internal
flooding—TFhe], the Level 1 PSA for internal flooding should be documented in a manner that
facilitates its review, applicationsapplication and updating—of-thetevel-1-PSAupdate. In

particular, the following information should be included in the documentation:

(@) Adescription of the specific methods and data used to assess the internal flooding hazard;

(b) A description of the changes made to the Level 1 PSA model for internal initiating events
atmed-at-aceounting-forto take into account the effects of internal flooding;

(c) Justification for the screening out of particular flooding scenarios from the analysis;

(d) The results of the detailed analysis ferof flooding scenarios, including
deseriptiondescriptions of the scenarios, and significant assumptions made in the
analysis;

(e) The final results of the Level 1 PSA for internal flooding in terms of core damage
frequency, qualitative insights and recommendations;

(f)  The report of the plant walkdown in support of flooding analysis.

OO R R A S A AR e

OTHER INTERNAL HAZARDS

Analysis of the collapse of structures and heavy load drops

#98-7.99. PSAs normally focus on the failure to cool the core inside the reactor vessel or the
fuel stored in the spent fuel pool. However, other, more direct damage can occur, for example,
byas a result of heavy tead-dropsloads dropping onto the vessel, spent fuel pool or systems
required-tothat perform critical safety functions. Petential The potential collapse of structures
and fall of objects, in particular drops of heavy loads (e.g. the confinement dome, the reactor
pressure vessel head, the spent fuel cask, concrete shielding blocks}), should be analysed in
respect of their potential to damage to SSCs reededimportant to-perform safety-funetions or in
respect of their potential to result directly in mechanical damage to fuel assemblies.

#99.7.100. If the pathway along which a load is transported is located neither above the fuel
nor above the regions containing SSCs important to safety, sereening-eut-efcertain individual
initiators of the collapse of structures or heavy load drops may be pessiblescreened out.

#1006:7.101. The probabilistic analysis should eensiderinclude locations in addition to the
reactor refuelling floor where heavy loads are handled. For example, some plants have open
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areas in the turbine hall where decay heat removal systems are located, and which are
vulnerable to heavy load drops (e.g. testing devices maymight drop down and destroy pipels
connected to the vessel).

#164.7.102. The contribution of the collapse of structures and heavy load drops to the
core damage frequency should be calculated, unless the event can be discarded on a
probabilistic basis.

#102.7.103. The Level 1 PSA for the collapse of structures or heavy load drops should ble
consistent with the plant response model developed for the Level 1 PSA for internal initiatin
events ferin shutdown states (see para. 9.12).

+103:7.104. All permanent lifting equipment in the plant should be eensidered-taken int
consideration. Areas where a_collapse of structures or dropped load could adversely affeqt
SSCs important to safety should be identified and examined in detail. A plant walkdown should
be performed for that purpose.

+104-7.105. Loading operations should be identified and analysed on the basis of work
procedures during shutdown.

#-1065:7.106. The frequencies of initiating events should be calculated in accordance with
the recommendations in Sections 5 and 9. CalewlatiensThe calculations should eonsidertak
into consideration failure of mechanical equipment, human error and possible unavailability o
automatic protection functions.-H-net-considered-in-the-Level- 1 PSA-for-external-hazardg;

—h D

P

7.107. For combinations of structure collapse or dropped loads with other hazards, thg
following effects on the performance shaping factors of operating personnel should be taken
into account:

T

(a) Accessibility of plant locations where actions need to be taken by personnel to ensurg
the required safety functions after the collapse or load drop;

(b) Increased stress level;

(c) Failures of indication or false indications;

(d) Spurious actuation of SSCs important to safety;

(e) Combined effects of a structure collapse or heavy load drop on the behaviour of
operating personnel.

+106-7.108. For each heavy load drop event, it should be conservatively assumed that the
maximum load is dropped and, if necessary, the nature of the dropped object and the cause of
its droppingdrop should be analysed. The possible direction, size, shape and energy of thean/
missile or missiles generated by the dropped load should be characterized and the effects on
the building structure and on the plant should be assessed.

7107.7.109. If a Level 2 PSA ifis foreseen, each_structure collapse or heavy load drob
event should be considered in order to determine the potential radiological consequences and
the contribution to the frequency (if any) of a plant damage state.
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Analysis of turbine missiles

+3108:7.110. The contribution of turbine disintegration (e.g. failure of turbine rotor) to the
core damage frequency should be calculated, unless the event can be discarded on a
probabilistic basis. The impact of a fire dueowing to ignition of hydrogen or dueowing to oil
combustion on components relevant to PSA should be considered in the context of the analysis
of the impact of turbine missiles.

#109.7.111. The analysis of turbine disintegration should include both normal speed
values and overspeed values.

+4106.7.112. The distribution of missiles following turbine disintegration should be
determined and—hence the probability of such missiles impacting buildings, given the
orientation and the location of the turbine, should be evaluated.

F+144.7.113. The resulting failure probabilities of SSCs important to safety within
buildings should be determined, taking into account the proportion of missiles with sufficient
kinetic energy to penetrate the buildings.

+112.7.114. In the first stage, only equipment credited in the accident sequences identified
previously in the Level 1 PSA should be considered.

+343.7.115. Failure probabilities resulting from missile impact, together with the
probabilities of random failure of the surviving SSCs important to safety and the frequency of
turbine disintegration, should be used to calculate the frequencies of faults which lead to
associated core damage states or large releases.

+114.7.116. A plant walkdown should be performed to confirm the assumptions in the
analysis regarding protection of structures, buildings and the selected equipment against
turbine missiles.

7.117. The frequencies of initiating events should be calculated in accordance with the
recommendations in Sections 5 and 9.

7.118. For combinations of missiles following turbine disintegration with other hazards,
the following effects on the performance shaping factors of operating personnel should be taken
into account:

(a) Accessibility of plant locations where actions need to be taken by personnel to ensure
the required safety functions after turbine disintegration has started:;

(b) Increased stress level;

(c) Failures of indication or false indications;

(d) Spurious actuation of SSCs important to safety;

(e) Combined effects of missiles following turbine disintegration on the behaviour of
operating personnel.

7.119. For each turbine disintegration event, it should be conservatively assumed that the
worst configuration and conditions in terms of missiles generation are in place. The possible
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direction, size, shape and energy of the missile or missiles generated should be characterize
and the effects on the building structure and on the plant should be assessed.

7.120. If a Level 2 PSA is foreseen, each turbine disintegration event should be considere
in_order to determine the potential radiological consequences and the contribution to the
frequency (if any) of a plant damage state.

Analysis of internal explosion

+115:7.121. The general process for conducting Level 1 PSA for internal hazards should
be adapted for a Level 1 PSA for internal explosion, considering that nuclear power plants are
basieaty-designed-se-as to minimize the likelihood and effects of internal explosions. Analysiﬁ
of internal explosions induced by or inducing internal fires should be considered in the Level-
PSA for internal fire.

+116:7.122. The design of the ruelear-plant building eludesprovides for the preventio
and mitigation of explosions (see SSG-64 [6]). For design purposes, the systematic analysis
explosions is used to characterize the potential sources of explosions (e.g. nature and quantit
of-the explosive materials, localization), the potential impacts of deflagrations or detonation
on the plant (e.g. overpressure, impulse or drag loads, fire-e, heat) and prevention features.
The Level 1 PSA for internal explosion should rely mainly on the information and data
collected during these analyses to allow the qualitative screening out of explosion scenarios.

FA447.123. A plant walkdown should be performed for identification of potential
explosion sources and for verification purposes.

#418:7.124. The frequency of explosion events should be evaluated using the
recommendations in Section 5. The quantification should consider the amount of explosive
materialsmaterial located within the plant, human activities that igi might
cause an explosion and the effectiveness of the means of prevention (e.g. hydrogen detectio‘;
equipment, leakage of explosive liquid or gas detectors, ventilations).

#449.7.125. The contribution of internal explosion to the core damage frequency should
be calculated, unless the event can be discarded on a probabilistic basis.

Analysis of other credible internal hazards

17

7.126. The general process for conducting Level 1 PSA for internal hazards should bg
adapted for a Level 1 PSA for all other internal hazards remaining after the individual o
combined hazards screening.

=

7.127. A plant walkdown should be performed for identification of potential sources of
other credible internal hazards and for verification purposes.

8. SPECIFIC ASPECTS OF LEVEL 1 PSA FOR EXTERNAL
HAZARDS
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INTRODUCTION

8.1. This section provides recommendations on meeting Requirements 6-13 of GSR Part 4
(Rev. 1) [3] for Level 1 PSA for external hazards. Specific recommendations are given only
for selected external hazards from the following list that cannot be screened out in-many-cases;
as-foHewsfor a given nuclear power plant site:

External natural hazards:

(a) Seismic hazards;
{a—High-winds;
(b) Hydrological hazards (e.q. external flooding);

(c) Meteorological hazards (e.g. high winds, precipitation)

(d) Extraterrestrial hazards (e.q. meteorites, solar flares);

(e) Biological hazards;

(f)_Geological hazards;

(9) Natural fires.

{by—External fleeds:
Human-human induced hazards::

BOUNDING-ANALY SIS FOREXTERNALHAZARDS

(a) Transport accidents;

(b) Aircraft crashes;

(c) Industrial and military accidents;
(d) Explosions;

(e) Fires;

(f) Releases of hazardous materials.

BOUNDING ASSESSMENT AND DETAILED ANALYSIS FOR LEVEL 1 PSA FOR
EXTERNAL HAZARDS

General aspects

8.2. External hazards (see paras 6.1 and 6.8) should be considered in the frame of a bounding
assessment and/or detailed analysis; a conservative screening analysis is usually omitted (it has
been demonstrated in many studies that such external hazards are sometimes significant
contributors to the overall risk). A consistent approach should be applied for the bounding
assessment and detailed analysis for Level 1 PSA for external hazards.

82.8.3.  The bounding arakysisassessment is performed with the aim of reducing the list of
external hazards subject to detailed analysis, thereby focusing on the most risk significant
accident scenarios. The bounding anahysisassessment should be performed in such a way that
it provides assurance that the eore-damagerisk associated with the specific external hazard is
insignificant compared withto other hazards.

8.4. IntheThe bounding assessment typically includes the following tasks:
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(a) Collection of site and plant information supported, when feasible, by plant walkdowns;
(b) Hazard characterization: identification of hazards, calculation of hazard frequency angl
analysis of the impact of hazards;
(c) Derivation of the Level 1 PSA for external hazards from the Level 1 PSA for interngl
initiating events:
(i) Determination of initiating events induced by the external hazards;
(i) Identification of necessary revisions to the existing event trees and fault tree
of the Level 1 PSA for internal initiating events;
(iii) __Analysis of specific dependencies and common cause failures;
(iv) __Analysis of specific data;
(v) _ Analysis of specific human reliability aspects.
(d)Qualitative and/or quantitative screening;
(e) Quantification of the contribution of external hazards to core damage frequency (analysi
of results, sensitivity studies, and uncertainty and importance analyses);
(f) Documentation (with particular consideration given to assumptions and references usedl
in the analysis, including quality assurance).

12}

o2

8.5. Contributions to the core damage frequency from those external hazards that remain afte
the screening process should be determined using a Level 1 PSA for those hazards. A Level
PSA for external hazards should rely on the model of plant response developed for the Level
PSA for internal initiating events, both for power operation and shutdown states. Th
availability of a Level 1 PSA for internal initiating events should be a prerequisite for th
development of a Level 1 PSA for external hazards. The results of the hazard analysis ma:
yield further initiating events in addition to those found by performing the Level 1 PSA fog
internal initiating events (e.g. the loss of all information in the main control room in the even
of fire). In such cases, new accident sequences should be developed and integrated into th
Level 1 PSA.

O (D =T=T=

O

8.6. The impact analysis should consider the effect of hazard induced component failures on
initiating events included in the PSA and on associated mitigatory safety functions.

8.7. Basic site and plant information should be obtained from drawings or databases. For
operating plants, such information should be verified and completed through plant walkdowns.

8.8. Since the information from plant walkdowns might provide significant input to the Levdl
1 PSA for internal hazards, such walkdowns should be well planned, organized and thoroughl
documented

8:3.8.9. In the bounding assessment, all potential impacts ef-each-non-sereened-externgt
hazard—on the nuclear power plant of each external hazard not screened out should b
considered.*®

14

84.8.10. The cumulative contribution of the external hazards subject to the bounding
analysisassessment should be calculated and retained in the final results of the Level 1 PSA.

48 Examples of impact categories include loss of off-site power or station blackout; degradation or loss of ultimate heat sink;
explosion or release of hazardous material; and degraded or isolated plant ventilation (owing to risk of toxic impact).
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8.5.8.11.  Asetof scenarios for the specific hazard should be developed unless all the impacts
of the hazard on the plant can be bounded by a single scenario, which is typically not the case.

8:6-8.12.  In the bounding anahysisassessment, applicable combinations of external hazards
identified, as described in para. 6.11, should also be considered.

8-78.13.  The bounding estimations should be based on models and data that are realistic but
demonstratively conservative. Such models and data include the following:

(@) Assessment of the occurrence frequency of hazards (i.e. estimations of the frequency of
exceedance of particular intensities);

(b)  Analysis of the impact of hazards on the plant (i.e. loads associated with the hazard);

(c) Analysis of the plant response (i.e. fragilities);

(d) Level 1 PSA models and data for the plant.

Natural hazards
Seismic hazards

8.8.8.14.  Seismic hazards are important contributors to core damage frequency in many
Level 1 PSAs; consequently, a detailed analysis should be performed. However, in order to
limit the effort required for Level 1 PSA for seismic hazards, it is possible to perform a
simplified analysis with conservative assumptions. The secondary effects of seismic hazards
(e.g. seismically induced fires and floods) should also be considered at this stage. Additional
details are provided in Refs [7, 25,29,-3126, 27, 33].

Hydrological hazards

8.15. An assessment should be made of whether the following hydrological hazards need to be
considered in the Level 1 PSA:

(a) High water level (flooding) hazards:
(i) _Rapidly developing:
- Flash flood caused by extreme local precipitation;
- Tsunami;
- lce flood;
- Riverine flooding caused by failure of water-retaining structures upstream;
- Riverine flooding caused by blockage of river downstream;
- Waves caused by landslides, avalanches or volcanism;
- Seiche;
- Flood waves caused by volcanic melting of snow and ice.

(ii) Slowly developing:
- Storm surge;
- Riverine flooding caused by extreme precipitation (e.qg. rain, snow) outside the
plant boundary;
- Flooding caused by changes in river channels downstream;
- Flooding caused by tide or springtide.

(b) Low water level hazards:
(i) Rapidly developing:
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8.16. Applicable combinations of hydrological hazards with other hazards, as described i

- Riverine flooding caused by failure of water-retaining structures downstrean;
- lce jam;
- Flooding caused by blockage of river upstream.

(ii) Slowly developing:

- Drought;
- Riverine flooding caused by changes in river channels upstream;

- Low sea level.

(c) Local precipitation (e.g. rain, snow):
(i) Increased roof load caused by local precipitation;
(ii) Local flooding caused by local precipitation.

(d) Groundwater level:
(i) High groundwater level;
(ii) Low groundwater level.

(e) Non-biological flotsam.

=

para. 6.11 should also be considered, taking into account possible dependencies (e.g. high wate

=

level, consequential dam failures).

Meteorological hazards

8.17. An assessment should be made of whether the following meteorological hazards need tp

be considered in the Level 1 PSA:

(a) Temperature induced hazards:

(b) High wind hazards:

(i) Hazards from low temperature phenomena;

(ii) Hazards from high temperature phenomena.

(c) Snow hazards.
(d) Air humidity hazards.

(i) Extratropical high winds_(extratropical cyclones, thunderstorms, squall lines, weather
fronts);
Several(ii)  Tornadoes or waterspouts;

(iii) Downbursts or katabatic winds;

(iv) Tropical cyclones, hurricanes or typhoons;

(v) Salt or dust storms;

(vi)Salt spray winds;

(vii)  Wind induced missiles.

(e) Lightning.
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f) Hail.

(g) Air pressure hazards.

(h) Fog/mist.

High winds

8.9.8.18.  The following types of high wind should be considered and subjected to bounding
analysisassessment or detailed analysis, depending on the location of the site;as-feltews:

(@) Winds and other effects associated with tornados;

(b) Winds associated with tropical cyclones (e.g. cyclones, hurricanes, typhoons);
(c) Extratropical high winds (e.g. thunderstorms, squall lines, weather fronts).

Fhe—applicableApplicable combinations of high—windsmeteorological hazards with other

hazard—phenomena—identifiedhazards, as described in para. 6.11 should be considered,
withtaking into account taken-ef-possible dependencies (e.g. high winds and high water levels).

External fleedsflooding
8:10.8.19. The following flood related hazards should be considered in the Level 1 PSA:

(@) High river water or lake water;

(b) High tides;

(c) Wind driven storms;

(d) Extreme precipitation;

(e) Tsunamis;

(f)  Seiches;

(9) Flooding caused by landslides;

(h)  Human-_induced floods (e.g. failures of dams, levees, dykes).

The-apphicableApplicable combinations of external fleedsflooding hazards with other hazard
phenemena-identifiedhazards, as described in para. 6.11 should be considered, withtaking into
account taken—of-possible dependencies (e.g. high water levellevels, consequential dam
failures).

8:11.8.20. The consequences of heavy rain and other flooding, such as water collecting on
rooftops and in low lying plant areas, should be included in the scope of the analysis.

Other natural hazards

812.8.21. A comprehensive list of potential natural hazards {other than seismic hazards, high
windshydrological hazards and external-fleedsymeteorological hazards should be considered
in the bounding analysisassessment. The list of natural hazards presented in Annex | and the
list of natural hazards considered in the safety analysis reports for the plant should be used as
a basis for identification of hazards. Site specific natural hazards should also be considered if
applicable.
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8-13.8.22. Fhe—apphieableApplicable combinations of natural hazards with other hazart
phenemena-identifiedhazards, as described in para. 6.11 should be considered, withtaking int
account taken—ef-possible dependencies (e.g. severe weather conditions-and-transpertation,
transport accidents).

=4

Human-_induced hazards

8.23. An assessment should be made of whether the following human induced hazards need tp
be considered in the Level 1 PSA:

(a) Mechanical impact from accidents:

(i)_Civil and military transport accidents, including aircraft crashes and air, rail, road angl
water transport;
(ii) Industrial accidents;
(iii) Military accidents.
(b) Human induced fires:

(i) From transport accidents;

(ii) From industrial accidents;

(iii)From military accidents.
(c) Explosions (blasts):

(i) _From transport accidents;

(ii) From industrial accidents;

(iii)From military accidents.
(d) Releases of hazardous substances (e.g. asphyxiant, combustible, corrosive, explosive, ang

toxic materials):

(i) From transport accidents;
(ii) From industrial accidents;
(iii)From military accidents;
(iv)From pipeline accidents.
(e) Other hazards:
(i) Excavation or construction work outside the plant boundary;
(ii) Grid instability;
(iii)Industrial impurities of high voltage insulations;

(iv)Electromagnetic interference;

(v) Human induced ground settlement.

8-14.8.24. The following sources of human-_induced hazards should be considered at g
minimum:

(a) Fire spreading from nearby plant-units-orfacilities;

(b) Explosions of solid substances or gas clouds from nearby facilities or dueowing to
transpertatientransport or pipeline accident;

(c) Releases of chemical materials from nearby facilities or dueowing to @

transpertatientransport or pipeline accident;
(d) Aircraft erashcrashes;

(e) Collisions of ships with water intake structures.

o

The following sources could also be considered as human-_ induced hazards:




ﬁ icsiles £ | ite:
{g)(f) Excavation work outside and-inside-the site areaboundary;

{hy(g)Electromagnetic interference (e.g. magnetic or electrical fields generated by radar, radio
or mobile phones}.) outside the site boundary.

PARAMETERIZATION-OF EXTERNAL-HAZARDS

PARAMETERIZATION OF EXTERNAL HAZARDS

General aspects

8:15.8.25. The most important parameters relating to the damage potential of the external
hazards should be defined. Several parameters should be defined if the damage potential of the
hazard cannot be characterized by a single parameter.

Natural hazards

Seismic hazards

8-16.8.26. Seismic hazards are characterized by following main parameters (see Refs [7,
25}:26]):

(@) The peak ground motion (e.g. acceleration, velocity, displacement}.);

(b) The fregueneyenergy content, which is generally represented by spectral accelerations
associated with the ground response spectrum_but may also include other intensity
measures.

8-17.8.27. Vibratory ground motion caused by earthquakes should not be eliminated from
consideration {i-e-as seismic waves can reach any point on the Earth’s surface)-.

8.18.8.28. Earthquake ground motion should not be screened out.
High winds
8:19.8.29. Different parameters should be considered depending on the wind type, as follows:

(@) The dynamic load from gusts and the load from the wind averaged over a specified time
period (e.g. 10 minutes) are essential parameters for the characterization of continuous
translational winds.
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(b) The rotation velocity, pressure differential and path area of tornadoes and the impact
potential (i.e. size and velocity) of tornado-borne missiles are essential parameters for the
characterization of tornadoes.

External fleedsflooding

8-20-8.30. The damage potential of external floods can be characterized by the discharge,
velocity, water level, duration and contribution of wave action. Some or all of these parameters
should be estimated for the characterization of external fleeds{SSG-18—{24})—FeoF
floedsflooding (see IAEA Safety Standards Series No. SSG-18, Meteorological an
Hydrological Hazards in Site Evaluation for Nuclear Installations [25]). For flooding, th
following parameters are commonly used:

14

(a) River: water level, water discharge/velocity and duration of flood.

(b) Seaor lake: water level, duration of flood and velocity.

(c) Wave: height, length, period, wind speed and direction.

(d) Wave run-up: height, quantity of water overtopping and quantity per second.
(e) Seiche: frequency of oscillation and wave height.

(f)  Ice: thickness and stream velocity.

8-21-8.31. The speed, direction and duration of wind, which can occur simultaneously with
fleedflooding, should be taken into account as a potential combined hazard.

Other natural hazards

822.8.32. A wide variety of natural hazards could be applicable to a specific site. For each
specific hazard, parameters should be specified that bound all potential effects associated with
the hazard.

8.23.8.33. The parameters for each hazard should be selected in a way that provides the
possibility for analysis of the combined effects of the hazards.

Human-_induced hazards

8.24.8.34. For each human- induced hazard, the parameters should be defined on the basis of
their specific challenge to SSCs important to safety, for example as follows:

(@) For many transpertatientransport related hazards, the actual danger is from an explosion
or a release of a-hazardous material. The key parameter is the amount of material being
earriedtransported or the maximum amount that could be released in an accident.

(b) For releases from nearby industrial facilities, the nature of the hazardous material and the
maximum amount that could be released in an accident are appropriate parameters.

(c) For a collision;_(e.g. a barge colliding with a water intake, an aircraft colliding with &

structure), the key parameterparameters should be related to the impact;- (i.e.g- the mass
and the velocity of the impacting object-{e-g—a-barge-colliding-with-a-waterintake,oraf
areratealidiagwith-a-struetre)—).

(d) If a human-_induced hazard is caused by explosion after direct impact (e.g. an aircraft
crash), the key parameters should involve some combination of the amount of fuel
onboard and the mass of heavy items such as engines that could damage a structure.

97



(e) For hazards such as pipeline accidents, the inventory of materials that could be released
and the nature and pressure of the materials are appropriate parameters.

8:25.8.35. Each human-_induced hazard maymight result in a combination of various impact
factors that haveneed to be considered. For example, an aircraft crash maymight cause direct
damage, explosion, fire and vibration. Similarly, a pipeline accident maymight result in a blast
(impulsive load resulting from deflagration or detonation), fire and vibration. It maymight also
produce missiles that ean-affect different parts of the plant. In the characterization of human-
induced hazards, all primary and secondary effects should be taken into account. Regardless of
the origin of the initiator, the effect should be expressed in terms of the following parameters:

(a) Impact load;

(b) Thermal load;

(c) Vibratory load;

(d) Propagation of toxic gases.

8-26-8.36. For explosion of gas clouds, the potential drift from their point of origin to the plant
should be taken into account.

8.27.8.37. TheappheableApplicable combinations of the-human- induced hazardhazards with
other hazard—phenemena—identifiedhazards, as described in para. 6.11 should alse—be
considered, withtaking into account taken-ef-possible dependencies (e.g. chemical release,
wind speed and direction).

BETAHED-ANALYSIS OF EXTERNALHAZARDBS

DETAILED ANALYSIS OF EXTERNAL HAZARDS

8.28.8.38. A detailed analysis should be performed for all (single and combined) hazards for
which the bounding or simplified analysis with conservative assumptions has demonstrated

that the risk eeming-from the hazard might be significantnon-negligible.

8:29.8.39. The-avaiabHity—of-the Level 1 PSA model for internal initiating events is a
prerequisite for carrying—eut—theperforming a detailed analysis of the—external events
PSAhazards.

8.30:8.40. The detailed analysis should be based on realistic models and data, including a
comprehensive Level 1 PSA model that provides the possibility of modelling all phenomena
associated with the external hazard under consideration.

FREQUENCY ASSESSMENT FOR EXTERNAL HAZARDS

General aspects

8-32.8.41. Paragraph 4.20 of SSR-1 [2122] states:
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“The site evaluation for a nuclear installation shall consider the frequency and severity
of natural and human induced external events, and potential combinations of such events,
that could affect the safety of the nuclear installation.”

Thus, the output of the hazard evaluation should include the frequency and the severity of the
hazard and should properly consider uncertainties.

8:33.8.42. External hazards are characterized by multiple output parameters, some of which
maymight be probabilistically dependent. For simplicity, the hazard curve is generallil
described in terms of a limited number of parameters (typically one). The other parameters that
would be needed for a more complete description of the hazard are typically considered in the
response analysis and fragility evaluation.

8:34.8.43. The hazard analysis (the estimation of the frequency of exceedance of a particular
severity) should be based on a probabilistic evaluation specific to the site.

8:35.8.44. Analysis of time trends (e.g. variation of hydrological or meteorological an
hydrelegical-parameters in time dueowing to climate change) should be performed to confirn
the absence of trends towards increased frequency of the hazards. If trends toward
significantly increased frequency are confirmed, then hazard frequencies should be defined i
order to take climate change into consideration over the time period of interest. Recent, sho
term trends tein decreasing hazard frequencies should not be aceounted-fortaken into account
unless they are well understood as being caused by processes having a non-random nature.*®

— 1 10— Ox

8.36.8.45. When the hazard frequencies are developed on a regional or generic basis, an
assessment should be performed with the aim of understanding the extent to which these data
are applicable to the specific site and are up to date. The uncertainties associated with the use
of regional and generic data should be reflected in the family of hazard curves, if provided.

8.37.8.46. When expert elicitation or another expert based process is to be used in developing
the hazard curves, a procedure for the process should be established and followed.
Recommendations on the hazard assessment methodology are provided in NS-G-3-1{22]
SSG-9-[23]-SSG-18{24}-and-SSG-21-[32Refs [23, 24, 25, 34].

P

[P

Natural hazards

% For example, an observed diversity in a river bed can be used for justification of a decreased frequency of associated
transpertationtransport accidents.
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Seismic hazards

8-41.8.47. The occurrence frequency of earthquake ground motions at the site should be based
on a site specific probabilistic seismic hazardshazard assessment (see Refs [7, 253126, 33]).

8:42.8.48. Probabilistic seismic hazard assessment should be conducted in accordance with
the recommendations provided in SSG-9-[23}.1AEA Safety Standards Series No. SSG-9 (Rev.
1), Seismic Hazards in Site Evaluation for Nuclear Installations [24].

8-43.8.49. The range of parameters used to characterize the seismic hazardshazard should
cover the acceleration range of interest;- (e.g. from ‘no failure’ to the-‘screening limit’;) in order
to accurately estimate the seismic risk.

8-44.8.50. For the lower bound parameter value for use in the hazard analysis, it should be
demonstrated that seismic events with any lower parameter value will-netcan cause anyonly
insignificant damage to structures and components, including those off the site, such as power
lines and pipework carrying hazardous material.

High winds

8:45.8.51. The model used for calculating the ealeulation—offrequenciesfrequency and
intensities-forintensity of high winds should be based on site specific data that reflect recent

available regional and site specific information. The analysis should incorporate at least the
worst weather conditions experienced at the site. Thus, recent, short term trends in decreasing
frequenciesfrequency of high winds should not dominate in the assessment of wind
frequencies.

8:46.8.52. Wind hazard assessment should be conducted in accordance with the
recommendations provided in SSG-18 [2425].

8:47.8.53. The range of parameters used to characterize the wind hazard should cover the
range of interest;- (e.g. from ‘no failure’ to the-‘screening limit’;) in order to accurately estimate
the wind risk.

8-48.8.54. The high wind hazard assessment should eensider—thetake into consideration
relevant time trends (e.g. climate change).

8:49.8.55. For the evaluation of extratropical windstorms and other phenomena involving
high straight winds, the recorded wind speed data appropriate to the site should be used.
Uncertainties that arise from a lack of weather stations should be aceeunted-for-conservatively
taken into account in developing the hazard curve for high winds.

External fleedsflooding

8.50.8.56. Calculation of the frequency and consequences of external floedsflooding at the
site should be based on a probabilistic analysis that reflects recent, available, site specific
information. When data for the site are only available for a short period, regional data on floods
should be used, with confirmation of the applicability of these data (i.e. correlation analysis
could be used to confirm the applicability of the regional data for the site).

8.54.8.57. External floedflooding hazard assessment should be conducted in accordance with
the recommendations provided in SSG-18 [2425].
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8-52.8.58. The uncertainties in the models and parameter values should be properly
fortaken into account and fully propagated in order to obtain a family of hazard curves fro
which a mean hazard curve can be derived. The analysis of frequenciesfrequency an
consequences ferof extreme river floods should include fleeds-due-toflooding caused by singl
or cascade dam failures.

8.53.8.59. Calculation of the frequency and consequences of extreme ocean floods should be
based on a probabilistic analysis that reflects recent, available, site specific information. These
data should be supported by data for a longer period for other coastal areas, with proper account
rade-fortaken of the topography of the area, both within the adjusted coastal area and on thg
land. The combination of high waves and high winds should always be considered.

8.54.8.60. Calculation of the frequency and consequences of extreme lake floods should be
based on a probabilistic analysis that reflects recent, available, site specific information. The
effects of the wind induced waves should always be considered, including any potential tornado
induced water displacement.

8.55.8.61. Calculation of the frequency and consequences of tsunamis should be based on
reliable regional data supported by engineering analysis. The uncertainties associated with the
frequency and consequences of tsunamis should be taken into account.

8.56.8.62. The external fleedflooding hazard assessment should ecensider—thetake int
consideration relevant time trends (e.g. climate change).

Other natural hazards

8.57.8.63. A comprehensive database should be developed and used to support the frequency
assessment for specific natural hazards. The database should include all relevant information
necessary to support realistic and valid estimations of hazard curves. In particular, historical
information on the occurrence of hazards in the vicinity of the site and in the region should be
included in the database for the available data period.

8.58.8.64. The frequency of specific natural hazards should be estimated using both site
specific and regional data. Correlation analysis should be employed in support of the use of
regional data.

8.59.8.65. In particular cases, when neither site specific nor regional data are available,
worldwide data could be used. In using the worldwide data, the applicability of these data to
the site under consideration should be investigated and all assumptions applied for the analyses
should be documented.

Human-_induced hazards

8.60.8.66. Human- induced external hazard assessment should be conducted in accordanc
with the recommendations provided in NS-G-3:-1-{22[23].

8-61.8.67. Appropriate information (preferably in the form of a database) should be collected
and used to support the frequency assessment for specific human-_induced hazards. Thik
information should include, at a minimum, the following data necessary to support realistic and
valid estimations of the frequencies of hazards:
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(a) Qualitative and quantitative information regarding the composition of hazardous (e.q.
combustible, explosive, hazardeus—erasphyxiant, toxic, corrosive) material stored
onoutside the site and-off-the-siteboundary, within a predetermined radius of the nuclear
power plant, as follows:

(i) Potential hazard sources (within a predetermined radius of the nuclear power
plant):) such as :
— Oil or gas storage stationfacilities;
— GasOil or eilgas transportation Hnelines;
— VehiewlarAir transportation_of hazardous substances;
— RailwayRalil transportation_of hazardous substances;
—Riverand-sea— Road transportation of hazardous substances;
— AlrWater transportation_of hazardous substances;
— Other facilities.

(i) Distance (in kilometres) of potential hazard sources to the nuclear power plant:

— To the structures;
— To buildings housing safety significant equipment;
— To ventilation intakes.

(b) Locations of military or other training facilities whose activities maymight affect the

plant and a description of the frequency of training exercises.
(c) The potential for, and frequency of, accidents and their potential consequences (explosive
capability).

FRAGHITA-ANALYSISFOR-STRUCTURES-ANB-COMPONENTS

FRAGILITY ANALYSIS FOR STRUCTURES, SYSTEMS AND COMPONENTS

General aspects

8:62.8.68. The fragility®® of structures—and—compenentsSSCs should be evaluated using
available plant specific information when-available-and-to the extent necessary for the purpose

of the analysis (bounding anahysisassessment or detailed analysis) and accepted engineering
methods. Findings from plant walkdowns should be considered in thesethe analyses.

8:63.8.69. The fragility analysis should not be limited to on-site structures but should include
off-site structures such as power lines and pipework carrying hazardous materials, as failures
involving such off-site structures maymight result in initiating events; such as loss of off-site
power or a blast. Such failures maymight be highly correlated if the fragilities are low.

8:64-8.70. The fragility should be expressed as a function of the hazard parameter. The
fragility analysis should include uncertainties in the underlying information, in particular when
data other than plant specific data are used (i.e. generic data).

50, Hity In this context, fragility is the conditional probability of failure of a system, structure or component for a given
hazard input level.
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8:65.8.71. When combined hazards are considered, all the hazards-hazard specific failuit
mechanisms resulting in SSC failure modes should be addedincluded in the Level 1 PS
model. If the combined hazards have different failure mechanisms, the failures should be
represented by the individual hazard fragilities. If the combined hazard-hashazards have similar
failure meechanismmechanisms, the compounded fragility should be considered.

Natural hazards

Seismic hazards

8.66.8.72. The initial list of structures-and-compenentsSSCs for seismic fragility analysi
should include all structures-and-componentsSSCs that are included in the Level 1 PSA model
for internal initiating events. The list should be expanded to include all
componentsSSCs and their combinations that, if failed, could contribute to core damag
frequency or large release frequencies; the latter is important for Level 2 PSA considerations.

8.67.8.73. The seismic equipment list {SEL)}-should be supplemented by any
ercompenentSSC associated with any combined hazard identified as-deseribed-in para 6.111

and retained in the analysis. Depending on the retained combined hazard this may include
dams, tsunami walls, internal flooding sources or internal fire sources identified systematically.
Details on the development of the SELseismic equipment list are provided in [31Ref. [33].

8-68.8.74. All realistic failure modes of structures-and-componentsSSCs that interfere with
the operability of the equipment during and after an earthquake should be identified through a
review of the plant design documents and a plant walkdown. The walkdown will enable to the

following:

- Screening of inherently seismically rugged equipment items from the seismic model};

- ldentification of correlation considerations (e.g. identical equipment with the sam
configuration, orientation or anchorage on the same level of the same building;

9%

-~ _Examination of operator response pathways for potential seismically induce
interference;

- ldentification of equipment or structures that are not included in the seismit
equipment list, but whose structural failure could potentially impact nearby items thg
are on the list (i.e. seismic interaction concerns);

—

- Consideration of issues related to seismically induced fire and seismically inducefl
flooding.

8-69-8.75. Fragilities should be evaluated for all relevant failure modes of structures (e.g.
sliding, overturning, yielding, excessive drifts), equipment (e.g. anchorage failure, impact with
adjacent equipment or structures, bracing failures, functional failures, pressure boundary
breach for flooding and spray considerations) and soil (e.g. liquefaction, slope instability,
excessive differential settlement) that are found to be important. Details of seismic fragilitr

analysis are provided in {25} andf31Refs [26, 33].

8-70-8.76. The limiting fragility for a component should be used as a surrogate for the fragility
associated with the fire ignition failure mode. Conditional ignition probabilities should be used
to relate the functional failure to the fire ignition. SeeExamples are provided in Ref.

ar-e@ample35].

10



8-74.8.77. The fragility analyses should be supported by a plant walkdown. The walkdown
should focus on the anchorage and lateral seismic support.

8.72.8.78. The potential for seismic interaction (e.g. the possibility that structure,-system-or
compenentSSCs could fall enteonto a seismic equipment list item), including the potential for
additional interactions with firesfire and fleedsflooding, should also be included-in-thea focus
of the walkdown.

8:73.8.79. Calculations of parameters relating to seismic fragility (e.g. median seismic
capacity of structures and its variability) should be based on plant specific data supplemented
by data from actual earthquakes, data from fragility tests and data from generic qualification
tests.

8-74.8.80. When structures-and-compenentsSSCs of a low fragility are to be screened out on
the basis of generic data, it should be proven that the generic data are used in a conservative
manner and that no relevant plant and site specific features are neglected.

8-75:8.81. The seismic responses of structures—and-compeonentsSSCs at their failure level
should be estimated on the basis of site specific earthquake response spectra anchored to a
ground motion parameter (e.g. averaged spectral acceleration).

8.76.8.82. Uncertainties in the input ground motion and structural and soil properties should
be taken into account in developing joint probability distributions for the responses of

struetures-and-compenentsSSCs located in different buildings.

8.74:8.83. For all structures—and—compenentsSSCs that appear in dominant accident
sequences, it should be ensured that the associated site specific fragility parameters are derived

on the basis of plant specific information. This is essential to avoid distortion of the contribution
of seismic hazards in the results of, and insights from, the Level 1 PSA.

8.84. For structures that are not founded on rock, soil structure interaction analysis, including
the embedment effect and ground motion incoherence function, is needed. Even for structures
that are founded on rock, performance of soil structure interaction analyses with consideration
of ground motion incoherence will have the benefit of computing realistic seismic response
and potentially lowering the response spectra peaks in the high frequency range, which are
expected to arise owing to the high frequency content of the uniform hazard response spectra.

High winds

8.78-8.85. In assessing the impact of high winds, consideration should be given to specific
features of exterior barriers (i.e. walls and roofs) surrounding SSCs important to safety, any
weather exposed SSCs, or combinations thereof, and the consequences of damage from impact
of windborne missiles that maymight result in an initiating event. A survey of the plant
buildings and their surroundings should be made to assess the number and types of object that
could be picked up by high winds and which could become missiles. Probabilities of missile
strike should also be developed on the basis of state of the art methodologies.

8-79.8.86. An evaluation should be performed to estimate plant specific, realistic fragilities in

respect of high winds for those SSCs, or combinations thereof, whose failure maymight lead
to an initiating event.
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8:80:8.87. In evaluating wind related fragilities of structures—and-compenentsSSCs, plan
specific data should be used. ta-the-assessment-anyAny structures that could fall into or ont
structures that are important to safety, thereby causing damage, should be considered-_in th|
assessment. In this assessment, findings from plant walkdowns should be used as an importan
source of information, for example to justify any modelling parameters.

— D O —+

8-81-8.88. A family of fragility curves corresponding to a particular failure mode for each
structure—or-componentSSC should be constructed and expressed in terms of median windl
speed capacity and uncertainty characteristics (e.g. logarithmic standard deviations),
representing randomness in capacity and uncertainty in median capacity of structures—of
compenents:SSCs. More details on fragility analysis for high winds are presentedgiven in
Section-5-2-6f [28Ref. [30].

External fleedsflooding

8-82.8.89. An analysis of dam failures should be performed for conditions corresponding to
the high flood level in the river and associated frequencies should be determined._Thg
probability of dam failures should be calculated for different levels in the river. 5

8.83.8.90. In evaluation-efassessing fragilities of structures-and-compenentsSSCs in respedt

of external fleedsflooding, plant specific data should be used. tr—the-assessment—anryAny
structures that could fall into or onto structures important to safety, thereby causing damage,

should be considered—tn-this_in the assessment—findings. Findings from plant walkdown
should be used as an important source of information _in the assessment. All structures locate
at low levels, in particular intakes and ultimate heat sinks, should be included in-thetaken int
consideration.

8.84.8.91. The fragility analysis should include immersion, dynamic loads on structures-anft
cempenentsSSCs from waves, and foundation failures (soil erosion). More details on fragilit

analysis for external fleedsflooding are presentedgiven in Seetion-5-3-eFf28Ref. [30].

Other natural hazards

<<

8.85.8.92. The general aspects and recommendations for the fragility analysis of seismig,

hydrological and meteorological hazards;-high-winds-and-external-floods should be followed

for other natural hazards as applicable.

Human-_induced hazards

8.93. The general aspects and recommendations for the fragility analysis ef-seismienaturg
hazards;-high-winds—and-external-floeds should be followed for human-_induced hazards a|
applicable. More details on fragility/ analysis and capacity analysis for aircraft impact a#

presepipd-inSestien bl e 20 Maredetallsontragiibdeaneeinrana s is-and for explosion
and releases of hazardous releasessubstances are presentedgiven in Ref. [30].

T

er- It is typical to assume dam failure for|a

river level above the dam failure design level.
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INTEGRATION OF EXTERNAL HAZARDS IN SECHON55-0F{28}-THE LEVEL 1
PSA MODEL

INTEGRATION OF EXTERNAL HAZARDS IN-THE LEVEL 1 PSA MODEL
General aspects

8.86.8.94. The Level 1 PSA model for internal initiating events is almost always used as a
basis for the Level 1 PSA model for external hazards. The Level 1 PSA model should be
adapted from the Level 1 PSA model for internal initiating events to incorporate aspects that
are different, owing to the impact of external hazards. The major impacts of the hazard that
could lead to different classes of internal initiating event (e.g. large loss of coolant accident,
small loss of coolant accident, transient) or which could lead directly to core damage should
be assessed in the selection of the appropriate event tree from the PSA model for internal
initiating events (e.g. by use of a hazard event tree). Annex Il presents an example of a seismic
event tree for seismic hazards. The appropriate hazard curves for, and fragilities of, SSCs
important to safety should be incorporated in the Level 1 PSA model for external hazards. All
important dependencies, correlations and uncertainties associated with the specific hazard
should be accounted for in the Level 1 PSA model for external hazards.

8.87.8.95. Probabilities relating to recoveries and post-trip human errors should be revised in
order to assess the impact of the external hazards on the credited recoveries and human actions
modelled in the Level 1 PSA for internal initiating events.

8.88.8.96. The assessment of Fypetype C HFEshuman failure events for external hazards
should include the following-three-cases:

(@) HFEsHuman failure events that are included in the Level 1 PSA for internal initiating
events; but are also relevant forto the hazard scenario. In this-casesuch cases, it sheuld-be
checked—whether—there—is—a—needmight be necessary to revise the assessment of
performance shaping factors due-to-the-pessibHity-thatas it might be hardermore difficult
for operating personnel to implement actions than in the base case scenario.

(b) HFEsHuman failure events that are relevant only ferto a specific external hazard (e.g.
those related to relay reset after seismic events). In this-easesuch cases, the methods used
to assess external hazard specific HFEs-mayhuman failure events can usually follow the
same principles as the ones used to analyse other types of HFEhuman failure event.

()  Undesired responses by operating personnel to spurious alarms and indications.

8.89.8.97. The Level 1 PSA model for external hazards should reflect the as built and as
operated plant conditions.

Natural hazards
Seismic hazards

8.90.8.98. The Level 1 PSA model for internal initiating events should be adapted to
incorporate seismic specific aspects that are different from the corresponding aspects of the
Level 1 PSA model for internal initiating events. Details of integration of seismic events in

PSA model are provided in {25}-are-[31Refs [27, 33].

8:94.8.99. At many plants, ptantmanual shutdown of the plant is initiated for a seismic hazard
over a certain magnitude (e.g. 50% of the design basis earthquake). A Level 1 PSA model for
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seismic hazards should reflect this, even for cases where the power conversion system has a
high seismic capacity and where automatic reactor scram can be avoided.

8.92.8.100. The Level 1 PSA model for seismic hazards should include all important
seismically induced initiating events that can lead to core damage. In particular, initiatin
events leading to scenarios of the following petypes should be modelled: T

(a) Failures of large components (e.g. reactor pressure vessel, steam generators, pressurizer).

(b) Loss of coolant accidents of various sizes and locations. Seismically induced very small
loss of coolant accidents due-tocaused by ruptures of small lines (e.g. impulse IinesD
should also be considered in the Level 1 PSA model for seismic hazards as an additional
failure mode.

(c) Loss of off-site power.

(d) Transients (with and without failure of the power conversion system), including losses
of various support systems.

8-93.8.101. The models for specific accident sequences should be added to those from the Level
1 PSA for internal initiating events when seismically induced initiating events lead to specific
accident scenarios not considered in the Level 1 PSA model for internal initiating events. The
Level 1 PSA model for internal initiating events should be expanded for the purpose of
including seismic hazards in the Level 1 PSA in order to incorporate failures of a wider scope
of components or component failure modes, such as failure of passive components (e.g.
structures, buildings, distribution systems, cable trays, relay chattering). The effects on reactor
internals, in particular the sticking of a control rod dueowing to the impact of a seismic everft
on the reactor core, should be considered.

8.94.8.102. All SSCs modelled in the Level 1 PSA for internal initiating events and those SSCs
for which seismically induced damage can have an effect on accident sequences should be
incorporated into the Level 1 PSA model for seismic hazards.

8.95.8.103. The Level 1 PSA model for seismic hazards should include all non-seismic related
failures, unavailabilitiesunavailability of SSCs and human errors that can contributp
measurably to the core damage frequency.

8.96.8.104. The model for seismically induced damage of SSCs should thoroughly take into
account all dependent failures of the equipment located in the building after damage of the
building dueowing to a seismic event. If dependencies of this type are to be eliminated frorh
the model or if their significance in the model is to be decreased, this should be justified.

8.97.8.105. The seismic hazard assessment, seismic fragilities, dependencies between SSCs,
non-seismically-_induced failures, uravailabilitiesunavailability of SSCs and human errork
should be appropriately integrated into the Level 1 PSA model for seismic hazards.

8.98.8.106. A thorough check and associated adjustment should be performed in relation to
recovery actions and probabilities of human errors. Recovery actions that cannot be performed
dueowing to the impact of seismic events of a certain magnitude should be removed from the
Level 1 PSA model; alternatively, probabilities of failure whilst performing the action should
be increased. All post-initiator human errors that could occur in response to the initiating event,
as modelled in the Level 1 PSA for internal initiating events, should be revised and adjusted
for the specific seismic conditions. At a minimum, the following seismically induced effects
on the performance shaping factors for operating personnel should be taken into account:
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ability of i : - ;

(a)  Accessibility of plant locations where actions need to be taken by personnel to ensure the
required safety functions or to rescue people;

(b) Increased stress levels;

(c) Failures of indication or false indication;

(d) FaiureFailures of communication systems;

{e)—-Scenarios-with-consequential-fire-and-flood:

{H(e) Other applicable factors impacting the behaviour of operating personnel.

8.100:8.107. In quantifying the core and/or fuel damage frequency, key information about
each accident sequence and the minimal cutset should be available as the result of model
quantification, in addition to the integrated results.

8-101.8.108. Integration and quantification of the Level 1 PSA model for seismic hazards
should be performed so that uncertainties from each seismic input into the Level 1 PSA (i.e.
frequencies of seismic hazards, seismic fragilities, dependencies and aspects relating to
systemsystems analysis) are properly propagated through the model for obtaining correct
uncertainty characteristics of the core damage frequency.

High winds

8-162.8.100. The Level 1 PSA model should include all initiating events caused by high
winds and should be as complete as necessary to model all wind related effects.

8-103:8.110. The consideration of accident sequences initiated by high winds should
include site specific hazard curves and the fragilities of all structures for which damage
maymight lead to the disabling of the equipment modelled in the Level 1 PSA. Other factors
to be considered should include uwnavatabiitiesunavailability or faHuresfailure of the
equipment and human errors that are not related to high winds. Probabilities of human errors
should be adjusted to take into account the effects of wind on performance shaping factors, as
discussed in para. 8.8996.

External fleedsflooding

8-104-8.111. The consideration of accident sequences initiated by external floods should
include the site specific hazard curves and the fragilities of all SSCs for which damage
maymight lead to the disabling of the equipment modelled in the Level 1 PSA. Other factors
to be considered should include unavatabititiesunavailability or faHuresfailure of the
equipment and human errors that are not related to external floods. Probabilities of human




errors should be adjusted to take into account flood effects on performance shaping factors (in
particular, the accessibility of the equipment) as discussed in para. 8.8996.

8.105.8.112. Uncertainties, dependencies and correlations should be theroughhytaken intp
full accounted fer-in developing accident sequence models for initiating events induced by
external fleedsflooding.

Other natural hazards
8-106:8.113. The general aspects and recommendations for model integration of seismid,

hydrological and meteorological hazards;-high-winds-and-external-floods should be followegl

for other natural hazards.

Human-_induced hazards

8-167.8.114. The general aspects and recommendations for model integration of seismic
hazards, high winds and external floods should be followed.

BOCUMENTAHON-AND-PRESENFAHON-OFRESULTS

DOCUMENTATION AND PRESENTATION OF RESULTS

General aspects

8.108.8.115. Paragraphs-8-109-8-119 provi
with Requirement 20 of GSR Part 4 (Rev. 1) [3}en-documentation-forLevel L PSA-forexternd
hazards—Fhe], the screening analysis, bounding analysis and detailed analysis for Level 1 PSA
for external hazards should be documented in a manner that facilitates their peer review, a
well as future upgradesupdates and applications of the Level 1 PSA, as follows:

meetingln accordanc

(@) The screening of each specific external hazard should be documented in a manner that
describes the processes that-were-used-and provides—details-of-the-methods used, th
assumptions made and their bases.

(b) A description of the methods used for determining the hazard curves for each external
hazard should be provided, including the following:

(i) The data used for the determination of the hazard curves;
(if) The technical interpretations that are the basis for inputs and results;
(iii) The underlying assumptions and associated uncertainties.
(c) A detailed list of SSCs subjected to the fragility analysis should be provided, together
with the following:
(i) The location of each SSC;
(if) The key assumptions and methods used for the fragility analysis;
(iif) The dominant failure modes for each SSC;
(iv) The sources of information for the analysis.

(d) Those SSCs that are not subjected to fragility analysis should also be discussed and the
basis for their screening out from the Level 1 PSA model should be provided.

(e) The specific adaptations made to the Level 1 PSA model for internal initiating events
should be thoroughly documented, with an indication of the motivation for each
adaptation.

() The final results of the bounding analysisassessment and detailed analysis should bk
documented in terms of core damage frequencies, significant minimal cutsets and
significant accident sequences for each scenario associated with external hazards. The
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general recommendations for documentation presented in paras 3.15-3.23 should be-also
be followed.

8-109.8.116. MajerThe following major outputs of the Level 1 PSA for external hazards
should be presented-as-fetlews:

(@ Core damage frequencies and their uncertainty distributions;

(b) Results of sensitivity studies;

(c) Lists of significant accident sequences and significant minimal cutsets;

(d) Discussion of the technical basis for the significant sequences and significant minimal
cutsets;

(e) Description of major contributors to the uncertainties. Contributors to both epistemic and
aleatory uncertainties should be discussed.

Natural hazards
Seismic hazards

8-110.8.117. A description of the specific methods used for the characterization of seismic
sources and of the selected parameters should be provided. In particular, the specific
interpretations that are the basis for the modelling inputs and results should be thoroughly
documented.

8.111.8.118. The following information should be included in the seismic Level 1 PSA
model documentation:

(@ Alist of SSCs considered in the Level 1 PSA for seismic hazards;

(b)  The fragility characterization and theits technical bases-for-thisbasis for each SSC;

(c) Quantified probabilities of damage for the range of seismic hazards modelled in the Level
1PSA;

(d) Significant failure modes for SSCs and the location of each SSC;

(e) Specific adaptations made in the Level 1 PSA model for internal initiating events to take
into account the impact of seismic events;

(f)  Comprehensive information on the dependencies (in particular, spatial interactions)
modelled in the Level 1 PSA for seismic hazards, as well as any assumptions applied to
eliminate or decrease the impact of the dependencies.

8:112.8.119. The basis for screening out any structure-system-or-cemponentSSC should
be described fully.

8:113:8.120. The methodology and procedures used to quantify seismic fragilities should
be documented. This should include the following different aspects of seismic fragility
analysis:

(a) Seismic response analysis;

(b) Steps involved in screening;

(c) Plant walkdown;

(d) Review of design documents;

(e) Identification of critical failure modes for each SSC;
(f) Calculations of fragilities for each SSC.
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8-114.8.121. The procedures for plant walkdowns, the compositions of walkdown teams,
and the observations and conclusions made from the walkdown should be fully documented.

High winds

8-115.8.122. The Level 1 PSA for high winds should be documented in a manner that

facilitates theits review, application and updating-of the-Level 1 PSAupdate. In particular, the
following information should be included in the documentation:

(@) A description of the specific methods and data used for determining the hazard curves
for high winds;

(b) A description of changes made in the Level 1 PSA model to take into account effects
relating to high winds;

(c) Alistof all SSCs considered in the analysis, together with the justification for the SSCs
that arewere screened out from the analysis; |

(d) The methodology and data used to derive wind fragilities for all SSCs modelled in the
Level 1 PSA;

(e) The final results of the Level 1 PSA in terms of core damage as well as useful
intermediate results.

External fleedsflooding

8:116.8.123. The Level 1 PSA for external fleedsflooding should be documented in

manner that facilitates theits review, application and updating-of-the-Level-1-PSA-update. |
particular, the following information should be included in the documentation:

(@) A description of the specific methods and data used for determining the hazard curves
for external fleedsflooding; |

(b) A description of changes made in the Level 1 PSA model to take into account effects
relating to external fleedsflooding; |

(c) A list of all SSCs considered in the analysis along with justification for the SSCs that
arewere screened out from the analysis; L

(d) The methodology and data used to derive fleodflooding fragilities for all SSCs modelle
in the Level 1 PSA;

(e) The final results of the Level 1 PSA in terms of core damage as well as selected useful
results.

Other natural hazards

8.117.8.124. The recommendations for documenting and presenting results provided in
paras 8.£69115-8.417123 should be followed, as applicable.

Human-_induced hazards

8-118.8.125. The recommendations for documenting and presenting results provided ip
paras 8.109115-8.247123 should be followed, as applicable.
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9. LEVEL 1PSAFOR SHUTDOWN STATES

GENERAL-ASPECTS-OFLEVELGENERAL ASPECTS OF LEVEL 1 PSA FOR
SHUTFBOWN-STATESFOR SHUTDOWN STATES

9.1. This section provides recommendations on meeting Requirements 6-13 of GSR Part 4
(Rev. 1) [3] for a Level 1 PSA for shutdown states® for fuel in the reactor core and during fuel
handling. The recommendations for Level 1 PSA for fuel in the spent fuel pool are provided in
Section 10. In principle, the Level 1 PSA for shutdown states for internal initiating events is
based on the same methodology as the Level 1 PSA for power eperatingoperation states
outlined in Section 5. Therefore, the structure of this section corresponds largely to that of
Section 5 and the general framework for analysis depicted in Fig. 1, unless otherwise advocated
by the specifics of shutdown states. Repetition of contents has been avoided and instead
reference is made to earlier sections in this Safety Guide, unless approaches and conditions for
shutdown states necessitate specific descriptions. However, it should be noted that the objective
of the analysis is not necessarily the determination of a-core damage frequency, since fuel
damage frequency and inadvertent criticality maymight also be risk metrics of interest.

9.2. Internal and external hazards can be as important for shutdown states; as for power
operatingoperation states. The approaches discussed in Sections 6-8 of this Safety Guide apply,
but have to be modified in accordance with the specific characteristics of shutdown states. The
scope of initiating events is, in principle, identical, but screening of events might lead to a
different pattern. This is primarily the case in situations where the duration of shutdown states
is much shorter compared with the duration of power operation. Obviously, the probability of
occurrence of an external hazard is then much smaller in the shutdown state. On the other hand,
the consequences can be very different for shutdown states. For example, in the handling of
heavy equipment, careful consideration may need to be given to seismic events-ef; external
explosions and external fleedsflooding could also lead to different accident sequences in the
plant.

9.3. During shutdown, the following main activities are typically performed in a light water
reactor:

(@ Achieving shutdown from power operation;

(b) Operation of the residual heat removal system;

(c) Opening of the reactor pressure vessel, flooding of the cavity;

(d) Refuelling;

(e) Maintenance and testing;

(f)  Shutdown of the residual heat removal system and return to power operation.

For other types of reactor, the list of activities can be different, for example, opening of the
reactor pressure vessel and flooding of the cavity will not be relevant for channel type reactors.
In Annex 111, examples of outage profiles of a pressurized water reactor and a boiling water
reactor and examples of plant operating states are provided. The examples of typical operating
states for CANDU-type reactors are presented in Ref. [£336].

SPECHCAHON-OFOUTAGE Y PES-ANB-PEANT-OPERAHNG-STFATES

53 For low power operation, all the recommendations provided in Sections 2-9-8 are applicable with due account-being taken
of the potential reduced power level and different interlocks and system configurations compared to power operation.
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SPECIFICATION OF OUTAGE TYPES AND PLANT OPERATING STATES

9.4. In contrast to power operation, in shutdown states the operating configuration of the plant
and conditions at the plant change significantly. Generally (for plants where refuelling is
carried out off-line), there are three different types of outage, as follows:

(@ Regular refuelling outages with partial or complete relocation of the fuel from the
reactor®, during which major maintenance activities are also carried out;

(b) Planned outages, during which only specific maintenance activities are carried out;*® |

(c) Unplanned outages that follow a disturbance during power operation with and without
drainage of the reactor vessel and fuel reloading.

Fhis-isThese are reflected in the plant’s technical specifications, which are usually divided i]:

accordance with different—plantthe plant’s various operating states, each having its owi
operability requirements on plant equipment.

9.5. Itis considered good practice to analyse all types of outage mentioned in para. 9.4. The
risks associated with refuelling outages should be assessed in full. It is essential that analysis
of sequences following a disturbance be earried-threughcontinued until a safe and stable stat
is reached. Termination of the analysis at a fixed-pre-definedpredefined sequence mission tim
maymight prevent meaningful results from being obtained. In many cases, as a first step,
typical outage is analysed. For reactors in operation, such an outage should be derived by
starting from a recent outage and adding elements derived from the documentation of additional
recent outages and from discussions with the personnel responsible for planning them. If
necessary, certain elements of outages that are expected to contribute to risk should be
evaluated separately. For example, in the easescase of eutagesan outage planned specificall
for eertain-maintenance activities, a comparison of the risk associated with the planned outag
withagainst the risk associated with continued operation can be an important input to decisio
making.

9.6. Foreseeable changes to outage procedures should be incorporated in the analysis if one
of the objectives of the PSA is to evaluate risks associated with future operation.

9.7. During shutdown, a large number and variety of plant configurations exist that would, if
handled individually, lead to an excessive number of scenarios needing to be analysed. For
dealing with the variety of plant configurations during shutdown, a limited number of plant
operating states should be specified for which the plant status and configuration are sufficiently
stable and representative.

9.8. To limit the number of combinations of plant operating states to a manageable size, some
grouping of similar states will be necessary. Such grouping should take into account the
following physical and technical aspects of the plant:

54 For plant operating states with refuelling outages,-when during which the fuel is completely relocated into the spent fugl
pool, the recommendations provided in Section 10 sheuld-be-applied:

apply.

55 Al standard planned shutdown and startup conditions are generally considered among the different plant configurations.
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(a) Reactor criticality (and/or shutdown margin);

(b) Fhelevellevel of decay heat;

(c) Temperature and pressure in the reactor coolant system;

(d) WaterOther relevant power dependent parameters (e.g. pressurizer level, water level in
the primary system:, steam generator level);

(e) Open or closed reactor coolant system;

(f)  Operability status of loops in the reactor coolant system;

(g) Location of the fuel,

(h)  Auvailability of credited systems, including support systems, includingand consideration
of whether they are controlled automatically or by manual actions;

(i)  System alignments;

(i)  Status of the containment integrity.

9.9. For a Level 1 PSA for shutdown states, the plant operating states should be specified on
the basis of actual operating experience and in accordance with current practices and
procedures. Depending on the selection-ef-the-outage type perfermedselected in the previous
step (see para. 9.5), an appropriate number of outages should be analysed in detail to determine
the actual status of all parameters of interest at all times during the outage. Sources of
information to be used for this purpose generally include the following:

(@) Shutdown and startup procedures;

(b) Outage plan for a specific outage or outages;

(c) General plant practice for outages;

(d) Technical specifications for outages;

(e) Guidelines for configuration control;

(f)  Other documents providing information on outages (e.g. loghooks detailing boron
concentration);

(9) Maintenance records (specifying duration of maintenance on specific components);

(h) Interviews with operating personnel and shift supervisors;

(i)  Interviews with outage planners.

From such sources, all the information relevant for characterizing the plant operating states
should be extracted and documented, especially the availability of safety functions and other
relevant functions. An example fershowing the selection of plant operating states is included
in Annex Ill, in which 11 different plant operating states have been differentiated. H—is
emphasized;-however-thatforFor Level 1 PSA for shutdown, however, the analysis should be
based on a substantially larger number of plant operating states, depending on the particular
application of the PSA+- (e.g. for risk monitor applications-).

9.10. For nuclear power plants at the design stage, information from analogous or reference
plants should be used as much as possible. For completely new designs, a thorough assessment
of the time needed for different operations for different types of outage should be performed.
This information should be verified and updated at_the commissioning stage and during the
first years of plant operation.

9.11. To ensure that the whole operating cycle is covered and in order to avoid missing
contributors to risk from certain plant operating states, or to avoid double counting, the points
of interface between plant shutdown operating states (including power operation) should be
clearly specified in terms of the duration, power level and system configuration of each plant
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operating state, the frequency (per calendar year) of entry into each plant operating state and
the initiating events. Data on operating history should be used for this purpose.

INITIATING EVENTS ANALYSIS

INITIATING EVENTS ANALYSIS

9.12. In principle, the identification of initiating events follows the same approach as described
in paras 5.1113-5.3922. Therefore, loss of coolant accidents and transients should bk
addressed, as well as initiating events that are identified in the analyses of internal and external
hazards. As a starting point, a generic list can be compiled from the analysis of power operation.
This list will need to be modified and extended in accordance with the steps described in paras
9.13-9.23.

9.13. In para. 5.11, initiating events are defined with relationreference to the-core damage. Ak
indicated in paras 9.4-9.8, the core can be in very different configurations in different shutdown
states. Fuel stored in a spent fuel pool betheither internal or external to the reactor building iﬁ
covered separately in this Safety Guide as part of the PSA for the spent fuel pool (see Sectio
10). Therefore, a number of initiating events are unique to shutdown conditions and these will
be different from those identified in the Level 1 PSA for power operation (see examples in
Annex II1). In addition, many initiating events relating to maintenance activities or operatin
procedures may be human- induced. The major categories of initiating events that are of interegt
for a Level 1 PSA for shutdown states are events that threaten safety functions such as heat
removal, primary circuit inventory or integrity and reactivity control. This implies that, as well
as core damage, damage to fuel outside the reactor pressure vessel might be an end state of the
accident sequences in a Level 1 PSA for shutdown states; such end states are often
termedreferred to as fuel damage states andor criticality events. Examples of initiating event
in a PSA for shutdown RPSAstates for CANDU-type reactors are provided in Ref. —H
necessary-to-decide[36]. A decision should be made as to which of these end states need to b
included in the analysis. This decision should be correlated with the probabilistic safety goals
or criteria to be verified, if specified in national regulations or guidelines. The characteristics
of such end states are highly specific to the reactor type and therefore cannot be addressed here
in depth. In most cases, a Level 1 PSA for shutdown states considers the events that can lead
to the following end states:

(@) Damage to fuel eueowing to loss of cooling to the fuel; |

(b) Damage to fuel during handling;

(c) Damage to fuel eueowing to dropping of heavy loads; "

(d) Damage to fuel in criticality event-dueevents owing to changes in fuel configuration (part
of the fuel can be in spent fuel).

9.14. Care should be exerciseditaken to identify clearly the initiating events of interest. TL
complement the generic list obtained in accordance with para. 9.12, systematic techniques
should be used for the identification of initiating events. In addition to the methods
recommended in para.paras 5.13-5.2322, a systematic examination of plant procedures fof
changing the configuration of the reactor coolant system and of procedures for equipment
testing and maintenance should be performed. The end states of the accident sequences for
initiating events in shutdown states could differ from core damage states.

9.15. Identification of potential human errors during the execution of plant procedures for
shutdown states for different types of outage is one of the key objectives of this process and it
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should incorporate knowledge of plant procedures and plant walkdowns to familiarize PSA
specialists with the working practices in the plant.

9.16. To ensure adequate completeness of the list of initiating events for the Level 1 PSA for
shutdown states, the following sources of information should be reviewed in addition to the list
from the PSA for power operation:

(@) Level 1 PSAs for shutdown states from other similar plants;
(b) Plant operating history;

(c) Experience at similar plants;

(d) Generic data from operation in shutdown states.

Seme—pubhchyPublicly available sources of such information are—as—fellewsinclude the
following:

(@) Generic studies (e.g. information on boron dilution events caused by inadvertent
pumping of unborated water through the core);

(b)  Event reports from licensees;

(c) Event reports from international organizations and plant owners’ groups.

9.17. Initiating events should be grouped in_such a way that all initiating events in the group
can be analysed using the same event tree and fault tree model (see paras 5.32-5.39). In
addition to the criteria listed in paras 5.32-5.39, the following criteria form the basis for
grouping initiating events in shutdown states-should-include-that-al-initiating-events—in-the
group:

(@) Allinitiating events in a group have a similar effect on the availability and operation of
credited SSCs.

(b) Allinitiating events in a group have similar success criteria for credited systems.

(c) placeAll initiating events in a group impose similar operator action requirements-fer-the
operator-actions.

Similar initiating eventevents can occur in different plant operating states (see Annex I11), but
as the availability of systems and the success criteria are in-generalgenerally different fer-thein
these different-plant-operating states, grouping across plant operating states is not feasible in
most cases.

9.18. The characteristics for the group should be defined on the basis of the most restrictive
events within the group (see para. 5.3534).

9.19. As in the case of PSA for power operation, quantification of the frequencies of initiating
events should follow standard Level 1 PSA practices, as described in paras 5.149-5.152-5-155.
However, the quantification of initiating event frequencies for shutdown states should take into
account the higher possibility of initiating events caused by HFEs-and-thereforehuman failure
events, so human reliability analysis methods should be-also be used when applicable. In
addition, plant specific items such as equipment configuration and availability, technical
specifications and outage management, including refuelling operations, should be taken into
account.
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9.20. In a Level 1 PSA for shutdown states, the frequency of initiating events can be first
defined in terms of the expected hourly rate of occurrence in a specific plant operating state
and then recalculated with the actual state duration taken into account. However, the
frequencies should not be defined in this way if the initiating event has arisen dueowing tp
events relating to the occurrence of the plant operating state, rather than its duration (e.g. some
initiating events maymight be related to testing or transition activities and the frequencies off
such events would not scale in accordance with the duration of a plant operating state).

9.21. If some initiating events are screened out of further analysis owing to a low occurrencg
frequency attributable to the low fraction of duration of relevant plant operating states, then
this assumption should be revisited and justified if the Level 1 PSA is being used for ris
monitor applications.

9:21.9.22. There are basically three approaches to quantifying the frequencies of initiating
events occurring in a given plant operating state (see paras 5.149-5.152-5:155), as follows:

(a) Direct estimation from operating experience (from the plant being analysed, from other
plants of a similar design, or from a generic type of reactor);

(b) Estimation from frequencies determined in_the Level 1 PSA for power operation, with
supplementary analysis (i.e. reassessment of the frequencies of loss of eeehngcoolar|t
accidents for a depressurized or opened reactor);

(c) Use of a logic model, including all the foreseen inputs leading to the initiating event.

9:22.9.23. To account correctly for dependencies between an error that results in an initiating
event (e.g. an error resulting in a loss of the decay heat removal function) and an error made in
responding to that event (e.g. failure to recover the decay heat removal function), the errors
that result in an initiating event should be modelled explicitly.

9.23.9.24. The overall results of assigning initiating events to plant operating states should be
presented in the form of a table or other type of overview. An example is presented in Annex
1.

ACCIDENT-SEQUENCE-ANALYSIS
ACCIDENT SEQUENCE ANALYSIS

Safety functions and success criteria

9.24.9.25. Recommendations on the general approach to accident sequence analysis are
provided in paras 5.40-5.7068. Although decay heat levels during shutdown are generally
much lower than immediately following shutdown from power operation, the characteristics of
the possible plant configurations maymight still give rise to events that challenge the fulfilment
of safety functions. The analysis should take into account-ef the following aspects:

(a) Owingte-theAs a result of disabling efthe automatic actuation of credited systems i
shutdown, the availability of safety equipment might be reduced and the dependence on
actions by operating personnel might be increased.

(b) The integrity of the primary cooling system might be compromised and additional bypass
of the containment might be possible.

(c) The performance of a front line system will depend in general on the particular initiating
event, the characteristics of the plant operating state and the decay heat level.
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(d) The number of available redundant trains or components for a certain safety function,
which should be defined taking into account the minimum requirements of operational
limits and conditions as well as operational experience.

9:25.9.26. Functional performance criteria should be used to specify success criteria for the
various systems, which maymight differ from the success criteria specified for a Level 1 PSA
for power operation.

Analysis to support the specification of success criteria

9.26.9.27. The fault tree models constructed for the Level 1 PSA for power operation should
be revised as appropriate. Even if the logic and the response of the system remain basically the
same as at power operation, possible changes in the conditional availabilities of components or
systems should be taken into account.

9.27.9.28. To ensure that core cooling assumptions are correct, thermohydraulic calculations
should be performed to determine realistic success criteria. The level of detail of the
thermohydraulic analyses should correspond to the requirements of the systems analyses and
the primary system configuration. For transitional operating states (during shutdown and
startup) and under hot shutdown conditions, the configuration and conditions of the primary
systems are in some cases similar to those for transients initiated from power operation, andso
the models designed for thermohydraulic calculations for power operation will be applicable.
In other cases, the applicability has to be demonstrated. For other plant operating states, a
comparison of the primary system characteristics and the model capabilities should be carried
out to assess the applicability of a particular code. For example, for light water reactors, the
thermohydraulic analyses to support the specification of success criteria should, asat a
minimum, take into account the following factors:

(@) ThestatusStatus of the primary circuit pressure boundary;

(b)  Vessel head removed or de-tensioned;

(c) Safety valve removed or primary system vent open;

(d) Loops isolated or nozzle dams installed:;

(e) Water level in steam generators;

(f)  Primary circuit parameters (temperature, pressure, presence of non-condensable gas,
shutdown margin);

(g) Water level in the primary system;

(h) Residual heat level;

(i) Isolation status of the containment;

(J)  Awvailability of protection systems for actuation of safety functions.

9:28.9.29. When performing thermohydraulic calculations, the violation of criteria for a
particular fuel damage state should be assessed. These criteria and time to damage might be
very different depending on whether the reactor is closed or opened.

Modelling of accident sequences
9.29.9.30. Event trees (see paras 5.5958-5.6362) or equivalent presentations should be used
to model the response of the plant and operating personnel to initiating events. It is considered

good practice to draw detailed event sequence diagrams, including human interactions, before
modelling the accident sequences.
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9:30:9.31. In the accident sequence analysis, the possibility of actions by operating personnel
aimed at recovering reactor core cooling as well as water supply into the reactor from
alternative sources should be considered as mitigation actions, at a minimum.

9.314:9.32. Accident sequence modelling should be done by a multidisciplinary team, which
should include specialists in human reliability analysis, from the beginning of the process of
analysis.

Accident sequence end states and plant damage states

9:32.9.33. AsFor shutdown states, as for power operation, the accident sequences should bb
grouped into plant damage states in order to reduce the number of possible distinct outcomes
of the Level 1 PSA to a manageable number for further analysis (Level 2 PSA or Level 3 PSA)
and for concise presentation of the study results. The expected accident progression (beyond
core damage), including challenges to containment integrity and radionuclide transport, for all
accident sequences that are grouped under a particular plant damage state should be
qualitatively similar. On the other hand, there are modern analytical tools offering the
possibility of modelling the accident sequences up to release categories. Such approaches do
not involve such a grouping of plant damage states for the Level 1 PSA. Appropriate sequence
mission times should be specified (see para. 5.52), taking into account the specific features and
timing of the processes taking place.

9.33:9.34. The process of selecting the plant damage states for a Level 1 PSA for shutdown
states should take account of the plant damage states specified for the Level 1 PSA for power
operation (see para. 5.6665). However, for a Level 1 PSA for shutdown states, additional plarit
damage states different from those for a Level 1 PSA for power operation should be identified.
For example, additional plant damage states may be necessary for conditions unique to certain
shutdown states such as those with the reactor vessel head removed or with the containment
equipment hatch open.

The following additional accident sequence characteristics should be considered in specifying
the plant damage states:

(@) Decay heat level (based on time since shutdown from power operation);

(b) Containment state—, especially when the containment is open;

(c) Conditions that determine the time_taken to restore containment isolation and the
potentially reduced effectiveness (leaktightness) of the containment during suchthis time;

(d) Fhe—integritylntegrity of the primary system pressure boundary with vessel heagl
removed, nozzle dams installed, safety valves removed; and primary system vent open;

(e) TFhewaterWater inventory in the primary circuit.

9:34.9.35. Appropriate specification of the plant damage state will be decisive for the results
and their interpretation.

SYSTFEMSANALYSIS

SYSTEMS ANALYSIS

9:35.9.36. Asfor Level 1 PSA for power operation, the objective of systems analysis for Level
1 PSA for shutdown states is to carry out detailed modelling of the system failures necessary
for quantification of accident sequences. Fault tree analysis is the most widely used method for
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system modelling. Fault tree models constructed for power operation (see paras 5.7371—
5.9482) may be utilized and adapted as far as possible. However, revisions to the existing
models should be made if necessary, or new models may need to be developed, particularly in
the following situations:

(a) Existing system models are not suitable for describing specific system behaviour in
different plant operating states, for example, the system maymight be configured
differently to accommodate maintenance or the specific alignment of the system
maymight change the system success criteria (e.g. when one safety train is in scheduled
maintenance).

(b) A particular system that was on standby during power operation is operating during
shutdown.

(c) Actuation of a system is performed manually during shutdown, whereas in power
operation, actuation was automatic.

(d) The reguired-mission timetimes needed for different systems may-beare significantly
different.

(e) Success criteria change for different plant operating states.

(f)  The number of trains initially available is different for each plant operating state.

(g) Time “windewswindows and plant conditions are significantly different, which could
influence the probability of success of recovery actions and allows repair activity to be
credited.

(h) A particular system was not modelled as thisit was not necessary for power operation.

(i)  Interconnection of particular systems is necessary to establish a configuration for a safety
function that is used justonly in shutdown states, for example, using the spent fuel cooling
system for core cooling; account should be taken of the procedure forthis-connection:to
be followed for such interconnection.

() A particular system was not modelled as this would only be necessary for the Level 2
PSA for power operation.

Examples of specific requirementsfor-system modelling requirements are given in Annex I11.
ApA e e O DERERIDER I EALLLIDES

ANALYSIS OF DEPENDENT FAILURES

9.36:9.37. As described in paras 5.8986-5.9491 for power operation, the objective of this
analysis is to identify dependencies that maymight influence the logic and quantification of the
accident sequences and system models. The main types of dependency in this regard are
functional dependence on supply systems and support systems; hardware sharing between
systems or process coupling; physical dependence, including dependencies caused directly or
indirectly by initiating events; dependencies on human interactions; and common cause
failures. These dependencies should_all be included in the analysis.

9.37.9.38. As a point of departure from the conditions at power operation, the different
support and front line systems as well as their interdependencies should be reviewed and
checked regarding their applicability for the specific plant operating states. Testing and
maintenance activities maymight create new sources of dependencies, such as coincident
repairs or maintenance of redundant components that should be acceuntedfortaken into
account. Examples are presented in Annex Il1.
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9-38-9.39. Revisions to the dependency models for power operation should be implemented
as necessary, especially if the success criteria are different for shutdown states, or th
conditions are-different-for support systems;- (e.g. reguirementsfor-ventilation systems-ang,

power supply systems) are different.

9-39.9.40. The alignment of systems and component outages should also be reviewed.

9-40.9.41. The various common cause failure mechanisms and the potential impact of
maintenance and other activities specific to shutdown conditions on their occurrence should be
identified.

ELBAARLREL AR LI ARLAL M EIE

HUMAN RELIABILITY ANALYSIS

9.41.9.42. In paras 5.9996-5.121, the key aspects of human reliability analysis are explained;
these aspects also apply to shutdown-. The analysis of human failure events during shutdowi

is complex. Therefore, human reliability analysis should be performed in a structured and
logical manner. As with other analysis tasks, the process of human reliability analysis should
be thoroughly documented in a traceable way. Human reliability analysis should aim to
generate failure probabilities which are beth-consistent both with one another and eensistert
with the analysis carried-outperformed in other portions of the Level 1 PSA.

9:42.9.43. Typical aspects eenditiens—during shutdown, such as extensive use of-externgt
maintenance staff from external organizations, frequent overtime work and increased control
room work, should be adequately considered in the analysis. Account should also be taken of
difficulties in work supervision and pressures eueowing to tight schedules.

9:43.9.44. For human reliability analysis, close interaction between the HRA-analysthuman
reliability analysts and plant operating personnel and maintenance personnel should be
practised in order to ensure that plant design and operating features during shutdown are
properly reflected in the analysis. If this is not possible, for example, for a plant in the design
stage or construction stage, the analystanalysts should attempt to gain knowledge based-on the
basis of practical experience-gatned from the operation of similar plants.

Type A human failure events — pre-initiator HFEshuman failure events

9-44.9.45. Type A human failure events (see para. 5.485102) consist of actions associatefl
with testing, maintenance, repair and calibration that, if not earried-eutperformed correctly,
could lead to equipment unavailability. The process of identification and quantification of type
A human failure events is similar to that for Level 1 PSA for power operation, but should take
into account particular shutdown features, especially the following:

(@) Functional testing performed close to the end of the outage might be subject to
time constraints-and-therefere-could-have, leading to a high potential for human errors.

(b) RedueedThere might be reduced availability of automatic realignment functions (e.g. n
automatic closure signal for a valve that-can-be-left open after a test).
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Type B human failure events — HFEshuman failure events that maymight cause an
initiating event

9.45.9.46. Owing to the great variety of different maintenance measures, tests and changes of
configuration, it cannot be expected that all possible human errors will have been observed in
relation to the frequencies of initiating events specific to shutdown (e.g. drain down gueowing
to adverse valve alignment). Therefore, the potential for human failure to contribute to
initiating events should be assessed explicitly. This is also important for addressing the
dependency with respect to response actions (type C actions). This assessment maymight result
in identification of human failures that lead to unavailability of components, either immediately
or as latent faults in the case of a demand modelled in the fault tree of an initiator. For the
analysis, the following sources of information can be used:

(&) Written procedures for startup and shutdown of operation;

(b) Operating experience;

(c) Documents on outage planning, including technical specifications and testing and
maintenance procedures.

Screening may be necessary for the analysis of type B human failure events to decide which
failures can be screened out on the basis of a qualitative evaluation and for which a quantitative
estimate or even detailed analysis is necessary. A possible approach is outlined in Annex IlI.
The derivation of human error probabilities can be carried out as set out in paras 5.44+7114—
5.121118.

Type C human failure events — post-initiator H=Eshuman failure events

9:46.9.47. Type C human failure events (see para. 5.208105) are particularly important during
shutdown because of the reduced level of plant automation. They tend to be significant
contributors to core damage frequency in many Level 1 PSA studies for shutdown conditions.
Thus, thorough consideration should be given to a realistic assessment of the failure
probabilities of such interactions.

9:47.9.48. The methodology selected should take into account specific aspects relevant for
modelling and quantifying type C human failure events in the framework of a Level 1 PSA for
shutdown conditions in a systematic manner. CertainSuch aspects mayas the following might

differ from the PSA for power operation;ferexample,asfollows:

(@) More frequent actuation of alarms and standing alarms;

(b) Quality of procedural guidance;

(c) Status of training of operating personnel;

(d) Duration of time windows for response;

(e) Quality of interfaces that facilitate human actions in shutdown states.

9.48.9.49. Care-sheuld-be-taken-that-valuesValues generated by the use of time reliability

correlations specific to power operation are-ret-uneriticathyaceeptedshould be adopted with
caution, since the time windows in shutdown states maymight be well outside the applicable

ranges of such correlations.

9.49.9.50. The potential for errors in the diagnosis of the causes of initiating events should be
addressed especially when event based procedures are to be used.
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950:9.51. As in a Level 1 PSA for power operation, dependencies between human
interactionsfailure events in the same accident sequence should be taken into account (see parat
5422119 and 5.423120). However, in the PSA model for shutdown states, it is particularl
important to address the dependencies between type B and type C human failure events. If an
initiating event such as a loss of decay heat removal is caused by a human error, the
circumstances that led to the individual making the error will likely complicate the recovery of
the decay heat removal function and maymight lead to increased failure probability compared
with the case where loss of function was a result of mechanical failure.

DATA ASSESSMENT

DATA ASSESSMENT

9.54.9.52. The data necessary for quantification of the Level 1 PSA for shutdown conditions
includesinclude the following:

(a) Initiating event frequencies;

(b) Data relating to human error probabilities;

(c) Duration of plant operating states;

(d) Allowed outage times;

(e) Component reliability data;

(f) Maintenanee—unavatlabilitiesUnavailability owing to maintenance, includinb
overlapping maintenance based on operating history;

(g) Assessment of common cause failures;.

e —Cthodenoods

The basic needs and approaches for data acquisition that-have-been-described in Section 5 als
apply to shutdown states. BataSince data for the quantification of component reliabilit
parameters that-are-specific ferto shutdown are less widely available than data for powe
operation—Fhus, however, a widely used approach has—beenis to adapt data from powe
operation. This should not be done without transparent justification as regards the applicability
of such data.

1=

=

=

9.53. Data assessment in relation to maintenance and testing activities should be reviewed for
the different configurations; while certain activities might be conducted throughout the outags,
others might only be conducted in certain configurations. Also, maintenance and testin
frequency might change depending on the configuration.

9.52.9.54. A major partobjective of testing during planned outages servesis to verify thge
functioncorrect functioning of the-compeonents-equipment that were-previoushy-undergeinghab

undergone maintenance,-e—such-tests-are-funetionaltests before eguipmentit is put back intp
operation. Betermination—ef—The unavailability of this equipment should be relatey
tedetermined on the basis of the average test duration and te-the duration of the plant operating
state during which the component is being tested.

9.53.9.55. Possible human interactions and probability of human errors in overriding
alignments resulting from test and maintenance activities should be assessed.

9.54.9.56. The possibility of repair should be considered because it can significantly increas
the availability of credited systems in plant operating states for shutdown conditiong.
Neglecting repair maymight, in many cases, lead to an overestimation of risk, especially i
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post-initiator scenarios, crediting in the analysis the probability of recognizing the possibility
of a specific repair option that would enhance the realistic consideration. ‘Repair’ here includes
cases of short term recovery sufficient to fulfil the demands of the accident sequence under
consideration. It should, however, be restricted to cases in which plant experience shows that
there are good possibilities for recovery or the probability of success can be supported by
engineering judgement and/or established repair procedures valid under the conditions of the
accident sequence.

9.55.9.57. Dependency of repair times on the plant operating state should be taken into
account. Such dependencies maymight be duerelated to the accessibility of systems and
equipment, the availability of staff to undertake repair, the availability of spare parts and, for
some accident sequences, the level of radiation in the surroundings of the component to be
repaired.

9.56:9.58. An appropriate reliability model should be selected in shutdown states to take into
account that the components thatare-on standby during power operation might be in operation
during an outage.

9.57.9.59. CempenentsComponent mission times are used in models to calculate the
probability that operating equipment used to ensure some safety function to attain and/or
maintain a stable shutdown state following an initiator fails to continue to operate.
CompenentsComponent mission times can have a significant impact on the calculated
probabilities of system failure. Assumptions regarding the mission timetimes of components
should be consistent with the modelling of accident sequences (i.e. with the sequence mission
time and system mission times;), as well as with reliability data, as these maymight reveal a
sensitivity to operation time.

9.58.9.60. If foreseeable changes in outage procedures are to be incorporated in the analysis,
this might have implications enfor data acquisition. The changes might be such that the
available information on operating experience either cannot provide the necessary data or can
only provide the necessary data after adaptation by analysis or engineering judgement.

QUANTIHHCATION-OF-ACCIDENT-SEQUENCES
QUANTIFICATION OF ACCIDENT SEQUENCES

9.59.9.61. For a Level 1 PSA for shutdown states, the quantification of accident sequences
should be performed using the same techniques as for a Level 1 PSA for power operation.
UseThe use of other techniques, such as Markovian techniques instead of standard fault tree
and event tree evaluation methods-may-have-the-petential-te, might yield more realistic results
for shutdown states in which long sequence mission times enablemake it possible to credit
recovery actions.

9.60:9.62. When reviewing the results of the quantification, as in the case of a Level 1 PSA
for power operation, a—eareful+eview—of-the minimal cutsets obtained should be earried
outcarefully reviewed. In a Level 1 PSA for shutdown states, the system models maymight
have to be modified to representreflect the conditions of the different plant operating states. If
the system models are modified,—eress-cheeking-should-be-performed-for the minimal cutsets
obtained for similar accident sequences or systems in different plant operating states should be
cross-checked to ensure that any differences in thesethem do indeed reflect the different plant
operating states or sequence characteristics and do not stem from modelling errors.
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HMPORTANCEANALY-SIS-SENSITFRATY-STUDIES AND-UNCERTAINTY-ANALYSHS

IMPORTANCE ANALYSIS, SENSITIVITY STUDIES AND UNCERTAINTY
ANALYSIS

9:61.9.63. For the uncertainty analysis_for shutdown states, the same techniques should b
used as for a Level 1 PSA for power operation (see paras 5.483-ane-179-5.184181).

14

9.62.9.64. Importance analysis and sensitivity studies should also be performed using th
same techniques as for a Level 1 PSA for power operation (see paras 5.475-171 and 5.182174{
5.178).

19

9.63:9.65. Sensitivity studies are an important part of the analysis in Level 1 PSA for
shutdown states; they are aimed at analysing the potential impact of many factors specific to
the PSA for shutdown states. For example, the specific conditions that were selected tp
characterize a plant operating state maymight represent a wider range of conditions that cap
actually occur during the plant operating state. Compared with PSA for power operation, there
maymight be different combinations of systems that are unavailable; some combination
maymight result from more conservative analysis and some from less conservative analysig.
The plant operating state maymight have a longer or shorter duration. FimesThe times availabl
for human action can vary considerably depending on the time of the plant operating state
relative to plant shutdown. Success criteria can also vary depending on decay heat levels. These
variations should be investigated, especially for cases where the assumptions used to model the
plant operating state result in a dominant contribution to risk.

MEEHNGDOCUMENTATION AND PRESENTATION OF RESULTS

9-64-9.66. In accordance with Requirement 20 of GSR Part 4 (Rev. 1) [3}-en-decumentatiop
for-Level-1-PSA-for-shutdownstates—Fhe-structure—of], the Level 1 PSA report should
eempriseinclude the procedures for performing a Level 1 PSA for power operation-and—ift

|

addition;, along with sections fer-deseribing-these-on aspects whichthat are particular to Leve
1 PSA for shutdown conditions-sheuld-be-added, such as a section describing in detail th
process used for identification of outage types, plant operating states and initiating events.

9.65.9.67. The results obtained inat each major step of the study, as discussed in the precedingy
sections, should be integrated and displayed, together with the important engineering insights
gained from the analysis. Assessments of the overall results and findings and a discussion of
the uncertainty should be included in the documentation.

9.66.9.68. Frequently, written maintenance or operating procedures are improved or
introduced in response to preliminary analysis findings. FhisAny such changes should be-als
be outlined in the documentation.

9.67-9.69. Finally, more general conclusions and recommendations should be presented and
discussed. The following subjects should be included in the documentation to the extent
necessary for decision making:

(@) Frequencies for end states representing core damage — important contributions
integrated over all plant operating states:
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(i)  Contribution of the dominant sequences;
(i)  Contribution of the plant operating states;
(iif) Contribution of groups of initiating events;
(iv) Results of uncertainty analysis for core damage frequency;
(v) Results of importance analysis and sensitivity studies for core damage frequency.
(b) Presentation of results for each plant operating state:
(i)  Contribution of dominant sequences;
(if)  Contribution of groups of initiating events.
(c) Presentation of interface to Level 2 PSA (if necessary), comprising characteristics and
frequencies of plant damage states.
(d) Qualitative insights and conclusions:
(i) Interpretation of results and engineering insights;
(i)  Conclusions and recommendations.

9-68-9.70. The presentation of the engineering insights and the recommendations should be
such that they provide clear input to the decision making process.

9:69:9.71. Constructing a risk profile for a typical outage schedule, especially for a refuelling
outage, can be helpful. Such a profile could, for example, show the core damage frequency for
the different plant operating states as a function of outage time or time after the beginning of
power reduction. An example risk profile is provided in Annex IIl.

9.76:9.72. The following detailed information from the Level 1 PSA for shutdown conditions
should be included in the report:

(@) Significant minimal cutsets contributing to total core damage frequency;
(b) Significant minimal cutsets contributing to core damage frequency per plant operating
state.

The level of significance of minimal cutsets should be determined in accordance with the
objectives of the PSA.

9.74.9.73. The following should be included in the documentation:

(@ The contribution to core damage frequency of human errors and dependent
failures;

(b) The contribution to core damage frequency of independent failures;

(c) The impact on core damage frequency of the various safety functions modelled in the
event trees.

9.72.9.74. In addition to core damage frequency, other undesired end states, for example,
involving criticality or damage to the fuel pool and their frequencies should be assessed and
the results documented.

9:73.9.75. The plant model and data should be sufficiently documented and configured in
databases and computer files to enable the results to be reproduced and the models readily used
for applications.

9-74.9.76. TFhe-drawing-up-of-documentationDocumentation should suppertbe drawn up in

accordance with regulatory review requirements.
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10. SPECIFICS OF LEVEL 1 PSA FOR THE SPENT FUEL POOL

10.1. In principle, the Level 1 PSA for the spent fuel pool is based on the same methodology
as the Level 1 PSA for the reactor core outlined in Sections 5--9. Accordingly, the generdl
process for conducting Level 1 PSA for the reactor core should be adapted for the spent fuel
pool, considering the specific aspects addressed in this section. Some of the topics addressed
herebyin this section are relevant to both the PSA for the reactor and the PSA for the spent fudl
pool.

UNDESIRED-ENB-STATES

UNDESIRED END STATES

10.2. The undesired end states of interest regarding the Level 1 PSA for the spent fuel pod|
PSA should be clearly defined. If they have been specified in national regulations or guidelineg,
the national probabilistic safety goals or criteria applicable to the spent fuel pool should be the
basis effor specifying the undesired end states of interest.

10.3. A criterion (or criteria, if appropriate) should be developed to characterize the specified
undesired end states. Regarding the core (see paras 5.42 and 5.43), it is often assumed that fuel
damage occurs if design basis limits for the fuel are exceeded. In fackthe absence of detaile
thermohydraulic analyses, fuel ureeveryuncovering (i.e. when the water level in the spent fuel
pool drops below the top of the active part of the fuel assemblies stored or handled in the spent
fuel pool as a result of boiling or draining) may also be applied as a criterion to assume fuél
damage.

10.4. Beyond fuel damage, fuel sreoveryuncovering and boiling of the pool water (e.g. fof
spent fuel pools located outside the containment) should also be considered in the identification
process as a potential undesired end state.

10.5. If necessary for risk assessment, the damage of fuel assemblies to a p@j;
definedpredefined degree should be considered to definedetermine the main end point
interest. Mechanical damage of a limited number of fuel rods or of one single fuel assembly
during refueling-eperationrefuelling operations may be screened out from further assessmenll,
if it can be justified that these events will not lead to a large radioactive release.

10.6. Gross mechanical fuel damage dueowing to-e-g internal hazards such as heavy load
drops or falling objects (including_as a consequence of hazard induced structural failures) or
hazard combinations should also be considered as an undesired end state, since such events can
challenge the design basis limits for the fuel.

PLANT-OPERATING-STATES

MODELLINGPLANT OPERATING STATES

10.7. The modelling of all risk relevant plant operating states may need to censidercover
large—number—and variety of spent fuel pool configurations together with the associate
scheduled maintenance activities and the-changes in thetevel-of-residual heat—Groupingo
similar levels. Similar plant operating states should be eenductedgrouped together to limit th
number of-plant-eperating states to a manageable size.

D +h = O
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10.8. Such grouping should take into account the following physical and technical aspects and
differences in fuel loading patterns of the plant operating states:

(@) The water inventory of the spent fuel pool;

(b) The residual heat of the fuel assemblies stored in the spent fuel pool;

(c) The spent fuel pool system configuration (i.e. whether the spertfuel-pool is isolated from
or interconnectedconnected to the reactor);

(d) The storage position of fuel assemblies in the spent fuel pool (e.g. aH-fuelassembhiesare
stored-as-one-layer-inthe-in a lower part-of the-poolrack or astwo-layers-both-in-the lower

andan upper parts-ofrack, depending on the peeldesign);
(e) The handling activities performed;

(f)  The availability as-well-astheand scheduled maintenance of credited systems;

(9) FhetimeferPotential recovery actions and repairs-te-be-credited;

(h) Differences in potential initiating events in different fuel storage configurations and the
associated fuel manipulations, as necessary.

INHATNGEVENTS

INITIATING EVENTS

10.9. Examples of the types of initiating event to be considered in the Level 1 PSA for the
spent fuel pool PSA-are as follows:

(@) Loss of cooling (lessi.e. failure of spent fuel pool heat removal system);

(b) Loss of coolant (e.q. pipe rupture in the spent fuel pool heat removal circuit);

(c) Loss of off-site power;

(d) Inadvertent draining (duee.g. owing to erroneous human intervention);

(e) Reactivity accidents (e.g. boron dilution, fuel loading errors)

(f) Initiating events induced by internal hazards that maymight lead to tessfailure of the
spent fuel pool heat removal system (including pipe ruptures as sources of internal
flooding in systems other than the heat removal circuit}), loss of spent fuel pool inventory
or falling of objects onto the fuel assemblies in the spent fuel pool eriginated-byas a result
of lifting activities;

(9) Initiating events induced by external hazards that maymight lead to tessfailure of the
spent fuel pool heat removal system, loss of spent fuel pool inventory or falling of objects
onto the fuel assemblies in the spent fuel pool due-toas a result of hazard induced
structural failure;

(h) Initiating events induced by combinations of hazards that maymight lead to the

consequences described abeve{see-itemin (f) and (g))-) above.

ACCIDENT-SEQUENCE-ANALYSIS
ACCIDENT SEQUENCE ANALYSIS

10.10. In the accident sequence analysis, the possibility of actions by operating personnel
aimed at recovering the spent fuel pool cooling_system as well as water supply into the spent
fuel pool from alternative sources should be considered as mitigation actions, at a minimum.
Automatic actuations should also be considered, if applicable.
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10.11. The specific eharacteristics-of-activities involved in recovering the
of-the-spent fuel pool_cooling system, recovery from pipe ruptures and recovery from loss
off-site power (e.g. repair of the failed component) should be taken into account in th
assessment—(e.g-—repairment—of-the—falled—component).. For assessingestimating the tim
avaHable to recovery, the initial water inventory in the spent fuel pool, the residual heat of th
fuel assemblies stored in the spent fuel pool asweH-asand the capacity of the systems availabl
for mitigation should be considered.

10.12. Potential dependencies between Level 1 PSA for the reactor core and Level 1 PSA
for the spent fuel pool should be considered, with respect to shared components or resource
of credited systems and(including water inventories) and shared human resources in the cas
of common initiating events. Censeguential-effectsInteractions between SFP-the spent fuel pog
and the reactor PSAcore should also be considered, for example flooding effects, structurg
loads dueowing to external hazards or other phenomena; and draining events when SFPspen
fuel pool and reactor are connected-ete.
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10.13. When modelling loss of spent-fuel-poest-coolant accidents_in the spent fuel poo
flooding should be considered as a consequential hazard. Fhen;The timely isolation ferg
isolable piping can then be credited to avoid a flooding impact (e.g. the long lasting failure g
the spent fuel pool heat removal system). The failure (including the break) of siphons shoul
also be considered in accident sequence analysis for loss of coolant initiating events.
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10.14. The accident sequence analysis should consider that boiling can cause pump
cavitation which maymight prevent successful restart of the cooling system(s) and/or maymigh
disable local actions dueowing to degraded ambient environmental conditions (including ai
temperature and radiation level) in the vicinity of the spent fuel pool.

10.15. For seme-spent fuel pool accident sequences;stew-aceident progression-due-to-thi

involving a large water inventory and low power level, slow accident progression should b
considered te-defirein defining the sequence mission time, which can then be relatively lon
and-aHewsto allow for reliable recovery actions and repairactivity-repairs. Termination of th

analysis at a fixed-pre-definedpredefined sequence mission time maymight prevent meaningfy
results from being obtained.
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HUMANREHABHHY-ANALYSIS

HUMAN RELIABILITY ANALYSIS

10.16. The slow accident progression in the case of loss of spert-fuelpool-cooling event
makespessiblein the spent fuel pool enables the participation of multiple actors in the proees
of-diagnosis; and decision- making processes and-as-well-as in the execution of recovery action
and repair-activityrepairs. This should be censideredtaken into consideration when definin
performance shaping factors that mostly affect the failure probability of recovery actions® in
these situations.

Qo T O

10.17. The emergency operating procedures may be developed to a different level of detail
for spent fuel pool accidents than for reactor core accidents. Such-aThis difference maymight

influence the-human reliability when responding to a-spent-fuel-peslan accident in-comparisof

56 Recovery actions can be credited only in the case of slow pace-of the-accident; progression, with a sufficiedt
time window and information available for operators to implement these actions.
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with-the—reactor—eore—TFhis—differenee-and should be considered when carrying out human
reliability analysis for the Level 1 PSA for a spent fuel pool-RSA.

10.18. Potential dependencies between human actions to prevent undesired end states for
the spent fuel pool as well as for the reactor core should be considered. In addition, the
aggravating effects of the—increased workload dwe—toon operating personnel mitigating
concurrent accidents simultaneously should be considered when assessing the relevant human
error probabilities.

QUANHHCAHONOFTFHEANALYSIS
QUANTIFICATION OF THE ANALYSIS

10.19. All the recommendations provided in para-paras 5.164-160-5.174170 are
applicable to a Level 1 PSA for the spent fuel pool-RSA. In addition, the PSA models for fuel
in the reactor core and fer-fuekin the spent fuel pool should be integrated in order to correctly
model dependencies of theany shared systems. This is particularly important for the-initiating
events affectingthat affect both the reactor core and the spent fuel pool simultaneously and for
furthera subsequent Level 2 PSA study-(in particular for plants with the spent fuel pool inside
the containment).

INFERPREFAHON-OFRESULTS

INTERPRETATION OF THE RESULTS

10.20. The combined or separate interpretation of risk from accidents involving the spent
fuel pool and the reactor core should be consistent with the probabilistic safety goals or criteria
specified in national regulations or guidelines.

10.21. There is no international consensus on whether or not to aggregate the Level--PSA
risk-results of the Level 1 PSA for the spent fuel pool with those of the reactor.>’-

10.22. If both risk metric estimates are to be aggregated to generate an overall risk metric
estimate that quantitatively describes the vulnerability of the plant to severe accidents, the
correlations between the accident sequences of the spent fuel pool and those of the reactor
should be considered, rather than simply summing these estimates (i.e. similar to_the method
used for aggregating multi-unit or site core damage frequencies, see Section 11).

11. LEVEL 1 MULTI-UNIT PSA

11.1. Consideration of multi-unit interactions from a single unit Level 1 PSA perspective are
presented in Sections 5—10 (see, e.g-., paras 5.7, 5.20, 7.37, 7.7372). The recommendations
provided in this section are related to the development of a Level 1 Muktimulti-unit PSA
(MUPSA) which is aimed te-guantifyat quantifying multi-unit risk metrics.

57 Risk results for the reactor and the spent fuel pool could be appropriately aggregated in the Level 2 and Level- 3
PSA.
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11.2. The MUPSA model is typically developed based-on the basis of single unit PSA modelg;
and taketakes into account the specifics of each unit under consideration.

MUPSA SCOPESCOPE

11.3. As described for PSA in general in para. 2.2, the scope and the need for MUPSA should
also be correlated with the probabilistic safety goals or criteria, if they have been specified i
national regulations or guidelines.

=
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11.4. The scope of MUPSA should include all risk- significant multi-unit initiating events
and hazards-and, as well as all plant operating states, which can be identified from the reviev
of single unit PSA results. For the purpose of determining the scope of a MUPSA, a-screenin
appreach-may be adepted-basedperformed if necessary, on reviewingthe basis of the review g
single unit PSA results;if-necessary®°; %

MUPSA RISK-METRICS

=

ABBIHONAL-RISK METRICS-OFHER FHAN-FHE-ONES

11.5. Risk metrics additional to those used in single unit PSA (e.g. core damage frequency
should be developed in order to express the risk profile in the context of muttiple-multi-un
nuclear power plants, for eerrespendingrelated decision- making_purposes. For example, the
following risk metrics-ferreactor-unit can be used for Level 1 multi-unit PSA:

—

(&) Single unit core damage frequency: frequency per site-year of an accident involving core
damage en-ene-andto only one reactor on a multi-unit site;

(b) MultunitMulti-unit core damage frequency: frequency per site-year of an accident
involving core damage erto two or more reactors on a multi-unit site;

(c) Site core damage frequency: frequency per site-year of an accident involving core
damage ento one or more reactors_on a multi-unit site;

(d) Multi-Seuree-Fuel-DamageFrequeneysource fuel damage frequency: the frequency pefr
site-year of an accident involving fuel damage fremin two or more sources (i-€.0. reactor
core, spent fuel pool) on a multi-unit site.

Risk metrics for multi-unit PSA should be defined so as to capture different combinations
between the reactor cores and spent fuel pools on site and to facilitate the use of the results of
the MUPSA for decision- making.

PEANT-ORERATING-STATES

58 A multi-unit initiating event is an initiating event that immediately results in a trip or challenge to normdl
operation (or a degraded condition that eventually leads to a trip or challenge to normal operation) of twp
or more units.

idered-withi a PSA

0 Depending on the scope of the PSA, for risk aggregation, multi-unit aspects as well as potential effects from

other sources of radiation collocated on the site (e.g. interim fuel storage facilities, nuclear waste treatmerft
facilities) might be also considered within the PSA.
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PLANT OPERATING STATES

11.6. Fora MUPSA, a representative set of combinations of plant operating states for each unit
should be selected such that the most risk- significant combinations can be taken into account.

11.7. The selected combinations should consider different configurations of all reactors atin
power operation and #-shutdown states, as well as spent fuel peelpools in different plant
operating states. Some combinations may be eliminated due-teon the basis of plant operating
practices, for example ensuring-thatnot refuelling two units are-net-refuelled-at the same time.
Simplifications to the combinations of plant operating states should be justified in terms of risk
significance.

11.8. As recommended in paras 9.8 and 10.7, greuping-ofthe various plant operating states
couldshould be neeessarygrouped. This grouping should be done sein such a way as not to
mask the potential for risk significant initiating events from multi-unit risk perspectives.

11.9. For a MUPSA, the probability or fraction of time that is spent in each modelled
combination of plant operating state for each reactor unit should be estimated.

HPNHHAHNGEVENTS ANALY SIS

SCREENING-OFINITIATING EVENTS ANALYSIS

11.10. In_a MUPSA, multi-unit initiating events®—in—a—MUPSA should be
implementedscreened, taking into account their risk-_significance. Multi-unit—initiating

eventsEvents could be screened out if a detailed realistic analysis would not make a significant
contribution to the selected MUPSA risk metrics.

11.11. The grouping of single unit initiating events should be checked and revised, if
necessary, considering that the-grouped initiating events could potentially have a different
impact on a muttiple-multi-unit plant.

11.12. For a MUPSA -hazard event frequencies that are dependent on the combination of
plant operating states should be calculated taklng into account the probablllty of the

SYSTEMS ANALYSIS

11.13. SSCs and resources that are shared among the units should be explicitly modelled
in MUPSA.
11.14. The availability of—a shared SSCs or resources to each unit during accidents

involving multiple units should be taken into account.




11.15. The priorities of usage of shared SSCs and resources for different units should be
considered and modelled as realistically as possible.

11.16. Functional and spatial dependencies between SSCs of different units on site should
be considered in the MUPSA systemsystems analysis.

HUMAN-REHABHHTY-ANALYSIS

HUMAN RELIABILITY ANALYSIS

11.17. For multi-unit initiating events and/or accident sequences, human actions
associated with the need to manage multiple reactor units should be considered.

11.18. Human reliability analysis methods used in MUPSA should take into consideration
the contextual characteristics of multiple units such as increased stress dueowing to site level
accident conditions, shared human resources, werkingwork in the shared control room
(whenas applicable), and the interaction of units with a common technical support centre.

11.19. The potential for dependencies between actions by operating personnel in different
units should be considered. The level of dependenciesdependency should be evaluated takinf
into account influencing factors; such as shared resources, interaction with a common technicgl
support centre or another organization coordinating the activities on site, and the impact of
internal hazards and external hazards.

11.20. In the case of an-accident-onaccidents in one or more units on site simultaneously
the adverse effects on the control and accident management enof the other units should b
considered, taking into account the-factors connected with severe accidents at other units atol
the site (e.g. radiological releasereleases, hydrogen detonation).
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COMMON-CAUSE FAILURE-AND-HAZARD FRAGHATY-CORRELATIONS

COMMON CAUSE FAILURE AND HAZARD FRAGILITY CORRELATIONS

11.21. Inter-unit common cause failure for relevant SSCs should be identified and
modelled.
11.22. Inter-unit hazardshazard fragility correlations should be identified and modelled.

QUANHHCAHONOF-AQUANTIFICATION OF A MUPSA RISK-PROFH-ERISK
PROFILE

11.23. The quantification of the MUPSA risk profile should take into account all
undesired end state combinations of the units on site. In order to address all effects and
interdependencies of multiple collocated units and/or spent fuel pools, it is practical to use thg
integral PSA model for the site which includes all considered initiating events, accident
sequences and mitigating system functions.

11.24. Minimal cutsets should be reviewed to ensure that the model correctly
fortakes into account aspects of multiple-multi-unit plants, such as shared SSCs, simultaneou
accident conditions, and damage to multiple units.

11.25. The results obtained from the MUPSA should be used as an input for risk- informefl
decision making.
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12. USE AND APPLICATIONS OF LEVEL 1 PSA

GENERAL-ASPECTS-OFGENERAL ASPECTS OF PSA
ARPPLHICATHONSAPPLICATIONS

12.1. This section discusses a number of PSA applications practicedpractised in individual
States based-on_the basis of their national safety policies and regulations, and provides
recommendations on meeting the following requirements:

— Requirement 23 of GSR Part 4 (Rev. 1) [3] erin relation to the general use of PSA;

— Requirements 6, 10, 16, 42 of SSR-2/1 (Rev. 1) [2] enin relation to the use of PSA in the
design of nuclear power plants;

— Requirement 22 of SSR-2/1 (Rev. 1) [2] enin relation to the use of PSA for safety
classification;

— Requirement 31 of IAEA Safety Standards Series No. SSR-2/2 (Rev. 1), Safety of Nuclear
Power Plants: Commissioning and Operation [34}-6r37] in relation to the use of PSA for
testtesting and maintenance optimization;

— Requirement 12 of SSR-2/2 (Rev. 1) [34}-en-37] in relation to the use of Level- 1 PSA for
periodic safety review;

— Requirement 8 of SSR-2/2 (Rev. 1) [34}en37] in relation to the guakityuse of Level- 1 PSA
used-to support safety related activities.

12.2. The PSA should be used throughout the design and operation of the plant to assist in the
decision making process enrelated to the safety of the plant in order to prioritize and te-optimize
the-design and safety related activities so that they focus on areas that-havewith the highest risk
significance.

12.3. The results of the PSA should be used to provide insights into the design and operation
of SSCs important to safety in preventing fuel damage either in the reactor core or in the spent
fuel pool. Such use of the PSA results should include a comparison with the overall
probabilistic safety gealgoals or criteria where these have been specified.

12.4. The PSA to be used for any application should be maintained as a ‘living PSA’ that is
regularly updated to reflect the current design and operation of the plant and current analysis
of its transients-and-has-been. It should be fully documented so that the analysis can be traced
back to details of the design and supporting analysis.®2

12.5. The PSA should be updated throughout the lifetime of the plant, with the scope, level of
detail and accuracy of the PSA increasing as the design develops, as more analysis is carried
eutperformed to support the modelling assumptions in the PSA and as data become available
from plant operating experience. The results of the PSA should be used to identify weaknesses
in the design and operation and to assess and rank options for improving the design or
operation.

12.6. The PSA models and, if necessary, the PSA applications should be periodically updated

52 The quality attributes of Level 1 PSA models essential for particular PSA applications are provided in tAEA-

TECDOC-1804[35].Ref. [38].
134



throughout the lifetime of the plant to consider attributed changes in design, operational
practices, operational experience and other issues that influence the parameters modelled in thg
PSA.

1%

12.6.12.7. In deriving risk insights from the PSA, care should be taken to understand the
relative significance of the contributions from the various types of accident initiator (i.4
internal initiating events, internal fires—internal—floods—earthquakeshazards and externg
hazards) and plant operating states to the PSA results. In particular, it should be recognize
that the aggregation of various risk contributors (varieuse.q. hazards,~varieus plant operatin
states,-various facilities) implies a certain level of heterogeneity in terms of the level of details
resolution, inherent conservatism and uncertainties for individual contributors. TheSuc|
heterogeneity might lead to misleading insights from the PSA and should therefore should-b:
taken into consideration during the-decision- making.5® This is of particular importance fg
PSA applications ef-PSA-that rely on the evaluation of importance measures and for ris
monitor type applications. Therefore, it is highly recommended to calculate the risk importanc
of the various equipment separately for each risk contributor. As an example, risk importanc
measures for seismic events and internal events should be calculated separately.

= 0 10 = uu__|.

DD

T

12.8. In deriving risk insights from the PSA-, care should be taken to consider major sourcep
of uncertainties, and a sensitivity analysis of the main assumptions might need to be conducted.

12.7.12.9. For Level 1 PSA applications ferat operating plants—sheule—ineclude—adeguat
communication-of, the techniques;-apphieations involved and the implications of PSA-the PSA

should be adequately communicated to plant management teso that they develop an integrd
understanding i-terms-of their associated management responsibilities.

—T D

12.8:12.10. The Level 1 PSA results-and, along with a detailed qualitative summary of th
results and associated risk insights and risk importance of all modelled SSCs and events, ar
needed in these applications to add risk informed insights to the safety culture. In addition, the
plant management’s active participation in all risk informed appheationapplications woul
build an awareness of how to manage the risks.

D (D

12.11. How well the PSA model reflects the as-_built and as- operated plant recessad

forso that the management temight have confidence in the PSA results, is one of the mog

important attributes for many PSA applications [35;-36}-+n-accerdance-with-Reguirement-8(se|
Refs [38, 39]).

42.9.12.12. Paragraph 4.32 of SSR-2/2 (Rev. 1) [34}PSA37] states that “If a probabilisti
assessment of risk is to be used for decision making purposes-is+eguired-te-be, the operating
organization shall ensure that the risk analysis is of appropriate quality and scope for particuld
decision making purposes:.” The risk analysis should therefore be performed by appropriatel
skilled analysts and should be used in a manner that complements the deterministic approach
to decision making, in compliance with applicable regulations and plant licence conditions.
This should be accompanied by a basic understanding of PSA concepts and methods so that
the results can be interpreted properly.

Im.—rk
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83 For example, when analysing the risk from fire, it is common to use a successive bounding and screening approach so that
the level of detail for the analysis of a particular fire area is a function of whether its contribution to core or fuel damage
frequency is judged to be low enough in accordance with the screening criterion adopted. This is done to optimize the
resources spent on detailed fire modelling or cable tracing. External flooding is another example where uncertainties
associated with hazard maymight be significantly larger than those associated with internal events.
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SCOPE-OFSCOPE OF LEVEL 1 PSA FOR-APPLICATHONSAPPLICATIONS

12.16:12.13. In accordance with Requirement 4 of GSR Part 4 [3] requires-that-the safety
assessment inchudesshould include a full scope PSA for evaluating and assessing challenges to
safety in normal operation, anticipated operational occurrences and accident conditions. The
completeness of the PSA (which includes a comprehensive set of internal initiating events,
internal hazards and natural and human induced external hazards and addresses all plant
operating states including startup, power operation—at—pewer—low—pewer, shutdown and
refuelling) will ensure that the insights from the PSA relating to the risk significance of accident
sequences, SSCs, human errors and common cause failures, are derived from a comprehensive,
integrated model of the plant. However, for some PSA applications, it is expected that insights
from a plant specific or a generic Level 2 or even a-Level 3 PSA maymight be necessary.

12.11.12.14. In many cases, the scope of the PSA that is necessary to support a specific
application maymight vary from the full scope described above. In any case, when the risk
insights are to be derived from a PSA that has a smaller scope than the full scope described in
this Safety Guide (e.g. not all initiating events and hazards considered) this should be
recognized in applying the insights from the PSA.54

12.12.12.15. If a PSA is intended for use as a representative PSA for more than one similar
unit at a site, the impact of any differences between a specific unit and the representative model
should be identified and the impact on the results of the PSA should be assessed.

12.13:12.16. For multiple-multi-unit nuclear power plants, the national safety policy or
regulations maymight require the risk associated with multiple units to be used in risk-
informed decision making. In such cases, either the insights from a MUPSA should be used (if
available) or the insights from a PSA-study which appropriately considers multi-unit
interactions from single unit perspectives (e.g. consideration of initiating events simultaneously
affecting more than one unit, shared systems among the units, impact on human performance
and resources, evaluation of inter-unit dependencies, consideration of cascading or concurrent
releases).

RISK-INFORMED-APPROACH

RISK INFORMED APPROACH

12.14.12.17. In any of the PSA applications described in this Sectiopsection, the insights
from PSA should be used as part of the process of risk informed decision making that takes

account of the following (see Refs [9, 37}:13]):

(@ Any mandatory requirements that relate to the PSA application being-addressed-{which
would-typicath-inelude-amyunder consideration (e.g. legal requirements or regulations
daopcotebocomoiodoaih);

(b) The insights from deterministic safety analysis (such—ase.q. whether the

previsionprovisions of the-defence in depth requirementis-requirements are being met,
whether there are adequate safety margins-and, whether lower level requirements such as

the provision of sufficient levels of redundancy and diversity in the SSCs that perform
safety functions are being met-and-that, whether the equipment in the plant has been

54 For example, if the Level 1 PSA does not contain aan analysis of internal fire-PSA, it is not feasible to use the PSA insights
in relation to cable routing.
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qualified to a sufficient level-se that it can withstand the harsh environments that WOU|¢|
follow initiating events);

(c) Any other applicable insights or information (which-could-includee.q. a cost-benefit
analysis—and, details enof the remaining lifetime of the plant, inspection findingg,
operating experience, doses to workers from making changes to the plant).

1

12:15:12.18. When applying PSA in a risk informed approach-it-, any decisions should b
ensured-thatmade in a balanced appreach-is-taken-forany-decisions-that-are-made-andmannel
with all the-relevant factors are taken into account. The PSA-apphications—addressed-in-th
remainder of this section dedoes not cover all possible PSA applications;-but-the; only thos
most commonly used in individual States.

D P }-

USE-OFUSE OF PSA FORBESIGN-EVVALUATHONFOR DESIGN EVALUATION

12.16:12.19. The PSA should be used to provide-ene-of-the inputs into the evaluation of
the design throughout the lifetime of the plant, as follows:

(@ The PSA should be used at the concept stage to provide insights into whether the
proposed design of the credited systems and the layout of the plant are adequate;

(b) The PSA should be used at the concept stage to determine the spectrum of initiating
events that need to be considered as the design basis and the licensing basis of the plan{.
To meet Requirement 20 of SSR-2/1 (Rev. 1) [2], when applicable, the Level 1 PSA
model for internal initiating events should be used to confirm the set of design extension
conditions without significant fuel degradation that should be deterministically derive
as per para. 3.40 of SSG-2 (Rev. 1) [5].

(c) The PSA should be updated throughout the-detailed design and construction stages tp
take account of new information relating to design, safety analysis and siting as it
becomes available;

(d) The PSA should be maintained as a living PSA for the plant in operation and used as one
of the inputs for resolving issues relating to operations, periodic safety reviews and
lifetime extension-ef-the—tifetime—of-the—plant, and to provide insights into whethe|r
proposed design modifications and operating changes are adequate.

(e) YsedatThe PSA should be used in the decommissioning phase of the plant to ensure tha{t
risks associated with the decommissioning process and remaining radioactive materials
stored at the site are negligible (see paragraph 4.28 of IAEA Safety Standards Series No.
WS-G-5.2 [38)WS-G-5.2, Safety Assessment for the Decommissioning of Facilitiek
Using Radioactive Material [40])

Use of PSA to support decisions made during the design of a nuclear power plant

12.17.12.20. To obtain maximum benefit, the PSA used for design evaluation should be a
full scope PSA as specified in para. 12.2113. This will ensure that a wide range of issues fof
the design and operation of the plant can be addressed using the PSA. The scope of the PSA
relates mainly to the range of initiating events and internal hazards and external hazards

55 Examples of publications providing additional information on application-of-PSA applications are IAEA—TECDOC—180|4
“Attributes of Full Scope Level 1 Probabilistic Safety Assessment (PSA) for Applications in Nuclear Power Plants” [35]
and IAEA-TECDOC-1200 on “Applications of Probabilistic Safety Assessment (PSA) for Nuclear Power Plants” [36].
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included in the PSA and the range of plant operating states addressed in the PSA.

In accordance with para. 5.76 of SSR-2/1 (Rev. 1) [2], aRPSA-ef-the design is required to be
used-take due account of the PSA for establishing thethat a balanced design_has been achieved,
preventing cliff edge effects and comparing the risk—tevelresults of the analysis with the
acceptance criteria ersafety-gealfor risk. The cliff edge effects should be tested in the analysis
results in the form of sensitivity studies by varying a set of analysis input data that have the
potential to be risk significant.

12.18.12.21.  Insights from the PSA aHews-the-eptimization-efallow the design of a new
plant to be optimized in terms of risk metrics and cost. The results of the PSA should be used
to provide an approach for determining the following:

(@) Whether the credited systems have adequate levels of diversity and redundancy;

(b) Whether there are sufficient levels of equipment qualification for SSCs that experience
harsh eenditionsenvironments in accident conditions;

(c) Whether there is sufficient separation and segregation of areas for hazards such as fire and
flooding;

(d) Whether the design of the human-machine interface is adequate to ensure that the
potential for human error has been reduced to a sufficiently low level.

12.19.12.22. The results of the PSA should also be used to determine the needsneed for
additional measures to be incorporated to reduce risk.

12.20.12.23. The PSA sheuld-ineludeincludes an investigation of variants and exploratory
design options, the sufficiency of the redundancy and diversity of systems; and—the
effectiveness-of-, to a certain extent, reflects emergency responsearrangements and accident
management measures. PSAThe results of the PSA should_be used to provide an input to
enhance the emergency arrangements®® and accident management measures. The PSA results
should also be used to allocate reliability and availability targets for SSCs to meet probabilistic
safety goals or criteria, thereby forming part of the design specification. In addition, the PSA
should be alse-used as a suppertingsupport tool to select or modify the-design basis accidents
and design extension conditions {BEC)and to define general design criteria. The PSA may
also be used to provide an input to cost-—benefit analysis.

12.21.12.24. When applying PSA ferto the design of a nuclear power plant, particular
effort should be made to correctly reflect new design features that might not be
knownaddressed in previous PSAS (e.g. unique initiating events, failure modes, common cause
failures, specific event sequences-and, dependencies)).

12.22.12.25. In a PSA conducted at an early design stage, the reasens-for the fact that
additional assumptions that-are needed dueowing to-a lack of design and operating details
should be documented, and the validity of these assumptions should be checked at a later stages
ofstage in the design (e.g. at the construction or pre-operational stages)-these-assumptions
sheuld-be-cheeked-rothe e idbastage).

% 1t is understood that the PSA might not be able to address the entire spectrum of aspects related to the
effectiveness of emergency arrangements. The input expected from the PSA is related to aspects such as the
timing and dynamics of accident sequences, the most risk significant scenarios and detailed information about
the context during the scenario (e.g. devastation on site, release details).
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12.23.12.26. The-uncertaintiesUncertainties in input information, data-used and resultiny
risk estimates should be assessed using uncertainty analyses and sensitivity studies. It should
be proven that risk insights used for design optimization and safety assessment are not
dependent on major assumptions and key uncertainties.

12.24.12.27. The list of minimal cutsets from the Level 1 PSA model should be used to
identify where there are relative weaknesses in the design and operation of the plant. This
reviewshould be earried-eutdone for the minimal cutsets that make significant contributions t

core or fuel damage frequency_in order to identify the initiating event groups, component
failures and human failures events that make the greatest eontributionscontribution to the cor

damage frequency or fuel damage frequency. This should also be done for minimal cutsets
containing basic events whose importance values are high.

12.25.12.28. The eontributions-contribution of individual groups of initiating events to the
core damage frequency or fuel damage frequency-from-individual-groups-ef-initiating-eventst,
and the contribution of minimal cutsets tefor individual groups to the core damage frequenc
or fuel damage frequency forindividual-groups-should be used to determine whether the design
of the plant is balanced-in, i.e. to ensure that no particular group of initiating events and no
particular accident sequence within the group makes an unduly large contribution to the core

damage frequency or fuel damage frequency.5’-

12.26.12.29. The PSA should be used to verify the single failure criterion for the given
design. This could be done using the list of minimal cutsets to determine whether there are any
minimal cutsets that contain only an initiating event and a single failure event or single human
failure event (retceunting-ferexcluding configurational basic events used to control the-preper

systemssystem configurations in a particular plant operating mode}-that-rmay), which might
indicate that the single failure requirement is not satisfiedbeing met for the design.

12.27.12.30. The list of dominant minimal cutsets should be reviewed to determine
whether there are opportunities to enhance defence in depth if any deficiencies are identified.

12.28.12.31. Importance measures for basic events, groups of basic events, credited
systems and initiating event groups, should be calculated and used to interpret the results of the
PSA.%8 A high Fussell-Vesely importance value or Birnbaum importance value for a
independent failure event maymight indicate insufficient redundancy of the system in som
plant operating states, or low reliability, and hence a need for improvement. A high ris
achievement worth for an independent failure event maymight indicate that the level
reliability of the equipment should be carefully maintained to avoid an increase in risk. A high
Fussell-Vesely importance value for a common cause failure maymight indicate insufficiert
diversity of credited systems in respect of a particular safety function. In this case, a
considerable change in the design basis might be required. Several importance measures should
be used in_a complementary manner to support decisions during plant design.

12.29.12.32. FerWhere multiple unit-sitesunits and/or sources are collocated at a site, th
impact of one of these to-NPPon nuclear power plant units being-tnvestigatedon the other
should be considered in risk-_informed design optimization process to support reduction of th
risk significance of such impact.

57 International practice shows that it couldcan be difficult to achieve this objective for external hazards, especially for new
designs, where the €BFcore damage frequency values could be relatively low for internal initiating events.
% For an explanation of the various importance measures, see para. 5.175171.
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12.33. PSA results and insights are dependent on design features and provisions
(including human interactions and associated procedures) that are credited in the PSA. The
actual use of these features and provisions to achieve acceptably low risk estimates at the pre-
construction stage should be verified in the PSA performed before applying for an operating
licence. If any discrepancies leading to higher risk are identified they should be reflected in the
PSA and proposals for changes to reduce the risk should be made.

Use of PSA in the licensing process

12.30.12.34.  FheAn assessment of the overall plant safety is necessary for apphying
forobtaining an eperatienatoperating licence and usually involves a full scope Level 1—A
comparisen_PSA.% As part of this application, the results agaiastof the PSA should be

compared with the probabilistic safety goals or criteria (if-set)}-should-be-performed-within-this
apphieation-where these have been defined). A safety evaluation for applying for a pre-

construction Ilcence may |nvolve a limited scope eHheLPSA (e.0. usmg the-data from the

12.31.12.35. The overall results of the Level 1 PSA (usually the core damage frequency
or fuel damage frequency) should be compared with_the probabilistic safety goals or criteria
(where these have been defined) to determine whether the proposed design and operation of
the plant will ensure a sufficiently low level of risk. The aim should be to determine whether
goals and criteria have been met and to provide a broad indication of whether a sufficient level
of safety has been achieved for the plant, that is, whether sufficient credited systems have been
incorporated in the plant design and whether adequate emergency, operating, maintenance and
testing procedures are available fer-operation-to prevent core or fuel damage during operation.

12.32.12.36. Comparison—The comparison of the results of the Level 1 PSA with
probabilistic safety gealgoals or criteria should be-made-starting—frem-begin at the concept
design and be repeated at various points efin the design-stage, construction stage-and eperatiens

stageoperation stages to tdentify-and-suggest-the-bestresuttsfer-assist in safety, technical and
organizational decisions-decision making and to check that the design isremains adequate.

12.33.12.37. In making the comparison described in para. 12.3336, account should be
taken of the results of the sensitivity studies and the-uncertainty analysis that-have-been-carried
out—Fhis—performed. These results will indicate the degree of confidence in meeting the
eriterioncriteria and/or goals and the likelihood that they have been met.

12.34.12.38. This application should include providing—the provision of information
#during the pre-licensing process aimed at obtaining public acceptance for the construction
and operation of the nuclear power plant.

%9 Different Member States have different requirements with regard to the scope of the PSA for licensing purposes, depending
on the hazards and initiating events being considered and the location of the fuel (e.q. in the reactor, in the spent fuel pool,
in fresh or irradiated fuel storage facilities).

7 s have different reauirements for the scone
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Comparison of design options

142.35:12.39. When modifications are being considered for a nuclear power plant, there are
usually a number of options available. The PSA should be used to provide an input into the
comparison of these options. The way that this is done depends on the complexity of th
modification being considered; but could range from carrying-outarevision-efrevising the PS
model to incorporate a proposed new credited system; (for complex changes) to i
post-processing ef-the minimal cutsets to—take—aceount—of(for simpler changes:). The PS
should provide ene-efan input to the-inputsferan integrated risk informed decision makin
process to determine which of the options to choose (see Refs [9, 37}-13]).

12.36-12.40. For operating plants, the use of assumptions and simplifications should be
limited; in comparison to the PSA for newly designed plants, as the use of plant specifif
information sheuld-beis always preferable.

Use of PSA in periodic safety review

12.37.12.41. In-aceordance-with-Reguirement-12Paragraph 4.46 of SSR-2/2 (Rev. 1) [34}
37] states that “probabilistic safety assessment is-reguired-tocan be used as-anfor input tp
the [periodic] safety review to provide insight into the contributions to safety of different
safety related aspects of the plant..” The Level 1 PSA should be reviewed following the
recommendations on safety factor 6 provided in IAEA Safety Standards Series No. SSG-
25, Periodic Safety Review for Nuclear Power Plants [41].

12.38:12.42. AThe safety assessment process for this application should eersistsconsist of
identifying safety issues, determination—ofassessing their safety significance and making
decisions on the need for corrective measures.

12.39.12.43. A-PSA-ineluded—inin a periodic safety review, the PSA should be used tp
create an up to date overview of the whole nuclear power plant and to help in identificatiop
t

ofidentifying cost-effective improvements to safety-."*- Consequently, the PSA should use plan
specific data, model as-_built-_and as- operated plant conditions; and address the possibl
impact of agirgageing phenomena and component lifetime considerations on the overall ris|
metrics. Sensitivity calculations could be performed to assess the potential effect of ageing on
passive components, which are not normally maintained or replaced.™.

Optimization of protection against internal hazards and external hazards

12.40.12.44. The PSA for internal hazards and external hazards-PSA should be performefl
from the start of the design development to allow for an early optimization of the design in

™t As a part of periodic safety review, the PSA could be used to support the extension of the lifetime of the plant,
to support a cost—benefit evaluationanalysis of possible backfits to reduce the risk of severe accidents and t
evaluate the risk importance of safety- related issues (e.g. deviations from the regulations).
72 Currently, the modelling of SSC agingageing in termsthe context of PSA is inat an exploratory stage-and-aging; agein
effects are typically addressed qualitatively.
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relation to initiating events induced by internal hazards and external hazards.

12.41.12.45. The PSA supporting optimization of the design against internal ard-hazards
and external hazards should be used to provide input for the following:

(a) RobustnessChecking the robustness of the SSCs against internal hazards and external
hazards, including containment (based on the results of PSAs for internal hazards and
external hazards-RPSAs);

(b) Establishing criteria for equipment separation, cable tracing; and plant layout (e.g. based
on the basis of the results of the PSAs for fire and floed-PSAflooding);

() Understanding hazard occurrence factors (e.g. critical locations of high energy lines,
critical fire sources) and designing the-hazards-protective features (e.g. fire detection, fire
mitigation, lecation—of-flood or fire rated-barriers, external fleedflooding protective
measures);

(d) Establishing criteria for drainage-system, flood detection and isolation, and fire-isolation
of thefire compartments;

(e) Identifying and reducing maintenance activities that can lead to fire or fleedsflooding
events.

12.43:12.46. Uncertainties related to the-aspects important for the PSAs for internal
hazards and external hazards PSA-at the design stage (e.g. detailed cable tracing, fire and flood
barriers, anchorage of the SSCs, location and orientation of the components) should be taken
into account.

USE-OFPSAFORAINSPECHONSFESTS-ANB-MAINFENANCE- OPTHIMIZATHON

USE OF PSA FOR INSPECTIONS, TESTING AND MAINTENANCE OPTIMIZATION

12.44.12.47. This section provides recommendations on meeting Requirement 31 of SSR-

2/2 (Rev. 1) [34}37]. which states:

“8.5. The frequency of maintenance, testing, surveillance and inspection of individual
structures, systems and components shall be determined on the basis of:

(a) The importance to safety of the structures, systems and components, with
insights from probabilistic safety assessment taken into account;

(b) Their reliability in, and availability for, operation;

(c) Their assessed potential for degradation in operation and their ageing
characteristics;

(d) Operating experience;

(e) Recommendations of vendors:~.
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“8.6. A comprehensive and structured approach to identifying failure scenarios shall
be taken to ensure the proper management of maintenance activities, using methods
of probabilistic safety analysis as appropriate™.

“8.13. The operating organization shall ensure that maintenance work during power
operation is carried out with adequate defence in depth. Probabilistic safety
assessment shall be used, as appropriate, to demonstrate that the risks are not
significantly increased.”

Risk informed technical specifications

12.45.12.48. The PSA should be used to provide a consistent basis tefor risk-inform
informing technical specifications, which specify the limits and conditions for plant operation
and maintenance; related to the risk significance of the affected plant features-.”

12.49. If the PSA alone is being used to develop the technical specifications, then it shoul
also be used to identify the equipment to be included in the technical specifications. In thi
way, equipment of high safety significance will not be left out from the technical specification
without limiting conditions for operation”.

T o7 e

g

12.46:12.50. Insights from the PSA should be used as follows, as an input to the-proeees
of-establishing or verifying efthe measures to be implemented if an abnormal event that doe

not lead to immediate reactor scram occurs—Fhis-includes-the-feHewing:

(@) At the design stage, the Level- 1 PSA allewsfacilitates the quantification of the-ris
associated with different allowed outage times; (or other corresponding measures) and
with any additional actions taken in response to the same abnormal event. Thi
comparisen—of-suchThese risks should be perfermedcompared and the most ris
beneficial option should be proposed for inclusion in the technical specifications. Whe
quantifying such risks, seththe risks for continued operation during the allowed time and
the risks after the measure has been implemented should both be taken into account.

(2]

D

=

(b) For thean operating plant where the technical specifications and eperationaltimiy
andlimiting conditions for operation are already available, the Level- 1 PSA should b
used to justify their appropriateness and to suggest measures-and-revisions of allowe
outage times (or other corresponding measures) where justification is not sufficient.

}==am s aes)

In both cases, a full scope Level- 1 PSA should be used and modified as appropriate tp
eensidertake into consideration all aspects associated with a particular abnormal event or plan
configuration. If the Level- 1 PSA is of limited scope, it coutdcan be used only when the impag

—

—

73 The technical specifications specifyforexample;determine the measures to be implemented if an abnormal event that dogs
not lead to an immediate reactor scram occurs, along with the allowed outage times (or other corresponding measures) before
implementation of these measures, and any additional actions necessary (e.g.—the additional testing requirements fqr
redundant equipment, reduction of power level, disconnection of affected equipment, immediate repair of failed
eempenentcomponents). If the allowed outage time-is-times (or other corresponding measures) are exceeded, the technicgl

spemﬁcatlons spee#sftheset out further actlons &hatto be taken by operaung personneI—e‘.leeal(-‘J—tedee—AJse—I+ncuuw;:,t—eene%teru

e

Lne technical specifications are trad#&enauytygically based on deterministic requirements and engineering judgement.
74 The limiting conditions for operation specify the requirements for equipment operability, usually limiting the combinations

of equipment that can be removed for maintenance at the same time (referred to as configuration control).
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of the abnormal event or plant configuration on the risk associated with missing parts of the
PSA is proved to be negligible.

12.47.12.51. WhereWhen it is proposed to move a particular maintenance activity from
power operation to shutdown state (or vice versa), the PSA should be used to assess the risk
associated with the revised plant configurations.

12.48:12.52. The insights provided by the PSA should include the information necessary
for comparison with the decision criteria or guidelines used to support the risk informing of the
technical specifications. SuehExamples of such information may-include;—ferexample; the
conditional core damage frequency or fuel damage frequency when the plant item is
undergoing maintenance; the incremental conditional core damage probability; the cumulative,
incremental, conditional core damage probability over the year and the impact of a change on
the average yearly core or fuel damage frequency.

Determination and evaluation of surveillance test intervals

12:49.12.53.  The surveillance test intervals give—the—testing—requirements—for—SSCs
important-to-safety-and-specifiydetermine the frequency of testing and sometimes the testing
strategy that-should-befolewed.for SSCs important to safety. PSA based evaluation of
surveillance test intervals considers the risk from unavailability dueowing to undetected
failures, and the risk from unavailability dueowing to tests and test induced failures.

12.50:12.54. The goal of this application is to optimize the surveillance testtesting strategy
and intervals with respect to their impact on equipment reliability and hew-these-tests-impact
the-cost-of-operations—Humanoverall risk estimates. Potential human errors that could occur
during service-testintervalssurveillance testing that might have an adverse impact on safety,
for example by leading to plant trips and initiating events, are normally eonsideredtaken into
consideration in optimizing the test intervals.

12.5%.12.55. At the design stage, all SSCs that are included in the PSA model should be
eonsideredtaken into consideration to quantify the risk associated with different service test
interval strategies and to select the strategies that will ensure the following:

(@) The overall probabilistic safety goals or criteria for the design are achieved;

(b) The components that have high importance for safety have more stringent testing
requirements;

(c) The probability of HFEshuman failure events during and after testing that can lead to
unavailability of equipment or cause initiating events are reduced;

(d) The service testingtest intervals do not lead to exercise-wearingexcessive unavailability
of equipment owing to potential excessive wear of the tested components.

12.52.12.56. For thean operating plant; where service testing-interval strategies are already
available, the PSA should be used to justify their appropriateness and to suggest changes in
service testingtest intervals for the components that have the highest risk contribution and high
risk importance values.

12.53.12.57. When quantifying such risks, the uncertainty in both mathematical models
and data for tested components ane-eata-should be taken into account.
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12.54.12.58. In providing input from the PSA for the optimization or justification of the
service testingtest interval strategies the following should be investigated and taken intb
account:

(@ The correlation between the surveillance test interval and the component failure
probability (e.g. wearing €ueowing to frequent tests);

(b) Common cause failures with due account taken of the type of testing (i.e. staggered or
non-staggered);

(c) The potential for HFEshuman failure events, including errors of commission, during ang

after testing, leading to component{s} unavailability and/or an initiating event:.

12.55.12.59. For both new and operating nuclear power plants, a full scope PSA should be
used to consider the impact of different service testingtest interval strategies. If the PSA is
limited scope, it should be-only be used if it is demonstrated that changes in the servic
testingtest interval strategy have a negligible impact on the risks associated with missing part
of the PSA.

12.56:12.60. The PSA model should explicitly model the unavailability of SSCs dueowing

to testing and provide-a-capabititymake it possible to predict the impact of changes to a servicg
testingtest interval feron each affected SSC.

12.57.12.61. Risk importance measures should be used to prioritize and rank theSSCs thd
are candidates for a change of service testingtest interval. The change in risk metrics should bg
used to evaluate the risk significance and acceptability of the proposed change and the
incremental risk metrics should be used to evaluate the acceptability of the new proposed
service testingtest interval.

DT+

12.58.12.62. An understanding of how human errors during testing contribute to initiating
event frequencies and component failures is needed to balance the positive and negative aspects
of surveillance testing. Unavailability of equipment dueowing to human errorsfailure tb
properly restore normal alignments after testing should be taken into account. If it is known
that a test maymight lead to a higher probability of an initiating event (initiating evert
frequency is related to test frequency) then this-relatienship should be taken into account if th
test frequency is changed.

Risk informed in-service testing

12.59.12.63. The current approach to in-service testing reguires—thatis to perform it t
performed—by—felewingin accordance with a code or standard, which may or may not b
incorporated into a prescribed regulation that uses a deterministic approach to decide on the
programme of in-service testing that needs to be carried out for SSCs in the plant.

12.60.12.64. The aim of the application of a risk informed approach to in-service testing
is to use the risk information provided by the PSA to help optimize the in-service testin
programme so that it focuses on the components that have the highest risk significance.
the-point-of-view-of-the-operating-personnel—aA risk informed approach to in-service testin
can allow the operating personnel to prioritize the components that-haveof various ris
significance and has the potential to prevent undue adverse effects of testing on components;
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and increase the availability of components while still maintaining a very high level of safety.

12.61:12.65. In applying a risk informed approach to in-service testing, the results of the
PSA should be used along with deterministic and engineering considerations to determine the
risk significance of the components to be addressed.

12.62.12.66. The risk information from the PSA should be derived using beth-the Fussell—
Vesely importance andtogether with the Birnbaum importance (or the risk achievement worth),
since both these importance measures provide insights into the risk significance of components
and should include common cause failure considerations.

12.63.12.67. If a MUPSA model is available, it should be used to support risk-_informed
testing of components associated with shared systems. The use of a MUPSA model may
provide additional insights on the risk significance of shared systems and components in terms
of risk metrics for muttiple-multi-unit nuclear power plants.

12.64.12.68. The risk information should be used to identify components with a relatively
high safety significance for which rigorous in-service testing is needed, and components with
a relatively low safety significance that are candidates for less rigorous testing. The in-service
testing programme can then be amended, taking into account the safety significance of
components.

12.685.12.69. When the in-service test intervals have been revised, the Level 1 PSA should
be used to calculate the core damage frequency or fuel damage frequency for the new test
intervals in order to determine whether the changes are acceptable

Risk informed pre-service and in-service inspection

12.66.12.70. The overall aim of the programme for_pre-service and in-service inspection
of the pipework at a nuclear power plant is to identify areas of degradation that can be repaired
before a failure occurs. The pregramme—of-inspections that-is-carried-out-has-programme

typically beenimplemented is based on a traditional deterministic approach and engineering
judgement. Fheln the risk informed pre- and in-service inspection approach-imphied, it is
assumed that the risk significance of the piping segment is determined through a combination
{for-instance—in—aform-—of -arisk-matrix)-of the assessment of the degradation—potential
{qualitative or quantitative}—_degradation potential and the assessment of the potential
consequences of the piping segment failure (e.g. ©EBP).conditional core damage probability),
which might be presented in the form of a risk matrix.

12.67.12.71. The risk informed approach should be used to provide the-insights from the
PSA to revise the programme-of-inspections programme (in terms of theinspection frequency
ofinspecetion, methods used and sample size) ardto focus- on those segments of pipework that
have the highest risk significance and reduce the inspections earried-eutperformed on segments
of pipework with a low risk significance. The-expeetationThis is that-this-witlexpected to lead
to a reduction in the overall number of pipework inspections that are earried-outperformed and
a reduction in the associated occupational exposure, without increasing the risk from-the
plantestimates.”™

75 Several approaches to carrying out risk informed in-service inspection have been developed-39; see Ref. [42]. Examples
include methods recommended by the Electric Power Research Institute, Westingheusethe Pressurized Water Reactor
Owners Group and the European Network for Inspection and Qualification.
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12.68:12.72. At the design stage, the apphication-is-risk informed approach should be use
to developsupport the development of the inspection programme to prevent failures of the ris
significant pipework. For operating plants, this programme should be maintained and update
based-on the basis of feedback from operating experience.

12.69:12.73. Insights from the PSA should be used as ene—of-the—inputsan input i
determining the following:

(@) The pipework segments to be assessed by the risk informed pre-service and in-servic{a
inspection project;

(b)  The risk significance of the segments of pipework to be assessed,;

(c) The target failure probabilities for the pipework segments that are to be inspected;

(d) The change in the risk resulting from changes to the pre-service and in-service inspectioh
programme.

12.70.12.74. For each pipework segment included in the study, the consequences of failure
of the segment should be determined in one of the following ways:

(@ As an initiating event, with account taken of any secondary failure(s) that could occur
(e.g. as a result of a release of water or steam, pipe whip);

(b) Asafailure in a standby system that could lead to a train-efthe-system train (or the whol}a
system) being unavailable to perform its safety function;

(c) Asafailure of a train-efa-system train (or the whole system) when it operates on deman
dueowing to the loads imposed on the pipework segment.

12.74.12.75. Pipework failures that lead directly to initiating events would normally
already be included in a full scope PSA. It should be checked that this is the case and %
conditional core or fuel damage probability sheuld—beis assessed for all initiating even
induced by pipework failure. The ranking of these probabilities should be used for
identification of the most risk significant pipework.

12.72.12.76. For pipework failures leading to the unavailability of credited systems or
failure of credited systems on demand, the PSA should be used to calculate the conditional core
damage frequency or fuel damage frequency. Such failures are not always included in the PSA
model’®, so the model should be revised correspondingly for this PSA application.
that-is-often—adopted-isto-use-aA surrogate approach whereis often adopted, whereby th
failures of the segments of pipework not included explicitly in the PSA are correlated with
basic events (or groups of basic events) already included in the PSA and for which the
consequences of failure are the same. In doing this, consideration should be given to ensuring
that any secondary effects of pipework failure are taken into account in the PSA model.

12.73:12.77. The more rigorous way of determining the risk significance of all segments
of pipework included in the risk informed pre-service and in-service inspectiot
prejectprogramme would be to revise the PSA model to include these pipework segment
explicitly and thereby determine the associated conditional core damage frequency or fuel
damage frequency directly. This approach has been used in some of the risk informed pre-
service and in-service inspection prejectsprogrammes that have been earried-eutimplemente

6 Sometimes such failures are screened out if the contribution to the failure probability of credited systems from
a failure of the pipework is negligible in comparison to that from a failure of active components. |
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in various Member States [3942].

12.74.12.78. When the revised pre-service and in-service inspection programme has been
determined, the PSA should be used to determine the risk insights necessary for comparison
with the decision criteria, or the guidelines used to assess the acceptability of the ehange-in-the
r-sepvice-tspeetienchanges to the programme. This should be done by estimating the specific
changes in initiating event frequencies or component failure probabilities that would result
from a change in the pre-service and in-service inspection programme and by requantifying the
PSA with these revised values, or by earrying-eutperforming sensitivity studies. In this process,
the associated limitations on the PSA in terms of modelling details and scope should be
recognized and taken into account.

| 12.75.12.79. If a MUPSA model is available, it should be used to support risk-_informed
inspection for piping associated with shared systems. The impact of failures in the piping of
shared systemsystems should be undergiven additional consideration to determine how theirthe
inspection strategies should be adjusted using a risk- informed approach.

RISK-INFORMED-CLASSIFICATHON-OFRISK INFORMED CLASSIFICATION OF
SSCS

12.76:12.80. The following set of recommendations is established to support the
application of Requirement 22 of SSR-2/1 (Rev. 1) [2], which requires that all items important
to safety are identified and classified on the basis of their function and their safety significance.
Paragraph 5.34 of SSR-2/1 (Rev. 1) [2] states:

“The method for classifying the safety significance of items important to safety shall be
based primarily on deterministic methods complemented, where appropriate, by
probabilistic methods, with due account taken of factors such as:

(a) The safety function(s) to be performed by the item;
(b) The consequences of failure to perform a safety function;
(c) The frequency with which the item will be called upon to perform a safety function;

(d) The time following a postulated initiating event at which, or the period for which, the
item will be called upon to perform a safety function.”

12.77.12.81. In addition, IAEA Safety Standards Series No. SSG-30, Safety Classification
| of Structures, Systems and Components in Nuclear Power Plants [4043] provides the following
recommendations on the use of PSA for safety classification:

| “2.3 Safety classification is an iterative process that should be carried out periodically
throughout the design process and maintained throughout the lifetime of the plant. Any
assignment of SSCs to particular safety classes should be justified using deterministic
safety analysis complemented by insights from probabilistic safety assessment and

supported by engineering judgement>—{Para-—2-3-6f SSG-30-1401.

“2.14 The next step in the process is to determine the safety classification of all SSCs

important to safety. Deterministic methodologies should generally be applied,

complemented where appropriate by probabilistic safety assessment and engineering
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judgement to achieve an appropriate risk profile, i.e. a plant design for which events with
a high level of severity of consequences have a very low predicted frequency of

occurrence——"{Para—214-6FSSG-30-[40}.

“3.27 The adequacy of the safety classification should be verified by using deterministi
safety analysis, which should be complemented by insights from probabilistic safety

assessment and/or supported by engineering judgement.(Para—3.27-6f SSG-30-[401).

“3.28 The contribution of the SSC to reduction in the overall plant risk is an importal
factor in the assignment of its safety class. Consistency between the deterministic and
probabilistic approaches will provide confidence that the safety classification is correct

”

12.78.12.82. The aim of the application of a risk- informed classification is to provide en|
of the-inputsan input to the process of assigning safety classes to SSCs in accordance with thei
risk significance.””_The PSA should be used to consider whether changes can be made to th
traditional prescriptive regulatory requirements for some of the SSCs to bring the requirement
more in line with the safety significance of the SSCs. FremThe analysis, to be conducted by
group of experts with various related expertise (e.g. in PSA, deterministic safety analysig
operation and maintenance, technology or licensing), might result in a final proposal to upgrad
or to downgrade the peint-of-viewclassification of the investigated item. In the case of
resulting upgrade, previously hidden design imbalances affecting nuclear safety might b
eliminated. In the case of a resulting downgrade the resources needed by operating personne
tms%éuees%hereseuree&neeessawt&ea#yem 0 implement the surveillance programme;-an
B witkremeve might be reduced and unnecessarn
egulatory burdens #em%operam@persemelmlght be removed, without increasing the-ris
from-the-plant.

12.79.12.83. The Level 1 PSA should be used to determine the risk significance of SSCs
used to prevent core or fuel damage. The risk significance should be derived using both the
Fussell-Vesely importance (or a measure providing equivalent information, such as the ris
reduction worth or the fractional contribution) and the Birnbaum importance (or the ris
achievement worth) since both these importance measures provide insights into the risk
significance of SSCs. Conditional core or fuel damage frequency assuming failure of SSCs
should be also used as a measure of risk significance. Risk significance parameters should thep
be compared to thresholds defined to be consistent with the conventional (i.e. deterministic
classification methodology.

T O D=1
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12.80:12.84. Risk significance should be used as one of the inputs to a risk informed
decision making process together with other important information such as defence in depth
when classifying a system as having low/ or high safety significance.

12.81.12.85. Consideration should be given ento whether the requirements could bg
reduced for SSCs that have been classified as important to safety but which have a relatively

" The historical approach for safety classification is to apply the-samea high level of quality assurance to all SS
identified as important to safety. However, the results of many PSAs earried-outperformed to date have show|
that some ef-the-SSCs-that-have-been-safety classified as-important-to-safety-haveSSCs show a relatively lo

safety significance andwhereas some efthe-SSCsnon-safety classified as-netbeing-impertantto-safety-haveSSOs
show a relatively high safety significance.
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low safety significance and whether they should be increased for the SSCs that have been
classified as not being important to safety but which have a relatively high safety significance.

12.86. AWhen a large number of SSCs are reclassified and their treatment (e.g. testing
and maintenance) is adjusted based on risk significance, the estimated failure probabilities of
a large number of SSCs modelled in the PSA might change. Therefore, the cumulative impact
of risk should be assessed to determine the conservative upper bound of cumulative impact and
ensure that any cumulative potential risk increases are acceptable.

MONITORING AND MANAGING RISK CONFIGURATION

12.83:12.87. The risk monitor is a real time analysis tool that should be used to generate
risk information based on the actual plant configuration in-terms-ef(through a number of factors
that typically include: the plant operating state{peweroperation-orone-ofthe shutdownstates);,
the components that have been removed from service and the choice of operating trains and
standby trains for normally operating systems-) and on the current environmental operating
conditions (e.q. the contribution from high snowfall or extremely low temperatures should not
appear in the risk profile during summer).

12.84.12.88. The risk monitor can be used for the planning of future maintenance outages,
long term profiling of risk, analysis of the cumulative incremental conditional core damage
probability and the evaluation of risks, associated with abnormal plant operation (i.e.
unexpected events such as equipment failures).

12.85.12.89. The information generated by the risk monitor can be used in day to day
maintenance planning to ensure that maintenance activities are scheduled in such a way that
high peaks in risk are avoided wherever possible and the cumulative, incremental, conditional
core damage probability of the plant is low.

12.86:12.90. The quantitative and qualitative risk information produced by the risk
monitor for operating plants should be used as part of an integrated, risk informed decision
making process that also takes account of the-other requirements—{such-asaspects (e.g. the
plant’s technical specifications-er-maintaining, defence in depth). Even though risk monitors
are only used at operating plants, it is a-good practice to initiate-ithegin their development at
the design stages-when-plantstage, once the plant’s design is already fixed.

12.87.12.91. The risk monitor should provide both quantitative risk information (e.g.
calculations of the point in time core or fuel damage frequency, allowed configuration time and
the cumulative incremental conditional core damage probability) and qualitative risk
information (e.qg. the status of safety functions and systems).

PSA model and software for a risk monitor

12.88.12.92. The PSA model for the risk monitor should be amended so that it calculates
the “point in time sisk>risk for each of the plantplant’s configurations-entered rather than the
average risk generally calculated by the PSA.

12.89.12.93. The PSA model should be amended to remove any simplifications made to
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reduce the amount of analysis needed for the PSA-as-they (e.q. modelling asymmetries) that
could lead to the risk monitor giving incorrect results for some of the plant configurations that
could arise.

12.90.12.94. To develop the risk monitor, the PSA model should be enhanced so that it
provides a calculation of the risk that relates more closely to the actual plant configuration. For
example, it has to be made symmetrical to account for all possible configurations (e.q. df
operating systems) and it has to be possible to set to FRUE-orFALSE the status of basic event
that-deseribeto TRUE or FALSE to show component unavailability dueowing to testing or
maintenance teand thus reflect actualthe current component configuration. The PSA model
developed should also be compatible with the software used for the risk monitor.™:

12.91.12.95. The risk monitor should be designed te-be-usedfor use by nuclear power plant
personnel knowledgeable about plant design and operations, rather than just PSA specialists.

12.92.12.96. The changes that a PSA practitioner ane-the—user—of-theor a risk monitor
wsersuser may make should_be commensurate with the level of expertise of those individual
and should be well documented.

12.93.12.97. The software selected (or developed) for the risk monitor application should
be validated, should provide a wide range of functions and should be usable by a wide range
of plant staff.

12.94.12.98. The software should be capable of providing results within a time frame that
meet the needs of needs-of-its primary users (e.g. work planners-and, control room operatorj)
to meet its intended functions (e.g. to assess and manage_the configuration risk of planned of
emergent conditions).

42.95.12.99. The risk monitor should present information in a way that can be understood
by theits potential users. This is usually done in the form of coloured displays that give the use|r
a clear visual indication of the level of risk or the status of safety functions and systems.

12.96.12.100.  The risk monitor validation process should aimbe aimed at providing a higt
level of confidence that the quantitative results givenproduced by the risk monitor are accurat
and the same as, or equivalent to, those given by the original PSA for all likely plant
configurations.

Limitations of risk monitors

12.97.12.101.  Fhe-usersUsers of the risk monitor should be aware of important Iimitationt
in the scope erand level of detail of the risk monitor model and consequent limitations in th
risk information provided by the risk monitor. For example, if the model does not include
internal and external hazards it maymight fail to capture the significance of credited system
that are dedicated to mitigatemitigating the events caused by these hazards-and. The ris
monitor model should therefore not be used for decision making without justification that th
decision under consideration does not impact the missing part of the model.

in the PSA into aone logically equivalent large fault tree model (usually referred to as a ‘top logic model’)

. It might be necessary may-include-changingto change the event tree and fault tree models develope)
changingchange the way that NOT logic and logical switches are used in the model.
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RISKBASED-SAFETY-PERFORMANCEINBICATORS

RISK BASED SAFETY PERFORMANCE INDICATORS

12.98:12.102.  The PSA results should be used to determine thean appropriate set of
performance indicators to provide retrospective or current indications of plant safety
performance.

12.99.12.103.  Risk based indicators fecusedthat focus on past plant behaviour-integrating
the, taking into account events that have occurred; and failures and
unavailabilitiesunavailability of SSCs, should providebe used to identify trends and make
comparisons between expected and calculated risk values forso that decision makers tecan
pinpoint ageing effects on SSCs.

12.100:12.104. Risk based indicators should also provide information on changes in risk
associated with planned activities. Such indicators should be based on instantaneous evaluation
of risk.

12.101.12.105.  WhenOnce risk informedbased safety performance indicators arehave been
established and agreed upon between the regulatory body and the operating organization, they
should be used to increase the efficiency of the-inspections.

12.102.12.106.  Risk based indicators should be derived using a risk monitor or a PSA that
areis based on plant specific data and actual operating experience.

PSA BASED-EVENT-ANALYSISBASED EVENT ANALYSIS

12.103.12.107.  Operating events; which maymight initiate a plant trip and/or degrade or
disable SSCs can be analysed and ranked using the PSA model. This is now an increasingly
common practice in many States and forms a routine part of operational feedback to
complement the traditional deterministic analysis that is earried-eutperformed to determine root
causes.

12.104-12.108. The purpose of event analysis is to determine how an operating event could
have degenerated into an accident with more serious consequences and to derive the risk

significance of suechthe event; so that the response to the event ean-beresponded-tois in
accordance with its risk significance™®.

12.105.12.109. PSA based event analysis should be earried-outperformed for events at the
plant (also referred to as “direct events’events) and relevant events at other plants ¢(also
referred to as transposed evenwevents) PSA based event analy5|s should mclude the anaIyS|s
of |n|t|at|ng events (w vent-a ’ A

and of condltlonal events (where the I|keI|hood of an |n|t|at|ng event Wasis mcreased or the
availability of the credited systems reguiredneeded to respond to initiating events wasis
reduced).

142.106-12.110. If the event in question is an initiating event, the living Level 1 PSA model

9 By performing risk- based extrapolation of minor operational events to accident scenarios with serious
consequences, valuable insights into accidents can be gained regarding-aceidents-en-the-basis-ef-minorincidents;

without suffering-their-any of the real consequences.
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should be used to estimate the conditional core or fuel damage probability.

42.107.12.111.  If the event in question impacts the availability of one or more SSCs and/or
actions by operating personnel, but is not an initiating event, the PSA model is used to calculate
the conditional core damage-frequeney-or fuel damage fregueneyprobability, taking in-teintp
account the unavailability of the affected SSCs and the duration of the event (e.g. using the ris
monitor)-).

12.108.12.112. The PSA model should be capable of evaluating the appropriatepotentigl
impacts applicable for the event.

12.109.12.113. PSA based event analysis should be earried-eutperformed for events with
high potential safety significance. Fhis-necessitates-thatTo this end, screening criteria shoulfl
be developed that can be-apphied-to-screen out events with low safety significance and to-ran
events in-accordance-with-according to their significance.

12.114.  The condition of the plant, failures that have occurred and the-actions taken by
operating personnel thatwere-earried-out-during the event should be determined and accuratel
mapped in the PSA model. The PSA model should be re-guantifiedrequantified to generate the
results necessary for comparison with the screening criteria diseussedmentioned in the-previous
paragraphpara. 12.113. The results necessary for comparison are typically the conditional corg

damage-probabiity-or fuel damage probability-forinitiatingprobabilities.

12.110.12.115.  When conducting PSA based event analysis, known adverse occurrence

should be modelled, setting associated basic events and-the-inerease-in-core-damage-frequenc)
or-fuel-damage-frequency-for-conditionalto TRUE, whereas known success occurrences shoul

be modelled keeping associated basic events: to their nominal probability.

12}
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12.111.12.116.  The analysis of the event should be supplemented by sensitivity studies to
provide the answer to “‘what if22?” questions—Eerexample~ (e.q. what would the conditiondl
core damage probability have been if operating personnel had failed to respond to the event
correctly2?) The answers to such questions should be supplemented by qualitative insights th
provide an understanding of the principal contributors to the risk of the event.

12.412.12.117. PSA based event analysis should be earried-outperformed to complemerLt
deterministic analysis by allowing multiple fatturefailures to be addressed using an integrate
model and by providing a quantitative indication of the risk significance of operating events. It
should also be used to provide an input into the consideration of what changes could be made
to reduce the likelihood of recurrence of such operating events.

12.413.12.118.  Care should be taken in using the results of the PSA based event analysis ﬁ
the-tdentification-ofto identify trends in the performance of a nuclear power plant or a set
nuclear power plants over a period of time. The results of such an application of PSA based
event analysis could be misleading unless the analysis uses the same models, methods and
assumptions throughout.

12.114.12.119.  Ifa MUPSA model is available, it should be used to support PSA based event
analysesanalysis by aeeeunting-for-taking into account the degradation of shared systems an
the impact of an initiating event on the behaviour of operating personnel and shared resource|
if several units eanmight be affected.

RISKHNFORMED-REGULEATONS
153



RISK INFORMED REGULATIONS

42.415.12.120.  The PSA should be used to identify plant specific or generic risk insights and
design or operating changes that could enhance safety. PSA insights should be-also_be used to
guide long term prioritization of regulatory objectives and requirements, and of related safety
research. ShangeChanges in risk metrics are used to evaluate possible changes to regulatory
requirements needed to implement the risk management strategy.

12.116.12.121. Regulatory bodies should consider using PSA insights to promulgate risk-
informed regulations that enhance public safety or issue plant-_specific orders in accordance
with the-national safety policies and regulations.

12.417.12.122.  In some situations, PSA insights maymight show that regulations impose
significant burdens on operating organizations with negligible safety benefits. In such
situations, regulatory bodies should consider whether it is appropriate to promulgate risk-
informed alternatives to existing regulations or eliminate such regulations-usiag in accordance
with national safety policies and regulatory requirements.

12.418.12.123. In developing and updating regulations and regulatory guides, the-regulatory
bedybodies should employ a risk informed approach that takes account of the risk information
and insights provided by the PSA, as follows:

(@) TFhe-aim-should-be-teTo use insights from the PSA to identify areas not covered by
existing regulations that are risk significant, so that additional regulations can be
established,;

(b)  To determine the relative risk significance of existing regulations or requirements so that
they can be amended, commensurate with their risk significance;

(c) To identify unnecessary or ineffective parts of regulations or requirements so that they
can be withdrawn.

12.419.12.124.  The scope and level of detailsdetail of the PSA should be commensurate with
the issue under investigation and the PSA should be able to take into account all aspects of
dealing with the issue.

RISK-INFORMED OVERSIGHT AND ENFORCEMENT

RISK INFORMED OVERSIGHT AND ENFORCEMENT

12.120.12.125.  The activities earried-outconducted by a regulatory body ferin relation to an
operating plant include issuing, amending, suspending or revoking authorizations or licences;
earrying-outperforming regulatory oversight; ensuring that corrective actions are taken and
taking enforcement actions when necessary. Qualitative or quantitative risk insights derived
from the PSA should be used to prioritize and-te optimize the oversight activities of the
regulatory body, for example, as follows:

(a) For defining plant design and operational aspects to ensure that inspections are focused
on the areas of the-plant design and operation that-havewith high risk significance and
that inspections are reduced or not earried-eutperformed in areas that-havewith low risk
significance.
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(b)  For planning regulatory actions in response to plant- specific events or plant- specifi
potentially degraded conditions revealed by operating experience;; th
regulatersrequlatory body should eensider—thetake risk significance to—determineint
consideration in determining the magnitude of the-follow-up activities- (e.g. the need for
follow-up regulatory actions and enforcement);

(c) For assessment-efassessing the significance of the failure by the operating organization
to meet regulatory expectations and comply with enforcement actions:;

(d) For assessmentofassessing changes in risk measures associated with inspection findingg
Change; changes in risk metrics and conditional risk metrics can be used to evaluate th
risk impact of degradations or issues that are found during the-inspections and to evaluat
possible corrective actions:;

19> 3~ )

(e) For developmentdeveloping and evaluation-efevaluating corrective measures regarding

safety issues identified in the oversight process—TFhis-may-inckude, including explorator

investigation-oninvestigations into different variants to resolve a particular issue when
ehangechanges in risk metrics are used to determine the risk significance and ris

acceptability of the proposed measures based on risk characterization—Change; changep
in risk metrics should be used to determine the risk significance and risk acceptability of
the proposed measures based on risk characterization.

12.121.12.126.  The PSA should be used for-evaluationto evaluate and rankingrank both
generic and newly identified plant specific safety issues. Contributors to risk and risk
importance measures should be used to identify and rank safety issues. Also—safetySafet
issues identified outside the PSA can be evaluated byas part of the PSA to determine their ris
significance once the issues have been assessed for risk characterization, i.e. determination of
affected initiating events, accident sequences, SSCs and actions by operating personnel.

<
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12.127. The PSA iscan also be used to defineregulaterymake interim decisions to alleviatg
a regulatory concern, while the longer term solutions ean—beare being evaluated.

IssuesExamples of issues that typicathyrequire-might need an interim decision are:—()_abs
follows:

2]

(a) The need for regulatory action in response to an event at a plant—(t)-ene;

(b) One-time exemptions from technical specifications or other licensing requirements;-ang
(Hi)-temperary;
(a)(c) _ Temporary modifications to hardware configuration or procedures.

42422.12.128. The scope of the PSA to be used should be sufficient to provide valuablg
information and depends on the area of regulatory concerns and inspection findings. Simplified
generic PSA models iritiath/—could be used initially to perform a conservative screening
evaluation first-and, if the results are significant, #-sheuld-be-foHowed-by-a more realistic and
detailed evaluation— could be performed. The evaluation should be extended when-needed-tp
evaluateas necessary for specific issueareas of esnecernsconcern.

USE-OFPSAINSIGHISTFO-DBEVELOP-OR-ENHANCE-EMERGENCY-OPERAHNG
PROCEDURES
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USE OF PSA INSIGHTS TO DEVELOP OR ENHANCE EMERGENCY OPERATING
PROCEDURES

12.123.12.129. The systematic assessment of plant vulnerabilities and the insights derived
from the Level 1 PSA should be used to identify any potential need to further develop (i.e.
refine or extend eeverage-scope_of) emergency operating procedures by providing assurance
that a broad scope of vulnerabilities is addressed in a realistic, appropriately detailed and
consistent manner.

12.424.12.130. At the design stage, the Level 1 PSA uses emergency operating procedures
from reference plants for accident sequence modelling and human reliability analysis. The PSA
process allows procedures that do not fully take into account specific design features to be
identified. At the design stage, risk insight should be used to identify procedures that are not
available at reference plants and should be developed, or procedures that need to be further
elaborated. Risk insight should also provide information on the-particular human actions that
should be included, and conditions that should be explicitly described; in the emergency
operating procedures to allow operating personnel to correctly perform actions.

12.125.12.131.  For operating plants, information avaHable-from accident sequence analysis
in Level 1 PSA carried-outperformed using existing emergency operating procedures, and the
assessment of the associated human interactions, should be used fer-identification-ef-to identify
emergency operating procedures that need improving in the light of PSA insights.

12.126.12.132.  The Level 1 PSA results should be reviewed to leek-foridentify plant event
sequences making an excessive risk contribution and for which credited systems are still
available but cannot be credited because of a lack of adequate emergency operating procedures.
For such plant event sequences, emergency operating procedures should be further developed.

12.127.12.133.  The insights derived from the Level 1 PSA should be used to identify and
evaluate risk benefit from existing, alternative or additional systems, equipment and measures
that can be proposed for inclusion in the emergency operating procedures withfor the purpose
of restoring the function of credited systems and for preventing degradation of events into
severe accidents. The integral view of plant response utilized in the PSA methodology should
be used in determining the potential for negative effects of certain measures.

12.128.12.134. Risk importance measures®® of the affected or proposed actions and
associated accident sequences should be used to help prioritize eandidate-proceduralpossible
changes and—ehangesin _procedure. Changes in core damage frequency or fuel damage
frequency should be used to justify acceptable risk impacts and to determine risk significance.

12.129.12.135. A Level 1 PSA treatmentreview of actions by operating personnel should
support the enhancement of emergency operating procedures for those actions aimed at
preventing severe core or fuel damage.

42.130.12.136.  The level of detail of the Level 1 PSA model in the areas affected by the
precedureprocedural changes ineluding-theinvolving accident sequences should be increased
whenif the existing Level 1 PSA does not explicitly represent accident sequences and actions
by operating personnel that refer specifically to invoking the relevant emergency operating

8 Typically, Fussell-Vesely importance and-thetogether with Birnbaum importance (or the-risk achievement
worth)
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procedures.

42431.12.137. The human reliability analysis method used in the Level 1 PSA should be

capable of predicting the impact of the—precedureprocedural changes to support this
application;; otherwise theyit should be reconsidered.

12.432.12.138. The Level 1 PSA should also provide the-feedback ardon potential revision
of the specified decision points for transition to severe accident management guidelines.
UEE—OF—DPSANSICHTS—TFO—RISI-INFORM—THE—TRAINIINC—OF—ORERATING
LEREORIED

USE OF PSA INSIGHTS TO RISK INFORM THE TRAINING OF OPERATING
PERSONNEL

Improvement of the training programme for operating personnel

12.133.12.139.  The results of the Level 1 PSA should be used to determine the subset of risk-
significant actions by operating personnel and to develop (for plants under desigrsdesign) dr
improve (for operating plants) the training programme for operating personnel by providing
information on the accident processes, the relative likelihood of the dominant accident
sequences, and the associated actions necessary to prevent or mitigate core or fuel damage.

12.134.12.140. Descriptions of dominant accident sequences for core or fuel damage
frequency in which HFEshuman failure events play a significant role, risk importance measurils
of HFEshuman failure events and associated SSCs, recovery actions and accident management
actions with high risk importance should be used to enhance the training programme for
operating personnel. These should also be used to mitigate the consequences of HFEshumap
failure events and the PSA results should be used to select those actions that-weuld-benefit
fromon which enhanced training would be beneficial®®.

12.435.12.141.  The human reliability analysis methods used in the PSA treatment-should b
capable of measuring the affected changes.—and. The change in risk metrics should alloy
analysts to evaluate the significance and acceptability of the proposed change.

19%
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12.136.12.142.  Operating personnel at nuclear power plants spend a significant
fractionproportion of their time being trained on large—number—ef—plant procedures;
consequently, the abeve-risk insights should be used to risk-_inform this training and ensurg
that operating personnel receivehave sufficient time to learn about risk- significant actions.

12.137.12.143.  The enhancements—te—the—training should, at a minimum, inelud
nferminginform operating personnel about the-risk significant actions. Sthererhancement
may-ekudelt might be further enhanced by making adjustments to the frequency of simulato
training on certain scenarios, adding risk-_significant scenarios to qualificatio
pregramsprogrammes for operating personnel, and using risk- significant scenarios in drills.

== w D

81 The risk achievement worth impertance-of a human failure eventsevent is representative of the ratio by whic|
the fuel damage will increase if an individual fails to perform an action. Conversely, the Fussel-\/esselyFussell-
Vesely importance parameter is representative of the fraction by which fuel damage frequency can be reduce
if the individual is successful. Therefore, both importance parameters should be used as an input to risk- infori
the training of operating personnel.
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Improvement of the training programme for maintenance personnel

142.138.12.144. FrainingThe training of maintenance staff should be enhanced based-on the
basis of insights and information derived from the PSA-—by, focusing on potential risk
significant impacts of maintenance activities; such as common cause failure and maintenance-
induced failure of multiple system trains.

42439.12.145. Risk insights provide information on risk significant SSCs and on risk
significant functions and failure modes that should be addressed in the maintenance programme
as well as opportunities to optimize maintenance tasks that are not significant to risk
management.

12.140.12.146. The same risk importance measures as recommended in para. 12.429133
should be used to identify risk significant SSCs, pre-accident HFEs-human failure events and
basic events dealing-withrelated to maintenance and common cause failures and to rank them
with a view to eensiderforidentifying potential maintenance programme changes.

12.141.12.147.  Changes in risk metrics (e.g. fuel damage frequency) should be used to
evaluate the significance and acceptability of the proposed change to the maintenance training
programme.

USE-OFUSE OF PSA FO-ADDRESSEMERGINGHISSUESTO ADDRESS EMERGING
ISSUES

12.142.12.148.  As plants-continue-to-operate,-operating experience may-revealis amassed,

various issues might emerge that were unknown during the design, construction, and early
operation of the plantsplant (e.g. new-age-related failure mechanisms of passive systems;
SHHEHIES -0 60 ReREREESSCS).

12.143.12.149. PSA-insights{gualitativeQualitative andyor quantitative) insights from the
PSA should be used to assess the risk significance of emerging issues.

12.144.12.150.  Sinee-manyMany of the issues that emerge are passive-likely to be related to
age-related degradationsdegradation of passive SSCs and ehallenges-associated-with-replacing

the replacement of obsolete;—these-might-nret_components, which
cannot be explicitly modelled in the PSA. Therefore, a—PSAcareful consideration should

carefulhyevaluatebe given to how the issue should be accurately modelled (e.g. without overly
conservative assumptions) using the PSA model (e.g. athe degraded condition inof a subset of
control rods should not be modelled as a failure to insert the rods). Since emerging issues in
general provide limited information, sensitivity analyses should be used to glean PSA insights.

12.151.  Operating-persennel-The operating organization should use insights from the PSA

diseussed-abeve-to determine the priority and-timelines-appropriate-teresehveof resolving the
emerging issue within the construct of national safety policies and regulations.

12.145—The regulatory requirements:
12.146:12.152. Regulatersbody should use insights from the PSA to #mpeseset an

appropriate timeline enfor the operating organization to resolve these-issuesthe emerging issue,
within the construct of national safety policies and regulations.
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ANNEX |

EXAMPLE OF A GENERIC LIST OF INTERNAL AND EXTERNAL

HAZARDS

Code

Hazard

Hazard definition and hazard impact

Interfaces and comments

Air based natural hazards

Al |Strong wind The hazard is defined in terms of damage to |-The hazard does not include
the plant dueowing to strong winds. It includes | tornado (A2) dueor downburst (A3)
both direct damage from wind pressure and | owing to the unique characteristics
indirect damage dueowing to wind-borne |of this—hazard-these hazards. The
missiles. hazard does not include the

differentiating-effects of snowstorm
(included in  A7)—salistorm
{AL2A8), salt storm (A13) or
sandstorm (AX3A14). However, the
wind effects of these hazards are
included. Effects of storm surges
are covered by the hazard—high
water level hazard (W3).

A2 | Tornado The hazard is defined in terms of damage to | The hazard is addressed separately
the plant dueowing to tornadoes. Fhe-hazareHs | from other strong winds owing to
separated-from-other-strong-winds-owingto-its | its _special _characteristics _(e.q.
special-characteristicswith-respect-to-duration; | duration, wind speed, frequency of
wind-speed-and-frequency-of-eccurrence. occurrence).

A3 | Downburst The hazard is defined in terms of impact on | FhisThe hazard has-alse—unigueis
the plant of a downburst. addressed separately from other

strong winds owing to its special
characteristics (e.g. wind speed
vertical profile)—that-differ—from
strong—winds—Wind). During a
downburst, wind speed does not
decrease at lower levels from the
ground, as it does with strong
winds.

A4 | High air temperature | The hazard is defined in terms of impact on |Plant impact dweowing to high
the plant of high air temperature. water temperaturestemperature is

treatedaddressed separately (W4).

A5 | Low air temperature | The hazard is defined in terms of impact on | Plant impact eueowing to low water
the plant of low air temperature. temperature (W4) or ice impact

(W7, W8, W9) is treatedaddressed
separately.

A6 | Extreme air pressure | The hazard is defined in terms of impact on

(high/low gradient)

the plant of high or low air pressure or of rapid
pressure changes.
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the plant dueowing to lightning. The impact
may be direct, causing structural damage or
hazards relating to loss of off-site power, or

A7 | Extreme rain The hazard is defined in terms of damage to | H—includesincludes both damage
the plant dueowing to extreme rain. dueowing to rain load on structures
and damage dweowing to rain

induced flooding.

A8 | Extreme snow | The hazard is defined in terms of damage to the| Wind  effects  dueowing to

(including snowstorm) | plant dweowing to extreme snow, including | snowstorms are covered by the
snowstorms. hazard-strong wind hazard (Al).
Flooding effects dueowing to
melting of snow are judged-to-be
beundedcovered by  flooding
effects dueowing to extreme rain
(ABAT).

A9 | Extreme hail The hazard is defined in terms of damage to the | Flooding  effects dueowing to
plant dueowing to extreme hail. It includes | melting of hail are beundedcovered
damage dueowing to hail load on structures. by flooding effects dueowing to

extreme rain (A8AT7). Any possible
effects on the ultimate heat sink are
judged-to-be-boundedcovered by ice
hazards (W7, W8, W9).

A10 | Mist The hazard is defined in terms of impact on
the plant of mist.

All | White frost The hazard is defined in terms of impact on
the plant of white frost.

Al12 | Drought The hazard is defined asin terms of impact on | Possible plant impacts dueowing to
the plant of an extended drought period that|high air temperature (A3A4) or
lowers the water level of lakes, rivers and open | high water temperature (W4) are
water basins. covered by the analysis of these

hazards. There is considered to be
no effect on water level (heat sink).

Al13 | SalstermSalt storm | The hazard is defined asin terms of impact on | Wind effects from salistermssalt
the plant of a storm involving salt covering of | storms are covered by the hazard
plant structures. strong wind hazard (Al).

Al4 | Sandstorm The hazard is defined in terms of impact on the | Wind effects from sandstorms are
plant of storm-borne sand. covered by the hazard-strong wind

hazard (A1).

A15 | Lightning The hazard is defined in terms of damage to | Fire started by lightning is

beundedcovered by external fire
(G7) and by the internal fire
analysis.
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indirect through an electromagnetic feeder
fire started by lightning.

Al6

Meteorite

The hazard is defined in terms of damage to
the plant dueowing to meteorite impact.

Ground based natural hazards

G1 |Land rise The hazard is defined in terms of impact on
the plant of land rise.

G2 | Soil frost The hazard is defined in terms of impact on
the plant of soil frost.

G3 | Animals The hazard is defined in terms of impact on |#mpact—enThe impact of fish
the plant of animals. mussels _and other animals in the

intake water from—fish,—mussels;
ete—is covered by the organic
material in water hazard (W10:).

G4 | Volcanic phenomena | The hazard is defined in terms of impact on
the plant of volcanic eruptions.

G5 | Avalanche The hazard is defined in terms of impact on
the plant of avalanches.

G6 | Above water landslide | The hazard is defined in terms of impact on
the plant of an above water landslide.

G7 | External fire The hazard is defined in terms of impact on | Internal fires spreading from
the plant of fire originating from outside the | another plant on the site are
plant, inside or outside the site area. treatedaddressed separately (M15).

Fires resulting as secondary effects
of other external hazards are
treatedaddressed as part of these
hazards (M2, M11, M20). Internal
fires are analysed as part of the
PSA for internal hazards.

G8 | Seismic hazards The hazard is defined in terms of impact on
the plant of an earthquake.

G9 | Karsts The hazard is defined in terms of impact

dueowing to fissures, sinkholes, underground
streams and caverns caused by erosion.

Water based natural hazards

W1 | Strong water current | The hazard is defined in terms of damage to | The effects of underwater landslide

(underwater erosion) | plant structures dueowing to strong water |are treatedaddressed —separately
current. (W6).

W2 | Low water level The hazard is defined in terms of impact on | Level decrease dueowing to land

the plant of low water level.

rise is eovered—by—addressed
separately (G1-).
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w3

High water level

The hazard is defined in terms of impact on

the plant of high water level--High-waterlevels
fay—be-due_owing to storm surges, waves,
meteotsunamis or seiches. High water levels
are also affected by tidal variations.

W4 | High water The hazard is defined in terms of impact on | Plant impact dueowing to high air
temperature the plant of high water temperature. temperature is treatedaddressed
separately (A3A4).

W5 | Low water The hazard is defined in terms of impact on | Plant impact dueowing to low air

temperature the plant of low water temperature. temperature (A4A5) or ice impact
(W7, W8, W9) is treatedaddressed
separately.

W6 | Underwater landslide | The hazard is defined in terms of impact on | An—underwater—tandslide—may—be
the plant of an_underwater landslide. An | due-to-above watercausessuch-a
underwater landslide may be owing to above |prelenged and intens
water causes, such as prolonged and intense | precipitation——Plant impact
precipitation. dueowing to underwater erosion is

treatedaddressed as part of the
strong water current hazard (W1).

W7 | Surface ice The hazard is defined in terms of impact on | The hazard does not include effects
the plant of thick surface ice. dueowing to frazil ice (W8) and ice

barriers (W9).

W8 | Frazil ice The hazard is defined in terms of impact on the
plant of frazil ice in the cooling water intake.

W9 | Ice barriers The hazard is defined in terms of impact on
the plant of ice barriers.

W10 | Organic material in | The hazard is defined in terms of impact on the

water plant of organic material in-intake-water—Fhe
material—may—be(e.q. algae, seaweed, fish,
mussels, jellyfish-ete:) in the intake water.

W11 | Corrosion (from salt| The hazard is defined in terms of impact on
water) the plant of corrosion from salt water.

W12 | Solid or fluid| The hazard is defined in terms of impact on
(rongaseeusnon- the plant of solid or fluid (non-gaseous)
gaseous)  impurities | impurities released into the water from a ship.
from ship release

W13 | Chemical release to | The hazard is defined in terms of impact on the | The hazard does not include effects

water plant of chemical releases to water. The focus | deeowing to release of solid or fluid
is on reduction of water quality. The releases | (non-gaseous) impurities (W12).
may be dueowing to a ship accident; but may
also originate on land.
W14 | Tsunami The hazard is defined in terms of damage to

the plant dueowing to high water level and
pressure from the tsunami wave.
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Off-site accidents

M1 | Direct impact from The hazard is defined in terms of the direct The hazard does not cover the

ship collision impact of a ship. consequences of releases in
connection with a ship accident
¢ ° ° . ,
as-these-hazards, which are
handledaddressed separately {in
M2, M3, W12; and W13)..

M2 | Explosion after The hazard is defined in terms of damage to | The hazard does not include
transpertationtransport | the plant resulting from explosion after damage dueowing to an aircraft
accident ground transpertatientransport accidents crash (M20)-er-originating-from),

outside the site or dueowing to sea, lake or pipeline accident (M5)—TFexic
river transpertationtransport accidents. The | effects-from-a-) or chemical
damage may be due-tocaused by pressure release are-covered-by-(M3:).
impact or impact from missiles.

M3 | Chemical release after | The hazard is defined in terms of intake Explosion effects from
trapspertationtransport | clogging or toxic impact on the plant resulting | transpertationtransport accidents
accident from chemical release after ground are covered by M2.

transpertatientransport accidents outside the
site or dueowing to sea, lake or river
transpertationtransport accidents.

M4 | Explosion outside The hazard is defined in terms of damage to | The hazard does not include
plant the plant resulting from explosions explosions in connection with

(deflagration or detonation) of solid transpertationtransport accidents
substances or gas clouds outside the site. The | outside the site (M2) or eriginating
damage may be due-tocaused by pressure from-pipelines (M5)—Fexie) or
impact or impact of missiles. toxic effects fromof a chemical
release are-covered-by-(M6:).

M5 | Explosion after The hazard is defined in terms of damage to | Toxic effects from a chemical
pipeline accident the plant resulting from explosions release are covered by M7.

(deflagration or detonation) after a pipeline Explosion effects from a release

accident. The damage may be due-tecaused outside or within the site are

by pressure impact or impact of missiles. covered by M4 and M11. Toxic
effects after transpertationtransport
or pipeline accidents are analysed
in M3 and M7.

M6 | Chemical release The hazard is defined in terms of toxic impact
outside site on the plant resulting-fromof a chemical

release outside the site. TheseSuch releases
may originate from process accidents outside
the plant or from leakages of substances
stored outside the plant.
M7 | Chemical release after | The hazard is defined in terms of toxic Explosion effects from pipeline

pipeline accident

impact on the plant resulting-fromof a

chemical release after a pipeline accident.

accidents are covered by M5.
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M8

Missiles from military
activity

The hazard is defined in terms of impact on
the plant of missiles from military activity.

Impact on power supply and heat
sink are assumed to be
beundedcovered by other hazards.

M9

Excavation work

The hazard is defined in terms of impact on
the plant of excavation work, inside or
outside the site area.

On-site accidents

M10

Direct impact of
heavy

transportationtransport
within the site

The hazard is defined in terms of damage to
the plant resulting from direct impact of
heavy transpertationtransport within the site,
but outside the plant buildings. This also
includes transpertationtransport of the
containment external maintenance platform.

Heavy transpertationtransport
within plant buildings is analysed
as part of the PSA for internal
hazards.

M11

Explosion within the
site

The hazard is defined in terms of damage to
the plant resulting from explosions
(deflagration or detonation) of solid
substances or gas clouds within the site, but
outside the plant buildings. The damage may
be due-tocaused by pressure impact or impact
of missiles.

Fhe-explosionsExplosions within
plant buildings are analysed as part
of the PSA for internal hazards.

M12

Explosion after
pipeline accident
within the site

The hazard is defined in terms of damage to
the plant resulting from explosions
(deflagration or detonation) after a pipeline
rupture on the site. The damage may be due
tocaused by pressure impact or impact from
missiles.

M13

Chemical release
within the site

The hazard is defined in terms of toxic
impact on the plant resutting-from-of a
chemical release within the site. Such
releases may originate from process
accidents inside the plant or from leakages of
substances stored within the site, but outside
the plant buildings.

TheseChemical releases may
originate-from process-accidents
o

of-substances stored within-the
site;-but-outside-the-inside plant
buildings—Fhe-chemicalreleases
: L

buildings are analysed as part of
the PSA for internal hazards.

M14

Chemical release after
pipeline accident
within the site

The hazard is defined in terms of toxic
impact on the plant resuting-fromof a
chemical release after a pipeline accident at
the site.

M1

o

Internal fire
spreading from other
units on the site

The hazard is defined in terms of impact on
the plant of fires originating in another unit
on the site.

External fires are treated separately
(G7). Fires resulting as secondary
effects fromof other external
hazards are treatedaddressed as
part of these hazards (M2, M11,
M20).
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M16

Missiles from other
units on the site

The hazard is defined in terms of damage to
the plant resulting from missiles generated at
another unit on the site.

within the site area

M17 | Internal flood and This hazard is defined in terms of damage to
harsh environment the plant resulting from water spreading
spreading from other | effects from other units.
units on the site

M18 | Excavation work The hazard is defined in terms of impact on

the plant of excavation work within the site
area.

Aircraft crash

upstream of the plant

M19 | Satellite crash The hazard is defined in terms of damage to
the plant resulting from satellite impact.

M20 | Aircraft crash The hazard is defined in terms of damage to
the plant-struetures resulting from an aircraft
crash within the site area. The aircraft may be
commercial, private or military.

Other human- induced hazards

M21 | Magnetic disturbance | The hazard is defined in terms of impact on
the plant of human- induced magnetic or
electrical fields. The main examples of such
fields are those attributable to radar, radio and
mobile phones.

M22 | Failure of a dam The hazard is defined in terms of damage to

SSCs resulting from high water level water
and water waves.

Note: The list of hazards is based on Ref. [I-1]. Internal hazards originating inside plant buildings are not included in the table.

(1]

REFERENCES TO ANNEX I

KNOCHENHAUER, M., LOUKO, P., Guidance for External Events Analysis, Rep.

SKI-R-02/27-SE, SKI, Stockholm,-February- (2003.).
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ANNEX 11

EXAMPLES OF FIRE PROPAGATON-EVENT TREES AND SEISMIC
EVENT TREES

HLEUSTFRAHONOFFHEUSEOFFHEEVENTTREEFECHNIQUEFOR—THE
ANALY SIS OF FIRE-MITIGATION-AND-PROPAGATION

ILLUSTRATION OF THE USE OF THE EVENT TREE TECHNIQUE FOR ANALYSIS
OF FIRE MITIGATION AND PROPAGATION

11-1. The example of a fire prepagation-event tree presented in Fig. I1-1 comprises the relevant
features starting with fire initiation. Early and late detection of fire are distinguished as these
cases are associated with different probabilities to control and extinguish the fire. For fire
propagation, it is relevant whether and to what degree the room is closed. Further modelling
addresses available fire suppression equipment, taking into account possible damage to safety
relevant items caused by the means of suppression. Figure 11-1 provides an illustration of how
the event tree technique can be used to analyse fire mitigation and propagation.
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FIG. 1I-1. Example of a generic fire propagatien-event tree.
HELUSTRATION—OF —THE —USE—OF —THE —EVENT —TREE—TECHNIQUE —FOR
LDER A O o SR e e AL IR B R U AT R EVIERIE

ILLUSTRATION OF THE USE OF THE EVENT TREE TECHNIQUE FOR
IDENTIFICATION OF SEISMICALLY INDUCED INITIATING EVENTS

11-2. Figure 11-2 provides an illustration of how the event tree technique can be used to model
different consequences of seismically induced initiating events.
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Seismic Large Small Loss of Loss of General
event LOCA LOCA service offsite transient
water power
SE IE_LLOCA [IE_SLOCA [ I[E_LOSW [ IE_LOOP | IE_TRAN |No. |Sensequences
1 ok
2 General transient
3 { offsi
4 Loss of service water
5 Small LOCA
6 Large LOCA
Seismic Large Small Loss of Loss of General
event LOCA LOCA service offsite transient
water power
SE IE_LLOCA [IE_SLOCA [ [E_LOSW [ IE_LOOP | IE_TRAN |No. |Consequences

—

DO~ WN =

OK
General transient

Loss of offsite power
Loss of service water
Small LOCA

Large LOCA

FIG. I11-2. Example of an event tree for the modelling of a seismically induced initiating event. =8SSLOCA: loss of coolan

82 \Whilst the event tree in Fig 11-2 appears to be logically correct, the labelling convention is potentially confusing. Normally,

accident.®2

the top event descriptors are written as positive statements, with the up branch being positive and the down branch bein

negative (as correctly used in Fig I1-1).

173




ANNEX 111
SUPPORTING INFORMATION ON PSA FOR SHUTDOWN STATES

EXAMPLES OF PLANT OPERATING STATES AND -ASSOCIATED INITIATING
EVENTS

EXAMPLES OF PLANT OPERATING STATES AND ASSOCIATED INITIATING
EVENTS

probablllstlc evaluatlon of shutdown states was performed in the framework of a PSA for an
SWR 69 type German boiling water reactor[l11-1]. ArA similar example effor a pressurized
water reactor plant is provided in Ref. [I11-2].

I11-2. On the basis of Ref. [Il1I-1], the information is-presented te-iHustratein this Annex
illustrates how the plant operating state can be specified and how initiating events can be
associated with the various plant operating state—Ferstates. In order to describe the deseription
of-the-changing-efchanges in system related and physical states, the outage was divided into

planteperating statesdifferent stages (see Fig. 111-1 and Table 111-1). The planteperating-states
werestages have been chosen in such a way that the system availability and the physical states

are as constant as possible. Normally, during the outage (statesstages 3-1 to 3-7), one of the
two electrical redundancies for emergency power supply, two of the four trains of the residual
heat removal system and one of the two trains of the emergency standby system are available.
In state 3-4, where most of the maintenance work is performed, the leakage return system in
the reactor building sump needs to be available.

111-3. A detailed evaluation of operating experience in Germany was performed to findidentify
events that can lead to initiating events or that can influence the control of accidents during
shutdown states. In addition to evaluating German operating experience, the results of
international shutdown PSAs were evaluated [I11-3, 111-4].

I1I-4. German documents providing guidance on PSA were also used as a basis for
identification of initiating events [I11-5 to 111-7].

I11-5. The identification of the-initiating events and thetheir assignment to the plant operating
statestates in which they eanmight occur lead to the matrix shown in Table 111-2. The cells
marked with an ‘X’ in Table III-2 indicate that the initiating event can occur in this plant
operating state. As pointed out in para. 9.4213, the end states to be included have to be decided
on the basis of national probabilistic safety geatgoals or criteria.

111-6.-As-an-example-correspondingCorresponding information for a pressurized water reactor
type-plant is provided in Ref. [111-2] and summarized in Tables I11-3 and I1I-4. Table 111-3

shows the plant operating states to be distinguished. In Table 111-4, the initiating events to be
considered in the different plant operating states are displayed. This list is based on an analysis
of national and international operating experience.
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FIG. 111-1. Reactor coolant level during outage.
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TABLE I11-1. PLANT OPERATING STATES DURING OUTAGE IN THE REFERENCE
PLANT

Plant
operating | Characterization of plant operating state
state
2-1 Power reduction until all control rods are inserted
2-2 Cooldown via turbine bypass to reactor coolant pressure <2 bar;
Shutdown closing of main steam isolation valves; increase of water level in the
reactor above the main steam lines by injection from residual heat
removal system
3-1 Residual heat removal via main steam line with residual heat removal
system; reactor pressure vessel closed; reactor coolant temperature
130-50°C
3-2 Residual heat removal via main steam line with residual heat removal
system; reactor pressure vessel open; reactor coolant temperature
<40°C; mounting of the reactor cavity seal liner; flooding of the
reactor cavity
3-3 Reactor cavity flooded; residual heat removal with residual heat
removal system via reactor cavity suction line; opening of the
refuelling hatch; insertion of plugs in main steam lines
t . . . .
Outage 3-4 Refuelling; residual heat removal with residual heat removal system
via reactor cavity suction line
3-5 Removal of plugs in main steam lines; closing of the refuelling
hatch; residual heat removal with residual heat removal system via
reactor cavity suction line
3-6 Emptying of the reactor cavity; residual heat removal via main
steam line with residual heat removal system; removal of the reactor
cavity seal liner
3-7 Reactor pressure vessel closed; residual heat removal via main steam
line with residual heat removal system
4-1 Shutdown of residual heat removal system; level lowering in the
reactor below main steam lines; withdrawal of control rods for heat-
Restart up
4-2 Turbine bypass operation; turbogenerator in  operation;
synchronization; power increase up to full power operation
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TABLE I11-2. INITIATING EVENTS DURING OUTAGE IN THE REFERENCE PLANT
(with indication of the loss of critical safety functions or the mechanism triggering the initiating
event respectively)

Plant operating state

Initiating event Shutdown Outage Restart

2-1 |2-2 |3-1|3-2 |3-3 |3-4 [3-5 |3-6 |3-7 |4-1 |4-2

Transients

T1 Loss of main heat sink

T2 Loss of preferred power

T3 Loss of main feedwater

X X X [X

X X X [X
x
x
x
x
x
x
x
x

X X | X |X

T4 Loss of main feedwater and
main heat sink

T5 Failure to close a safety valve [ X |X X [X
T6 Leak atin suppression pool X X
T7 Overfeeding of reactor|X (X X
pressure vessel with main
feedwater system
T8 Overfeeding of  reactor X
pressure vessel with residual
heat removal system
T9 Loss of residual heat removal X [ X X [X [X |[X [X

Loss of spent fuel pool

T10 cooling

Anticipated transient without
scram

TA

Loss of coolant accidents

S1 Leak atin the reactor pressure |
vessel inside containment

S1.1 [PueOwing to pipe rupture: |

S1.1.1 | Above the core (A-nozzle) X [ X [X
Underneath the core
S112 (L-nozzle) X
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TABLE I11-2. INITIATING EVENTS DURING OUTAGE IN THE REFERENCE PLANT
(cont.)

Plant operating state

Initiating event Shutdown Outage Restart

2-1 |2-2 31 |3-2 ‘3—3 |3-4 ‘3—5 |3-6 ‘3—7 4-1 ‘4-2

S1.2  |BueOwing to human error during:

S1.2.1 |Inspection of valves in main steam X
line

S1.2.2 |Inspection of valves in core spray X
and in primary make-up systems

S1.2.3 |Pulling the shaft of a recirculation X
pump

S1.2.4 | Inspection of control rod drives X

S1.2.5|Change of in-core neutron flux
detectors

S2 Leak atin the residual heat removal X [X X |[X [X |X [X
system

s3 Leak atin the reactor cavity seal
liner

S4 Leak into a connected system

S4.1 |Failure to control the level in reactor X |X X X
pressure vessel

S4.2 |Opening of a safety valve during X (X [X X X X
residual heat removal

S4.3 |Leak in residual heat removal heat X | X [X | X [X |X [X
exchanger

S5 Leak atin the spent fuel pool XXX XX [ XX

Fire and internal flooding

Bl Fire inside containment X X X X [X X [X [X [X [X
B2 Fire outside containment X X [ X X X X [X [ X |[X |X [X
IF Internal flooding

Criticality accidents

K1 Erroneous withdrawal of control X
rods

K2 Erroneous removal of control rods

K3 Fuel loading error

Heavy load drop

H1 Drop of a fuel element

H2 Drop of heavy load X X X [ X [X |X |X
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TABLE 111-3. PLANT OPERATING STATES OFFOR A TWO WEEK OUTAGE IN THE
REFERENCE PRESSURIZED WATER REACTOR PLANT

No.

Changes in physical condition / System features

LA0

Power reduction to condition subcritical hot / Reactor protection
signals and availability of safety systems the same as during power
operation

DAL

Shutdown via steam generators down to primary system pressure of
3.1 MPa and primary system temperature of 120°C / All reactor
protection systems still available

1)B1

Primary system cooldown to depressurized cold / Startup of the
residual heat removal system at 120-°C, accumulators and high
pressure pumps are-disconnected

B2

Level lowering to mid-loop, mid-loop operation / Core within
reactor pressure vessel, primary system pressure tight closed

ac

Opening reactor pressure vessel head, mid-loop operation / Core
within reactor pressure vessel, primary system not pressure--tight
closed, refuelling hatch between setdown pool and fuel pool closed

Flooding of reactor cavity, unloading of fuel elements / Core wholly
or partially within reactor pressure vessel, refuelling hatch open

Emptying of reactor cavity and reactor pressure vessel / Core fully
unloaded, refuelling hatch closed, work performed at lower edge
loop level

Refilling of reactor cavity, loading of fuel elements / Core wholly or
partially within reactor pressure vessel, refuelling hatch open

Level lowering to mid-loop, closing of the reactor pressure vessel
head / Core within reactor pressure vessel, primary system not
pressure tight closed, refuelling hatch closed

(2)B2

Evacuation and refilling of primary system / Core within reactor
pressure vessel, primary system pressure tight closed

(2)B1

Primary system heat-up with main coolant pumps / All reactor
protection systems available

()AL

De-berationDeboration of coolant and taking reactor to critical
condition / Withdrawal of control rods and/or de-
berationdeboration

(2)A0

Power increase up to specified level / Reactor protection signals and
availability of safety systems the same as during power operation

Note: (1) denotes plant operating state during shutdown, (2) denotes plant operating state during restart.
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TABLE [lI-4. INITIATING EVENTS DURING SHUTDOWN STATES FOR
PRESSURIZED WATER REACTOR (with indication of the loss of critical safety functions
or the mechanism triggering the initiating event, respectively)

Plant operating state

Initiating event AO'Al B1|B2|C iD E iD C BZ‘Bl A1|AO
Transients Reactor Reactor pressure Reactor

pressure vessel vessel open pressure vessel

closed closed

Transients
Loss of preferred power — external X (XX XX [x I x o x Bxxx|x
Loss of preferred power — internal X X |x
Loss of main feedwater without loss of main

X X X X
heat supply
Loss of main heat sink without loss of mainj 52 % |x
feedwater
Loss of main feedwater and main heat sink |x [x X_|x
Main steam line leak outside containment |x |x X _|X
Main steam line leak inside containment X X X_|x
Feedwater line leak in turbine building X X X |x
Feedwater line leak inside containment, non
: X |X X |X
isolable
Loss of residual heat removal éueowing to:
— Faulty level lowering X X
— Operational failure of residual heat X X X |x X [x Ix
removal trains
Unintended activation of emergency corej X
cooling system signals
L oss of coolant accidents
Small primary system leak A<25 cm? X [x_|x X [x_|x
Small  primary  system leak 25
cm?<A<200- cm2 X o o
Inadvertent open pressurizer safety valve  |x |x [x X |x_[x
Medium primary system leak w Ix Ix X Ix Ix
200- cm?<A<500 cm?
Large primary system leak A>500 cm? X X |x X [x_|x
Inadvertent open P-bdVa-duebdV owing to

N X |x |x X [x |x

maintenance fault
Inadvertent open P-bdV on loss of off-sitg w Ix Ix X Ix Ix
power
Inadvertent open P-bdV after turbine trip  |x |x [x X X [x
Steam generator tube leak X [x_|x X [x_|x
Leak in residual heat removal system insidej XX Ixo[x [x |x |x Ix
containment
Leak in residual heat removal system in % I b Ix Ix Ix Ix Ik
annulus
Leak in volume control system X X XXX xxxx Ix x|x|x
Leak in reactor cavity/setdown pool X X
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Plant operating state

Initiating event A0(A1|B1[B2JC |D |E |D [C |B2|B1|A1|A0
Leak into an affiliated system X X Ix [x [x |x |x Ix
Unexpected deboration

Leaks from system containing unborated|
water:

— Steam generator tube leak XX XX [x X |x Ix |x

— Leak in residual heat removal heat

exchanger

— Leak in bearing seal XX XX [x X |x fx |x
— Inadvertent primary system injection XX X X [x |x |x Ix |x
Inadvertent unborated water in residual hea X [x Ixoxo|xox o [x fx|x

removal system

Boron dilution during decontamination work} X

Boron dilution during level raising X

Borating fault on shutdown X

Inadvertent boron dilution on shutdown X
following loss of all main coolant pumps

a
P-bdV-denetes: pressurizer blow down valve.

EXAMPLES FOR-SPECHHCSYSTEM-MOBELLING REQUIREMENTS

EXAMPLES FOR SPECIFIC SYSTEM MODELLING REQUIREMENTS

111-7. Reference [I111-8] has-beenis the primary and almost exclusive source for the example
presented in paras 111-8 to 111-10.

111-8. Particular systems may require specific modelling for shutdown conditions. For example,
fuel pool cooling systems might not be included in the analysis for power operation; but coul
be important duringin shutdown conditions. Certain operating states of the residual hedt
removal system may-alse-be-that are only used enby-during outages ard-these-therefere-mi
also need to be considered. The system models have to reflect the operating states and specifi
system alignments. Success criteria, for example, k out of n trains of a particular system
required, maymight be less stringent for shutdown conditions because of the lower decay hedt
level. Detailed thermohydraulic calculations need to be performed to determine these criteria.
The automatic start features of a system maymight be bypassed during shutdown conditions iz
order to prevent an inadvertent start. For example, safety injection systems maymight b
blocked with regard to automatic start mode to prevent actuation during shutdown. Thus, the
control logic in the fault trees for these systems needs to be changed to reflect the fact that the
systems will have to be manually initiated if required. Models for the related human
interactions also need to be developed.

111-9. Manual recovery actions credited in the analysis for power operation might not be
possible during thean outage dueowing to engeing-activities being undertaken as parta result
of the outage. For example, although the cross-eernectingconnection of low pressure systems
maymight be an appropriate action during power operation—Hewever—during-an-outagethp
eross-connection—may, this might be locked-closed, or a system train maymight be entirel
disabled_during an outage. Therefore, if actions of this type are included in the fault trees for
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power operation, they need to be modified for the shutdown evaluation. In summary, each fault
tree from the PSA for power operation adapted to the PSA for shutdown states needs to be
reviewed for each plant operating state to determine whether there are any features of that plant
operating state that might have an impact on the logic of the fault tree structure.

I11-10. The changing avaHabilitiesavailability of the various systems during outage
comphicatecomplicates the task of system modelling. Some systems or parts of systems might
not be available during certain plant operating states. Also, the probability of component failure
represented by a basic event maymight change. Most PSA software packages are based on a
“fast cutset algorithm’, which generates and stores equations for minimal cutsets. An analysis
of minimal cutsets can be carried out on several levels: a particular fault tree gate, an individual
event tree sequence, or a particular consequence (every event tree sequence can be assigned
one or more consequences, €.g. a plant damage state). An analysis case can specify a ‘boundary
condition set’, which includes a list of value specifications or changes that need to be applied
to the model. The boundary condition set can include true/false settings for logical switches,
setting of probabilities for basic events and fault tree gates, setting of true/false states for basic
events and fault tree gates and setting of values for parameters. This is very useful for
performing analyses of the same basic model with different variations depending on the plant
operating states. Of course, it is also possible to perform the analysis without using logical
switches, but then for every boundary condition set, different individual fault tree models are
added to the complete PSA model for shutdown states, which complicates the effort necessary
for modelling and review if some changes have to be made because of the number of different
fault tree models to be considered.

APPROACH TO IDENTIFYING PRE-INITIATOR HUMAN FAILURE EVENTS AND

HUMAN INDUCED INITIATORS RELEVANT TO PSA FOR SHUTDOWN STATES

I11-11. As a detailed analysis of all measures that could be taken by personnel during shutdown
is simply not feasible, an efficient screening step of the pre-initiator actions is indispensable.
The outcome of this step will be a list of actions indicating the actions for which a qualitative
evaluation is sufficient, the actions for which an estimate needs to be done and the actions for
which a detailed quantitative analysis is necessary. The approach described in paras 111-12 to
111-18 is outlined in Ref. [I11-6].

111-12. The basis for the screening approach is a plant specific list of the main steps and tasks
for a standard outage plan. Obviously, there is a close relationship between this list and the
plant operating state selected for the PSA for shutdown states. For a boiling water reactor, it
typically comprises 30 steps or tasks. In Ref. [111-6], the following list of main steps and tasks
is displayed as an example:

— Implement power reduction;

— Start testing in relation to plant shutdown and isolation of systems;
— Disconnect generator from grid,;

— Continue power reduction until start of residual heat removal;

— Open containment for fuel transfer;

— Open reactor pressure vessel;

— Install compensator for flooding the reactor cavity;

— Commence flooding;



— Undertake reactor pressure vessel activities;
— Remove steam dryer;

— Set plugs and plates;

— Work on redundant trains;

— Work on components and systems;

— Carry out sipping test;

— Change fuel elements;

— Remove and reinstall feedwater sparger;
— Remove plugs and plates;

— Install steam dryer;

— Empty flooded cavity;

— Remove compensator;

— Close reactor pressure vessel;

— Close containment;

— Conduct testing in relation to startup;

— Increase power;

— Synchronize generator connection to grid,;
— Increase to power operation.

111-13. For the elements of this list, } ; ;
walkdewns;-of-the working environment and the tasks a#euperformed are assessed to |dent|

potential human errors and consequences. The significance of each potential error is then
judged. In determining possible consequences, #a distinction is distinguishedmade between
unavailabititiesunavailability of components or system parts on the one hand and initiating
events on the other.

I11-14. In the first case, #an assessment is assessedmade of how the failure eancould b
detected, for which time interval unavaitabilitiesunavailability or latent faults would result an
for which initiating events these-upavatabititiesthe unavailability or latent faults would becom
evident. Finally, possible esuntermeasurescountermeasures and consequences are described.

O D

111-15. In the second case, the initiating event is classified (e.g. loss of coolant accident). Again,
possible esunter-measurescountermeasures and consequences are described.

111-16. One important objective of such a screening analysis is to prepare, in a transparent and
systematic way, a table comprising the entire screening results. Operating experience relevant
to the potential errors or consequences is included.

111-17. If detailed analysis is deemed necessary, it can be performed using the approaches to
human reliability analysis described in Section 5.

111-18. As an intermediate case, for groups of initiating events of similar nature (e.g. loss of
coolant accidents with leak positions above the core), a rough estimate of the integral failure
probability could be sufficient.
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EXAMPLE OF AN OUTAGE RISK PROFILE AS AN OUTCOME OF A PSA FOR

SHUTDOWN STATES FOR A BOILING WATER REACTOR PLANT

111-19. In Ref. [111-9], results of a PSA for shutdown states are presented for a boiling water
reactor plant. Six plant operating states (“POS™inFigs-Hi-—2-and-HH—3)-have been specified:

@

@

®

@

®)

(6)

Plant operating state 1: Power operation and startup with pressure from rated conditions
(71 kg/cm?) to 35 kg/cm? and thermal power not greater than 15%.

Plant operating state 2: Startup and hot shutdown with pressure from 35 kg/cm? to 10
kg/cm?,

Plant operating state 3: Hot shutdown with pressure lower than 10 kg/cm?and temperature
higher than 93°C.

Plant operating state 4: Cold shutdown with temperature lower than 93°C until the vessel
head is removed.

Plant operating state 5: Refuelling with the vessel head removed and the water level raised
to the steam lines.

Plant operating state 6: Refuelling with the vessel head removed-and, the water level raised
to the spent fuel pool and the refuelling transfer tube open.

111-20. In Fig. 111-2, for plant operating states 1-4, the thermal power and the pressure in the
primary circuit are displayed as a function of time- for a boiling water reactor at the Laguna
Verde nuclear power plant. In Fig. 111-3, for plant operating states 1-4 at the same plant, the

risk profile is shown. Clearly, the risk in plant operating state 4 is the highest, compared with
the risk in the other plant operating states. This example emphasizes the insights provided by

Shutdown-forarefuelling-eutage
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16 &0
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a risk profile, thereby helping to allocate efforts for safety improvements.
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FIG. 111-2. Plant operating states in PSA for shutdown states at Laguna Verde nuclear power plant.
POS: plant operating state.
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FIG. I11-3. Comparison of core damage frequency per year for PSA for power operation and
shutdown states. POS: plant operating state. CDF: Core damage frequency. ‘
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