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EXECUTIVE SUMMARY

An extended PSA applies to a site of one or several Nuclear Power Plant unit(s) and its environment. It intends to
calculate the risk induced by the main sources of radioactivity (reactor core and spent fuel storages) on the site,
taking into account all operating states for each main source and all possible relevant accident initiating events
(both internal and external) affecting one unit or the whole site. The combination between hazards or initiating

events and their impact on a unit or the whole site is a crucial issue for an extended PSA.

The report tries to discuss relevant methodologies for this purpose. It includes considerations on:

e the existing basic approach for the identification of initiating events and hazards in PSA (screening
methodologies),

e the practices in countries and proposed by international standards, especially from IAEA,

e the appropriate risk metrics and screening thresholds to be used in the process of initiating events and
hazards selection for an extended PSA,

e the link between deterministic and probabilistic approaches for the selection of initiating events,

e the screening of high impact events, possibly correlated, associated to a low frequency of occurrence, but
that can induce major consequences on a NPP,

e the specificities of hazards screening.

From these considerations, the report proposes a methodology to select initiating events and hazards for the
development of an extended PSA. The proposed methodology for initiating events identification, screening and
bounding analysis for an extended PSA consists of four major steps:

1. a comprehensive identification of events and hazards and their respective combinations applicable to the
plant and site. Qualitative screening criteria will be applied,

2. the calculation of initial (possibly conservative) frequency claims for events and hazards and their
respective combinations applicable to the plant and the site. Quantitative screening criteria will be
applied,

3. an impact analysis and bounding assessment for all applicable events and scenarios. Events are either
screened out from further more detailed analysis, or are assigned to a bounding event (group), or are
retained for detailed analysis,

4. the probabilistic analysis of all retained (bounding) events at the appropriate level of detail.

The concluding section of the report provides summaries and recommendations on:
e the main qualitative and quantitative screening criteria,
e the structure of the whole screening process,
e the PSA quality,

e the transition from rough screening towards detailed PSA models,

e the link with the situations that should be practically eliminated.

Report IRSN/PSN-RES-SAG 16-101 Technical report ASAMPSA_E/ WP 30/ D30.3 2016-13-- 6/124
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GLOSSARY

AOO Anticipated Operational Occurrence
BDBA Beyond Design Basis Accident

BWR Boiling Water Reactor

CDF Core Damage Frequency

CCFF Conditional Containment Failure Frequency
DBA Design Basis Accident

DBE Design Basis Earthquake

DEC Design Extension Condition

DiD Defense in Depth

DSA Deterministic Safety Assessment

ERF Early Release Frequency

FDF Fuel Damage Frequency

FMEA Failure Mode and Effect Analysis
HVAC Heating, Ventilation, Air Conditioning
1&C Instrumentation and Control

ISLOCA Interfacing System LOCA

LERF Large Early Release Frequency

LOCA Loss of coolant accident

LRF Large Release Frequency

LWR Light Water Reactor

NPP Nuclear Power Plant

PIE Postulated Initiating Event

PRA Probabilistic Risk Analysis

PSA Probabilistic Safety Analysis or probabilistic safety assessment
PSR Periodic Safety Review

PWR Pressurized Water Reactor

RMF Radionuclide Mobilization Frequency
RR Research Reactor

SFP Spent Fuel Pool

Report IRSN/PSN-RES-SAG 16-101 Technical report ASAMPSA_E/ WP 30/ D30.3 2016-13--
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1 INTRODUCTION

An extended PSA (probabilistic safety assessment) applies to a site of one or several Nuclear Power Plant unit(s)
and its environment. It intends to calculate the risk induced by the main sources of radioactivity (reactor core and
spent fuel storages, other sources) on the site, taking into account all operating states for each main source and
all possible relevant accident initiating events (both internal and external) affecting one NPP or the whole site.
The combination between hazards or initiating events and their impact on a NPP or the whole site is a crucial issue
for an extended PSA.

The identification of all initiating events, hazards (internal or external) and their combinations, which contribute
to the risk induced by a NPP (or several NPPs on a nuclear site) connected to its environment, is a major task to be

done during the development of an extended PSA.

The report tries to discuss relevant methodologies for this purpose. It includes considerations on:

e the existing basic approach for the identification of initiating events and hazards in PSA (screening

methodologies),
e the practices in countries and proposed by international standards, especially from IAEA,

e the appropriate risk metrics and screening thresholds to be used in the process of initiating events and
hazards selection for an extended PSA,

e the link between deterministic and probabilistic approaches for the selection of initiating events,

e the screening of high impact events, possibly correlated, associated to a low frequency of occurrence, but

that can induce major consequences on a NPP,

e the specificities of hazards screening.

From these considerations, the report proposes a methodology to select initiating events and hazards for the

development of an extended PSA.

2 PSA END-USERS RECOMMENDATIONS FOR SCREENING

At the beginning of the ASAMPSA_E project, the following recommendations were formulated during the PSA End-
Users workshop in Uppsala and survey [1] on hazards screening. Three types of recommendations were defined:
e Type A: most important end-users needs (for which the project should produce adequate guidance),

e Type B: intermediate needs (which the project will address if possible),

e Type C: less important needs (not to be addressed by the project).

These recommendations are provided hereafter.

Recommendations related to hazards screening and modelling
19. According to the End-Users survey, existing screening guidance have to be adapted or completed for each

application. ASAMPSA_E shall examine why and how to do this adaptation/complement (type A).

Report IRSN/PSN-RES-SAG 16-101 Technical report ASAMPSA_E/ WP 30/ D30.3 2016-13-- 11/124
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ASAMPSA_E shall examine how to reduce heterogeneity in quantitative screening criteria (collect and
examine the screening values).
ASAMPSA_E shall examine which hazards must not be screened out and why.
ASAMPSA_E shall comment how far the impact of the hazards must be considered in the screening out
process (in case of cliff edge effect, no screening out ...?).

20. ASAMPSA_E shall examine the relevance of conditional core melt probabilities and conditional
containment failure probabilities (and conditional LER probability) in the screening criteria (type A).

22. ASAMPSA_E shall examine SFP accident screening practices (type A).

23. ASAMPSA_E shall discuss the link between screening criteria and design basis conditions (type A):
e  PSA should focus on areas that are not in the design basis - example : specific combinations like

hazards + induced effects,

e  PSA should include hazards in the design basis (useful for PSR for example).

24. ASAMPSA_E shall discuss the sum of hazards frequencies (final comparison with numerical safety target)
(type B).

25. ASAMPSA_E shall examine what to do if the sciences cannot provide information for low frequencies

events or extremely high uncertainties on their amplitude (type A).

3 DEFINITIONS USED IN THE REPORT

The following definitions are used in this report. Some variations may exist in comparison with other publications.

Bounding (Probabilistic) Analysis

A bounding analysis is a manifestly conservative analysis applied to initiating events, hazard, hazard scenarios or
specific sequences during a PSA.

X “Worst-case” assumptions for the case under consideration are applied. The PSA analyst shall demonstrates that
the bounding analysis covers all (known) sources of uncertainty. Bounding analysis is often the result of expert

judgement but should be based on solid arguments and refer to applicable evidence.

The results of a bounding analysis in the context of a PSA can be a demonstration that the NPP safety functions are
not degraded in some specific conditions, or a conservative value of conditional failure probability of a safety
function.

Claim

A claim is an assertion by an analyst. A claim needs to be supported by arguments and can be demonstrated by
evidence. For PSA, claims will be made with regard to all elements of a PSA model, including the frequency of

events, their impact on the plant, the resilience of the plant, and reliability data.
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Core Damage Frequency (CDF)

Core damage for PSA Level 1 is commonly understood to occur if there is a significant degradation of reactor core
components (like fuel rod (cladding) or control rod).” “The quantification for the risk metric “core damage” is
always the direct frequency (or probability) of the sequence in the risk model”. “CDF should be defined as a
subset of the FDF measure, specifically covering accidental scenarios with the potential for severe off-site releases

related to the core of the reactor.

Early Release Frequency (ERF)

An early release is commonly understood to cover scenarios with release to the outside of the plant or site
perimeter, which happen before off-site emergency measures are effective”. “The quantification for the risk
metric “early release” is always the direct frequency (or probability) of the sequence in the risk model”. “The
time period for early releases should be determined based on the time needed for performing a comprehensive
evacuation of the predetermined evacuation sector.” “The start for the “early” period of time should be
consistently assigned to the declaration of a state of emergency by the responsible authority.” “There should be a
minimum release threshold for ERF. We recommend to set such a release threshold consistent to “small” release
categories (e.g. a filtered release) and consistent to thresholds for the RMF (if used). Based on these
considerations, a lower threshold in the range of 1 TBq I-131 (equiv.) seems to be a reasonable approach.
External Event
The term “external event” can have several distinct meanings

(1) External event is used synonymous to external hazard, denoting a specific category of hazards

(2) External event is used synonymous to the first meaning of hazard event when applied to an external

hazard

(3) External event is used synonymous to hazard scenario or hazard scenario group when applied to an

external hazard

Fuel Damage Frequency (FDF)

A fuel damage state should be understood as a loss of integrity of fuel elements on the site, which has the
potential for a severe accident, irrespective of operating state of the reactor or location of the fuel.” The
“quantification of the FDF is always done with the direct frequency (or probability) of the sequence in the risk

model. [86]

Hazard

The term “hazard” has multiple specific meanings. In a general sense, a hazard refers to a situation that poses a
level of threat to some valuable asset, including life, heath, property, or the environment. In this report, hazard is
not used in this way. Instead, a hazard is synonymous to an event with the ability to challenge the nuclear safety
of the plant (i.e. cause an IE, see below) and simultaneously reduce or degrade SSC relevant for controlling the
event. Moreover, there needs to be a mechanism by which the hazard either affects directly or may affect by
spreading or propagation more than one specific location in the plant. When referring to specific hazards, the

events are often identified with the spreading or propagation mechanism (cf. fire, flooding, earthquake).
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Hazards are further categorized as (cf. e.g. SSG-3):

(a) Internal hazards originating from the sources located on the site of the nuclear power plant, both inside and
outside plant buildings. Examples of internal hazards are internal fires, internal floods, turbine missiles, on-site
transportation accidents and releases of toxic substances from on-site storage facilities.

(b) External hazards originating from the sources located outside the site of the nuclear power plant. Examples of
external hazards are seismic hazards, external fires (e.g. fires affecting the site and originating from nearby forest
fires), external floods, high winds and wind induced missiles, off-site transportation accidents, releases of toxic

substances from off-site storage facilities and other severe weather conditions.

Hazard event
The term hazard event can have two distinct meanings.
(1) Hazard event is a specific realization of a hazard. This specific realization occurred to an installation with
some specific boundary conditions and specific consequences.
(2) Hazard event is used imprecisely to denote a specific potential realization of a hazard. In this report, the

term “hazard scenario” is preferred.

Hazard Scenario

The term hazard scenario describes a potential (assumed) realization of a hazard defined by at least one
characteristic parameter for the severity of hazard impact to the plant (e.g. an earthquake with peak ground
acceleration (pga) of 0.5 g). The hazard scenario usually represents a whole set of similar potential realizations of
the same hazard, which are bounded in impact severity by the specified assumptions (e.g. the hazard scenario
applied to earthquakes with 0.25 g < pga < 0.5 g). In addition, a hazard scenario may entail further specifications
like boundary conditions, additional assumptions, and consequential effects. Moreover, a hazard scenario may
describe combinations of hazards or combinations of hazards with other (internal) events. Importantly, the hazard
scenario shall be sufficiently specific so that a likelihood of occurrence can be assigned to it.

In this report, hazard scenario is specifically used to describe the postulated scenario, which is assumed for
investigating hazard impact and identification of triggered initiating events within a hazard PSA. Thereby, the

assumed scenario is separated from the more general hazard.

Hazard Scenario Group

The term hazard scenario group is a specification of the hazard scenario term. The hazard scenario group denotes
a specific hazard scenario, which is defined with specific characteristic parameters and boundary conditions, and
which is used as an enveloping scenario for several other hazard scenarios (with different characteristic
parameters, boundary conditions and potentially even different hazard mechanisms). Importantly, the likelihood
assigned to a hazard scenario group shall gather the likelihood of all constituent likelihoods. Moreover, it shall be
enveloping or bounding in its characteristic parameters and in its boundary conditions regarding the impact on the
plant for all constituent hazard scenarios. In this report, the term is used mainly to clearly designate the

representative hazard scenarios arrived at after screening, impact assessment, and grouping of hazards.
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Impact Analysis:

A hazard or hazard scenario results in (potentially detrimental) effects on the plant and its safety. Impact analysis
is the investigation of the consequential effects of a hazard or hazard scenario impacting on the plant with the
assumed severity. Impact analysis identifies the affected systems, structures, and components as well as other
safety provisions and determines if and to what extent plant safety is challenged. The scope and level of detail of
impact analysis depends on the specific application. During hazards screening for a PSA, impact analysis is
performed as one the one hand in order to determine if plant safety is challenged by hazard impact at all, and

then as part of bounding analysis for the respective hazard or hazard scenario.

Initiating Event (IE)

An initiating event is an event that could lead directly to fuel damage, or the failure of containment for a
radionuclide source leading to the potential mobilization of radionuclides, or that challenges normal operation in a

way which requires successful mitigation using safety or non-safety systems to prevent such outcomes.

Note: This is a modified definition from SSG-3 [4] to address also the risk from spent fuel storage facilities (spent
fuel pool, etc.) and other radionuclide sources. Note that core damage is a subset of fuel damage (fuel as a source
of significant plant releases can be located in the reactor core, spent fuel pool, etc.). The original SSG-3 definition
is “An initiating event is an event that could lead directly to core damage (e.g. reactor vessel rupture) or that
challenges normal operation and which requires successful mitigation using safety or non-safety systems to prevent

core damage.” [4], p. 25

Initiating Event Group (IEG): DEFINITION

An initiating event group gathers a number of initiating events into one representative enveloping (bounding)
scenario. During the initiating event screening process for a PSA, analysts might decide to assign contributions
from several initiating events to one IEG in order to facilitate PSA analyses. The specific initiating events assigned
to one IEG should be similar in terms of transient response of the plant, success criteria for safety functions, plant
configuration as well as potential consequences with respect to Level 1 and Level 2 risk metrics. The IEG sums up
the frequency contributions from all IE assigned to it. The bounding conditions for the enveloping scenario

representing the IEG may be unrealistic for each individual IE assigned to the IEG.

Large Release Frequency (LRF)

A large release is commonly understood to be an unacceptable release of radionuclides at the plant fence or plant
perimeter into the environment of the plant.” “The quantification for the risk metric “large release” is always the
direct frequency (or probability) of the sequence in the risk model”. “We recommend to define the LRF metric
consistently with respect to an amount of radiologically weighted radionuclides. Weighting factors can be found in
the INES manual for some nuclides and in more detail in ICRP publications. We recommend to use as leading
(representative) isotope 1-131 if short-term consequences are of particular interest, Cs-137 if long-term

(environmental) consequences are of particular interest.
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Maximum Impact

The maximum impact or maximum credible impact for a hazard or hazard scenario is the maximum load on the
plant and its SSC induced by harmful hazard effects to the site. The maximum credible impact applies to the site
and needs to consider both the hazard magnitude at its source and the change during its propagation to the site.
PSA analysts need to make claims on maximum (credible) impact for a hazard during the hazard screening. For a
lot of natural hazards, a maximum impact at the site cannot be determined independent of the occurrence
frequency or exceedance frequency. In these cases, PSA analysts will have to specify a sufficiently small threshold
value. It should be noted that the maximum impact is often characterized by just one maximum load parameter,

but may need to be characterized by a set of load parameters.

Postulated initiated events (PIE)

A postulated initiating event (PIE) is “[a]n event identified during design as capable of leading to anticipated
operational occurrences or accident conditions. The primary causes of postulated initiating events may be credible
equipment failures and operator errors (both within and external to the facility) or human induced or natural
events.” [6], p. 98. In this report, PIE is summarily used for those events analysed during deterministic safety

analysis, cf. SSG-2 [3] and WENRA Reference Levels [11], [35].

Radionuclide Mobilization Frequency (RMF)

RMF is defined as a loss of the design basis confinement for a source of radionuclides, leading to an unintended
mobilization of a significant amount of radionuclides with the potential for internal or external release, e.g. more
than 100 TGBq I-131 or equivalent . The threshold value and it reference radionuclide (or radionuclides) has to be
adjusted to the facility under consideration and the objectives of the study. “The quantification of the
radionuclide mobilization frequency (RMF) is to be done by direct frequency (or probability) of the sequence in the

risk model.

Representative plant response analysis for a group of initiating events

The initiating events group is represented by a specific scenario (representative event) with specific boundary
conditions and assumptions. The representative plant response analysis develops the further progression of the
scenario given the success or failure of safety provisions, safety functions, or barriers. In PSA, the final result of

this analysis will be the event tree model for the initiating event group.

Risk (ASAMPSA2 [13]):

Risk is defined relative to hazards or accidents. A hazard is something that presents a potential for health,
economical or environmental harm. Risk associated with the hazard is a combination of the probability (or
frequency) of the hazardous event and the magnitude of the consequences. The consequences can be represented
in several dimensions. A usual engineering definition of risk associated with an event i is:

Risk(event i) = “the probability of an event i” x “the consequences of an event i”. [13] p. 69 after [15].
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It should be noted that in this definition “hazard” is used in a broad sense and not with respect to natural or man-

made hazard events.

Risk Measure and Risk Metrics (cf. D30.5):

“In the context of risk measurement, a risk metric is the concept quantified by a risk measure.”[14]. The risk
metric is a feature or property of the risk model like e.g. a consequence, a transition between two states of the
risk model, or an indicator derived from another risk measures. The risk measure includes in addition the
quantification procedure for the risk metric. Risk measures are used for the representation, discussion, and
interpretation of PSA results. For risk measures like core damage frequency, conditional failure probability of a
system, or basic event importance for CDF to be used, the risk model has to support the respective risk metrics.
However, under the ASAMPSA_E project the two terms risk metrics and risk measures have been used without
distinction. For this reason, in this report, the term risk measure will be used as a more comprehensive term even
if only the risk metric is meant. The term risk metric will be used if specifically the metric aspect is addressed or
if there would otherwise be ambiguities.

Screening:

The title of the present document is “Methodology for Selecting Initiating Events and Hazards for Consideration in
an Extended PSA”. In the related literature and also here very often the word “screening” is used instead.
Screening is the process to determine if an item is to be included in the extended PSA, the kind of treatment to

follow, and the priority of the activities to be carried out (this phrase adapted from IAEA TECDOC 1581).
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4 GENERAL METHODOLOGY FOR THE SELECTION OF
INITIATING EVENTS IN AN EXTENDED PSA

The general methodology for identifying initiating events and hazards is similar for PSA and deterministic safety
assessment (DSA) practice. It is described, amongst others, in the IAEA safety requirements, e.g. SSR-2/1 for the
design of NPP [2], and specific safety guides, e.g. SSG-2 on deterministic safety analysis [3] and SSG-3 on PSA level
1 [4] (cf. section 5.1.1). The basic concepts are also part of WENRA reference levels for existing [11] and for new
reactors [35]. National regulation and guidance documents on DSA and PSA from Europe (e.g. [10], [30], [36], [37],
[39], [40], [41], [42], etc.) and from America (e.g. [9], [33], [34], [43], [44], [56]) are either compatible with that

basic approach or refer to the aforementioned sources.

The selection of a set of initiating events and hazards (internal or external) to be considered in an extended PSA is

a progressive and iterative process which can include the following steps:

Selection of initiating events for the internal events PSA (one NPP, all reactor states)

- Development of an exhaustive (as far as possible) list of initiating events that can challenge the NPP safety
functions,

- For each plant operating state, plant response analysis and grouping of initiating events that have a similar

impact on the NPP,
- Estimation of occurrence frequency of the grouped initiating events,

- Bounding probabilistic analysis in order to select the initiating events to be considered in detail in the

internal event PSA (using qualitative or quantitative screening criteria),

- Alist of internal events can be justified for the internal events PSA.

Selection of hazards scenarios for internal / external hazards PSAs (with no correlations between hazards,

limited to one NPP, all reactor states)

- Development of an exhaustive (as far as possible) list of internal / externals hazards which can challenge
some NPP safety functions and leads to hazards scenarios,
For each plant operating state, plant response analysis and grouping of hazards scenarios that have a similar
impact on the NPP,

- Estimation of occurrence frequency of the grouped hazards scenarios,
Bounding probabilistic analysis in order to select the hazards scenarios to be considered in detail in each
hazard PSA (using qualitative or quantitative screening criteria),

A list of hazards scenario can be justified for each hazard PSA.

Selection of combinations of hazards for an extended PSA (with all correlations between internal / external

hazards / initiating event, limited to one NPP, all reactor states)
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- ldentification of the possible hazards (hazards scenarios) / internal events combinations,

- For each plant operating state, plant response analysis after grouping of combinations that have a similar

impact on the NPP,

- Bounding probabilistic analysis in order to select the combinations to be considered in the extended PSA

(using qualitative or quantitative screening criteria).

Selection of combinations of hazards for a site extended PSA (with all correlations between internal / external

hazards / initiating event, all NPPs on a site, all reactor states)

- Definition of a list of site initial states (combination of the status of each NPP operation state)

- ldentification of the possible hazards (hazards scenarios) / internal events combinations,

- For each site initial state of the site (NPPs) response analysis grouping of combinations that have a similar

impact on the NPPs,

- Bounding probabilistic analysis in order to select the combinations to be considered in the extended PSA

(using qualitative or quantitative screening criteria).

These steps may appear beyond the existing state-of-the-art. To identify the gaps that may exist, the following

chapter provides some summaries of existing national practice and international standards in this area. It was

suggested to the authors of each summary to consider the following issues:

a) how to identify and quantify dependencies and correlations between different hazard or event scenarios.

b) which (quantitative) screening criteria should be applied, which risk metrics would be suitable.

c) what constitutes and how to identify a high impact/low probability event.

d) what constitutes a maximum impact?

e) Need to utilize the levels of Defense in Depth (AOO, DBA, and DEC)?

f) which approaches to bounding analysis are suitable for an extended PSA and upon which criteria a

detailed probabilistic investigation and modelling can be omitted
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5 REVIEW OF EXISTING APPROACHES

5.1 INTERNATIONAL ORGANIZATIONS

5.1.1 INTERNATIONAL ATOMIC ENERGY AGENCY (IAEA)

The following subchapter proposes an analysis of existing IAEA publications. Many IAEA publications are important

in the context of the ASAMPSA_E project.

5.1.1.1 PIE for deterministic approach

The approach for identifying initiating events and hazards as endorsed by the IAEA is described in the IAEA safety
requirements, e.g. SSR-2/1 for the design of NPP [2], and specific safety guides, e.g. SSG-2 on deterministic safety
analysis [3] and SSG-3 on PSA level 1 [4] (cf. section 5.1.1). It should be noted that hazards are included in the
identification process for initiating events by their adverse effects on the safety of the plant.

SSR-2/1 states in requirements 16 and 17 on the identification of initiating events:

1) “The design for the nuclear power plant shall apply a systematic approach to identifying a
comprehensive set of postulated initiating events such that all foreseeable events with the potential
for serious consequences and all foreseeable events with a significant frequency of occurrence are
anticipated and are considered in the design.” [2], p. 18f

2) “All foreseeable internal hazards and external hazards, including the potential for human induced
events directly or indirectly to affect the safety of the nuclear power plant, shall be evaluated.
Hazards shall be considered for the determination of the postulated initiating events and generated
loadings for use in the design of relevant items important to safety for the plant.” [2], p. 20f

In particular, SSR-2/1 calls for using engineering judgement and deterministic as well as probabilistic safety
analysis for identifying initiating events, taking into account failures of SSCs, human error, and hazard impacts for
all operating states. With respect to hazards identification, NS-R-3 defines general requirements on the scope of
external events analysis [20], p. 10ff, which shall extend at least to earthquake and surface faulting,
meteorological events, flooding, geotechnical hazards, and external human-induced events. For other potential

events, historical data shall be investigated and applicability assessments shall be performed.

IAEA SSG-2 [3] gives more guidance on the identification of postulated initiating events. In particular, SSG-2
explains that postulated initiating events should be assigned to the categories of anticipated operational
occurrences, design basis accident conditions or beyond design basis accident conditions. The assighment to these
different categories should be done based on deterministic (fulfilment of safety criteria) as well as probabilistic
(expected frequency of occurrence) considerations. A summary is shown in Table 5-1. In addition, SSG-2
recommends a categorization of postulated initiating events by their effects with relation to the fundamental
safety functions of control of reactivity, heat removal from the fuel, and confinement of radioactive material and
limitation of releases. This results in a grouping of postulated initiating events into the following categories:

a) “Increase or decrease of the removal of heat from the reactor coolant system;
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b) Increase or decrease of the flow rate for the reactor coolant system;

c) Anomalies in reactivity and power distribution;

d) Increase or decrease of the reactor coolant inventory;

e) Release of radioactive material from a subsystem or component.” [3], p. 6

This classification should be used as a starting point of a top-down analysis for determining potential initiating

events by systematically searching for events which could lead to the respective events.

Table 5-1

Subdivision of postulated initiating events according to SSG-2, [3], p. 8

Occurrence . . o
Characteristics Plant state Terminology Acceptance criteria

(1/reactor year)
1072-1 Expected Anticipated Anticipated transients, No additional
(expected over operational transients, frequent fuel damage
the lifetime occurrences faults. incidents of
of the plant) moderate frequency.,

upset conditions,

abnormal conditions
1041072 Possible Design basis Infrequent incidents.  No radiological
(chance greater accidents infrequent faults, impact at all.
than 1% over limiting faults, or no radiological
the lifetime emergency conditions impact outside
of the plant) the exclusion area
107107 Unlikely Beyond design  Faulted conditions Radiological
(chance less basis accidents consequences
than 1% over outside the
the lifetime exclusion area
of the plant) within limits
<107° Remote Severe accidents Faulted conditions Emergency
(very unlikely response needed
to occur)

5.1.1.2 |IE for PSA

SSG-3 gives recommendations for the determination of initiating events for the purpose of PSA (level 1) [4]. In

particular, SSG-3 points out that different tools and approaches should be used for the identification of initiating

events. SSG-3 specifically mentions [4], p. 26,

a) Bottom-up analysis approaches like hazard and operability (HAZOP) studies (cf. e.g. [17]) or failure mode

and effects analysis (FMEA - cf. e.g. [18]), which should be systematically employed for all front line

operating and stand-by systems as well as support systems;

b) Top-down analysis, e.g. master logic diagrams (cf. e.g. [7]) , for identifying failures leading to challenges

of normal operation;

c) List of initiating events, either from other existing PSA or in standards and guides (including regulation on

deterministic safety assessment);

d) Evaluation of operating experience events that have challenged normal operation;
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e) Evaluation of the plant safety analysis report and other deterministic analyses on design and beyond

design basis accidents.

By using different, proven methodological approaches, the identification process for initiating events should be as
comprehensive as possible. Notably, SSG-3 does not explicitly recommend investigating potential combinations of
different initiating events, in light of potential dependencies between these events. This is, however, mentioned
for new reactor designs [4], p. 26. In addition, consequential failures or secondary effects of an initiating event
should be taken into account (cf. e.g. [24], p. 7, in light of internal hazards). For multi-unit sites, attention should
be paid to event scenarios that affect more than one of the units, and to initiating events triggered by events or
accident sequences in another unit [4], p. 27.
Conceptually, hazard events should be introduced into the safety analysis by their impact on plant systems, i.e.
them triggering (postulated) initiating events. According to SSR-2/1 [2], the list of initiating events should be
complemented by hazard specific events, if the existing list of internal initiating events is not representative for
the respective hazard scenarios' (e.g. multiple failure scenarios).
With respect to the identification of hazards for PSA, SSG-3 [4] gives further guidance. The general approach to
the identification of hazards is quite similar to the approach for internal events. For both internal and external
hazards, first the available relevant information on the plant and the site should be collected. Then, a
comprehensive list of internal and external hazards should be produced, comprising at least internal hazards,
external natural hazards and external human-induced hazards. As a starting point, SSG-3 recommends to use
hazard lists in related publications and from previous (PSA) previous studies. In addition, SSG-3 provides a generic
list of potential internal and external hazards (cf. [4], p. 155ff). Other IAEA publications on hazard analysis include
[19]1, [22], [23], [24], [26], and [27], which give additional guidance on the scope of hazard analysis. These generic
lists of hazards have to be assessed regarding applicability, relevance, and site-specific frequency of occurrence.
To this end, the hazards identification has to be complemented by site and plant specific analyses [4], p. 60.
The next step in the hazard identification process consists of the analysis of combinations of hazards. First, a
comprehensive list of applicable hazard combinations should be drawn up, taking into account potential
dependencies between hazards. SSG-3 specifically mentions the following causes for dependence between hazards
[4], p. 60f:

a) Common contributing factor leading to (external or internal) hazards occurring during a short time period

(especially for natural hazards, e.g. weather conditions leading to high winds and strong precipitation),
b) Hazard events (whether external or internal) that are induced/triggered by a prior hazard event (e.g.
tsunamis are often induced by strong earthquakes)

It should be noted that SSG-3 only discusses specific combinations of hazard events and does not specifically

mention human-induced hazards. Nonetheless, there might be dependencies between human-induced hazards and

1 On the definition of hazard scenario, see the glossary. It should be noted that it is consistent with the usage of the term
“scenario” in [57].
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specific external as well as internal hazards. Moreover, there might also be dependencies between hazard events
and internal events, the most obvious example being “loss of preferred power” and a number of hazard events.
Both for internal initiating events and for hazards and the combinations thereof, the next steps are conceptually
similar. First, the events have to be grouped into a number of classes. The criteria for the grouping [4], p. 30
include:

a) The transient response of the plant following the event,

b) The safety systems required for the containment of the event and the respective success criteria,

c) The availability and failure of safety and support systems including I&C,

d) The secondary effects and consequential failures of the event,

e) The response by plant operators.
Initiating events can be assigned to a group, if they exhibit the same properties with respect to the grouping
criteria?. The implications of plant operating states should be considered. For each group, a representative
scenario with enveloping boundary conditions and characteristics, i.e. conservative with regard to safety analysis,
has to be defined [4], p. 30. Simultaneously, the grouping should not be overly conservative, which limits the
different scenarios that can be assigned to one group. It should be noted that SSG-3 does not reference the
classification of event scenarios by levels of Defence in Depth for this grouping.
With respect to hazards, SSG-3 assumes that the grouping is an element of the screening process. Nonetheless, the
principles described for internal events should be transferred. Thereby, hazards should be grouped with regard to
the triggered initiating events (including the effects of the hazards scenario on the availability of safety and
support systems), if such grouping is needed to reduce the number of analysis cases. For some hazards or
combinations of hazards, the introduction of subdivisions® (amplitude / frequency) might be necessary [4], p. 63.
Again, a hazard scenario consisting of enveloping boundary conditions has to be defined for each hazard group or
subdivision [4], p.63. It should be noted that at this stage only (hazard) events and/or combinations thereof that

"4 are removed from further consideration.

are deemed “not applicable
For deterministic analysis purposes, it is usually sufficient to define suitable limiting cases, taking into account the
general applicability of the events and/or their combinations for anticipated operational occurrences, design basis
accidents, and beyond design basis accidents/design extension conditions [3], p. 6. To this end, the frequency of
occurrence of the relevant scenario has to be determined at least qualitatively, if the criteria in Table 5-1 are
applied.

For the purposes of PSA, a more elaborate screening process might be needed. Following SSG-3, if initiating

events/event groups are removed from further analysis, this has to be based on screening criteria, which ensure

scenarios potentially important to the risk of the plant are not excluded [4], p. 29.

% With regard to determining the frequency of occurrence, this procedure requires that all scenarios, which are combined into an
initiating event group, are contributing to its frequency.

* Subdivisions would typically be defined by ranges of hazard impact parameter(s), like e.g. peak ground acceleration between
0.1g and 0.5g.

# $SG-3 gives no clear definition of “not applicable” for this purpose. If it is physically impossible for an event to occur at a
plant/site, this is clearly fulfilled. In some cases, however, the likelihood of the phenomenon to significantly affect the plant is
merely judged to be very small (i.e. not reasonably possible). In this latter case, combinations with other (hazard) events would
need to be removed from further consideration separately (cf. [4], p.64).
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For hazard events, SSG-3 recommends the following systematic screening approach [4], p. 61f.

a) Dependent on the intensity of the hazard, no initiating event will be triggered,

b) The scenario develops slowly, there is sufficient time to control the event, adverse consequences are
very unlikely,

c) The hazard scenario can be subsumed into another hazard (group),

d) The hazard scenario has a significantly lower frequency of occurrence than other hazards, which lead to
similar or worse consequences; simultaneously, the uncertainty of the frequency estimation is not
significant for the risk assessment.

There are no statements as to how screened out initiating event and hazard scenarios, especially by items c) and
d), should be treated with regard to their potential contribution to PSA results and/or probabilistic safety targets.
A consistent approach would be to add their contribution to the enveloping event scenario frequency of
occurrence.

The screening should at least initially be based on maximum impact [4], p. 63 (i.e. intensity). If a hazard cannot
be screened out based on this maximum impact, sometimes a subdivision of the hazard into different
subcategories related to hazard intensity is needed [4], p. 63. SSG-3 explicitly mentions that the removal of a
hazard scenario® from further consideration does not imply that combinations with other hazards could be
summarily removed [4], p. 64.

While SSG-3 gives no quantitative recommendations on screening criteria thresholds, it emphasizes that screening
threshold criteria should be commensurate to the purpose of the PSA [4], p. 29, and the core damage frequency
(target) for the plant from hazards® [4], p. 62. Moreover, SSG-3 highlights that screening criteria should prevent
low frequency but high impact events to be screened out [4], p. 64. Finally, S5G-3 cautions that the screening
process might need to be revisited for specific applications [4], p. 30. SSG-4 on PSA level 2 explains that the PSA
level 2 requirements will influence and might change the definition of plant damage states and thereby the
accident sequence analysis [28], p. 18. This is underscored again with respect to PSA level 2 for hazards scenarios
[28], p. 22. Since the end states of the PSA (whether level 1 or level 2) constitute a boundary condition for the
screening process, it follows that PSA level 2 requirements might influence the initiating event selection process’.
In order to perform quantitative screening for a specific scenario, the respective frequency of occurrence needs to
be determined. For internal events (and hazards), the frequency determination should be based to the extent
feasible on operating data according to SSG-3 [4], p. 48 and p. 83. Moreover, expert judgement can be used, if
justified [4], p. 48. For external hazards, frequency determination is by necessity specific to the hazard scenario
and to the plant. SSG-3 gives some general guidance on the frequency estimation of hazard events [4], p. 98ff. In
particular, frequency estimations should take into account “recent available data, site specific information, and

as-built and as-operated plant conditions” [4], p. 98, and use state-of-the-art methodology. There are no specific

® If there are subcategories for the hazard event, this applies to them as well.

® $5G-3 does not make a similar same statement for internal events. However, the PSA results and/or target should be taken into
consideration for the whole screening process.

" While not discussed in SSG-4, the initiating event screening for an extended PSA could be done in light of PSA level 2 risk
metrics, which might be appropriate for high impact events.
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recommendations as to how to determine the frequency of occurrence for combinations of (hazard) events in SSG-
3.

Hazard specific guides of the IAEA ([19], [22], [23], [24], [25], [26], and [27]) give more detailed guidance on
suitable methods for hazard screening, the determination of hazard frequencies of occurrence, and e.g. the
derivation of intensity/frequency curves. Insights relevant for hazards identification and screening for the purpose
of PSA are briefly summarized in the following.

e NS-G-1.5 [22] discusses external events, except for earthquake hazard, with regard to the design of
nuclear power plants. From the deterministic side, the guide recommends to define design basis external
events (DBEE) and subsequently classify safety features by external events. While NS-G-1.5 states that
combinations with independent events should not be investigated “unless a combination of these events is
shown to have a sufficiently high probability of occurrence “ [22], p. 13, current practice would stress the
importance of actively looking for combinations with relevant probabilities. With regard to PSA, the guide
recommends that “[p]robabilistic evaluations should be carried out for the definition of suitable design
combinations between external events and internal accidents, addressing both their potential correlation
and their joint probability [22], p. 13. Moreover, NS-G-1.5 mentions the potential impact of (long term)
loss of Ultimate Heat Sink, (long term) loss off-site power supply, potentially adverse conditions to
performing corrective measures or providing back-up facilities, implication of the long duration of events,
and the simultaneous challenge to multiple levels of defence in depth.

For the selection of hazards (i.e. hazard scenarios), NS-G-1.5 [22] recommends determining credible
events based on deterministic as well as probabilistic methods, the latter being understood determining
hazard (frequency of occurrence) curves. The application of screening values should be consistent to
other screening values. NS-G-1.5 [22], p. 21, specifically emphasizes the relationship of frequency of
hazard screening thresholds to PSA risk metrics (e.g. core damage frequency) and implicit assumptions
about the reliability of safety measures. Moreover, the need for consistency to siting analyses is
underlined.

NS-G-1.5 [22], p. 23ff, gives guidance on the definition of a hazard scenario (for deterministic analyses)
and discusses how the boundary conditions for hazard scenarios should be chosen. The recommendations
to consider affected plant locations, affected safety functions (e.g. by consequential failures), and
related loads to SSC can be transferred for hazards scenarios for probabilistic analyses as well. For
specific hazards and the determination of their frequency of occurrence, NS-G-1.5 [22] mostly refers to
NS-G-3.1 [19] for human-induced events, NS-G-3.5 (superseded by SSG-18 [26]) for flooding, NS-G-3.5 for
meteorological events (superseded by SSG-18 [26]), and Provisional Safety Standards Series No. 1 for
volcanism (superseded by SSG-21 [27]). Specific aspects of each case see below.

e SSG-9 [25] treats seismic hazards for nuclear installation. Different seismic mechanism (ground motion,
fault displacement and related phenomena like liquefaction, subsidence, etc.) are mentioned. SSG-9 [25]
p. 7ff recommends as a starting point for seismic hazard determination a thorough investigation of the
site and its vicinity (regional and near regional) using geological, geotechnical, geophysical, hydrological
and other methods to get a good understanding of the site properties. Moreover, the paleoseismic record

of the site and its vicinity (earthquake catalogue) needs to be determined. The information should be put
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into a seismological database for the site [25], p. 12ff. Therewith, a regional seismotectonic model [25],
p. 15ff, should be developed, which encompasses all identified, relevant seismogenic structures and
allows for diffuse seismicity. Seismogenic structures need to be properly characterized with respect to
the model parameters (at least the applicable maximum magnitude and attenuation relationships),
together with estimations of related uncertainties. The scope and level of detail of the model depends on
available data and scientific understanding of the seismogenic properties of the site. For probabilistic
analyses, seismic hazard frequency curves have to be derived from the aforementioned model, usually
given by frequency of exceedance for the relevant magnitude of impact parameter. SSG-9 gives related
guidance for ground motion hazard curves, which are often based on peak ground acceleration and
characterized by frequency spectra for S- and P-waves, and the amplitudes and duration of the
earthquake shock.® At least for PSA purposes, alternative seismotectonic models should be included in
uncertainty assessments.
Thereafter, SSG-9 gives specific recommendation on probabilistic seismic hazard analysis [25], p. 26f.
With regard to identification of events, SGG-9 points out that frequency values for screening out seismic
impact scenarios can be very low (e.g. 10 per year) depending on the purpose of the PSA and the overall
CDF (or LRF) of the plant. Correspondingly, the validity of the database and related hazard frequency
models, which might be biased and come with large uncertainties, should be assessed. At a minimum,
seismic hazard frequency determination should include

o a seismotectonic model with all relevant sources, their boundaries and distances for the site,

including respective uncertainties,
o for each seismic source a characterization in terms of maximum magnitude, seism frequency,
magnitude-frequency relationship and related uncertainties,

o selection of appropriate attenuation relationships,

o consideration of the site response as appropriate, and

o integration over all sources and contributions.
The hazard frequency distributions need to be connected, like in design basis analysis [25], p. 32ff, to
appropriate response spectra, phase and coherence relationships as well as duration of seisms,
In addition, SSG-9 [25], p. 29ff, emphasizes the potential relevance of capable faults at or near the site in
light of the effects of (surface) fault displacements. On probabilistic fault displacement analysis, the
basic approach described above should be followed. For each relevant fault, the displacement vs.
frequency distribution should be determined.
SSG-18 [26] is dedicated to the groups of meteorological and hydrological hazards. They are discussed
together since they are often related. The guide specifically covers “those associated with wind, water,
snow, ice or hail, wind driven materials; extreme water levels (high and/or low) around or at the site;

dynamic effects of water (e.g. waves, tsunamis, flash flooding); extreme air temperature and humidity;

& Not explicitly mentioned in SSG-9 are other seismic phenomena directly affecting the site, like fault displacement, liquefaction,
subsidence, etc., for which similar frequency and/or conditional probability curves should be generated.
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extreme water temperature; and extreme groundwater levels” [26], p. 5. For these hazard groups,
important phenomena are presented, their potential impact on the hazard assessment is discussed.
With respect to probable maximum impact, SSG-18 specifically states that these terms are not defined
probabilistically, i.e. by reference to a frequency of exceedance [26], p. 9f. However, SSG-18 only gives a
working definition of maximum probable impact in case this is defined by existing physical limits on
variables of interest (possibly from site characteristics like topology) [26], p. 10. SSG-18 continues with
specific advice on the data gathering and data evaluation for meteorological and hydrological hazards.
Importantly, SSG-18 points out that measured data with extreme value statistics can only support
frequency of exceedance evaluations that is commensurate to the observation period; a factor of about 3
between the observation period and the inverse frequency’® is deemed appropriate. For extreme events,
measured data should be complemented by historical data, anecdotal reports, and paleogeological
information, as applicable. The latter is specifically recommended for hydrological hazard events like
flooding or tsunami.
SSG-18 recommends using deterministic, statistical and probabilistic hazard analysis approaches
complementarily to perform hazard assessments. For statistical approaches, extreme value statistics of
measured data in conjunctions with uncertainty and sensitivity analysis are recommended. With regard to
probabilistic hazard assessment, SGG-18 gives specific recommendations on the following fields.

o Still water elevation,

o Wind-generated waves,

o Earthquake-induced tsunamis (and some remarks on land-slide induced tsunamis),

o Peak river discharges (Flooding level)
Especially for statistical and probabilistic approaches, the time-series characteristic of data should be
taken into account, i.e. changes over time should be considered when deriving current and future hazard
frequencies. This pertains e.g. to the effects of climate change, but also to changes in topography, the
drainage basin, water networks, including man-made changes, and land-use [26], p. 90ff.
SSG-18 gives specific recommendations on design basis parameters for meteorological and hydrological
hazards, stating specific parameters of interest for these cases [26], p. 78ff. The correlation between
certain meteorological and hydrological events (e.g. precipitation and flooding) needs to be addressed.
The importance of analysing the (near-) simultaneous impact of correlated phenomena (hazards) is
underlined, but no specific methods are identified. Instead, “[c]Jombinations of events should be carefully
analysed with account taken of the stochastic and non-linear nature of the phenomena involved as well as
any regulatory requirements or guidance applicable for such cases.” [26], p. 80. SSG-18 specifically
cautions that the frequency of exceedance estimations should consider the duration of occurrence, the
degree of dependence, and also the potential combined impact on the plant, employing a considerable

amount of engineering judgement. For design basis parameters, either a maximum probable impact (see

% 5SG-18 used the term “return period”. Since one recommendation of the ASAM PSA_E project is to discourage the use of

“return period” when referring to non-periodic events, the term “inverse frequency” is used instead, while frequency is
understood to designate an “annual probability”.
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above) or a target annual frequency of exceedance needs to be established. For combination of hazard
events (or phenomena), a limiting annual frequency of exceedance needs to be established, which then
allows for the exclusion of combinations from further consideration in the design for the following
reasons.

o “The postulated combination does not produce a combined effect on some part of the plant.

o The annual frequency of exceedance for the combined event is equal to or less than the
established limit for the acceptable annual frequency of exceedance.

o The combination is not physically possible.” [26], p. 81

Subsequently, SSG-18 provides advice on specific combination, which should be considered. These include
wind wave activities for all flood events, similarly shoreline instability, jamming due to debris and
flotsam, and ice effects in case of flooding.

SSG-18 is restricted to the determination of the design envelope for hazard events and hazard events
combinations, i.e. specific hazard event scenarios. The connection to triggered internal initiating events
(PIE) is not elaborated on. Similarly, there is no specific advice on determining beyond design basis
hazard scenarios, which would be of interest for PSA Level 1 and Level 2 investigations. The assumption
would be that results of the hazard assessments for design basis events should be used also for beyond
design basis frequency of exceedance determination, with hazard scenarios determined based on plant
impact on capabilities of protective measures. Regarding the latter, SSG-18 gives some recommendations
[26], p. 83ff. Importantly, SSG-18 highlights monitoring and warning systems for meteorological and
hydrological hazards [26], p. 92ff, which have to be taken into account in bounding analyses for PSA.
SSG-21 [27] treats volcanic hazard assessment, especially in the context of siting, since potential volcanic
hazard impact is usually an exclusion criterion and sources of volcanic activity are usually well-known.
The guide elaborates a number of volcanic phenomena'®, which might affect a site (and plant), for which
recommendation on deterministic and probabilistic approaches for determining design basis limit
parameters are given [27], p. 38ff.

o Tephra fallout: Parameters like credible thickness for fallout deposits or grain size distribution,
dependent on sources, magnitude of eruptions, distance and meteorological conditions.
Simulation models might be required.

o Pyroclastic flows: Parameters like pyroclastic density current and runout distance. Simulation
models might be required. Exclusion criterion.

o Lava flows: Parameters like path of lava flow. Exclusion criterion.

o Debris avalanches and landslides: Parameters like flow path, velocity. Exclusion criterion.

o Debris flows, lahars, and floods: Parameters like flow path or discharge rate (models from SSG-18

are applicable), dependent on possible sources, topography, etc. Since these are exclusion

10 s pyroclastic flows, lava flows, debris impact and landslides, lahars, opening of vents, missiles, volcanogenic
tsunamis and flooding, ground deformation, and groundwater anomalies are exclusion criteria during siting [27], p.
8f, and as areas affected by such activities are rather well known, NPP should be located outside of the zone of
influence of such phenomena. They should, therefore, not be relevant for an extended PSA for an NPP.
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criteria in siting, in principle, because of high discharge rates, flow velocities, and short warning
times, only effects from far-away sources should be relevant to NPP.

o Opening of new vents: Parameter like distance, also in relation to other hazard volcanogenic
phenomena. Exclusion criterion.

o Missiles: Parameters like missile range vs. missile mass, dependent on sources (explosivity of
eruption). Exclusion criterion, but see tephra.

o Volcanic gases: Parameters like extreme gas concentrations. Since NPP should be located outside
the zone of influence of volcanic gases due to other exclusion criteria and other potential
impacts, this should not be relevant to NPP. However, note phenomena like massive emissions of
CO, from crater lakes like at Lake Nyos in 1986.

o Tsunamis and seiche: Parameters like tsunami run-up height (cf. also SSG-18 and SSG-9). The risk
of significant and long-distance volcanogenic tsunamis from slope collapse or underwater
eruptions has to be evaluated. This might require simulations.

o Atmospheric phenomena and explosions: For example parameters like lightning strike. NPP
should be located outside the zone of influence of such phenomena due to other exclusion
criteria.

o  Ground deformation: Parameters like ground displacement. Exclusion criterion (but cf. S5G-9).

o Volcanogenic earthquakes: Refer to SSG-9 [25].

o Hydrothermal systems and groundwater anomalies: Parameters like distance from phenomena.
Exclusion criterion.

The guide further recommends producing a comprehensive, site-specific volcanic hazards model, which
specifically considers combined effects of (correlated) volcanic phenomena, and combinations with non-
volcanic (hazard) events like seismic or meteorological events [27], p. 58f. The guide gives no specific
recommendation on the determination of beyond design basis events or related frequency of exceedance
values, which would be relevant for PSA Level 1 and Level 2. Furthermore, the connection to triggered
internal initiating events (PIE) is not elaborated on. However, only some volcanogenic hazards like tephra
fallout or volcanogenic tsunamis and potentially lahars may be relevant for extended PSA due to their
potential for long-distance effects.

With respect to screening limits, SSG-21 recommends using a screening limits for annual frequency of a
(specific) volcanic hazard event (considering the different phenomena of volcanic activity) of 107 per
year. This is consistent with the guide’s recommendation to classify areas as potentially active volcanic
zones if (relevant) volcanic activity has occurred within the last 10 Ma [27], p. 9f, p. 31ff.

Finally, SSG-21 highlights the importance of monitoring systems (if applicable) and inclusion of hazard
impact in emergency planning (if applicable) [27], p. 63ff.

e NS-G-1.7 [23] gives advice on design against internal fires and explosions. Relevant for this report are the
recommendations that all fire and explosion sources shall be systematically investigated. Fire events shall
be “postulated wherever fixed or combustible material is located”, with one fire at a time, for all
operating states [23], p. 4. Explosion event should be “identified for fire compartments, fire cells and

other locations”, considering “flammable gases and liquids and combustible materials” relevant for
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chemical explosions, physical explosions (e.g. due to high energy arching faults), and explosions induced
by fire exposure [23], p. 8. Secondary effects of fire [23], p. 14ff, p. 33ff and consequences of explosions
[23], p. 8, shall be considered, including the triggering of the one by the other [23], p. 9. The potential
impact of external fires as well as lightning impact is mentioned. In addition, the secondary effects of fire
extinguishing systems should be analysed as well [23], p. 14, p. 20ff. The effect of ventilation systems,
both on the spreading of fire and its secondary effects as well as for the spreading of explosion hazards
(e.g. flammable gases) needs to be taken into account. The guidance explicitly recommends looking into
fire (and explosion) events that happen simultaneously with other (internal) initiating and using
probabilistic arguments for the exclusion from further consideration in the design envelope. For PSA
analysis of fire events, IAEA Safety Reports Series No. 10 [84] is referenced. This, in turn, is basically
superseded by SSG-3 [4], especially regarding Fire PSA screening, but includes still valid recommendations
for internal fire PSA.

e NS-G-1.11 [24] discusses internal hazards not treated in NS-G-1.7 [23]. The guide recommends a
comprehensive identification and screening process for internal hazards, possibly making use from
probabilistic analyses [24] , p. 11. Moreover, the guide explicitly highlights the importance of secondary
effects and cascading effects from internal hazards, including e.g. secondary missiles, falling objects,
high energy parts failures, flooding, chemical reactions, fire, electrical damage, electromagnetic
interference [24] , p. 7ff, failure of structural elements [24], p. 25, effects of pipe whip and jets [24], p.
29ff. It should be noted that these effects can e.g. be triggered by external hazard impact as well, and
are thus relevant to plant impact assessment and bounding analysis. NS-G-1.11 specifically mentions that
probabilistic screening values are set be regulators and decision-makers based on what risk is deemed
acceptably small [24], p. 6.

e NS-G-3.1 [19] provides recommendations on external human-induced events. Regarding the investigation
of hazards, the guide recommends a comprehensive approach to gathering data on potential hazard
sources for potentially hazardous impacts due to “air pressure wave and wind, projectile impact, heat
(fire), smoke and dust, toxic and asphyxiant gases, chemical attack by corrosive or radioactive gases,
aerosols or liquids, shaking of the ground, flooding or lack of water, ground subsidence (or collapse)
and/or landslide, electromagnetic interference, eddy currents into the ground” [19], p. 7f. Moreover, NS-
G-3.1 explicitly mentions that different sources will often lead to a combination of impacts and possibly
multiple initiating events [19], p. 8ff. For screening, the guide recommends to use frequency screening
after the initial applicability screening. The screening probability level for deterministic studies should be
set by the regulator, but values of 107 /yr are mentioned for new NPP [19], p. 16f. For impact
assessment, this should be complemented by a screening distance value (SDV). If the plant is outside of
the SDV for the source, the maximum impact affecting the plant would not pose a challenge to plant
safety (i.e. trigger an event). If events cannot be screened out based on frequency screening or
(maximum) impact assessment, the guide recommends a more detailed assessment [19], p. 20f.
Furthermore, [19] provides specific recommendations on identification, screening and (deterministic)

assessment of aircraft crash, release of hazardous fluids, explosions, and events such as fires, ship
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collisions, or electromagnetic interference. With regard to probabilistic assessments, there are only some

specific recommendations on the determining of hazard frequencies.

At this stage, the initiating event selection process has determined the list of scenarios that should be
investigated, because they cannot be screened out. It can be noted that the overall approach is quite

comprehensive and in line with the stated goals for an extended PSA.

The next step in a PSA consists of (probabilistic) bounding analyses for the respective scenarios in order to decide
whether a more detailed probabilistic modelling is merited or not. SSG-3 mentions this explicitly for hazard events
[4], p. 98, but not for internal events''. In bounding analysis, the safety features of the plant are taken into
consideration in a simplified manner for the event scenario under investigation. Using the available information on
safety system availability ([4], p. 65ff & p. 91f) and engineering judgement, e.g. the conditional core damage
probability (or an upper limit) is estimated in a conservative way [4], p. 66 & p. 91f. Thus, an upper limit for the
contribution of the hazard scenario to the PSA results'? is arrived at. If the bounding analysis demonstrates that
contributions from the respective scenario are not significant with relation to other (similar) scenarios, a more
detailed probabilistic modelled is not required. Nonetheless, SSG-3 cautions that (at least) the cumulative
contribution from bounding analysis should be “retained in the final results of the Level 1 PSA”"® [4], p. 91.

The use of bounding analysis is seen as an important step for limiting the resources needed for a PSA.

5.1.1.3 Fault Sequence Analysis Method

In response to the Fukushima Dai-ichi accident, IAEA has developed the Fault Sequence Analysis Method . While
that method is not reflected in official guidelines of the agency, it nonetheless merits some further discussion. The
approach [66], [67] uses existing PSA models (event & fault trees for internal events, basic events, etc.) and
processes the minimum cut set list(s) determined for specific (internal) events. Then, the analyst has to assign to
each element in the list of PSA components (i.e. basic events, initiating events, and possible logical switches) and
for each hazard under consideration a threshold value, at which the component is assumed to be disabled or
malfunctioning. For initiating events, the respective event is triggered. Conceptually, these threshold values
should be taken from the design basis of the plant for the respective systems, structures and components.

In the following step [66], [67], the analyst can then vary the hazard impact for each hazard in the matrix. The
analysis tool will determine all components, for which at least one hazard impact exceeds the threshold values.

Related basic events will be set to unavailable in the cut set list. If all elements of at least one cut set in the list

1 Conservative (simplified) approaches to the modelling of the plant response have been used in PSA not only for initiating
events but in the development of accident sequences as well. If the likelihood of a failure sequence is very small, it might be
treated conservatively as e.g. “core damage” even if there would be further resources available to control the scenario.

12 55G-3 only mentions core damage frequency as risk metric. The screening should apply the risk metric(s) that have been
selected for the purpose of the PSA. For a PSA level 2, this could relate e.g. to a total release risk metric, for a PSA level 3, it
could relate e.g. to the long-term loss of land due to contamination.

13 While this statement in SSG-3 is only made with reference to external hazards, it is implied in the internal hazards section and
should be applied for internal events.
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are established as failed, then it will be assumed that the scenario could not be controlled by the safety systems.
By systematically varying the impact magnitudes for each considered hazard (in steps), it is possible to determine
so called “limiting extreme events” [66] (including combinations of hazard event impacts).

With respect to PSA, this method at least allows for some evaluation of plant behaviour in case of hazard impact
and particularly of multiple hazard impact. It could therefore be considered e.g. for support in hazard impact and
bounding assessments within an extended PSA. However, the method provides neither assistance on hazard
frequency determinations, nor on (quantitative descriptions of) correlations of hazards, nor on detailed hazard

impact and plant response modelling.

5.1.2 WESTERN EUROPEAN NUCLEAR REGULATORS ASSOCIATION (WENRA)

A principal aim of the Western European Nuclear Regulators’ Association (WENRA) is to develop a harmonized
approach to nuclear safety within the member countries. One of the major achievements was set of safety
reference levels (RLs) for operating nuclear power plants (NPPs). The RLs are agreed by the WENRA members.
They reflect expected practices to be implemented in the WENRA countries. For some of the issues highlighted by
the RLs specific guidance was also developed by WENRA.

Since then, the construction of new nuclear power plants has begun or is being envisaged in several European
countries, WENRA developed also safety objectives for new nuclear power plants.

In the following paragraphs are presented the specific PSA aspects include into:

Safety of new NPP designs

Safety reference levels for existing reactors

Existing guidance for safety reference levels

A. Safety of new NPP design

Report - Safety of new NPP designs, March 2013

The report presents WENRA safety expectations for the design of new NPPs. A Generic list of External Hazard is
also provided in this document.

Some important items related to the external hazards are:

The safety assessment for new reactors should demonstrate that threats from external hazards are either
removed or minimized as far as reasonably practicable. This may be done by showing that all relevant SSCs
required to cope with an external hazard are designed and adequately qualified to withstand the conditions
related to that external hazards.

External Hazards considered in the general design basis of the plant should not lead to a core melt accident.
Accident sequences with core melt resulting from external hazards which would lead to early or large releases
should be practically eliminated. For that reason, rare and severe external hazards, which may be additional to

the general design basis, unless screened out, need to be taken into ac-count in the overall safety analysis.
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For new reactors external hazards should be considered as an integral part of the design and the level of detail
and analysis provided should be proportionate to the contribution to the overall risk.
The first step in addressing the threats from external hazards is to identify those that are of relevance to the site
and facility under consideration. Any identified external hazard that could affect a facility should be treated as
an event that can give rise to possible initiating events.
The list of external hazards to be considered should be as complete as possible and include all of the hazards
mentioned in the relevant IAEA sources. These sources have been combined to produce a consistent and coherent
list which is included in the end of this section. This generic list is a starting point and it is expected that it
would be augmented by any site specific hazards not included. The overall demonstration should include
justification that the list (generic + site specific) is complete and relevant to the local site.
Screening is used to select the External Hazards that should be analysed. The screening process should take as a
starting point the complete list discussed in the previous section. Each external hazard on the list should be
considered and selected for analysis if:

a. It is physically capable of posing a threat to nuclear safety, and

b. the frequency of occurrence of the external hazard is higher than pre-set criteria.
The pre-set frequency criteria may differ depending on the nature of the analysis that is to be undertaken.
Typically for the general design basis, where the analysis will be done using traditional conservative methods,
assumptions and data, the criterion will be higher than the frequency criteria used for analyses of rare and
severe external hazards or PSA that could employ realistic, best estimate methods and data. Therefore the
screening process may lead to separate, but compatible lists of external hazards for the range of analyses to be
undertaken and there should be a clear and consistent rationale for the differences in the lists. In all cases the
pre-set frequency criteria used should be stated and justified taking into account the way the hazards are going
to be analysed in the safety demonstration. The degree of confidence of the estimated frequency of occurrence
should be stated and justified taking into account the related uncertainties according to the state of knowledge.
The screening process should explicitly consider correlated events and combinations of events.
The external hazards analysis includes the design of SSCs which are relevant to ensuring that the fundamental
safety functions are fulfilled, development of probabilistic models where necessary, and the consideration of

rare and severe external hazards.

B. References levels for existing reactors and associated guides

1. Report - Safety Reference Levels for Existing Reactors, September 2014

The document presents WENRA safety expectation related to the exiting reactors. The relevant issues for extended

PSA are the following:

Issue F: Design Extension of Existing Reactors

A set of DECs shall be derived and justified as representative, based on a combination of deterministic and

probabilistic assessments as well as engineering judgement.
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The selection process for DEC A shall start by considering those events and combinations of events, which cannot
be considered with a high degree of confidence to be extremely unlikely to occur and which may lead to severe
fuel damage in the core or in the spent fuel storage. It shall cover:

e Events occurring during the defined operational states of the plant;

e Events resulting from internal or external hazards;

e  Common cause failures.
Where applicable, all reactors and spent fuel storages on the site have to be taken into account. Events
potentially affecting all units on the site, potential interactions between units as well as interactions with other
sites in the vicinity shall be covered.
The DEC analysis shall reflect insights from PSA level 1 and 2.
The design extension conditions shall regularly, and when relevant as a result of operating experience and
significant new safety information, be reviewed, using both a deterministic and a probabilistic approach as well

as engineering judgement to determine whether the selection of design extension conditions is still appropriate.

Issue O: Probabilistic Safety Analysis (PSA)

For each plant design, a specific PSA shall be developed for level 1 and level 2, considering all relevant
operational states, covering fuel in the core and in the spent fuel storage and all relevant internal and external
initiating events. External hazards shall be included in the PSA for level 1 and level 2 as far as practicable, taking
into account the current state of science and technology. If not practicable, other justified methodologies shall
be used to evaluate the contribution of external hazards to the overall risk profile of the plant.
e  PSA shall be used to support safety management. The role of PSA in the decision making process shall be
defined.
e PSA shall be used to identify the need for modifications to the plant and its procedures, including for
severe accident management measures, in order to reduce the risk from the plant.
e PSA shall be used to assess the overall risk from the plant, to demonstrate that a balanced design has
been achieved, and to provide confidence that there are no "cliff-edge effects".
e PSA shall be used to assess the adequacy of plant modifications, changes to operational limits and
conditions and procedures and to assess the significance of operational occurrences.
e Insights from PSA shall be used as input to development and validation of the safety significant training
programmes of the licensee, including simulator training of control room operators.
e The results of PSA shall be used to ensure that the items are included in the verification and test

programmes if they contribute significantly to risk.

Issue S: Protection against Internal Fires

The fire hazard analysis shall be complemented by probabilistic fire analysis. In PSA level 1, the fires shall be

assessed in order to evaluate the fire protection arrangements and to identify risks caused by fires.

Issue T: Natural Hazards
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Natural hazards shall be considered an integral part of the safety demonstration of the plant (including spent
fuel storage). Threats from natural hazards shall be removed or minimised as far as reasonably practicable for all
operational plant states. The safety demonstration in relation to natural hazards shall include assessments of the
design basis and design extension conditions with the aim to identify needs and opportunities for improvement.
All natural hazards that might affect the site shall be identified, including any related hazards (e.g. earthquake
and tsunami). Justification shall be provided that the com-piled list of natural hazards is complete and relevant
to the site.
Natural hazards shall include:

e  Geological hazards;

e Seismotectonic hazards;

e  Meteorological hazards;

e  Hydrological hazards;

e Biological phenomena;

e Forest fire.

Natural hazards identified as potentially affecting the site can be screened out on the basis of being incapable of
posing a physical threat or being extremely unlikely with a high degree of confidence. Care shall be taken not to
exclude hazards which in combination with other hazards have the potential to pose a threat to the facility. The
screening process shall be based on conservative assumptions. The arguments in support of the screening process
shall be justified.

The exceedance frequencies of design basis events shall be low enough to ensure a high degree of protection with
respect to natural hazards. A common target value of frequency, not higher than 10# per annum, shall be used
for each design basis event. Where it is not possible to calculate these probabilities with an acceptable degree of
certainty, an event shall be chosen and justified to reach an equivalent level of safety. For the specific case of
seismic loading, as a minimum, a horizontal peak ground acceleration value of 0.1g (where ‘g’ is the acceleration
due to gravity) shall be applied, even if its exceedance frequency would be below the common target value.
Events that are more severe than the design basis events shall be identified as part of DEC analysis. Their
selection shall be justified. Further detailed analysis of an event will not be necessary, if it is shown that its

occurrence can be considered with a high degree of confidence to be extremely unlikely.

5.1.3 ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT/
NUCLEAR ENERGY AGENCY (OECD/NEA)

OECD/NEA working groups have not developed specific guidance report on screening criteria but they recognize
the importance of this topic. For example, during the 2014 workshop on external events [58], it was concluded the
following.

“Some methods and guides are available for seismic hazard determination, identification of external hazards,

screening of external events for detailed consequence analysis, including several lists of screening criteria.
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However, additional development is also needed in area of consensus standards and guides; for example IAEA
continues developing the methodological support for external hazards analysis.”
“Screening methods play a large role in external events PSA. Systematic approaches that search for and then

screen, as appropriate, potentially important combinations of external hazards are needed.”

5.1.4 ASME/ANS

The standard ASME/ANS RA-S [54], [56] has two screening criteria: one for the internal initiating events at power

and one external events at power. The standard includes the following screening criteria for initiating events and

groups to eliminate internal initiating events at power or groups from further evaluation [54]:

(a) the frequency of the event is less than 1E-7 per reactor year (/ry), and the event does not involve either an
ISLOCA, containment bypass, or reactor pressure vessel rupture

(b) the frequency of the event is less than 1E-6/ry, and core damage could not occur unless at least two trains of
mitigating systems are failed independent of the initiator, or

(c) the resulting reactor shutdown is not an immediate occurrence. That is, the event does not require the plant to
go to shutdown conditions until sufficient time has expired during which the initiating event conditions, with a
high degree of certainty (based on supporting calculations), are detected and corrected before normal plant
operation is curtailed (either administratively or automatically).

In case of the application of the criterion (a) or (b) the confirmation of the adequacy of the used value is

necessary.

The scope of external events covered by the standard includes both natural external events (e.g., earthquakes

high winds, and external flooding) and human-made external events (e.g., airplane crashes, explosions at nearby

industrial facilities, and impacts from nearby transportation activities).

The ASME/ANS RA-S standard [54], [56] requires that all potential external events (both natural hazards and man-

made events) that may affect the site shall be considered and shall be subjected to either screening, bounding

(demonstrably conservative) analysis, or detailed analysis. The list of external events that should be included as a

minimum is provided in the standard. Requirement for supplementing of the list with the site-specific and plant-

unique external events is given.

The preliminary screening is qualitative and is performed using a set of screening criteria [54]:

Criterion 1: The event is of equal or lesser damage potential than the events for which the plant has been

designed.
Criterion 2: The event has a significantly lower mean frequency of occurrence than another event and the event
could not result in worse consequences than the consequences from the other event.
Criterion 3: The event cannot occur close enough to the plant to affect it.
Criterion 4: The event is included in the definition of another event.

Criterion 5: The event is slow in developing allowing sufficient time for adequate response.
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A bounding (demonstrably conservative) analysis can be used for screening of events using three quantitative

screening criteria. The conservatism of the analysis is demonstrated by accounting for all uncertainties,

approximations, or simplifications that might invalidate the demonstration if not accounted for appropriately [54].

Criterion A: The current design-basis hazard event cannot cause a core damage accident.

Criterion B: The current design-basis hazard event has a mean frequency <10-5/ year, and the mean value of the
conditional core damage probability (CCDP) is assessed to be <10-1.

Criterion C: The core damage frequency, calculated using a bounding (demonstrably conservative) analysis, has a
mean frequency <10-6/year.

The Criterion C is based on the criteria for assessment of the design basis hazards given in the Standard Review

Plan (SRP) of the US NRC [55].

The standard [54], [56] requires performing a walkdown of the plant and its surroundings as a basis for the
screening out of an external event. The standard also requires for documenting the screening out of an external
event in a manner that facilitates applying the PSA and updating it and that enables peer review. If an external
event cannot be screened out using either the qualitative criteria or the quantitative criteria then it shall be

subjected to detailed analysis.

Considering the questions raised in Section 2 the following can be concluded:

a) How to identify and quantify dependencies and correlations between different hazard or event scenarios.
The AMSE/ANS RA-S standard is structured so that requirements for the analysis of the PSA results, including
identification of significant contributors, identification and characterization of sources of uncertainty, and
identification of assumptions are done on a hazard group basis. Each hazard group is treated separately. All
significant dependencies and correlations that affect the results should be considered in the model in the
integration-quantification of risk measures.

b) Which (quantitative) screening criteria should be applied, which risk metrics would be suitable.

Described in details above.

¢) What constitutes and how to identify a high impact/low probability event.

Standard is based on assessment of the consequences of the event, including low probability/high consequence
event. Standard recognizes that conservative estimate of a mean value is not a point estimate. When
uncertainties are large, as it is normally case for such events, the mean frequency can fall above the 95th
percentile of the distribution. Therefore, it is incumbent on the analyst to document the evidence that
justifies estimates of uncertainties, approximations, or simplifications leading to the estimate of the mean
event frequency or CDF.

d) What constitutes a maximum impact?

The postulated failure of the systems, structures and components is based on the evaluation of the plant
specific fragility or vulnerability information of the analysed element.

e) Need to utilize the levels of Defense in Depth (AOO, DBA, and DEC)?

There is no explicit requirement in the standard about utilization of the defense-in-depth philosophy in the

development of the PSA model.
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f) Which approaches to bounding analysis are suitable for an extended PSA and upon which criteria a detailed
probabilistic investigation and modelling can be omitted?

Described in details above.

5.2 COUNTRIES

5.2.1 BELGIUM

Screening criteria for internal and / or external hazards (for consideration in PSAs) have not been developed or
used up to now. Internal hazards PSA are being developed for internal fire and internal flooding, following WENRA
Reference Level 01.1 (and its transposition into art. 29.1 (objective and scope of PSA) of the Royal Decree of
30.11.2011 concerning safety regulations for nuclear installations). External hazards PSAs are currently not yet

envisaged for Belgian NPPs.

5.2.2 BULGARIA

In Bulgaria, the main regulatory requirements related to the identification of initiating events and hazards, as well
as directions to the PSA development are specified by the “Regulation on Ensuring the Safety of Nuclear Power
Plants”, Published SG, No.66 of 30 July 2004, amended SG No. 46 of 12 June 2007, amended SG No. 53 of 10 June
2008, and amended SG No. 5 of 19 January 2010 [68]. The regulation was developed on the basis of IAEA Safety
Standards and the WENRA reference levels for operating NPPs. The regulation contains detailed instruction related
to the determination of the design basis and safety evaluation, the characteristics of the site and the safety
requirements for the nuclear power plant and its systems.
The regulation requires that postulated internal initiating events shall be grouped into different categories
depending on their frequency of occurrence per calendar year. “Grouping shall be based on the following four
categories of plant states:

1. category 1 - steady and transient states during normal operation;

2. category 2 - anticipated operational occurrences, with frequency above 10-2 events per year;

3. category 3 - accidents of low frequency of occurrence, in the range between 10-2 and 10-4 events per

year;

4. category 4 - design basis accident of very low frequency of occurrence, in the range between 10-4 and

10-6 events per year.” [68], Art.12, paragraph 1, p. 3.
In addition, the regulation contains a typical list of postulated initiating events and the categories of plant states
that shall consider in the Safety Analysis. [68], Annex to Art.12, paragraph 12, p.36.
Also, NPP design shall analyse, as initiating events, possible human errors and possible combinations of internal
and external events based on realistic assumptions, Art.12, paragraph 3, from Regulation [68], p. 3. It is required
that NPP design shall take account of specific environmental conditions and loads to safety important SSC,

resulting from internal events and site specific external events and hazards.
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In accordance with Art. 21, paragraph 1 from the regulation [68], the PSA shall be carried out with the objective
to: demonstrate a balanced design where each postulated initiating event has a proportional impact upon the
overall plant risk and the safety is ensured mainly by the first two levels of defence in depth, and evaluate the
frequencies and the consequences of the external events specific to the site.
Furthermore, the regulation requires that the PSA shall be included [68], Art.21, paragraph 2, p.6:

1. all modes of operation, all postulated initiating events, including internal fire and flooding, severe

weather conditions and seismic events;

2. all possible important dependencies (functional dependencies, area dependencies and other

interactions and impacts, leading to common cause failures);

3. uncertainty analysis or sensitivity analysis of the results;

4. realistic modelling of plant response, taking into account operator actions in accordance with

operational and accident instructions;

5. human error analyses, taking into account the factors which can influence the performance of

operating personnel in all operational states and accident conditions.
Also, the safety guide “Probabilistic Safety Analysis of Nuclear Power Plants” [69] contains additional guidelines
for enforcement of the regulation and interpretation the requirements established by the regulation. This guide
has a recommendatory nature. In respect to the identification of initiating events, the guide defines in the section
2.53, p.13 that the exhaustive list of potential internal events is defined by the active participation of the staff of
the plant. In order to ensure (as much as possible) greater completeness of the list of potential initiating events,
the following methods are used: system analysis; use of analytical methods - “Master Logic Diagram”, Failure
Modes and Effects Analysis (FMEA), or other relevant analytical methods; evaluation of the operational experience;
evaluation of internationally recognized and available lists of initiating events for similar types of plant.
Furthermore, the guide gives additional guidelines for grouping and screening of Initiating events [69]. During the
grouping, the developer shall ensure that [section 2.59, p. 14]: all initiating events belonging to the same group
have similar direct consequences and mitigation requirements in terms of plant response and success criteria for
prevention of core or fuel damage; those initiating events that have the potential for a large radionuclide release
(e.g., steam generator tube rupture, catastrophic rupture of the reactor pressure vessel and etc.) shall be
modelled independently in separate groups; the mitigation requirements for each individual event in the group are
less restrictive than the requirements defined for the group.
Regarding to the screening of internal hazards, the guide states that, the events (such as internal explosions;
release of toxic gas and other events presented in the section 2.95, p. 18 from the guide) do not need to be
included in the PSA model, when one of the following conditions is met [69]: shall be demonstrated with
qualitative arguments that the hazard has a negligible contribution to the CDF/FDF (for example, if the impact on
the plant does not lead to a demand of safety systems or the effects are already covered by events that have a
significantly higher frequency of occurrence); a quantitative evaluation demonstrates that the contribution to the

CDF/FDF is less than 10 per year.
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5.2.3 CANADA

CNSC Regulatory Standard Probabilistic Safety Assessment (PSA) for Nuclear Power Plants [44] requires
consideration of all internal and external hazards in the PSA. The set of events to be considered in safety analysis
is identified using a systematic process and by taking into account [44]:

o reviews of the plant design using methods as Hazard and Operability Analysis, Failure Mode and

Effects Analysis, and Master Logic Diagrams

o lists of events developed for safety analysis of other NPPs, as applicable

o analysis of operating experience data for similar plants

o any events prescribed for inclusion in safety analysis by regulatory requirements

o equipment failures, human errors and common-cause events identified iteratively with PSA
All permissible plant operating modes should be analysed. Modes that occur transiently can be addressed without a
specific analysis, as long as it can be shown that the existing safety analyses bound the behaviour and

consequences of those states.

Postulated initiating events include credible failures or malfunctions of SSCs, as well as operator errors, common-
cause internal hazards, and external hazards.
The set of external PIEs to be considered should include, where appropriate [50]:

e fires, floods, earthquakes, volcanism,

e extreme winds and other extreme weather conditions,

e biological phenomena,

e human-induced events,

e toxic and asphyxiant gases and corrosive gases and liquids,

e electromagnetic interference,

e damage to water intakes,

e explosions at nearby industrial plants and parts of transport networks.

Human-induced external events, that are considered, include [51]:

o aircraft or missile impacts,

o explosions (deflagrations and detonations) at nearby industrial facilities or transportation systems,

o release of toxic or corrosive chemicals (gases and liquids) from nearby industrial facilities or
transportation systems,

o electromagnetic interference,

o fire generated from offsite sources (mainly for its potential for generating smoke and toxic gases),

o collision of ships or floating debris with accessible safety-related structures, such as water intakes and
UHS components collision of vehicles at the site with SSCs,

o any combination of the above, as a result of a common initiating event (such as an explosion with fire and

release of hazardous gases and smoke).
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Malevolent acts including aircraft crashes are considered separately. Human induced hazards which are classified
as DBA are taken into account as loads in the abnormal/extreme environmental load category. Less frequent

human induced hazards are considered part of DEC.

Selection
Each external natural and human-induced event is identified and assessed with the following considerations [53]:

e The potential direct and indirect effects of the event on the structures, systems, and components (SSC),
including those that could affect the safe operation of the NPP in both normal and abnormal operating
states.

e The potential combined effects of external and human-induced events with normal and accidental
releases that would exceed environmental limits or cause a significant adverse effect to occur; and

e Effects that would influence the ability to successfully implement emergency plans.

Natural external hazards are evaluated and screened out based on the following criteria [51]:
= a phenomenon which occurs slowly or with adequate warning with respect to the time required to take
appropriate protective action,
= a phenomenon which in itself has no significant impact on the operation of a NPP and its design basis,
= an individual phenomenon which has an extremely low probability of occurrence,
= the NPP is located at a sufficient distance from or above the postulated phenomenon,
= a phenomenon that is already included or enveloped by design in another phenomenon (for example,
storm-surge and seiche can be included in flooding).
In defining the scope of events to be analysed, the deterministic safety analysis should select the same cut-off

frequency as that used in the probabilistic analysis for the same facility.

Classification of events

The identified events could be grouped into categories based on similarity of the initiating failures, key
phenomena, or system and operator responses. Examples of event categories include decrease of the reactor
coolant inventory, reactivity and power anomalies, and increase/decrease of heat removal

The purpose of event classification is to [50]:

e justify the basis for the range of events under consideration,

e reduce the number of initiating events requiring detailed analysis to a set that includes the most
bounding cases in each of the various event groups credited in the safety analyses, but that excludes
events with identical system performance (relating, for example, to their timing, the plant systems
response, or radiological release fractions),

¢ allow the application of different acceptance criteria to differing event classes, with a justification of the

basis for each of the event classifications included in the description provided in this section.
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Events are classified because each plant state has different safety analysis requirements and acceptance criteria,
requirements that reflect the level of protection in accordance with the principle of defence in depth, as follows
[49]:

. anticipated operational occurrences (AOO) -frequencies of occurrence equal to or greater than 102 per
reactor year - events reasonably expected to occur during the lifetime of a plant, and having the
potential to challenge the safety

- design basis accidents (DBA) -frequencies of occurrence equal to or greater than 10 per reactor year,
but less than 102 per reactor year - events considered in the design of the nuclear power plant and not
expected to occur during the lifetime of a plant; however, certain groups of events with lower frequency
may also be included in the plant design basis

« beyond design basis accidents (BDBA) -frequencies of occurrence less than 10 per reactor year - events
with low probabilities of expected occurrence, which may be more severe than DBA (involve multiple
failures and/or operator errors)

An event with a predicted frequency that is on the threshold between two classes of events, or which has a
substantial uncertainty in the predicted event frequency, is classified into the higher frequency class.

In order to establish an understanding of margins of safety or of the robustness of the design, the regulatory
authority may request that certain events be analysed as design basis accidents or as representative severe
accidents. Past practices and experience may indicate that certain scenarios are more critical and should be

analysed as DBA.

Event combinations

Where the results of engineering judgment, deterministic and probabilistic safety assessments indicate that a
combinations of events (which may occur either simultaneously or sequentially) could lead to AOO or to accident
conditions, such combinations of events should be considered to be DBA or should be included as part of DEC,

depending on their likelihood of occurrence.

Licensees must consider combinations of events, including consequential and correlated events. Examples of
consequential events include external events (such as a cooling water intake blockage caused by severe weather)
and internal events (such as a fire caused by an earthquake); examples of correlated events include heavy rainfall

concurrent with a storm surge or high winds caused by a hurricane.

For a site with multiple units, the potential for specific hazards simultaneously impacting several units on the site
should be considered [51].

In response to the Fukushima accident, the CNSC directed Canadian NPP licensees to review the lessons learned
and to re-examine the safety cases of NPPs for ensuring that sufficient defence-in-depth margins are available,

with a focus also on external hazards such as seismic, flooding, fire and extreme weather events.
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5.2.4 CZECH REPUBLIC

In 2008, performance of new comprehensive external risk analyses for Czech NPP Dukovany was initiated at UJV
Rez. Some of the analyses are still on-going. Guidelines, methodologies and other publications released by IAEA,
NRC, WENRA and EPRI have been used as the main sources of information, see ref. [2], [26], [27], [58] - [65] .
National requirements related to external events risk assessment (incl. combinations of external events) arise from

the safety instruction BN-JB-1.7 (Application of PSA methodology in the regulatory process) [66].

A. For selection and risk evaluation of external events the following principles have been applied:

1. Principle of external events categorization

The principle requires splitting the plant states into two categories: 1) DBA (Design Basis Accidents) external
events and 2) DEC (Design Extension Conditions) external events, as shown in the picture below.

plant states (considered in design)

v

-
-«

Operational states Accident conditions

Design extension

conditions
Anticipated . .
. . Design basis
Normal operation operational i )
accidents Without
occuITences T

significant With core
tuel melting
degradation

For purposes of the safety reports, it is necessary to evaluate the resistance of a NPP against the consequences of
every single external event in the DBA (Design Basis Accidents) category with annual frequency of occurrence
equal to or higher than 1 x 10" event per vear.

Estimation of overall risk resulting from external events requires also to take into account response of the NPP
corresponding to DEC category (RISK = Risk DBA + Risk DEC). The annual frequency of onset of external events for
DEC (Design Extension Conditions) category should lie between 1 x 10* - 1 x 10”7 event per year (if unit response
fails) or 1 x 10 - 1 x 10°® event per year (if unit response is limited). Control risk indicators - CDF, LERF and “Cliff

Edge Effects“ (CCDP) - have been used for selection of external events in PSA model.

The principle of categorization also includes preparation of a structured list of external events containing the
following parameters: 1. Areas of event occurrence, 2. Category of event and 3. Type of event. For example,
external events belonging to the same Category of event can be used for estimation of the annual frequency of
occurrence and to determine the resistance of structures and systems against the effects of external events.

2. Principle of practical elimination
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Principle of practical elimination allows excluding the external events with negligible contribution to the risk of

the NPP.

The contribution rate depends on the age of technology and the basic level of unit risk (CDF). At UJV Rez, the
negligible contribution to unit risk was defined as proportion - 1% of the total annual unit risk (CDF, LERF).

External events with not well-defined scope or parameters were also discarded. Typical examples of discarded

external events are events in the research stage, events with large uncertainties in frequency of occurrence or
with uncertainty in intensity of the hazard (e.g. sun storm).

B. External events identification and screening

The main steps of identification and screening external events are:

a) Full list of all external events (used sources: EPRI, WENRA, IAEA)

b) Qualitative screening (questions of applicability, possibility, speed)

c) Quantitative screening (1. frequency of external event, 2. hazard parameters, 3. risk measures)

Acc. a) The full list of all external events was compiled as a sum of all external events specified in the following

documents:

1) EPRI 1022997 Identification of External Hazards for Analysis in Probabilistic Risk Assessment.

2) WENRA Guidance Document Issue T: Natural Hazards Head Document, Guideline for the WENRA-
RHWG Safety Reference Levels for Natural hazards introduced as lesson learned from TEPCO
Fukushima Daiichi accident.

3) IAEA NS-G3.3 Evaluation of Seismic Hazards for Nuclear Power Plants.
4) IAEA NS-R-3 Site Evaluation for Nuclear Installations.

5) IAEA DS433 Safety Aspects in Siting for Nuclear Installations

6) IAEA SSG-25 Periodic Safety Review for Nuclear Power Plants

Note: The full list includes 70 external events (Dukovany NPP).

Acc. b) The following information and criteria were used for qualitative screening (questions of applicability,

possibility, speed):

Data

Area of interest / desired data

Area of interest (criterion)

a) | Geographical data

Site vicinity (0 -5 km), Near region (5 - 25 km) /
Geographical location of the unit, a unit altitude,
position of rivers, position of industrial operations,
position of military operations, position of airports,
position of transport routes etc.

0-25km

b) | Geological data

Site vicinity (0 -5 km), Region (25 - 300 km) /
Position of local geological faults, geological data
from the area of NPP, geological data from the
region of NPP etc.

0 - 300 km

c) | Meteorological data

Site vicinity (0 -5 km), Near region (5 - 25 km) /
Statistics data related to rainfall, temperature, wind

0-25km
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Data Area of interest / desired data Area of interest (criterion)

speed etc.

d) | Biological data Site vicinity (0 -5 km) / 0-5km
Occurrence of fauna and flora, with possible impact
on the NPP.

d) | Transport data Site area (location of unit), Site vicinity (0 - 5 km), | 0 - 10 km (6 mil)
Near region (5 - 25 km) /
Frequency and location of air corridors, the
frequency and size of transports inside and outside
site area etc.

e) | Data from balance and | Site vicinity (0 -5 km) / 0-5km

logistical analyzes

Balance of water inventories, possibility for external
power sources restoration etc.

Note: Based on the qualitative screening, 33 external events were excluded from the full list of 70 external events
for Dukovany NPP.

Acc. c1) Frequency of occurrence of external events at the NPP area was assessed by considering the following
information:

l Data

Required data

Area of interest (criterion)

Meteorological events

a) | Meteorological data Knowledge of meteorological data for at least 50 0 - 25 km
years (data related to the analyzed hazard).
b) | DB parameters Project values resistance of structures, systems and 0-5km

components (design basis parameter).

Seismic events

a) Seismic hazard analysis | Seismic hazard curves for Site vicinity (0 -5 km) NPP. 300 km (geological data from
the region)
b) | Maximum seismic event | The maximum possible intensity of seismic events (g
or m/s?) in the area and site vicinity of unit.
c) The values of design Values SL1 (g or m/s” for F = 107 events per year)
seismic event and SL2 (g or m/s? for F = 10™ events per year).
d) | DEC (Design Extension Value of SSE (Safe Shutdown Earthquake) for unit as
Conditions) for seismic results of resistance of unit.
event.
e) | Spectral analysis data Data on acceleration hazard curves
Dangerous transports
a) | Data on transports Type of transported hazardous substances. 10 km
Type of transported hazardous substances.
Length of transport with a range of possible leakage
into the area of unit.
b) | Aerial transportation Number of airports around the NPP and 35 km (DOE)

position/orientation of the runways.
Number of aircraft categories.

10 km + SDV (IAEA)
SDV - Screening distance

Number of flights in each category. value
Air corridors in the vicinity of the NPP.
Size of the effective area in relation to the NPP.
Accident of industrial plants
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Data Required data Area of interest (criterion)
a) | Data on industrial The type and quantity of stored hazardous 10 km
plants substances. The accident scenarios.

The Gumbel distribution (50-SG-S11A [60]) has been used for statistical evaluation of frequency of occurrence of
high impact / low probability events. Only 3 external events were excluded by frequency from the original list of
70 external events during the quantitative screening phase.

The overall screening process resulted in a final list of 19 external events determined for further detailed analysis
as a part of PSA for Dukovany NPP.

Acc. c2) Assessment of the hazard parameters of the external events was based on the following criteria:
1. Any hazard is a feature of process or phenomenon, as a result of formation of an external event.
2. Any external event may be associated with multiple hazards. For example, a flood wave (external event)
may be associated with the following hazards: a) kinetic energy of wave, b) corrosive environments c)

electrically conductive environment

3. Maximum value of a hazard parameter is defined as a resistance value for a component defined by design
(DB parameters).

4. Influence of external event on the risk of the unit can be ignored if value of hazard parameter < value of
DB parameter for each safety relevant component.

Note : 15 external events were excluded on the basis of “hazard parameters” criteria from the original list of 70
external events during the quantitative screening phase.

Acc. c3) Evaluation of risk measures of the unit was based on the following activities

Area of activity Activity

a) | PSA model Analysis of initiating events caused by a particular hazard was performed.
PSA model allows calculating the total risk of a nuclear unit from all
considered emergency scenarios.

b) | Fie of external events Frequency of initiating event was estimated

c) | Fragility curves Development of Fragility Curves is necessary for calculating the probability
of failure of structures, systems and components depending on the
parameter value of hazard.

The risk from external events is insignificant, if true, all three of the following conditions:
1. CDF (all IU from external event) < 1% CDF (Total CDF for unit)
2. LERF (all IU from external event) < 1% LERF (Total LERF for unit)
3. Accident scenarios from external events are not the type of ,,Cliff edge efekt*“ (CCDP)

One of the most important parts of external event analysis has been evaluation of SSC (Structures, Systems, and
Components) fragility in consequence of external events. The Evaluation of SSC fragility has been carried out in a
deterministic way, i.e. only two possibilities of external event impacts has been taken into account - 1) SSC
undamaged (0) or 2) SSC damaged (1). The reason for adopting such approach may be lack of information related
to the impact of external events on SSC and/or insufficient methodological support.
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The approach described above was taken for analysis of all external events except seismic analysis. The seismic
analysis has been carried out according to PSA methodology using a probabilistic approach, i.e. fragility curves
have been used for the evaluation of SSC fragility.

C. Combination of external events
The main steps of combination of external events are as follows:
a) Formation of a matrix for all combinations of external events
b) Analysis of combination type for each combination of external events
c) Analysis of the dominant hazard for each combination of external events
d) Risk calculation

e) Selection of dominant combinations of external events

A matrix created for Dukovany NPP contains 70 x 70 external events. Each combination of external events can be
associated with one of the following types:

1. Coincidental Hazards Hazards occurred simultaneously without a common mechanism. For
example, an earthquake shortly after an aircraft crash or vice versa.
Mathematically, these events are taken as independent events.

2. Consequential Hazards Hazards with a causal relationship. These combinations are possible only if
the first condition has been fulfilled - therefore, the order of hazard is
important.

3. Correlated Hazards Hazards originated from the same parent event. For example, rail accident

BLEVE and rail accident cold toxic gases occurred as a result of the same
parent event - rail derailment. In general, one event is not causally related
to any other.

4 Not Applicable Hazards These are absurd or illogical combinations. For example, the simultaneous
occurrence of the event type "high temperature” x "low temperature”

Effect of all hazards caused by external events combination on the unit has been considered. Dominant or faster
hazard defines the type of IE. Correlation between currently operating hazards (lack of methodologies and
information) has not been considered.

In total, 12 dominant combinations of external events with high risk potential have been selected for further
analysis. Risk assessment of these combinations has not been performed yet.

5.2.5 FINLAND

Inputs from Finland are welcome during the external review process of the report.
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5.2.6 FRANCE

5.2.6.1 Context

In general, in France, for operating reactors and new reactors, Level 1 and 2 PSA including all pertinent internal
events, internal and external hazards should now be available for each NPP, taking into account the state-of-the
art and the availability of data. If for some hazards, the state-of-the-art or the data are not available, other

methods should be employed in order to assess their contribution to the installation risk.

These PSAs should cover:
e All the plant operational states (full power, shutdown...),
e The events affecting simultaneously the reactor and the spent fuel pool,

e The events affecting more than one site installation (or the whole site), including the long lasting events.

Internal and external hazards PSAs are currently being developed by EDF to support the coming periodic safety
review. To help in reviewing tasks, IRSN develops also some studies in parallel with a more limited scope. The

quality of these hazards PSAs shall progress during the coming years.

The procedure of selection of initiating events for PSA follows specific approaches for:
e Internal events,
e Internal hazards,

e External hazards.

Internal events
The section of internal events to be considered in PSA is performed following the French Basic PSA Safety Rule
(Safety Rule 2002-01, 26 December 2002) which indicates:
The list of initiating events studied is as complete as possible. The best approach, in order to tend towards
completeness, is to use all the available information sources:

e the safety analysis report, on the basis of the operating conditions,

e French and foreign reactor operating experience,

e international practices,

e improved knowledge and special studies,

e previous PSAs.
To make the list as complete as possible, the use of deductive methods is recommended in order to determine
the elementary failures or combinations of elementary failures which would contribute to the loss of each safety
function concerned.
Initiating events are identified for all the reactor states to be examined in the PSA.
The Safety Rule is applicable only for the reactor. However, by extension, similar initiating events selection

procedure is applied also for the spent fuel pool.

Internal hazards

Report IRSN/PSN-RES-SAG 16-101 Technical report ASAMPSA_E/ WP 30/ D30.3 2016-13-- 48/124




ASAMpPA E D30.3 Selecting Initiating Events for an Extended PSA

— EURATOM

No specific procedure is in place for the screening-out of internal hazards to be considered in PSA. Beginning with
the third period safety review of 1300 MWe plants, the list of internal hazards which are considered as causes of
initiating events was progressively enlarged for all French NPP types and today include a large spectrum of internal
hazards:

e Internal fire,

e Internal flooding,

e Internal explosion,

e Heavy load drop.

These internal hazards are studied for the reactor and for the spent fuel pool.

External hazards

Regarding the external hazards, a systematic procedure for the identification of the hazards which may affect the
site should be applied, and PSA should be developed if relevant. The combinations of hazards (internal or external)
as well as the induced internal hazards should also be considered.

Some man-made external hazards (accidental aircraft crash, industrial and transportation accidents) were already
studied by EDF with probabilistic methods. Several seismic PSA were developed or are under development by EDF.
The loss of heat sink and of external grid, induced by external hazard, are also treated, in a limited manner, in the

internal events PSA developed by EDF for all NPP types.

EDF has recently proposed a systematic procedure, to be applied to all the French NPP sites, for the selection of
the external (natural and made-made) hazards to be considered in the PSAs. This approach has been reviewed in
2015 by IRSN which highlighted the importance of correlated hazards and low frequency situations but major
consequences.

The principles of the approach are accepted by the safety Authority with reserves which have been taken into

account by EDF.

The industrial application of the method to all French sites is now ongoing.

5.2.6.2 French methodology for the selection of the external (natural and made-

made) hazards to be considered in the PSAs
The methodology which is applied by EDF for the French NPPs includes three steps which are described he

reafter (IRSN applied a very similar method which is not presented in the report).

Step 1 - Elaboration of a list of potential external hazards

The external hazards to be considered are the natural and man-made events whose origin is located outside the
site and that can potentially have a negative impact on the safety of the unit and lead to radiological
consequences.

This list used by EDF was created after analysis of international practices. It is similar to the list proposed by EPRI
and discussed in the frame of ASAMPSA_E ; there is few differences justified by adaptations to the natural

environment of the French plants and the regulatory context in France.
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Climatic change does not represent a hazard and has not been included in the list of potential hazards per se. But
this phenomenon should be taken into account when analyzing the minima and maxima of the intensity of some

hazards, during the screening and quantification phases.

Step 2 - Exclusion criteria

The list of criteria for screening out the hazards considered individually and for the relevant combinations, is given
in the following table:

Table 2. exclusion criteria

Criterion Description

C1: The hazard cannot occur on the site or sufficiently close to have an impact.

Applicability

C2: The hazard is included in the definition of other hazards analysed for the site.

Inclusion

C3: The hazard can only generate potential damage lower than or equal to that caused by similar
Severity event(s) for which the plant was sized (designed and/or checked).

C4: The hazard doesn’t generate any PSA initiating event.

Initiating

event or

The hazard can only generate initiating event(s) already modelled in the L1 internal events PSA
model. It is necessary to either verify that the model takes account of the hazard or demonstrate
that hazard’s frequency is residual in comparison with the frequency of the generated internal

events.
C5: The hazard has sufficiently slow kinetics to demonstrate that there is sufficient time to either
L. eliminate the effects or to implement a suitable response.
Kinetics
Cé: The hazard has a frequency of occurrence lower than an indicative target in order of a few
Frequency 107 /year/reactor.
C7: The risk contribution of the hazard is lower than indicative targets of a few 107 /year/reactor for

Contribution | fuel meltdown, or of a few 10°®/year/reactor for large releases.

In addition, in case of application of criteria C6 or C7, EDF will check that there is no cliff-edge effect on large
releases.
In so far, as evaluating the relevance of a hazard with respect to its frequency of occurrence and evaluating the
relevance of a hazard with respect to its contribution to risk do not require the same level of analysis, these two
aspects are clearly separated to:

e Eliminate hazards on a residual frequency criterion,

e Eliminate hazards on their very low contribution to the risk of fuel meltdown or large releases depending

on the impact of the hazard.

If at least one of the criteria C1 to C7 is verified, the hazard can be excluded.

There is no mandatory order for the analysis of Ci.

Step 3 - Implementation of the methodology
A - Analysis of hazards considered individually
The analysis is performed for a given site and for each of the hazards in the list of potential hazards. The objective

is to verify whether at least one of the criteria C1 to C7 applies and thus justify excluding the hazard from the list
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of candidate hazards for the preparation of a more advanced probabilistic risk assessment. There is no mandatory

order for the analysis of Ci.

In support of the general approach for the analysis of every hazard of potential external hazards, the following

prototype form (EDF practice) can be filled:

Description of the phenomenon

Potential impacts on the installation

Structures | Ventilations | Cooling Electrical sources Instrumentation and | Other

control / automation

Generic Experience Feedback data relating to the phenomenon
Site-specific Experience Feedback data relating to the phenomenon
Definition of the hazard

Dispositions for protection of the facility with respect to the hazard

Analysis
Conclusion
C1: C2: C3: C4: C5: Cé: C7:
Applicability Inclusion Severity Initiating Kinetics Frequency Contribution
event
References

Figure 1. EDF Analysis sheet for a single hazard

The main objectives are:

1. Identification of potential impacts on the installation; six families of impacts are

. Impacts on structures,

. Impacts on HVAC which are support systems
. Impacts on cooling ( via ultimate heat sink)
. Impacts on power sources

. Impact on I&C

. Others

2. Identification of dispositions for protection of the facility against the considered hazard
Margins evaluation (compared with the requirements of the design)

4. Analysis of margins adequacy
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5. Filling out the various sections of this sheet allows to review the selection criteria while documenting the
analysis. If at least one criterion Ci is verified, the hazard can be excluded from the list of candidate
hazards for the preparation of a more advanced probabilistic risk assessment. And, in the frame of

screening method application, the analysis can be limited to this criterion

B- Analysis of combined hazards

The analysis of combinations is important for safety reasons. For example, a site may be designed for just a river
flood or just a lapping but the combination of the 2 might result in flooding. EDF also seek to study combinations
leading to a loss of cooling water or external electrical supplies.

To avoid making the combinations complex, EDF initially consider representative combinations of two hazards.
Eventually, EDF can look at potential combinations of 3 hazards or more by combining the combinations chosen
with the single hazards chosen at the end of the preceding selection phase. Their analysis can then only consist of

occurrence frequency and/or risk contribution analysis.

The analysis of combinations of two threats is then performed in two steps:
1 - The identification of combinations of two hazards to be analysed;

2 - The application of the selection criteria.

Identification of combinations of two hazards to be analysed

The idea here is to create a grid of possible combinations.
To facilitate creating this grid and the analysis of the combinations, a table is created in advance. It describes, per
individual hazard, the key elements to be used for this analysis:

e Seasonality (for possible elimination before creating the combination grid),

e Impacts (for choice of the combination elimination criteria to be used),

e Elimination criteria for the individual hazard (for choice of combination elimination criteria to be used).

EDF then makes up the grid so as to not have to handle combinations that cannot occur. To this end:

e  EDF use the list of individual hazards from which it has removed the hazards eliminated for the site by
individual selection criteria C1 and C2. Thus, the selection criteria for hazard combinations C1 and C2 are
implicitly applied while preparing the combination grid,

e EDF then eliminates the combinations that are mutually impossible taking into account:

o their nature (for example: extreme cold and extreme heat),
o the associated environmental conditions (for example: extreme cold and accumulating snow),
o and their seasonality (for example: lightning mainly occurs in the spring and extreme cold in the

winter).

EDF can, under certain conditions, also eliminate combinations involving an individual hazard withdrawn by
criterion C6 “Frequency”. Actually, if this hazard has a frequency less that a given threshold, the combination will
also have a frequency less than the same threshold. EDF must however ensure that a combination involving this
hazard with a lower intensity - and therefore a higher frequency - cannot lead to a dangerous situation.

Each combination thus identified will then be analysed by application of criteria C3 to C7.
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Application of criteria

The application of selection criteria is practically the same as for individual hazards.
However, two special features should be noted.
The first concerns study of the severity of the combination. EDF wish to differentiate between combinations of
hazards having, individually, the same type of impact on the installation and combinations of hazards that do not
individually affect the same systems or parts of the installation.
The “Severity” criterion for hazards that individually have the same impact is therefore applied as follows:
1. The combination can only generate potential damage less than or equal to that caused by one or more
similar events for which the plant was designed or checked.
2. The combination of the effects of these hazards is not greater than the most severe effect of the hazards
that it consists of.

The second special feature concerns the evaluation of the frequency of the combination of hazards. This

evaluation must take into account any possible dependence that may exist between the two phenomena.

Conclusions on the methodology

The methodology presented above is intended to allow screening of individual hazards and combinations of hazards
to identify those which are candidates for a more advanced probabilistic risk assessment. It helps to focus on most
risk significant hazards. In the perspective of optimised resources allocation for safety studies, the far less risk
significant hazards are excluded from more advanced probabilistic risk assessment.

The two strong points of the methodology are envisaging the consequences of hazards for hazards above the values

for which the installation is protected against and processing combinations of hazards in an exhaustive manner.

5.2.6.3 Perspectives

The results of the application of this methodology will be reviewed and discussed during the next PSRs. The
appropriateness of the methodology will be examined also.

First results have already been sent by EDF to the Safety Authority for the 900 MWe PWRs series.

5.2.7 GERMANY

The German practice on initiating event selection is governed by the following regulatory guides and
recommendations.

1) Safety requirements for nuclear power plants, promulgated 2012 [76]

2) Interpretations to the safety requirements for nuclear power plants, promulgated 2012 [[77]

3) Probabilistic Safety Analysis Guide, promulgated 2005 [78].

4) PSA Methods supplemental to the PSA guide, promulgated 2005 [79]

Additional information is provided in a draft supplemental [80] to the previous PSA methods publications.
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Regarding the identification of (potential) initiating events for safety demonstrations (mainly deterministic

demonstrations), the following high-level requirements apply:].

Anticipated operational occurrences (on DiD Level 2) are events, which are to be expected during the
lifetime of the plant,

An enveloping spectrum of design basis events (on DiD Level 3) is determined, which are not expected
during the lifetime of the plant, but are to be assumed.

Hazard events shall consider the most onerous effects for each hazard, and a potential long duration of
natural hazard events. Additionally, the combinations of hazards with other hazards or internal events
shall be considered, if combined events are correlated or if the severity of the combination and its
frequency of occurrence merit a consideration.

For the planning of severe accident management (on DiD Level 4), events with multiple failure scenarios
shall be taken into account. Results from PSA Level 1 and Level 2 regarding likely scenarios shall be
considered. Analysed event scenarios should include transients, LOCAs in the containment, interfacing
LOCAs, and hazard impact events.

A comprehensive and enveloping spectrum of PIE specific to the plant shall be determined.

The safety requirements provide additional guidance on the scope of events to be considered on DiD Level 2, 3,

and 4 in two annexes.

In annex 2, the safety requirements provide lists of internal events PIE for PWR and BWR reactor designs by level

of DiD. For each PIE, the affected technical safety goals, the applicable operating modes, and additional remarks

and boundary conditions are given. The lists are based on a master logic diagram approach in line with S5G-2 [3]

and SSG-3 [4], supplemented by operating experience with these reactor types. The lists in annex 2 include PIE

specific to the spent fuel pool [76]. Moreover, reference [76] also defines acceptance criteria for the technical

safety goals (control of reactivity, cooling of fuel, and confinement of radioactivity) for the DiD levels 2, 3, and 4.

For several events, additional requirements and commentary is provided in [77].

In addition, further requirements on the scope of hazard impact investigations are provided. First, for all hazard

impacts, potential consequential effects related to

internal flooding,

internal fire and explosion,

increased radiation level,

reactions by chemicals,

malfunctions in the power supply, 1&C or process-related components,
pressure increase or changes to pressure differences,

temperature or moisture increase,

missiles or debris impact, including dropping loads,

jet or reaction forces

need to be considered.

Regarding internal hazards, the following groups of hazard events have to be investigated.

internal fire,

internal flooding,
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- component failures (missiles
- breaks in high-energy piping,
- dropped loads,

and debris impact, jet and reaction forces),

- electromagnetic interference,

- collision of vehicles with SSC

- internal explosions.

)

For multi-unit sites, it has to be demonstrated that internal hazard events in one unit do not impact on the safety

of an adjacent unit. However, no specific requirements for identifying initiating events (PIE) for these hazard

events or for determining their frequency of occurrence are stated.

Regarding external hazards, annex 3 of [76] requests a comprehensive and complete identification and evaluation

of potential external hazard events. Enveloping events (and event scenarios) shall be defined. For the following

groups of hazards, further specifications on investigations and analyses are given.

- Earthquake: The design basis needs to be at least of intensity VI according to EMS/MSK. KTA 2201-1 gives

recommendations for determining the design basis earthquake (DBE) using probabilistic seismic hazard

analysis. The DBE shall be determined at a frequency of exceedance of 10 per year, based on seismics

hazard curves in the range of 102 to 10°® per year.-

- External flooding: For external flooding events, simultaneous torrential rain impact to the plant site has

to be taken into account. Moreover, the duration of flooding events has to be evaluated. KTA 2207 gives

additional recommendations for determining the design basis flood (i.e. water level) using a probabilistic

approach. The design basis flood water level at a frequency of exceedance of 10 per year is

extrapolated from the value

at 10”2 per year.

- Extreme meteorological events: The evaluation of the effects of

o

0

high or low temperature of air or of cooling water,
persistent drought and effects on cooling water supply,

high winds including tornado,

d. high or low humidity,

snow,

bl

icing, freezing, etc.

)

g. torrential rain, hail,

h. lightning

i. related effects like salt deposits at oceanic sites, dust and sand, missiles, etc.

is required. However, no specific requirements or recommendations are given on defining design basis

events for the respective categories, or on computing frequencies of exceedance. For lightning, KTA

2206 provides further recommendations on the design basis envelope [83].

- Biological infestation and other biological impacts: The design has to consider the following scenarios:

a. Encrustation/blockage by mussels

b. Large quantities of algae, jellyfish or fish,

c. Large quantities of foliage, grass or weed as flotsam,

d. Large quantities of biological flotsam due to a flooding event
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e. Microbiologically induced corrosion
The safety of the plant shall not be put in peril by biological impact events. There are however no
requirements or recommendation on defining design basis events for the respective categories or on
computing frequencies of exceedance.

- Airplane crash: A design basis scenario is specified in [76], secondary effects like burning fuel, possibly
entering plant buildings, explosion, the impact of combustion residue and smoke gases into ventilation
systems, including effects on plant staff, and effects from debris and missiles shall be taken into
consideration.

- External explosion: A design basis scenario is referenced in [76]. Effects for consideration include
pressure waves, over- and underpressure over time, vibration, thermal impact.

- Hazardous materials: Potential effects of hazardous materials on safety-related functions due to
explosion, ignition, asphyxiating impact, congestion, or corrosion have to be analysed, as well as the
potential dangers from poisonous, anesthetic, asphyxiant, explosive, or radioactive materials to plant
staff. No design basis scenarios are specified.

- Potential loss of cooling water supply due to flotsam, upstream dam failure, ship collision, or ship
accidents has to be considered. . No design basis scenarios are specified.

- External fire: The effects of smoke gas, aerosols, corrosive and toxic substances need to be considered in
addition to the thermal impact. Flammable substances should not be able to enter safety-related
buildings. No design basis scenarios are specified.

- Electromagnetic interference (other than lightning): Potential impacts external to the plant have to be
identified and evaluated. They have to be considered in the design. No design basis scenarios are

specified.

Turning to the determination of initiating events and hazard scenarios for PSA, there are a number of further
regulatory requirements and recommendations. The PSA guide [77] requests a full scope PSA Level 1, i.e. initiating
events and hazards events have to be considered for all operating modes, in principle. The guide specifies lists of
internal initiating events for power operation of PWR and BWR, respectively. These lists also contain the internal
hazard event groups of internal flooding and internal fire as well as the external hazard event groups of aircraft
crash, external explosion, external flooding and earthquake [77]. Notably, hazard events are not specifically
required to be analysed at shutdown operating states [77], [78], and German PSA basically follow that implicit
restriction of scope. In addition, exemplary scenarios for PWR and BWR reactors at the interface to a PSA Level 2
for internal events at power are given. The initiating event spectra have to be checked for each plant if they are
comprehensive and bounding. Initiating event frequencies (as well as hazard scenario frequencies) have to be
estimated specific to the plant, combining plant specific operating experience and generic data [84].

The PSA methods supplemental [79] provides further recommendations on the identification of initiating events
and the screening procedure. First, the methods supplemental points out that a spectrum of initiating events
should be determined by using a top-down approach (cf. SSG-2 [3], [4]). For shutdown states, such a procedure is
specifically recommended. It should be applied for events affecting the spent fuel pool as well. Especially for low

power and shutdown states, operator actions should be investigated whether mistakes and errors could trigger an
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initiating event. The initiating events have to be assigned to operating states, on which additional
recommendations are given the methods supplemental as well [78], [79].

Initiating events should be grouped together, if they exhibit the same characteristic in terms of success criteria
and event progression. The methods supplemental points out that the needs of PSA Level 2 may necessitate the
inclusion of additional events into the events spectrum [78]. The spectrum of initiating event should consider input
from other PSAs, operating experience, and from deterministic safety analysis (cf. the lists in [76]).

With respect to internal hazards, the methods supplemental gives specific recommendations on internal fire and
internal flooding analysis [78]. For the identification of relevant fire compartments it recommends e.g. the
method of Berry and for ignition frequency estimation a variant of the Berry method. For internal flooding,
scenarios should be determined by first identifying relevant flooding sources (tanks, piping), the potentially
released amounts of water, and the potential effects on plant systems (considering spreading). This information
should be used to determine enveloping flooding scenarios. The determination of frequencies of leaks and breaks
can be done again with the methods described in the PSA data supplemental [84].

With respect to external hazards, the methods supplemental [78] and a 2015 update [79] give specific
recommendations for aircraft crash, explosion (pressure wave), external flooding, and seism.

- Aircraft crash: For a start, if the plant is designed to the standard given in the Safety Requirements, no
probabilistic analysis is necessary. Otherwise, the methods supplemental provides [79] a method for
computing aircraft crash frequency of occurrence for civil and military air traffic, and defines five
classes of air craft for consideration and three categories of plant buildings, which should be evaluated
for potential hazard scenarios.

- Explosion: The supplemental specifies a method for deriving the respective hazard frequency of
occurrence for different impacts types (detonating substances like explosives, deflagration of gas-air
mixtures). These have to be determined for different sources (transport by streets, water, logistics
center, and for industrial facilities) and materials like liquefied hydrocarbon gases, flammable gases of
all kinds, ammunition. If unit is desighed (deterministically) against a pressure wave with peak pressure
of 0.45 bar at 100 ms for safety-relevant buildings and if the resultant (accumulated) hazard frequency is
below 107 per year, then no probabilistic considerations are necessary. Otherwise, bounding or detailed
assessments have to be performed.

- External flooding: The determination of the frequency of exceedance vs. amplitude curve according to
the methods supplemental [79] did follow KTA 2207 [82]. The 2015 update [76] remains within the
general scope of KTA 2207 and recommends using statistical extrapolation from measured data, while
including influences relevant to flooding (e.g. precipitation, thawing, blockages, tide, dyke breaks, wave
height, etc.). External flooding can be screened out, if site level flooding is practically excluded due to
the site topography and plant design for a flooding event caused by a 1.5 times higher water runoff flow
than assumed for the design basis flood (for inland water sites) or a 1 meter higher flood level (for sites
at the sea or in the tidal influence zone). Otherwise, at least a bounding assessment has to be made,
which determines in addition to the frequency of exceedance also the conditional failure probability of
flooding protection barriers and measures. If this conditional probability is less than 10?% and

consequently, CDF for flooding is significantly below 10 per year, then this bounding assessment

Report IRSN/PSN-RES-SAG 16-101 Technical report ASAMPSA_E/ WP 30/ D30.3 2016-13-- 57/124




ASAMpPA E D30.3 Selecting Initiating Events for an Extended PSA

— EURATOM

suffices. This this cannot be shown, a detailed flooding PSA is mandated. The latter has not been
performed for operational German NPP.

- Earthquake: The methods supplemental [79] and its 2015 update [79] assume availability of an updated
site-specific PSHA according to KTA 2201 [80]. If the intensity value of the design basis earthquake (at 10°
> per year) is at VI, which is the minimal value according to deterministic requirements, then no further
probabilistic evaluations are needed. If the DBE is at an intensity between VI and VII, then a simplified
approach can be followed: Increase the DBE intensity by 1 and demonstrate that this beyond design
earthquake is reliably controlled by the plant. If the DBE intensity exceeds VII, then a full scope seismic
PSA is required.

There are no specific recommendations on how to treat combinations of hazard events in the determination of

initiating events or hazard scenarios for a PSA.

Initiating events can be screened out or treated in a simplified bounding analysis, if it can be shown that each
event contributes no more than 10% to the total sum of CDF (and hazard state frequency) and no more than 10% to
the total sum of large early releases (LERF). Moreover, the contribution of all events, which are not analysed in
detail, shall not exceed 20% of the overall CDF and LERF. It is further recommended to apply the same criteria to
other release categories, which in conjunction with the more recent Safety Requirements [76] would include at
least LRF and ERF. No numerical targets or criteria are given. However, overall CDF and LRF values of operating
German NPP are in the range of several times 10 to 107 per year. In any case, contributions from scenarios not

evaluated in detail should be documented and should be considered in the PSA results.

Investigations by GRS have shown that plant-specific spectra of internal initiating events are adequately bounding
for most of the events included in the Safety Requirements lists [76]. However, probabilistic investigations of
hazard events in addition to those explicitly named in [78] are usually not done. Instead, the design basis of the
plant, the respective safety margins and low estimated frequencies of exceedance are used to justify screening

out any additional hazard scenarios. There are detailed models available for internal fire and for earthquake.

As to the questions posed at the end of section 4, the following insights can be derived from the German
regulation and PSA experience.
a) How should dependencies and correlations between different hazard or event scenarios be identified and
quantified?
There are no specific recommendations available. Usually, combinations of events are summarily
screened out due to low frequency of exceedance estimations.
b) Which specific (quantitative) screening criteria should be applied to a comprehensive list of initiating
event scenarios and which risk metrics would be suitable?
For the quantitative screening of events, the German PSA guide defines several criteria [77] based on the
actual knowledge about plant response. The following risk measures are to be compared either to the
initiating event frequency or to the frequency times the conditional probability from a (conservative)

bounding assessment.
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d)

f)

a. The estimated CDF for each event contributes less than 10% to the overall CDF of the plant.
b. The sum of estimated CDF values for all events not analysed in detail contributes no more than
20% to the overall CDF of the plant
c. The estimated LERF for each event contributes less than 10% to the overall LERF of the plant.
d. The sum of estimated LERF values for all events not analysed in detail contributes no more than
20% to the overall LERF of the plant

In these cases, no detailed assessment of the event is necessary. Especially for hazard PSA, additional
screening criteria are introduced in the supplementals on PSA methods [78], [80]. Basically, scenarios
with an estimated CDF below 10°® can be screened out.
If the aforementioned screening criteria based on CDF and LERF contribution to overall PSA results would
be complemented by some selected further PSA Level 2 criteria, particularly LRF and ERF, and cut-off
frequency values would be set to below 107 for a straightforward frequency screening, this could serve
as a screening scheme, which is commensurate to PSA results, supports a comprehensive screening
process, and evolves dynamically with the PSA model.
What constitutes a high impact/low probability event and how can these event scenarios be identified
effectively?
German PSA regulations do not specifically address high impact/low probability events, and German PSA
experience cannot provide examples for the identification of such events in initiating event screening.
This applies in particular to hazard event PSA, which is often confined to boundary assessments for
beyond design basis events of one specific hazard impact without consideration of event combinations.
However, using Level 2 criteria based on release category metrics as required in the PSA guide [77] for
LERF and as recommended for additional release category measures would in principle allow for
systematically retaining such high impact/low probability scenarios in the scope of the PSA. In German
PSA practice, Level 2 screening criteria are usually not employed.
How can a maximum impact be defined for hazards?
There are no specific recommendations on the definition of a maximum impact for hazards in the
German PSA regulations or practice. In some instances, like e.g. external flooding due to topology,
maximum impacts can be derived by showing that higher impacts are practically excluded.
To what extent should the identification process for initiating events for the purpose of a PSA utilize the
deterministic classification by levels of Defense in Depth (division into anticipated operational
occurrences, design basis accidents, and design extension conditions)?
This distinction is not applied in the PSA screening process in the German experience. However, a cross-
check with deterministic PIE lists as e.g. tabulated in the German Safety Requirements [75] is seen as
commendable.
Which approaches to bounding analysis are suitable for an extended PSA and upon which criteria can a
detailed probabilistic investigation and modelling be omitted?
In German PSA experience, bounding analyses are an integral part of the screening process based on CDF

values. Particularly for hazard impact events, bounding estimates of conditional CDF are made for
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justifying that no detailed PSA analysis is necessary. This should be complemented by screening and

bounding analysis on Level 2 criteria. Regarding the criteria for bounding analysis, see under b)

5.2.8 HUNGARY

The Hungarian practice on initiating event selection is generally in compliance with the methodology elaborated
by the IAEA (as summarized in section 5.1.1). However, a short description is given hereby of the specificities of
the Hungarian approach accompanied by some details on external hazard selection.
The requirements on nuclear safety for Hungarian nuclear powers plants are described in the Hungarian Nuclear
Safety Codes. Volume 3 contains design requirements for operating plants, 3.a for new units. Amongst others, the
most important internal and external hazards that shall be taken into consideration during the justification of the
design and safety are listed in these volumes of the Codes. According to the Nuclear Safety Codes, all those
initiating events shall be addressed in the PSA for which it cannot be justified with other methods that they are
negligible from a risk point of view.
Regarding the Hungarian practice of PSA development for external events, in the first step of selecting external
hazards that require detailed analysis, an attempt was made to develop a comprehensive list of potential site
specific external hazards. At first a review was performed of regulatory requirements nationally and
internationally. Relevant requirements of the Hungarian Nuclear Safety Codes and WENRA reference levels enabled
to determine the vast majority of potential external hazards. In addition, use was made of the following
documents to identify the initial list of potential external hazards:
1) the stand-alone volume of the joint ANS-ASME PRA standard that sets forth probabilistic safety
assessment methodology for external hazards [34],
2) a guidance document of the Swedish nuclear safety authority that builds upon the Finnish and Swedish
external hazard assessment experience [35],
3) the Specific Safety Guide of the International Atomic Energy Agency on level 1 PSA [4].
In the Hungarian practice a successive approach is applied with combined deterministic and partially probabilistic
screening of all the potential external hazards to identify the risk significant ones that need detailed analysis to
quantify the plant risk.
During screening by relevance the external hazards considered applicable to the site were selected as initiating
events. The following aspects were taken into consideration in this screening step:
4) The event is of equal or lesser damage potential than the events for which the plant has been designed.
5) The event has a significantly lower mean frequency of occurrence than another event, taking into
account the uncertainties in the estimates of event frequencies, and the event could not result in worse
consequences than the consequences from the other event.
6) The event cannot occur close enough to the plant to affect it.
7) The event is included in the definition of another event.
On the basis of the conditions listed above, the criteria applied in screening by relevance were the following:

8) Distance: The event cannot occur close enough to the plant to affect it.
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9) Frequency: The occurrence frequency of the event is justifiably less than a given threshold (see below).
For impact screening the following two criteria were applied:

10) Severity: The effects of the event are not severe enough to cause damage to the plant, since it has been
designed for other loads with similar or higher strength.

11) Predictability: The event is slow in developing, and it can be demonstrated that there is sufficient time
to eliminate the source of the threat or to provide an adequate response.

The quantitative screening criteria of initiating events to be considered during design are set in the conditions for
safety-based design prescribed in the Nuclear Safety Codes. The following anticipated initiating events may be
excluded from further analysis:

a) internal initiating events due to the failure of systems, structures or components, and/or human errors,
if the occurrence frequency is less than 10°/a for operating nuclear power plants and 10¢/a for
newbuilds;

b) events induced by man-made external events applicable to the site, if the occurrence frequency is less
than 107/a (both for operating and new units), or if it can be justified that the man-made hazard will
not have an adverse effect on nuclear safety based on its distance from the plant;

c) natural external events with the occurrence frequency less than 10/a for operating units and 10%/a for
newbuilds.

According to the nuclear safety regulations, the risk from natural external hazards beyond the design basis shall be
assessed at least in the hazard frequency range of 107 to 10*/a. Therefore, probabilistic safety assessment of
external hazards has to be performed unless it can be shown that the design basis of the plant ensures that the
plant can withstand the loads induced by a hazard with 107/a frequency.

To the extent available meteorological data and data assessment methodologies make it feasible, the Hungarian
practice aims to take into consideration reasonably justifiable combinations of hazards that require detailed

analysis.

5.2.9 JAPAN

Atomic Energy Society of Japan discussed the approaches for selecting an appropriate risk assessment method for
the external events after Fukushima-Daiichi accident [98], and published "Implementation Standard Concerning the
Risk Assessment Methodology Selection for the External Hazards" [99] in 2014

Since there are various kinds of external hazards that are potentially assumed at nuclear sites in Japan, this
standard defines systematic identification process for the external hazards, including both natural and man-made
hazards, and the approaches of selecting an appropriate evaluation method for each external hazard as shown

below. In this approach screening of hazard is included in Step 2 and Step 3.

Step 1: Collection of information
Information necessary to assess the plant concerned shall be collected. Plant walk-downs shall be performed to

grasp the current facility installation situation.
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Information includes such as the plant design and safety evaluation documents, meteorological records of the
surrounding area, facility installation status and legal restrictions concerning aircraft and/or vessel route that are

necessary in the evaluation.

Step 2: Identification of potential external hazards

The external hazards that may affect the plant concerned shall be identified. In order to identify the external
hazards to be concerned, the standard prepares the list of various kinds of hazards.

While individual external hazards are addressed in ASME/ANS Standards [54], [56], IAEA NS-R-3 [20] and IAEA SSG-3
[4], it is still necessary to identify the characteristics of the external hazards specific to Japan including their form
of occurrence and the mechanism of their effects. Literature survey was conducted on all external hazards that
were experienced in Japan to identify all potential external hazards that may have some impacts on nuclear power
plants.

After identifying individual hazards, all theoretically possible combinations of hazards to be taken into account

were also examined to complete the list.

Step 3: Classification by characterization
The external hazards shall be classified in accordance with the characterization criteria to assess the plant
concerned.
1) Selection of characterization factor
There are three factors associated with frequency of occurrence and impact on the plant. In performing the
analysis of an external hazard, one of following three factors has to be focused on.
Factor 1: "Occurrence”
Choose this factor for a hazard whose occurrence frequency is assumed extremely low
Factor 2: "Arrival (distance and progression time)"
Choose this factor for a hazard which may occur but whose effects is assumed not to reach the plant
Factor 3: "Impact on the plant”
Choose this factor for a hazard whose effect may reach the plant but is assumed to have no significant impact
on the plant
As for the frequency of the combined external hazards, hazard occurring most frequently among those
composing a combined event should be considered.
2) Characterizations
Each external hazard shall be characterized in light of the factor above-mentioned and the characterization
criterion indicated below. An external hazard consistent with at least one characterization criterion is
determined to have no risk of core damage and screened out. If not, go to Step 4.
Historical records of hazards in the areas surrounding the plant location identified in the licensing and/or
periodical safety review should be used in the characterization.
When Factor 1 is selected, "The hazard frequency” will be evaluated.

Criterion 1: The frequency of the hazard is apparently extremely low.
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When Factor 2 is selected, either "The distance between where the hazard occurs and the plant” or "The hazard
progression time" will be evaluated.

Criterion 2: No hazard occurs in the proximity of the plant to have any impact.

Criterion 3: Time scale for hazard progression is sufficiently longer than the time required to take
countermeasures for the plant.

When Factor 3 is selected, "The effects to the plant” will be evaluated.

Criterion 4: It is apparent that no hazard, assuming it has reached the plant, will cause any initiating event

leading to core damage.

Step 4: Selection of Quantitative Risk Assessment Method

The most suitable risk evaluation method shall be selected, considering characteristics of hazard and its effect,

such as frequency, consequence and accident scenario or management. The possibility of simultaneous occurrence

of multi-hazards is also considered to evaluate in the quantitative evaluations.

1) Risk assessment based on the hazard frequency analysis or hazard impact analysis
This assessment is performed when the concerned external hazard may be determined to have no significant
risk of core damage as the result of a quantitative evaluation of its frequency or effects to the plant without
taking into account any accident management after such hazard has impacted the plant.
This kind of risk assessment may be potentially applicable to the hazards of “high wind” and/or “atmospheric
pressure change” in Japan.

2) Safety margin evaluation
Safety margin evaluation is performed when it is necessary to take into account all accident scenarios after an
external hazard has impacted the plant but it is difficult to perform hazard frequency evaluation or when the
uncertainty associated with the frequency is significantly high. It is considered to evaluate the safety margin
for the core damage risk against external hazard, and if evaluated safety margin exceeds a reference value,
the hazard is determined to have no significant risk of core damage.
Safety margin evaluation may be potentially applicable to the hazard of “tsunami” in Japan.

3) Deterministic CDF evaluation
This risk assessment is performed when it is necessary to take into account all accident scenarios after the
hazard has impacted the plant and hazard frequency evaluations can be performed. The Conditional Core
Damage Probability (CCDP) of the plant caused by the hazard is evaluated by the postulated initiating event
with effects to the SSCs having safety functions. In calculating the CCDP, a bounding analysis or conservative
analysis can be performed using the PRA models for internal events. Core Damage Frequency is calculated by
multiplying the CCDP by the frequency of the external hazard exceeding the level at which the plant may be
affected. If the evaluated CDF is lower than a reference value, the hazard is determined to pose no significant
risk of core damage.
This risk assessment may be potentially applicable to the hazards of “volcanic ash fall” in Japan.

4) Detail risk assessment such as PRA
External hazards determined to have a significant risk as the result of any one of the preceding evaluations

specified in 1) through 3) shall be subject to detailed risk evaluation applying such method as Probabilistic Risk
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Assessment (PRA). Although it is desirable to apply the PRA to all of those external hazards, deterministic
evaluations and/or evaluations based on engineering judgment can replace PRA for some hazards in case
complex accident scenarios or combined events are to be considered for which no advanced evaluation
technique is available.

PRA may be potentially applicable to the hazards of “earthquake” and/or “tsunami” if possible in Japan.

5.2.10 LITHUANIA

The Lithuanian practice on initiating event selection is in accordance to the methodology elaborated by the IAEA
(see section 5.1.1). While performing, updating, revising and applying PSA, to the extent not contradict to these
requirements and other legal acts of the republic of Lithuania, it is recommending to follow good practise
documented in IAEA specific safety guides:

1. Development and Application of Level 1 Probabilistic Safety Assessment for Nuclear Power Plants, SSG-3,
Vienna, 2010;

2. Development and Application of Level 2 Probabilistic Safety Assessment for Nuclear Power Plants, SSG-4,
Vienna, 2010.

Although, the specific features of the PSA related requirements used or under the development in Lithuanian is
described below. The large part of the description is focusing on the external hazard consideration.

In Lithuania analysing the all NPP operational states and considering uncertainty, a NPP unit at all stages in the
lifetime of NPP shall meet the following probabilistic safety criteria:

1. core damage frequency shall be less than 10 event per reactor year, taking into account all the internal
events, internal hazards and external hazards;

2. core damage frequency shall be less than 10 event per reactor year, taking into account all the internal events
only (internal hazards and external hazards are excluded);

3. large release frequency shall be less than 10 event per reactor year, taking into account all the initiating
events;

4. large early release frequency shall be less than 107 event per reactor year, taking into account all the initiating
events, which could lead to large early release;

Thus, one of PSA objectives is to assess the probabilities and consequences of external hazards. NPP unit shall be
designed and operated so that the likelihood of occurrence of an accident with serious radiological consequences
is low as reasonably achievable and that the radiological consequences of such an accident would be mitigated to
the fullest extent practicable.

PSA shall be performed for all the potential sources of radioactive release in NPP (e.g. reactor core, spent fuel
pool), which could lead to release from NPP to the environment exceeding the normal NPP operational limits
established by legal acts and (or) normative technical document. PSA shall be performed for all operational states
of the NPP.

During PSA, a comprehensive list of initiating events shall be made by applying a systemic approach. The list of

initiating events (malicious acts is excluded) for all NPP operation states shall include internal events, internal
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hazards and external hazards, that could lead to core damage and (or) release to the environment. The list shall
also include the possible combinations of events and common cause failures. The list of initiating events shall
include events of very low frequency with potentially significant consequences on the NPP safety (for example,
rupture of reactor vessel). Removal of the events from the list of initiating events subject to detailed analysis shall
be justified and documented.

Internal events, internal hazards and external hazards shall be analysed (assessed) and modelled in a detailed PSA
model. PSA model can be divided into the models of full power, low power and shutdown operation.

PSA shall be based on realistic modelling of NPP response to initiating events using data relevant for the NPP
design, and taking into account NPP personnel action to the extent assumed in NPP operating and emergency
response procedures.

At all the stages in the lifetime of NPP, PSA shall be performed taken into account to the NPP operation limits and
conditions, maintenance, including tests and repairs. A regularly updated, corresponding to the current NPP
design, documented, verified and approved, full-scope (internal events, internal hazards and external hazards, all
the NPP operation states) PSA model shall be used for PSA applications. A justification is necessary if the full scope
PSA model is not used for PSA applications. Human reliability analysis shall be performed, taking into account the
factors, which can influence the performance of the NPP personnel in all NPP states.

Contribution of the groups of initiating events, which are grouped according the same or very similar
characteristics (i.e. accident progress after the initiating event, NPP response to the initiating event), to the core
damage frequency (hereinafter - CDF) and to the large radionuclides release frequency (hereinafter - LRF) and
large early radionuclides release frequency (hereinafter - LERF) shall be provided as part of the PSA
documentation. Contribution of each initiating event to the CDF and contribution of plant damage states
(hereinafter - PDS) (or initiating events) into the radionuclides release category (hereinafter - RC) shall be
provided as part of the PSA documentation.

In Lithuania PSA should be used for various applications, for instance to identify of vital NPP areas. This covers
identification of the safety important SSCs and assessment of their impact on the NPP safety, even assuming that

initiating events are the result of malicious act.

Initial list of external events

The specific attention to the external events was in the analysis of site selection for new NPP as frequency and
impact of initiating event depends on geographic position of nuclear power plant, geological and meteorological
conditions of the region, and concentration of industrial and military objects in the region, different kind transport
intensity and other human activities.

Before defining an initial list of initiating events, which may influence common NPP risk, all possible NPP
hazardous events should be analysed. General list of such events is recommended in IAEA regulating documents
and NRC guides (e.g. NUREG/CR-2300) designed for performance of probabilistic risk analysis. Initiating events,
which obviously do not influence NPP safety, are not included into the list and the list of initiating events is
divided into two groups - natural forces induced events and external events related to the human activity.
Research of external events impact on safety of NPP and other nuclear objects is carried out similarly as research

of internal initiating events impact on safety. After determining frequency of external event, the biggest possible
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damage, induced by the event on power plant or systems, is defined. The impact of certain events on power plant
safety level is analysed separately or it is included as an initiating event into corresponding deterministic or

probabilistic models of NPP.

General screening criteria
In order to distinguish the external events, the impact of which on safety is the most significant, event selection
criteria, defined in PSA performance procedures (based on NUREG/CR-2300), are used. External events are not
included into further analysis if they do not meet any of the following criteria:
Criterion 1. Events, which are determined during design of power plant and included into analysis of
design accidents or are analogous to mentioned events, but less hazardous;
Criterion 2. Event frequency is significantly smaller in comparison to frequency of other events which
have similar outcomes or its outcomes are less hazardous than that of mentioned events;
Criterion 3. Event cannot occur fairly close to NPP to influence its safety;
Criterion 4. Event is included into the definition of other event;
Criterion 5. The sequence of event development is very slow and there is enough time to eliminate a
hazard source or to prepare necessary security actions.
Application of criteria reduces probability that factors important for general risk may be omitted and enables to

reduce the number of initiating events, which will not be used in detailed analysis on NPP safety.

Criteria for combinations

The criteria for selection of events (hazards) combinations was related to the consideration of these conditions:

1. More general definition of events.

Several external events are included in a more general definition of event.

2. Events interdependence.

Base for the definition of important external events (their combinations) is whether they are dependent or not.

3. Different safety functions of NPP are affected.

If condition 2 is satisfied, then other condition is considered: whether different NPP safety functions are affected.
If events in combination affect the same function, the 4 condition has to be applied.

4, The degree of impact on NPP safety functions.

If two dependent external events affect the same safety function, these events still might make an important
combination. The effect in combination may be more severe than effect of separate events.

5. Individual external events criteria.

If a combination is judged to be important even after the application of all the above rules, then individual

external events criteria has to be applied for the combination as well.

For the considered combinations of independent events (hazards), one could obtain probabilities of those
combinations. If events in combination are independent, then probability that they will occur at the same time is
equal to the product of each event probabilities. Larger number of independent events in combination and more

severe consequences of events with small frequencies lead to the smaller combination annual frequency (becomes
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closer and closer to the incomparable values, which due to errors may be considered as equal to zero). Annual
frequency of combination of dependent or partially dependent events is higher than what one would obtain if

independence is assumed.

As mentioned above in Lithuania the IAEA methodology and international best practice is mainly used. According to
the IAEA, combinations of hazards may be excluded from the analysis, if they satisfy the following conditions:

e Hazards combination is not physically possible.

e Hazards in combination does not have any different joint effect on NPP;

e The annual frequency of hazards combination is equal to or less that a threshold.

It is important to note that, as mentioned in various literature, some individual hazards (phenomena) already are
combinations of hazards, so that analysis of such compound already cover analysis of individual hazards. Once
combinations of such external hazards are made and when dependencies and influences are established, one can
apply previously defined criteria in order to select unimportant combinations of external hazards. Such analysis
may depend on site and NPP design characteristics and is performed at the stage, when information necessary to

assess the effect of combination is known.

5.2.11 NETHERLANDS

Inputs from Netherlands are welcome during the external review process of the report.

5.2.12 ROMANIA

The general requirements for development and applications of PSA study level 1 and level 2 are established by the
PSA study norm, issued by National Commission for Nuclear Activities Control (CNCAN) in 2006.
Concerning PSA development, the following is stated [46]:

- all initiating events relevant for the plant, including internal fires, internal flooding, seismic events and
severe weather conditions shall be considered in the PSA. PSA shall be developed for all plant operating
modes.

- the initiating events can be grouped according to their consequences on performance of the safety
functions. Initiating event grouping and the assumptions used for this purpose should be documented and
justified;

- any exclusion of initiating events has to be justified, considering both the frequency of occurrence and

their consequences.

The design basis events shall include operational anticipated events, transients and accident situations,
considering all sources of radioactive releases (including content and form) from which accidental releases could be
postulated.

Identification of postulated initiating events shall be made in a systematic way, based on the NPP’s conceptual
design evaluation, operating procedures and site specific potential external influences. The list of selected events

shall include all failures or credible malfunctions of components and systems, including those due to human errors,
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common cause initiating events and external events (both natural and human induced), which can affect the
nuclear safety. The design basis events shall cover the following generic categories of events [47]:

a) initiating events together with all their consequences;

b) credible combinations of process systems failures together with all their consequences;

c) credible combinations of internal initiating events and external events together with all their

consequences;
d) credible combinations between events from the above categories and failures or unavailabilities of
systems and equipment whose action can mitigate the consequences of these events.

In defining the design basis events from accident category, those events (and their credible combinations) having
the most severe consequences on the fulfillment of the safety functions, respectively on each important
parameter for fulfillment of safety functions, will be selected. The selection of design basis events shall be
justified and supported by deterministic and probabilistic analyses. Any exclusion from the design basis analysis
for protective systems of some events or combinations of events having a frequency of occurrence greater than
1.E-07/year, shall be justified.
Even if some external events, considered individually, could have been excluded, all their credible and relevant
combinations should be considered in the nuclear safety analysis. Such combinations could include two or more
external events, and combinations between external events and internal events (as for instance a LOCA event
combined with a seism), or between external events and man-induced events. The succession of events and the
combination of events having causal interdependencies, as the combinations of independent events, having
individual high occurrence frequencies, should be considered.
A design basis external event could be an individual events or a combinations of independent external events or
causally dependent. For each design basis external event, the target value for annual probability should be lower
than 1.E-04/year [89]. In order to derive a comprehensive list of events to be considered for Cernavoda Units 1
and 2, a review of CNSC regulatory documents and guides, IAEA guides, ANSI/ANS standards, and US NRC
documents and IPEEE experience has been performed.
The internal events list includes failures of SSC, human errors and potential consequences of equipment failures.
The external events are divided into natural and human induced events. As natural external events, the following
are specified: seismotechtonic events; geological events (landslides, ground settlements and collapse); hydrologic
events; meteorological events (extreme temperatures; rainfalls; extreme wind; tornados; lightning; drought);

biological events; fires in vicinity of the site [47], [89].

The human induced events include: aircraft crash; events due to activities in vicinity of the site (missiles, gases,

fires, explosions); electromagnetic interference; fires on the site [47].

As quantitative safety objectives, the following acceptance criteria on the effective dose vs. frequency of the PSA
Level 3 scenarios (event) are used [47]. The calculation of effective dose assumes the most exposed person who is
situated outside the exclusion zone of the plant and impacts are integrated over 30 days after initial accident

release and over all exposure pathways:
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Event Group

Effective dose (for the
most exposed person,
situated outside the
exclusion zone, at 30
days after emission,
calculated for all
paths of exposure)

Total annual frequency for events that

could induce these effects

Group no. 1 0.1-1 mSv <1.E-2
Group no. 2 1-10 mSv <1.E-3
Group no. 3 10-100 mSv <1.E-4
Group no. 4 100-250 mSv <1.E-5
Group no. 5 250-500 mSv <1.E-6
Group no. 6 >500 mSv <1.E-7

The preliminary screening criteria, established in accordance with internationally recognized standards, consist of

the following (any one of these criteria is considered to be sufficient to screen out the event) [48]:

The event is of equal or lesser damage potential than the events for which the plant has been
designed. This requires an evaluation of plant design basis in order to estimate the resistance of
plant structures and systems to a particular external event.

The event has a significantly lower mean frequency of occurrence than another event taking into
account the uncertainties in the estimates of both frequencies. The event in question could not
result in worse consequences than the consequences from the other event.

The event cannot occur close enough to the plant to affect it. This criterion must be applied
taking into account the range of magnitudes of the events considered.

The event is included in the definition of another event.

The event is slow in developing and it can be demonstrated that there is sufficient time to

eliminate the source of the threat or to provide an adequate response.

The initiating events can be grouped according to their effects on the safety functions affected by their

occurrences. If more protective systems contribute to the recovery of the respective safety function, the initiating

events can be grouped according to the expected response of the protective systems.

The initiating events have to be grouped in such a way that all events in the same group impose essentially the same

success criteria on the front line systems as well as the same special conditions (challenges to the operator, to

automatic plant responses, etc.) and thus can be modelled using the same event/fault tree analysis.

After the Fukushima Daiichi accident, a complex safety review of the protection against external events for

Cernavoda NPP was undertaken in the context of the European "stress tests". The natural and man-made external

hazards analyzed for the Cernavoda site included the following: earthquake, flooding, extreme temperatures, high

winds, lightning, low Danube level, snow fall, explosions and releases of toxic and explosive gases, fires, missiles,

aircraft crashes [48].
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As part of the “stress test” assessment, a screening and bounding analysis for Cernavoda NPP response under

severe weather conditions has been performed.

5.2.13 RUSSIA

The main regulatory basis of the IE identification procedure, as well as for other PSA technical elements is RB-032-
04 “Main recommendations on NPP PSA execution” (issued in 2004) with basic requirements for performing
probabilistic safety assessment; and NP-064-05 “Accounting of impact of natural and man-made external hazards
on nuclear facilities” (issued in 2006). The following screening criterion is established in NP-064-05: all external
hazards with frequency equal or more than 10 1/year should be accounted in nuclear facility design.

Approach for development of External Hazards PSA for Russian NPP (in the frameworks of SWISSRUS project) was in
line with IAEA recommendations, taking into account national regulations. To develop plant-specific list of hazards
an extensive review of information for Plant-Unique External Hazards was fulfilled (plant layout and design
documentation; site meteorological and hydrological information; data on potential sources of external events
including their location, content of hazardous materials, location of air ways and airports within 50 km from site)
and the screening walkdown performed. For screening purposes the following screening criteria were used:

Qualitative Screening Criteria

(A) The event cannot occur close enough to the plant to affect it.
(B) The event is included in the definition of another event
(@] The event is slow in developing and there is sufficient time to eliminate the source of the threat or to

provide an adequate response. The criterion C was used to screen out such events as drought, river diversion, loss

of coolant lake, soil shrink, low winter temperature.

Quantitative Screening Criteria

(D) The event either has a very low (<1E-6/year) mean frequency of occurrence or has a significantly lower
mean frequency of occurrence than other events with similar uncertainties and could not result in worse
consequences than those events. The uncertainty in the frequency estimate for the excluded event is judged as
not significantly influencing the total risk.

(E) The event is of equal or lesser damage potential than the events for which the plant has been designed or

the event severity required to affect the plant has a frequency less than about 1E-6 per year.

Bounding analysis for non-screened events was based mainly on assumption that core damage conditional

probability given a hazard with high magnitude is equal to unity.

5.2.14 SPAIN

Inputs from Spain are welcome during the external review process of the report.
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5.2.15 SWEDEN

The Swedish Radiation Safety Authority (SSM) publication SSMFS 2008:1 provides SSM regulations and general

advice concerning safety in nuclear facilities.

With this SKI report 2003:48 (in Swedish) is used as 'PSA Review Handbook' and provides requirements on the
performance of PSAs, as well as control of the PSA activities of the licensees. This review handbook presents
important aspects to be considered when judging whether a licensee fulfils the requirements on PSA activities,
including the performance of PSA's or PSA applications. The handbook is also be guidance for the review of PSAs;
however it is not a handbook for how a PSA is performed. The PSA review handbook is applicable to all types of
initiating events and all operating conditions, and has been structured in a way, which stresses the integrated

characteristics of PSA in the creating of the risk picture of a plant.

In Sweden initially, initiating events were defined independently within each PSA, based on IEEE and IAEA lists. As
a part of the project SUPER-ASAR (As-operated Safety Analysis Report) (in Swedish), SKI Technical Report 90:3,
90:4, a common classification of initiating events was developed for all BWR and all PWR. This classification was
also required in order to make possible a common approach towards the analysis of transient data, and ultimately
resulted in the development of the 'I-Book’ (SKI Report 94:12, 2nd edition - in Swedish), presenting frequencies of

initiating events. However, |-Book is not utilised the way it was supposed to be used by PSA practitioners.

The method for the analysis of external events was developed as a part of the ASAR 90 programme. The aim of the
project was to evaluate the state of the art within the field of external events and to propose an analysis approach
(excluding seismic events). The work concerning 'selection of relevant external events' represented an overview of
available methods for screening of initiating events. The recommended approach was iterative. A complete
identification of potentially relevant initiating events was crucial. Thereafter, simplified frequency and
consequence estimates were made in order to screen out non-critical initiators. Increasingly sophisticated methods
were used for the screening of the remaining initiators, in order to arrive at a final set of relevant initiators that

will be included in the PSA.

The SKI Report 02:27 (2003) “Guidance for External Events Analysis” is summarised in ASAMPSA_E WP 22
deliverable D22.1 and relevant summary is repeated here again. This SKI report includes four phases, addressing
project planning, identification of external events, screening of events, and probabilistic analysis. The aim is first
to do as a complete identification of potential single and combined external events as possible. Thereafter, as
many external events as possible are screened out as early as possible. This documents aims at creating a common
framework for analysis of external events as part of Probabilistic Safety Assessment study for a nuclear power

plant. The guidance does not cover seismic events or events originating from acts of sabotage or terrorism.

The main elements presented are as follows:

e The procedure for the identification of a complete set of potential single external events is described, using a

categorization of external events in accordance to main group, cause of event (air based, ground based, water
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based) and relevant deviations. An additional classification of events into natural and man-made external

events is made.

e A procedure for the identification of a complete set of potential combined external events is given, together
with the used selection criteria (definition of events; different safety functions affected; degree of impact on

plant safety functions; single external events criteria).

e The main screening criteria are presented and their use is described with some examples. A relevancy
screening should be performed, to obtain a list of site relevant external events. Afterwards, to obtain a list of
potential plant relevant external events, an impact screening should be performed (when the maximal
strength imaginable at the site will not even have a minor effects on the plant structures cooling, electrical
transmission or on the plant operation, the event should be eliminated). The deterministic screening
eliminates such plant relevant external events, either single or combined, which do not cause any initiating
event modeled in PSA and loss of safety systems needed after the initiating event. The aim of probabilistic

screening is to evaluate which events represent an acceptable risk.

e An introduction to some deterministic analysis methods that use analysis experience data for external event,

and data sources discussion is given.

e The information needed on plant response to the external events remaining after the impact screening is

defined and a work procedure for performing a plant response analysis is given.

e The modeling and quantification of external events using an internal events PSA model is described, as well as

how a PSA model can be used in order to estimate the importance of a specific external event.

Concerning human activities, it is stated that if they are performed within the relevant surroundings, they may
impact the plant via man-made external events. The natural environment may impact the plant itself directly or

by affecting man-made activities, the site or other plants on the site.

The plant response information regarding an external event consists of relevant design characteristics, concerning
plant characteristics, and protective or mitigating human interactions. The analysis must decide what kind of
impact the external events will have on the plant, and how the plant is protected against the impact. The
protection may include both structural characteristics, characteristics of active or passive safety functions and

protective or mitigating human actions, as defined in safety and operating procedures.

5.2.16 SLOVAKIA

The UJD SR decree “Safety documentation of nuclear installations” [29] and UJD SR guideline on “Application of
PSA methodology in the regulatory process” [30] are main documents, which formulate general approach and
utility obligations to the PSA.

The UJD SR recognizes the PSA methodology and requires performing internal event level-1 and level-2 PSA for full

power, low power and shutdown operational states for any plant in the site (including internal fires and floods). If
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relevant, external hazards (as seismic event, extreme temperature, aircraft crash, etc.) must be incorporated into

the assessment.

5.2.17 SLOVENIA

The Regulation JV 9 [31] sets requirements for preparation of the Probabilistic safety analyses: Article 40 specifies
the application of PSA in assessment of modifications, Article 49 requires PSA model and all necessary data to be
provided to the regulator, Article 50 describes the required content of the PSA, Article 51 defines the
requirements considering PSA quality and maintenance, Article 52 and 53 specify the scope and applicability of
PSA results.

Article 50 of the Regulation JV 9 [31] states that probabilistic safety analysis shall cover:

1. all the relevant operational modes of the facility; in the case of a nuclear power plant, these operational modes
include, in particular, modes ranging from refueling and operation at low power levels up to the full power
operation;

2. all the relevant initiating events and potential hazards, including fire, flooding, severe weather conditions and
seismic events;

3. all the relevant dependencies, including functional dependencies based on the physical location of components
and common cause dependencies;

4. an analysis of uncertainties and sensitivity analyses of a level 1 probabilistic safety analysis, and a sensitivity or
uncertainty analyses of a level 2 probabilistic safety analysis;

5. analyses of human reliability, taking into account the factors which can influence the performance of the
operators and other personnel in all the analysed plant operational modes.

For the review of the nuclear power plant Krsko PSA within the second periodic review [32] the ASME RA-Sb-2005
[33] for internal events and ANSI/ANS-58.21-2003 [34] for external events including seismic were applied.

The ANSI/ANS standard [34[requires that potential external events that may affect the site shall be considered and
shall be subjected to either screening, bounding demonstrably conservative analysis, or detailed analysis. The
ANSI/ANS standard requires for demonstrably conservative analysis to be performed using defined quantitative
screening criteria. The ANSI/ANS standard requires for a walkdown of the plant and its surroundings to be
performed as a basis for the screening out of an external event. The ANSI/ANS standard also requires for
documenting the screening out of an external event in a manner that facilitates applying the PRA and updating it
and that enables peer review.

Finally, it should be noted that new revision of regulations JV5 [57] and JV9 [38] have been prepared in draft form
in December 2015 for public hearing. Both draft regulations follow the newest WENRA RL for operating reactors
[11]. Per draft JV9 proposal [38] the scope of PSA analyses should include fuel in the core and in the spent fuel
storage (WENRA RL O1.1). Regarding natural hazards the whole WENRA issue T was adopted in the proposed draft
of JV5 [57]. The proposed exceedance frequencies of design basis events shall be low enough. A common target
value of frequency, not higher than 10-4 per annum, is proposed to be used for design basis event (individual

natural hazards or combinations of hazards).
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5.2.18 SWITZERLAND

The national practices strictly conform to the ENSI (Swiss authority) requirements set forth in the Swiss guideline
ENSI-AQ5 [40] as follows.

Earthquakes, extreme winds, tornadoes, extreme floods and aircraft crash are required to be analysed in detail
and must be incorporated in PSA, regardless of the estimated frequency of the potential initiators, cf.sections

4.6.2-4.6.6 of [40].

All other external events need not be incorporated in the PSA models when either one of the following conditions
is met (screening criteria):

- It is possible to justify qualitatively that the potential risk (in terms of frequency of core damage)
contributes only marginally to CDF/FDF' (e.g. in case when the impact on the facility does not invoke the
activation of safety systems or the consequences are covered by accidents having significantly higher
initial frequency of occurrence).

- A guantitative assessment demonstrates that the potential contribution to CDF/FDF is not expected to

exceed the value of 10 per year.

This is done using the conditional probabilities of core damage or fuel damage from internal initiating events that
have similar consequences or impact on systems and components as the external initiating event under

consideration, multiplied by the estimated frequency of occurrence of the external initiating event.

5.2.19 UNITED KINGDOM

High-level regulatory expectations on screening for PSA are defined in ONR’s Safety Assessment Principles (SAPs)
[10], specifically SAPs
- FA.2 “Fault analysis should identify all initiating faults having the potential to lead to any person
receiving a significant dose of radiation, or to a significant quantity of radioactive material escaping from
its designated place of residence or confinement.” [10], p. 136,
- FA.12 “PSA should cover all significant sources of radioactivity, all permitted operating states and all
relevant initiating faults” [10], p. 141, and
- FA.13 “The PSA model should provide an adequate representation of the facility and/or site.” [10], p.
141,

 The ENSI-A05 [40] differs from the ASAMPSA_E recommendation in D30.5 [86]. CDF relates to fuel damage in the
core during full power operation while FDF relates to fuel damage during non-full power operation for fuel in the
core or the SFP.
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Important requirements include [10], p. 141f,

“Screening criteria used to exclude low frequency faults should be justified.”

“The identification of initiating faults should consider the potential for combinations of hazards. At multi-
facility sites, the analysis should also consider the potential for specific initiating faults giving rise to
simultaneous impacts on several facilities or for faults in one facility to impact another facility.”

“Where groups are used to represent several initiating faults or fault sequences, the group should be
assigned a frequency equal to the summed frequency of the contributors to the group and should be

represented by the most onerous one.”

More specific regulatory expectations on screening for PSA are defined in ONR’s guide on PSA NS-TAST-GD-030,

Rev. 4 [36]. These include the following.

ONR requires a PSA Level 1, Level 2, and Level 3.

“The overall risk analysis of the NPP covers all sources of radioactivity at the facility (reactor core, fuel
ponds, fuel handling facilities, waste storage tanks, etc).” [36], p. 26

The PSA is made for all type of initiating events and hazard scenarios and for all operational modes.

Risk measures of interest are core damage frequency for PSA Level 1 [36], p. 27 and large release
frequency as well as large early release frequency for PSA Level 3 [36], p. 63f

For initiating event identification, “all disturbances that require mitigation to prevent core damage and
those that lead directly to core damage [are addressed]” [36], p. 27

Regarding grouping, “The process for grouping initiating faults is clear, i.e. the grouping criteria and the
mapping to derive the final initiating fault groups are transparent.” [36], p. 28. The group is represented
by a bounding (most onerous) scenario, which is clearly described.

Regarding hazards screening, “[t]he approach and criteria for the screening of hazards are auditable and
justified.” [36], p. 46. Applicable to the plant and reasons for exclusion from analysis are clearly
explained.

ONR’s PSA guide [36] includes further specific guidance on internal fires, internal flooding, and seismic

analysis.

5.2.20 UKRAINE

The main regulatory basis of the IE identification procedure, as well as for other PSA technical elements is GND

306.7.02 2.048-01 “Methodology for review of the PSA attached to report on safety analysis of power units

operated at NPP”. This document contains an overalls approach and acceptance criteria for regulatory review of

PSA and also can be used as recommendations for PSA development.

The IE identification approach for postulated initiating events (PIE) is similar to approach presented in Section 4,

with small differences in subdivision of PIE group differences. According to NP 306.2.162-2010 «Requirements for

NPP safety assessment», anticipated operational occurrences are events with frequency more than 102 1/year,

design basis accidents - 10” - 102 1/year, for BDBA and severe accidents frequencies has not been indicated.
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For the PSA Level 1 purpose a blended approach, combination of top-down analysis (development of master plant
logic diagram); using existent lists of initiating events ; evaluation of operating experience and evaluation of plant
documentation (emergency operating procedures, technical specifications, safety analysis reports, etc.) is used to
develop comprehensive list of IEs. Quantitative screening criterion is only one: IE with frequency less than 10-07

1/year are excluded from detailed consideration.

Regarding identification of hazard, events are categorized in the following way: (1) internal hazards: fire, flood,
dropped loads, etc.; (2) external (natural) hazards: earthquakes, hurricanes, floods, meteorites, lightning, etc.;
(3) man-made hazards: aircraft crash, transport accidents, explosions, chemical or radioactive contamination of
territory or atmosphere. The list of candidate hazards is then reduced by screening out those which: are not
applicable to the site/plant; or are of negligible frequency as compared with CDF for internal IE; or have no
significant impact on the plant. For man-made hazards the widespread method of screening is use of the
screening distance value. An NPP is considered vulnerable to a particular external hazard if the frequency at
which the external hazard can cause any plant end state to occur is significant compared to results from the Level
1 PRA of internal initiators. The frequency of an end state initiated by an external hazard is considered
insignificant if: the frequency is more than a factor of 100 less than the frequency for the end state quantified in
the Level 1 PRA of internal initiators; or the initiating event frequency is below 107 per year. However, sum of end

state frequencies (i.e. CDF) should not more than 10% from total CDF resulted from PSA for internal IE.

Several methods are available to support the initial identification (initial screening) of hazards. Some hazard
sources are too far removed from the NPP site to pose a risk to the plant. Many risk methods include screening
criteria related to the separation between a hazard source and the site (e.g., the distance between the site and
industrial facilities, airports, and transportation routes). When applicable screening criteria divulge that a hazard
source is too far removed from the site to pose a risk, it can be concluded that NPP is not vulnerable to that
hazard. So, under initial screening the following categories of criteria are used:

1) Distance from source of hazard to NPP or separate SSC at the site;

2) Possible damage to NPP from hazard does not exceed the effects of the internal IE or other event

considered in the NPP design;

3) External hazard is a special case of other external hazard;

4) External hazard is characterized by conditions that are below the design limits;

5) External influences obviously has a much lower incidence than other hazard, and can not lead to more

serious consequences.

Some hazards can easily be assessed without recourse to detailed computations. Meteor impact is an example,
since it only depends on the area of the site. For such external hazards a quantitative comparison with results
from the Level 1 PRA of internal initiators will disclose whether NPP Unit 1 is vulnerable. Also It may be possible to
perform bounding calculations to assess the impact of certain external hazards on NPP Unit 1. For example, if

conservative blast analyses demonstrate that the shock wave resulting from an explosion at a nearby industrial
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facility or transportation corridor is incapable of damaging plant equipment to the point where a reactor trip

occurs, it can be concluded that NPP Unit 1 is not vulnerable to the external hazard.

5.2.21 USA

The U.S Nuclear Regulatory Commission (U.S NRC) defines screening as “a process that distinguishes items that
should be included or excluded from an analysis based on a defined criteria.” (NUREG-2122, [102]). The U.S NRC
also supports the ASME/ANS definition of screening criteria, which is defined as “the values and conditions used to
determine whether an item is a negligible contributor to the probability of an accident sequence or its
consequences” (ASME/ANS PRA Standard).
There are two types of screening criteria applied to external hazard PSA: qualitative screening and quantitative
screening. The objective qualitative screening is to identify portions of the analysis whose potential risk
contribution can be judged negligible without quantitative analysis. Qualitative screening is used during the
development of a PSA model. When employing this type of screening analysis, the analyst should use approved
screening criteria to eliminate potential hazard or risk contributors (i.e., scope or level-of-detail items) from the
PRA.
Some examples of qualitative screening criteria include (as presented in NUREG-1855 [103]):
- The contributor or hazard cannot occur close enough to the plant to affect it. Application of this criterion
must take into account the range of magnitudes and frequencies of the hazard.
- Screening of contributors or hazards from a PRA based on the fact that core damage would not occur
during a selected mission time (e.g., 24 hours) and core damage would not occur later, assuming no
credit is taken for any compensatory measures that are implemented after the mission time is exceeded.

- The contributor or hazard is included in the evaluation of another hazard or event.

The objective of the quantitative screening is to eliminate portions of the analysis from further consideration
based on preliminary estimates of risk contribution through the use of established quantitative screening criteria.
There are specific numerical criteria and conservative analytical rules to assure that the contribution to risk is
small. The numerical criteria utilize the frequency of the design basis hazard and the associated conditional core
damage probability or a CDF value calculated using a demonstrably conservative analytical method for evaluating
the hazard. A principle being followed in developing the screening criteria is that the qualitative and quantitative
screening criteria should be consistent since their purpose is to eliminate events that are negligible contributors to
risk.

RG 1.200 [104] identifies screening criteria for external hazards. Prior to screening any hazard, all natural hazards
and man-made events that apply to the site under consideration are first identified. A preliminary screening is
used to eliminate events matching the criteria from further consideration. Further screening can be performed by
using a bounding or demonstrably conservative analysis with defined quantitative screening criteria to
demonstrate that the risk from some external events is sufficiently low to eliminate them from additional

consideration.
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As stated in RG 1.200 [104]: “an event can be screened out either (1) if it can be shown using a demonstrably
conservative analysis that the mean value of the design-basis hazard used in the plant design is less than 10” per
year and that the conditional core damage probability is less than 10-1, given the occurrence of the design-basis-
hazard event; or (2) if it can be shown using a demonstrably conservative analysis that the CDF is less than 10 per
year. It is recognized that for those new reactor designs with substantially lower risk profiles (e.g., internal events
CDF below 10°®/year), the quantitative screening value should be adjusted according to the relative baseline risk
value”.

Note that:

“Use of the NRC Standard Review Plan (SRP) or design bases to show that a screening criterion is met is not an
acceptable approach for screening out contributors or hazards. This is based on the fact that a quantitative
assessment of a contributor or hazard that has been screened out qualitatively — based on meeting the SRP or
design bases — may result in a core damage frequency that would not have otherwise allowed the contributor or

hazard to be screened out quantitatively” (NUREG-1855 [103]).

Additional guidance on screening criteria is presented in NUREG-1855 [103], section 5.2.

5.2.22 OTHERS

5.2.22.1 AREVA 's External Events Screening Methodology

Introduction
AREVA’s methodology for the analysis of external events follows the results of the WENRA paper on consideration
of external events for new reactors [35] and is based on the methodology proposed in [71].
External events are characterized as originated from outside of the plant and create an extreme environment with
the potential of causing initiating events at the plant, typically a transient.
Relevant external events are those events which impact the plant structures, systems or components with:

1) The potential to degrade one or more plant safety functions and, at the same time, with

2) The potential to request the plant safety systems to keep the plant in a safe state or to bring it into a

safe state.

The aim of the screening analysis is to identify from an exhaustive list of external events those single and
combined external events which are relevant to the plant and the site with regards to their potential of affecting
the plant safety via air, ground or water.
To this end, the analysis involves the following steps:

1) Initial data collection,

2) Identification and definition of the external events (exhaustive list) and

3) Screening analysis of external events.

The scope of the present report covers the details of these steps.

Initial Data Collection
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The first step consists of the collection of relevant information. This step provides the input information for the
screening analysis for the identification of potentially relevant external events to the plant and to the site. The
required data involve site specific and generic experience and information on specific external events and their
consequences, such as topography of the site, historical information on occurrence of external hazards and design

features of the plant to cope with the external events.

Identification of Potential External Events and Effects

The second step involves the identification of a complete set of single and combined external events.

Identification of Potential Single External Events

The identification of potentially relevant single external events results in a list of events that constitute the input
to the external events screening analysis.
The list should be as exhaustive as possible. The following sources provide the main inputs in the compilation of
the list of external hazards:

- RHWG Position Paper on safety of new reactors [35],

- SKI Report 02:27 [71],

- |AEA Safety Standards (see [60], [72], [61], [73], [22]),

- NUREG/CR-5042 [74].
Grouping the various types of external events is useful for structuring the information, presented, and makes it
possible to perform a tentative completeness check of the events identified, (e.g., the external events can be
grouped into air, ground, or water related events and/or into natural events (e.g. various extreme weather
conditions) and man-made events (e.g., airplane crash, gas explosion).
Note that each event is classified only into one event group, even if it has characteristics from more than one

group.

Identification of Combined External Events

The identification of combined external events is based on the analysis of potential single external events. The
entire list is used.
Generally, a combination of external events is considered to be relevant, if the combination has either a higher
degree of severity or additional effects on the plant compared to those of the single event. Typically, a
combination of hazards involves natural events (e.g., heavy wind and high sea water level). However,
combinations of natural and man-made events are also possible and cannot be excluded beforehand (e.g.
increased risk of ship accidents during heavy weather conditions).
The identification of combined external hazards focuses on the identification of correlation mechanisms, such as:
- Source correlated hazards, e.g. earthquake and tsunami,
- Phenomenological correlated hazards, e.g. strong wind and heavy rain,
- Induced hazards, e.g. earthquake and earthquake induced fire.
In addition, uncorrelated events may be relevant if they have a large frequency of occurrence/exceedance

frequency and/or a long duration.
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Note that external events that have been originally screened out as single events using the screening criteria
C3/Distance, C4/Inclusion and C6/Applicability (see Table 5-3) are considered to be not relevant candidates of a

combination.

General Effects from External Events

Then, it is useful to summarize the potential general effects which the external events may have on the plant. For
this purpose a list with the main categories, in which the plant impact might fall for the most external events,
should be established.

An example of plant effect classes is given in Table 5-2.

Table 5-2 Example of plant impacts type

IMPACT TYPE DESCRIPTION

Structure/Pressure The external events affect the structure and disable the safety function contained.

Structure / Missile These events involve a direct or a pressure-wave impact

Heating, Ventilation, The external event affects HVAC functions and may cause partial or total loss of

Air Conditioning safety systems relying on heating or cooling. Alternatively, the event may affect the

(HVAC) plant crew through the ventilation system, e.g., toxic gases.

Ultimate heat sink The external event affects the ultimate heat sink and may cause partial or total loss
of secondary cooling.

Power supply The external event affects the offsite power and may cause loss of offsite power.

External flooding The external event causes flooding of buildings or structure and may disable the
safety functions contained.

External fire The external event causes fire in buildings or structure and may disable the safety
functions contained. In accordance with NUREG-1407 [75] the potential effects of
fire on the plant could be the loss of offsite power, forced isolation of the plant
ventilation.

Electric The external event affects safety functions by creating electrical or magnetic fields.

Other direct impact In a few cases, the event may work in a way that is not covered by the general
categories. Examples are plant isolation/limited accessibility.

External Events Screening Process

According to [71], two screening processes are considered:

Relevancy screening: it has the aim to discard such potential single or combined external events, which are not
relevant to the nuclear power plant due to its location. The result of the relevancy screening is a list of site
relevant external events.

Impact screening: considers the list of site relevant external events and eliminate those potential external events
which, with the maximal strength imaginable at the site, will not even have minor effects on the plant
structures, cooling, and electrical transmission or on the plant operation. The result of the impact screening is

a list of potential plant-relevant external events.

Screening Criteria for Single External Events

A single external event is screened in if the consequences of the external hazard could be important (e.g., to the
plant structures, plant cooling systems) and the hazard frequency is not bounded by an internal event analysis

already performed in the level 1 PSA.
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For screened-in events, a detailed analysis is necessary to evaluate the frequency of core damage due to the
external hazard. The relevancy screening is based on general knowledge about the strength of the potential
external event and the relevancy at the site.

In order to arrive at a manageable amount of potential single external events, the following relevancy and impact

screening criteria are used based on ref. [71]:

Table 5-3 Screening criteria for single external events:

C1/Severity C2/Frequency C3/Distance C4/Inclusion C5/Warning C6/Applicability
Site-related Site-related Site-related Impact screening | Impact screening
screening criteria screening criteria screening criteria criteria criteria

Screened-out if:

The event has a

Screened-out if:

The event has a

Screened-out if:

The event

Screened-out
if:

Screened-out
if:

Screened-out if:

The event is not

damage considerably cannot occur The event can The event applicable to the
potential that is | lower frequency close enough to | be included in develops in site because of
less or equal to of occurrence the plant to the definition such a slow other reasons.
another event than events with affect it. of another rate that
that the plant is similar event. there is
already uncertainties and enough time
dimensioned cannot result in to initiate
for. worse counteractions
consequences.

Screening Criteria for Multiple External Events

A combination of external events is considered to be relevant if the combination has more severe or additional
effects on the plant compared to those of the initial single external event.

In order to arrive at a manageable amount of potential combined external events, the following screening criteria
are used based on reference [71]:

Table 5-4 Screening criteria for multiple external events:

M1 / Definition M2 / Independence M3 / Impact C1-Cé

Screened-out if: Screened-out if: Screened-out if: Screened-out if:
The events do not occur
independently in time (see
criterion M2)

AND

The events affect the same plant
safety function

AND

The combined effect on the
safety function is not greater
than the effect from the most
severe of the single events
involved

The events occur
independently of each
other in time

AND

The probability of
simultaneous occurrence
is low, i.e., below single
event frequency
screening criteria C2

The multiple events
are included in the
definition of a single
event, which is
already analyzed for
the plant

Any of the single
external events
criteria apply to the
potential multiple
events
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5.3 COMPARISONS OF PRACTICES AND LESSONS LEARNED

A very general methodology for identifying initiating events has been drafted in section 4 of the present report.
This general approach essentially reflects most pertinent guides and also common sense. However, it leaves much
space for the individual PSA development. Therefore, the present section 5 has been introduced to shed light on

the practices in different countries.

There are several high-level documents and guides which have been mentioned in the previous sections.
Unfortunately these documents do not have a high degree of detail. They very often provide general suggestions,

which need to be interpreted and adjusted when performing a PSA.

The following examples and related comments provide a perspective on the level of guidance:

The ASME/ANS RA-S standard [54], [56] has two sets of screening criteria: one for the internal initiating events at
power and one for external events at power. For external events the ASME/ANS RA-S standard requires that all
potential external events (both natural hazards and man-made events) that may affect the site shall be considered
and shall be subjected to either screening, bounding (demonstrably conservative) analysis, or detailed analysis.
The list of external events that should be included as a minimum is provided in the standard. Requirement for
supplementing of the list with the site-specific and plant-unique external events is given. The preliminary
screening is qualitative and is performed using a set of five screening criteria.

For hazard events, SSG-3 [4] recommends a systematic screening approach. However, there are no statements
against which specific criteria initiating event and hazard scenarios should be screened out.

WENRA reference levels for existing reactors [11] require that adequate screening criteria shall be defined in order
to identify the relevant initiating events and operational states, but no further details are given.

For external hazards, the main issue is combination of external hazards. Several countries set requirements for the
consideration of combinations of external hazards. However, in general there are no specific recommendations on
how to treat combinations of hazard events in the determination of initiating events or hazard scenarios for a PSA.
Only the EU industry representative provides some information. Typically, a combination of hazards involves
natural events (e.g., heavy wind and high sea water level). However, combinations of natural and man-made
events are also possible (e.g. increased risk of ship accidents during heavy weather conditions). The identification
of combined hazards focuses on the identification of correlation mechanisms, such as source correlated hazards
(e.g. earthquake and tsunami), phenomenological correlated hazards (e.g. strong wind and heavy rain), and

induced hazards (e.g. earthquake and earthquake induced fire).

The following conclusions can be derived from above described approaches: all significant initiating events and
dependencies and correlations that affect the results should be considered in the model, but hardly any specific

requirements are described.
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As a consequence, practically no PSA exist which fully complies with present guides. Only few countries mention
that they follow or develop regulation according to WENRA reference levels. Also only few countries directly refer

to ASME/ANS standards.

The following sections provide a short summary of the contributions above provided by the individual counties.

A grouping into seven bins has been applied. For each county, the availability of respective information is

indicated.
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Figure 5-1 Overview over Screening Approach Topics by Country

5.3.1 LIST OF IE AND HAZARDS TO BE CONSIDERED IN THE SCREENING PROCESS

All countries list internal hazards like fire, flood, earthquakes, hurricanes, floods, lightning and man-made hazards
like airplane crash, transport accidents, explosions. Hazards resulting from human errors are mentioned by most
countries. Some countries mention special additional hazards like volcanism (CA), electromagnetic interference
(CA, DE), heavy load drop (FR, DE), tornados (CH, DE) or microbiological corrosion (DE). Belgium (BE) does not

envisage external hazards.

In their hazard lists the different countries refer to reference documents issued by IAEA (e.g. HU, SE, CZ), ASME
(e.g. SI, JP), CNSC (e.g. CA) or others (e.g. WENRA, IEEE, ANS).

5.3.2 AREA OF INTEREST AROUND THE NPP

In the corresponding country reports only few countries mention the consideration of the surroundings other than
already mentioned in the reference documents. The Czech Republic for example refers to site evaluation and

safety aspects for nuclear installations (corresponding to IAEA documents), taking into account geographical,
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meteorological, biological and transport data. Also special seismic analyses are cited in the Czech report. Most
countries (e.g. UA) mention the consideration of distance of the hazard to the NPP.
Slovenia made a proposal (following WENRA issue T) to set frequencies less than 10“/a for operating units

considering natural external events.

5.3.3 COMPARISON OF QUALITATIVE SCREENING CRITERIA

Common screening criteria are e.g. the distance of the hazard to the plant, the duration of the development of
the hazard, a potential inclusion in already considered cases, a low frequency of occurrence, the potential of a
damage, that is smaller than in the DBA cases or, for some countries, hazards, that have small contributions to
overall CDF and LER (e.g. DE, CH). Canada includes the effects on SSC and scenarios that would influence the

ability to implement emergency plans. Slovenia uses the conservative ANSI standard in its consideration.

5.3.4 COMPARISON OF QUANTITATIVE SCREENING CRITERIA

The cut-off frequencies vary for the different countries. Bulgaria screens out scenarios with a frequency below 10-
9/a, whereas e.g. France sets a limit of 107 /yr for CDF or 10 /yr for LRF. Hungary sets frequencies of less than
107/yr (both for operating and new units) for man-made hazards and less than 10/a for operating units and 10"
5/a for newbuilds considering natural external events. Bulgaria sets a limiting frequency for a quantitative
contribution to the CDF/FDF of less than 10 per year. Germany screens out scenarios with an estimated CDF
below 10°¢. Russia neglects events with a very low (<10®/year) mean frequency of occurrence or events with equal
or lesser damage potential than the events, for which the plant has been designed for. In the US, CDF has to be
less than 10 per year. It is recognized that for those new reactor designs with substantially lower risk profiles
(e.g., internal events CDF below 10°/year), the quantitative screening value should be adjusted according to the

relative baseline risk value”.

5.3.5 CONSIDERATIONS ON MULTI-UNITS SITE

Considerations on multi-unit sites are not performed by most countries. However Canada indicates that the
potential for specific hazards simultaneously impacting several units on the site should be considered. It considers
to review the lessons learned and to re-examine the safety cases of NPPs for ensuring, that sufficient defence-in-
depth margins are available, with a focus also on external hazards such as seismic, flooding, fire and extreme
weather events.

Germany asks for a proof that internal hazard events in one unit do not impact on the safety of an adjacent unit,

however no specific requirements for identifying related initiating events are stated.
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5.3.6 CONSIDERATIONS ON CORRELATED HAZARDS AND EVENTS

Correlated hazards and events are handled by some countries with a matrix approach (e.g. FR, CZ), considering all
possible combinations and then selecting the relevant by defined criteria (e.g. frequency, degree of impact,

possibility). Other countries define major criteria like significance (CA, SE) or frequency (DE, RO).

5.3.7 CONCLUSIONS

The approaches of the countries differ in detail but generally use systematic ways like matrices or schemes to
consider the impact and the severity of internal, external and combinations of hazards. This is mainly done in
reference to documents from e.g. IAEA or other authorities. One major criterion is the frequency of occurrence,
whose limit is set differently in the countries with respect to the referred documents used for the screening

process.

6 GOOD PRACTICES FOR EXTENDED PSAS

6.1 GENERAL CONSIDERATIONS FOR INITIATING EVENTS SELECTION

Initiating event identification and selection (screening “in” or “out”) for an extended PSA have to consider the
objectives for which the PSA is produced. These objectives should help defining:
1. the aspects of risk which are relevant and for which the PSA model should provide results,
2. the risk measures that are relevant in interpreting PSA results,
3. the values of risk criteria for relevant risk measures, to which the extended PSA results should be
compared,
4. an acceptable scope, level of details, and level of conservatism for the PSA.

These objectives may differ for a NPP during design or operation phases.

The screening approach for an extended PSA is based on the following assumptions on PSA scope:
1. the risk is (or will be) described by L1 and L2 PSA,
2. the risk measures for reporting PSA results for the unit and the site (if applicable) may differ depending
on the PSA application but it should include:
a. core damage/fuel damage frequency as the main L1 PSA results,
b. As a minimum for L2 PSA results, the large release frequency and the early release frequency
measures,

c. Preferably for the L2 PSA results, the frequencies of an appropriate number of release categories

in order to calculate a meaningful risk profile.
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A reasonable approach is to introduce progressively the sources of risk in the PSA model and to select the relevant

internal initiating events and hazard scenarios:

1.

2
3
4.
5

start with internal initiating events screening and PSA model development,
continue with internal hazard scenarios and integration into PSA model,
extend by external hazard scenarios,

complement with combinations of hazards and correlated hazards,

complete by extension to multi-units and multi-sources considerations.

This approach assumes that a PSA model for a specific hazard scenario will benefit from the use of the available

internal events PSA. Conceptually, each hazard scenario will be an initiator for an initiating event that directly

challenging some safety functions.

As confirmed by section 5 analysis of existing practices the screening entails the following major steps.

For all operating states and all relevant sources on the site:

1.
2.

3.

4.

Identification of possible initiating events, hazard scenarios, and combinations thereof,
Plant response analysis and suitable grouping of initiating events or hazard scenarios to a representative
group,
For each representative group, bounding analysis consisting of
a. Qualitative plant response,
b. Quantitative assessment of the likelihood of the scenario, of its consequences for the plant,

Definition of a set of initiating events and hazard scenarios for extended PSA analysis.

The next sections discuss some good practices for each step of the selection of extended PSA initiating events.

6.2 SCREENING CRITERIA

The ASAMPSA_E report D30.2 includes the following recommendations on screening criteria.

“[S]creening criteria should be commensurate to overall PSA results and ensure that low probability/high
impact events are not screened out. To that effect, a set of suitable risk metrics and threshold values
(including CDF and LRF) should be defined.” [86], p. 29

“The screening of initiating events for detailed consideration in the PSA should be performed not only based
on PSA Level 1 risk metrics but also on PSA Level 2 risk metrics like e.g. different release categories,
including at least one risk metric for large releases and one for early releases. Screening thresholds on the
risk measures for the Level 2 risk metrics should be defined and justified. Initiating events (including hazard

scenarios) should only be screened out from the PSA, if they are screened out based on Level 1 and on Level
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2 risk metrics. In addition, if a PSA Level 3 is intended, the screening process should include Level 3 risk

metrics and thresholds as well.” [86], p. 33

In addition, any screening procedure should be consistent with the respective goals set out by WENRA, which state
for new reactor designs that “accidents with core melt which would lead to early or large releases have to be
practically eliminated” [35], p. 24, and for existing reactors that “any radioactive release into the environment

shall be limited in time and magnitude as far as reasonably practicable” [11], p. 23.

The recommendations given below are based on these ideas.

6.2.1 QUALITATIVE SCREENING CRITERIA

With regard to qualitative screening criteria that can be used to screen out scenarios from an extended PSA ([4],
[56], see also section 5.1.4.), application of the following criteria appear clearly to be a good practice:

1. the event poses no challenge to safety systems,

2. the event is bounded by another initiating event or the induced accident scenario is already included in
the PSA (from other causes) (in that case, there is no need for a specific development of the PSA but its
probability shall be considered in conjunction with another event (or group)),

If the event (external hazard) has the potential to induce catastrophic levels of destruction on the plant and
regional scale offsite consequences such scenarios cannot be screened out from the extended PSA. Such scenario

should be subject to the need for practical elimination.

The following qualitative screening criteria may be less relevant:

a. The event is very slow in development and fully efficient protection can be put in place on the NPP
against the event.
An explicitly bounding assessment shall be performed for the traceability of screening process and
emphasize in PSA approach the importance of the “fully efficient protection”. This information can be
used during NPP normal operation (maintenance, tests for the protection ...).

b. The event has a very low frequency of occurrence (e.g. 107 / yr).
This is actually not a qualitative but a quantitative screening criterion and should be treated as such.

c. The event has a low frequency of occurrence and several trains (e.g. two [56]) of relevant safety systems
are available.
This is an implicit bounding assessment; an explicit bounding assessment would improve the traceability

of screening process.
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6.2.2 QUANTITATIVE SCREENING CRITERIA

Numerical probabilistic safety targets are applied differently depending on countries. Interpretation of

quantitative screening criteria may also differ from one country to the other.

Nevertheless the following approach for defining quantitative screening criteria for the selection of PSA initiating
events is proposed as a good practice.

1. Based on regulatory acceptance criteria or established international guidance for CDF/FDF (e.g. 10® /yr)
and LRF/LERF, the maximum screening quantitative criteria shall be set to 1 % of that value. This results
in the following minimum criteria:

a. FDFeyent < 107 /yr
(RMFayent < 107 /yr)

b. LRFayent < 108 /yr

. ERFeyent < 10°% /yr
(LERFeyent < 108 /yr)

2. If L1 and L2 PSA results are already available, then the above limits shall be reduced to 1 % of the overall

PSA results (if relevant) or kept unchanged.
a. FDFeyent < 1% FDFoyeran if < 107 /yr
(RMFeyent < 1% RMFoyeran if < 107 /yr)
b.  LRFeyent < 1% LRFqyeran if < 108 /yr
C. ERFeyent < 1% ERFyyeray if < 108 /yr
(LERFeyent < 1% LERFgyeray if < 108 /yr)

3. Aninitiating event of hazard scenario should be screened out from extended PSA detailed analysis, only if
it can be screened out against all quantitative screening criteria,

4. Very low frequency events associated to potential major consequences are often associated to high
uncertainties; a prudent approach shall be applied and possibilities to reinforce the plant defences shall
be kept open independently of the extended PSA considerations,

5. Bounding analysis to estimate the criteria above shall be preferred during the screening approach ;

6. The bounding analysis shall consider both single unit (source) and multi units (sources) ; the same
numerical criteria shall be applied for a single and multi-units site ;

7. A more precise analysis is needed for events which cannot be appropriately represented by a probability
per year (typically reactor refuelling phase or seasonal effects) ; in that case, the maximum probability

value for that event within the year shall be preferred when applying quantitative screening criteria.

Explanation of the point 7 : an important remark relates to the differences between events treated properly by
frequency of occurrence (per year) and events properly treated by a probability of occurrence within a year. For
the former, the probability for the occurrence of the event is distributed uniformly over time and the event

probability scales inversely with the reference time period, i.e. T2 - p;; = T1- pp,. For the latter, the event might
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happen with a certain probability p in a time interval AT within a year. Obviously, the “event frequency” does not
change for different reference intervals, if these intervals cover AT, i.e. p = pr, = plar| AT € {0,T1}, AT c
{0,T2}.

It is recommended performing screening based on time-averaged FDF/CDF in general but this is not applicable for
events which are properly described as a probability per year. Salient examples of these types of events include
internal initiating events specific to refuelling operation or other shutdown operating states. For hazard scenarios,
these type of events are relevant e.g. to hazards for which the frequency of occurrence strongly varies over a
year, e.g. due to seasonal variations. Rescaling those probability-per-year types of events to an observation period
of one year is not appropriate for screening purposes. In these cases, it can be more appropriate to use instead the
maximum probability value for that event within the year'

If there are indications of significant risk peaks already during screening a more detailed analysis of the scenario is

recommended, since it might be related to a potential weakness in the safety design of the plant.

6.3 PLANT RESPONSE ANALYSIS, HAZARDS IMPACT ANALYSIS, AND
BOUNDING ANALYSIS

6.3.1 GENERAL CONSIDERATION

Plant response analysis is an essential task for the screening of initiating events and hazard scenarios as well as the
subsequent development of probabilistic model, both in bounding analysis and in more detailed probabilistic
modelling. The overall objectives of plant response analysis are to identify if the safety of the plant (i.e. safety of
the fuel or of other sources) is challenged by the event or scenario under investigation, which fundamental safety
functions are challenged either directly or by consequential effects, and if provisions for safety functions (SSC,
barriers, other features) are effective or not. For hazards scenarios, hazard impact analysis describes the specific

aspect of plant response after hazard effects within the plant.

Plant response analysis makes use from all available sources of information about the (transient) behaviour of the

plant from deterministic assessments of PIE, deterministic hazard assessments, and existing PSA models.

For screening purposes and for bounding analysis, plant response analysis may rely on conservative assumptions
and expert judgement, where specific information on plant behaviour is not readily available in order to limit
analysis effort. For detailed PSA model development, plant response analysis is based on accident sequence

analysis [4], cf. also [3]. Obviously, this has to be specific to the unit and the site.

1 Conceptually, the check is then against peak FDF(t), LRF(t), and ERF(t). However, an explicit calculation of
time-dependent risk measures is not recommended, since this needs to rely on detailed models. For additional
discussion on time-dependent risk measures, see D30.5.
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In the following is a summary of plant response and hazard impact analysis for the screening of external hazard
scenarios. The concepts presented are broadly applicable to internal initiating events and internal hazards, even if

is a well-established technique.

6.3.2 APPLICABILITY ANALYSIS

The first step in the screening of external hazards relates to applicability. Analysts need to identify those potential
single or combined external hazards that are not relevant to the nuclear power plant and to the site due to site
characteristics (e.g. tsunamis usually cannot affect plants located far away from seas and oceans). Use is made of
the results of site investigation and evaluation to screen out hazards not applicable to the site. Expert judgement

will play an important role.

6.3.3 IMPACT ANALYSIS

6.3.3.1 Approach

A more detailed deterministic impact assessment is performed for hazards that could not be screened out since
they are applicable. The purpose of screening by impact analysis is to eliminate all those potential external events
from the initial list of external hazard scenarios that do not have the potential to induce any transient on the
plant, i.e. the maximum credible impact caused by an external hazard scenario does not induce any of the internal

initiating events of the PSA or any additional initiating events previously not considered in the internal events PSA.

In general, the following two criteria are applied for screening by impact analysis:
1. Severity: the effects of the event are not severe enough to cause damage to the plant, since it has been
designed for loads with similar or higher strength due to other event scenarios.
2. Predictability: the event is very slow in developing, and it can be demonstrated that there is sufficient
time to eliminate the source of the threat or to provide an adequate and timely response without notably

jeopardizing safety.

6.3.3.2 Load parameters

With regard to the first criterion, the most important parameters which best represent the load induced by an
external hazard should be specified [4]. All parameters specified for the hazards should be taken into account in

performing the impact analysis.

Examples of external event scenarios and associated load parameters are listed below '¢:
1) external explosion:

a. maximum pressure wave [kPa];

16 See [D21.3] for a more comprehensive list.
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c.
d.

e.

maximum heat flux [W/m?];
peak ground velocity (due to vibratory ground motion) [m/s];
maximum momentum of generated missiles [kg m/s];

maximum concentration of a toxic substance for a certain exposure duration [ppm/hour].

external fire:

a.

b.

maximum heat flux [W/m?];

maximum concentration of a toxic substance for a certain exposure duration [ppm/hour]

extreme wind:

a.

b.

maximum gust of wind (related to a 2 second period) [m/s];

maximum of 10 minute average wind speed [m/s].

extreme air temperature:

a.
b.

maximum and minimum instantaneous temperature [°C];
maximum and minimum average temperature for a certain duration (e.g. daily or weekly average

temperature) [°C].

extreme precipitation:

a.

maximum precipitation intensity for a certain duration (e.g. 10, 20, 60 minute or daily)

[mm/min].

extreme snowfall:

a. maximum thickness of snow [cm];
b. maximum snow water equivalent [mm/cm].
lightning:
a. peak value of lightning current [kA];
b. maximum steepness of the lightning current [kA/s];
c. maximum charge of the lightning current [kAs];
d. maximum specific energy of the lightning current [MJ/Q].

6.3.3.3 Maximum impact

The maximum impact that can develop in the vicinity of the site due to an external event (or combination of

events) should be determined for the purposes of impact screening. This should be based on reasonably

conservative assumptions on those factors that determine the harmful effects of an initiating accident (e.g.

assumed maximum freight in a transportation accident). Besides the maximum load induced by the event at the

location of the source, the maximum impact on the plant is also assessed and used during screening. These two

quantities, i.e. the maximum load at the source and the maximum load that can impact on the plant can be

considered identical for most natural events (e.g. extreme wind), but they are usually different for man-made

events (e.g. accidents during railway transport). The distance between the event location and the plant, the

characteristics of propagation, spread and decay should be taken into consideration to determine the impact on

the plant.
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6.3.3.4 Maximum credible impact

If engineering estimates prove insufficient for screening, a more detailed analysis should be done as part of
bounding analysis and the event should not be screened out at this stage. The maximum load on the plant induced
by an external event applicable to the site under realistically possible boundary conditions is called maximum
credible impact.
The assessment of the maximum credible impact induced by most man-made external events can be based on site-
specific geographical data. Typically, a limiting value can be determined for those parameters of the source that
are relevant for the impact (e.g. energy) irrespective of the occurrence frequency of the event. For instance, the
maximum pressure wave due to a road transport accident can be assessed by taking into consideration the
following:

1) substances transported by trucks on roads near the plant (based on transportation records),

2) maximum allowed cargo for each substance relevant for the roads in the vicinity of the site (based on

national or regional regulations on transport),
3) physical-chemical characteristics of the substances transported,
4) site specific meteorological data for the assessment of environmental spread,

5) geographical data around the site (e.g. topography, terrain).

Estimating the maximum credible impact for a hazard or hazard scenario can be done by expert judgement,
informed by all available information including hazard frequency curves. The maximum credible impact should be
estimated in a conservative way. If the hazard scenario cannot be screened out in that is does not pose a challenge

to the safety of the plant, it should be retained for bounding assessment.

6.3.3.5 Comparison of the maximum credible impact with existing protections

By comparing the maximum credible impact of an external hazard with existing protection of the relevant safety
functions enables to decide if the external hazard can be screened out or not. For this reason the protection of the
safety functions against the loads induced by external hazards has to be assessed. This is done by assembling all
relevant design basis data for the SSCs affected by the external event. In some cases, especially for plants in
operation, the information needed for the assessment may be incomplete. Consequently, deterministic screening
criteria for certain impacts may be difficult to set. Use should be made of expert opinion on the protection against

certain impacts (e.g. heat flux, pressure wave, missile penetration, etc.).

6.3.3.6 Exceedance frequency curves for the maximum credible impact

For many natural hazards screened in as applicable, a maximum impact at the site cannot be determined
independent of the occurrence frequency or exceedance frequency. In these cases, the magnitude of hazard
impact is effectively not bounded by physical effects or site-specific properties (e.g. tsunami height due to
asteroid impact for coastal sites or earthquake magnitude for seismically active regions). Then, a maximum
credible impact needs to be determined with explicit reference to frequency of exceedance curves with a

reasonably small frequency threshold. This threshold will depend on screening criteria, and might be in the range
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of 107/y to 108/y or even below for PSA. If the analysts cannot demonstrate that the safety of the plant is not
challenged by using such assumptions, the respective hazard should be treated by bounding assessment (see
below). Often, design basis values are set at exceedance frequencies of 10 /y or 10° /y. and the main difficulty

for the PSA development is to determine the exceedance frequency curve in the range 108 /y to 10 /y.

If a frequency value (or range) for the hazard is set, then the maximum probable impact can be assigned to the
load parameter value (or range) of the frequency of exceedance curve. Often, the parameter at the median
(“best-estimate”) value of the curve is taken. However, uncertainty bands should be considered at least as
sensitivity cases. Defining maximum credible impact for this frequency value (range) at a high percentile (e.g.
95%) of uncertainty bands is recommended. This approach is meaningful if the region of interest of the hazard

frequency curve can be determined without excessive uncertainty.

The hazard can be screened out due to impact if the safety of the plant is not challenged by the maximum
credible impact (obtained from the low frequency part of the exceedance frequency curve). In that case, the
frequency threshold for maximum credible impact (if applicable) shall be consistent with the quantitative

screening criteria (see section 6.2).

6.3.3.7 Multiples impacts, secondary impact analysis on plant structures and systems

Many external events have more than one harmful effect, including secondary effects, too. For instance, a
transportation accident may have simultaneous effects like pressure wave, heat flux, missile impact, release of
toxic gases, etc. Furthermore, external fire, external explosion and release of toxic gases can be additional
consequences (secondary effects) of an aircraft crash. These complex impacts may have more serious

consequences than the individual ones; therefore they should also be taken into consideration.

In order to support the screening investigations in this regard, the Fault Sequence Analyzer method can be useful
[68], [67]. This approach or similar analyses can provide valuable insights about potentially challenging

combinations of hazard impacts for a specific hazard scenario.

All safety related plant areas affected by the external hazard scenario in question should be mapped for the
purposes of plant response analysis in the initial screening phase. In general, the effects induced by external
events belong to one or more of the following categories [71]:

1) failure of structures: the external event may affect the structures by direct pressure (e.g. wind or snow
load), pressure waves (e.g. explosion), ground shakes (e.g. explosion, earthquake), etc., so that the
structures and/or the related safety functions are degraded or damaged. The following effects of area
events are particularly noteworthy.

a. external flooding: undermining of buildings or structures, consequently disabling the safety
functions contained.

b. Internal and external fire: extreme direct heat flux may destroy/degrade structures.
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2) Failures in systems: the external event induces failures in systems or components that lead to
challenges of plant safety. The following systems are particularly relevant.

a. failure of HVAC (Heating, Ventilation, Air Conditioning) system: the external event may affect
HVAC functions and may cause partial or total loss of safety systems or components relying on
heating or cooling.

b. failure of ultimate heat sink: the external event may affect the ultimate heat sink, consequently
it may cause partial or total loss of cooling water supply for safety systems.

c. electric: the external event may generate electrical or magnetic fields, which may potentially
affect transmission of power supply or control signals to safety systems.

d. failure of power supply: the external event affects the offsite power and may cause total or
partial loss of offsite power or other power supply faults.

3) Spreading via failed barriers: Due to failures or unavailability of (designed) barriers, hazard effects
spread into the plant leading to challenges to other structures (see the first item) or systems and
components (see the second item). This is particularly relevant for flooding and fire hazard events.

4) Spreading via systems and components: Due to effects in systems or components, which were not
designed against (the magnitude of) hazard impact, hazard effects spread into the plant leading to
challenges to other structures or systems. One salient example would be the HVAC system, which can
spread the effects of fire and flooding scenarios.

5) Other direct impact: in a few cases, the event may have such effects that are not covered by the

general categories above (e.g. plant isolation/limited accessibility, freezing).

6.3.3.8 Impact analysis on plant personnel

The existing guidance documents (e.g. [4], [71]) focus primarily on the impact of external events on systems,
structures and components, without much consideration to effects that may influence the ability of the plant
personnel to respond correctly in a timely manner.

The impacts of an external event on plant personnel working open air at a nuclear site as well as the habitability
within building enclosures of a nuclear power plant due to toxic gases, heat flux or radiological consequences of
accidents at nearby nuclear installations are of high importance. The aforementioned impacts on the plant
personnel should be taken into consideration during plant response analysis for initial screening. This is
particularly relevant, if the hazard scenario prevents necessary operator actions that are needed to bring and

maintain the plant in a stable safe condition.

The accessibility of the plant as well as the conditions and the allowable time for working open air at the site
should be evaluated for certain hazards. In general, protective measures are applied to reduce harmful effects on
the plant personnel. These measures and their effectiveness shall be taken during screening. For that purpose the
design basis loads of the protective measures are compared with the loads induced by the given (external) hazard
scenario.

The consequences of accidents with toxic effects, heat flux or radiological effects at nearby nuclear installations

should be taken into consideration in order to ensure the habitability of vital service areas within the building
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enclosures needed to maintain the safe conditions of the nuclear power plant. A significant reduction in health
effects can be achieved by using sufficient air filtration and cleaning systems. Therefore, appropriate positioning
and orientation of the air filtration equipment also helps to limit the health effects from inhalation within the
plant buildings. Furthermore, the exposure time of the operating personnel can be limited by strictly controlling

the allowable time at work.

Besides relevant design data, plant response information regarding an (external) hazard event scenario includes
data on protective measures and administrative procedures. The protection may include special protective
measures and protection features applied to prevent structures as well as of active or passive safety functions and
the related plant systems. Also, early protective or mitigating human actions to prevent plant transients due to an
external event, as defined in safety and operating procedures, need to be considered, if the development of the
hazard scenario is slow and grace time is large. Measures requiring operator actions should not be credited for
impact screening, if these actions are needed in the short or medium term. This aspect should be considered

during bounding assessment.

6.3.4 PLANT RESPONSE ANALYSIS FOR COMBINATIONS OF HAZARDS INCLUDING
LESS INTENSE SCENARIOS

Plant response analysis is also applicable to combinations of hazards. Usually, correlated hazards have to be
evaluated, since most of the hazards without any correlation can be screened out on the basis of event frequency.
Combined hazards may have either the same types of impact as individual hazards, but they can also impose
different effects on the plant.

If the effects are the same, the maximum credible impact is determined by the summation of the effects induced
by the multiple hazards that belong to the combination. If there are different effects, then all types of impacts

should be taken into consideration as complex effects.

Impact analysis for screening should not only consider rare, high impact events, but also less intense scenarios at

or even below design basis values, as these might be relevant in combinations with other events. This effect has

been observed for cases, where the provision of safety functions for one challenge depends on components that

are not designed against impacts of the other.

One example can be the combination of a below DBE earthquake with very high temperatures. If the ventilation
systems are not seismically qualified, they will likely fail for earthquake impacts even below the DBE threshold. As
a consequence, temperatures in the 1&C cabinets and other safety-related rooms will soon exceed their design
values, leading to a high likelihood for the unavailability of multiple safety functions.

The Fault Sequence Analyzer approach [67], [68] (or equivalent approach) may give valuable information on

potentially critical impact scenarios and can thus inform impact screening as well as bounding analysis.
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6.3.5 BOUNDING ANALYSIS

Bounding analysis describes that task of estimating, with conservative approach, initiating event and hazard

scenario frequencies as well as the respective conditional failure probability of plant safety provisions.

SSG-3 specifies (with respect to hazards) the following.

“8.7 The bounding estimations should be based on models and data that are either realistic or demonstratively
conservative. Such models and data include:

(a) Assessment of the 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, etc., for the plant.” [4], p. 92.

The bounding analysis is an important element for reducing the number of internal initiating events which need to

be analysed in more detail.

Bounding analysis for screening is usually inherently based on expert judgement. Experts need to use all available
information on events, hazards, and plant response, using sources from deterministic analysis, probabilistic
evaluations, operating experience, siting, simulation models, etc. These are then translated in to claims on
frequencies and conditional probabilities. Justifying these claims in a traceable manner but explaining the

underlying reasoning, providing supporting arguments, and linking to available evidence is good practice.

As with every expert judgement, only generic guidance can be provided. The following recommendations are
proposed:

e Bounding analysis for screening needs to be demonstrably conservative. This prevents scenarios to be
screened out with potentially relevant contributions to risk.

e Bounding analysis can be made at different levels of sophistication. Particularly for initial screening,
(very) conservative estimates are acceptable. Such values could be based on a high confidence of a
small value type of approach or could correspond to a 95% percentile of the (possibly unknown)
distribution at a confidence level of 95%.

e In order to limit the amount of initiating events and hazard scenarios for a more detailed analysis, more
realistic bounding estimates can be necessary. Such estimates can be

a. Based on conservatively estimated mean values for frequencies or probabilities

b. Based on simplified probabilistic models.
Analysts could make separate (bounding) estimates for the failure probability of different (groups
of) safety functions, barriers, related plant compartments, or other provisions available to

control the scenario.
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c. With regard to hazard scenarios, simplified probabilistic modelling can include separate
estimations on the conditional probabilities for hazard impact propagation, consequential
effects, triggering of initiating events, and protection measures.

e Estimations based on simplified probabilistic modelling need to critically examine

a. Potential common cause failures

b. Boundary conditions (e.g. impact of hazard effects)

c. Interactions and interdependencies with other units.

d. Shared systems and resources, which cannot (simultaneously) supply all relevant demands from
the connected units, should be assumed to be unavailable for bounding assessment as default
assumption.

e Bounding analysis for hazards needs to be based on their impact characteristics

For some hazards like e.g. internal fire, specific bounding analysis approaches have already been developed.

Bounding analysis should be made in a progressive manner.

1) The first step will be the estimation of the frequency of occurrence of the initiating event or hazard
scenario. At this step, the conditional probabilities for severe consequences (whatever they may be)
should be assumed to be 1.

2) If the event or scenario cannot be screened out on frequency alone (a quite common case), estimates on
the PSA Level 1 risk metric, i.e. FDP and possibly RMP, have to be made with an adequate level of
sophistication (see above). At this stage, CLRP and CERP should be assumed to be 1.

3) If the event or scenario cannot be screened out because it fails the Level 2 criteria, additional estimates

on CLRP and CERP with an adequate level of sophistication have to be made.

During bounding analysis, the analyst might notice that the scenario under consideration can be reasonably
assigned to an already existing initiating event or hazard scenario group based on plant response analysis. This

option should be preferred, especially if there is a detailed PSA models available for that group.

Bounding analysis should allow for demonstrating that certain events are extremely unlikely to develop into a large
release or an early release scenario. This provides valuable justification to decision makers and stakeholders that
low probability/high consequence events have been comprehensively identified so traceability is crucial.
Importantly, using bounding analysis for the assessment of a scenario does not remove the need for practical

elimination of a sequence with unacceptable risk.

For screening purposes bounding assessment related to site risk measures should not be necessary. Claims for each
unit from bounding assessment should be added up to arrive at site-level risk contributions from bounding

assessment.
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6.4 SELECTION OF THE INDIVIDUAL INTERNAL INITIATING EVENTS TO BE
CONSIDERED IN A SINGLE UNIT PSA

The screening process for internal initiating events is an established practice for current PSA. For the
identification of initiating events, the following approaches [4], [7] can be used in general:
a) List of initiating events, either from other existing PSA or recommended in standards and guides;
b) Evaluation of operating experience events, and events specific to spent fuel pool;
c) Bottom-up analysis approaches like hazard and operability (HAZOP) studies or failure mode and effects
analysis (FMEA);
d) Master logic diagrams which develops a plant level logic structure whose basic input events are the
initiating events, for identifying failures leading to challenges of normal operation;
e) Evaluation of the plant safety analysis report and other deterministic analyses on design and beyond
design basis accidents.
The plant systems and major components should be systematically reviewed to see whether any of the failure
modes could lead directly or in combination with other failures, to significant disturbances of plant operation,
requiring operation of mitigating systems. Partial failures of systems need also to be considered as well.
There is a lot of experience in the PSA community on the spectrum of internal initiating events for all operating
modes relevant for the different NPP designs. For a summary of the generic approach based on SSG-3 [4], see
section 5.1.1.2. Therefore, comments are provided only on some specific aspects relevant for the proposed
screening approach for an extended PSA.
First, the screening for an extended PSA may assume significantly lower quantitative screening thresholds than
established practices. Therefore, internal initiating events, which have been screened out from more detailed
assessment may need to be re-assessed. This particularly includes a check of screening out internal events against
the recommended PSA Level 2 screening risk measures.
Regarding internal initiating events screening against PSA Level 2 risk measures, particular attention should be
given to IE-specific boundary conditions or unavailabilities relating to the containment function of the NPP. For
example, event scenarios, which are inherently intertwined with an open containment or a containment isolation
failure, are potentially significant contributors to LRF and ERF scenarios. Such boundary conditions can also

originate from different operating modes, e.g. shutdown states with and without an open containment.

Based on the ASAMPSA_E investigation of the link of DiD and PSA (cf. ASAMPSA-E deliverable D30.4), the spectrum
of internal initiating events screened for PSA should be cross-checked against the list of PIE for deterministic
safety assessment. Particularly PIE classified as DEC events can complement the spectrum of initiating events for
PSA and vice versa.

Another link between deterministic and probabilistic assessment approaches lies in determination of initiating
event frequency. Obviously, this determination should come from the same data and results should not be

inconsistent.
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For internal initiating events, frequency estimates down to the range of about 10 /yr can often be justified based
on operating experience, by extrapolation of operating experience, or by combination of operating experience
with modelling assumptions. In these cases, uncertainty bands for the respective values are usually limited (to
about an order of magnitude at most).

However rarer events pose significant challenges to analysts. Extrapolations from available data (e.g. by extreme
value statistics) may lead to results with excessively large uncertainty bands. In these cases, the ASAMPSA_E
project recommends as far possible combining available data with event model information (e.g. structural
integrity assessments and simulations) and adjusting results based on expert judgement. Especially for screening
purposes, conservative estimates of event frequencies are sufficient. Therefore, using conservative point estimate
values based on a high probability that the actual frequency value is lower should be considered as an approach
(cf. e.g. the “high confidence of low probability of failure” concept for seismic safety analyses [21]). Direct
estimations - even based on expert judgement - of the 95% percentile at a 95% uncertainty level for the event
frequency will likely lead to results at an appropriate level of accuracy and conservatism for screening. Such
estimations can then be refined, if a more stringent treatment of the event either in bounding analysis or in a

detailed PSA is merited based on its contribution to the risk measures of interest.

The internal events screening needs to include the spent fuel pool, if not separated from the reactor core in a
specific facility. The spectrum of initiating events affecting the SFP needs to entail reactivity accident scenarios as
well as loss of fuel cooling scenarios. To the extent that a PSA models still has to be developed, the deterministic
safety case for the SFP will provide valuable insights on initiating events for the different operating modes.

With regard to other multi-source considerations related to internal initiating events, see section 6.8.

6.5 SELECTION OF THE INDIVIDUAL INTERNAL HAZARDS SCENARIOS TO
BE CONSIDERED IN A SINGLE UNIT PSA

There is established internal hazard screening guidance available from several sources, e.g. SSG-3 [4] or the ASME
PSA guide [33]. Internal hazards scenarios to be considered include

(a) Internal fires;

(b) Internal floods;

(c) Heavy load drop;

(d) Turbine missiles;

(e) Internal explosions” [4], p. 65.
Detailed PSA investigations have been performed in particular for internal fire and internal flooding scenarios,
with respective guidance on specific screening available. Nonetheless, several remarks and recommendations with

respect to the proposed screening approach for an extended PSA can be made.

The aforementioned internal hazards can be extended by several addition classes like e.g. electromagnetic
interference or collapse of structures as mentioned for deterministic internal hazards assessment or from country

presentations, cf. e.g. sections 5.1.1, 5.2.6, or 5.2.7. A systematic approach similar to the approach for internal
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initiating events identification needs to identify those scenarios, which induce a challenge to plant safety, i.e. an
internal initiating event. For the further analysis, consequential and secondary failures of the internal hazard have
to be considered.

The screening approach for an extended PSA assumes that an internal initiating events PSA for the reactor core
and for the spent fuel pool (if applicable) is available to inform the screening. Consequently, internal hazards PSA
should be extended to the SFP.

Based on experience, single internal hazards other than internal fire and internal flooding have either been
screened out from further consideration or assessed with bounding assessment approaches. This is mainly due to
the observation that these other internal hazards either do not (easily) trigger events that lead to fuel damage
states (due to reactivity accidents or excess cladding temperature) or that the resulting scenarios are enveloped

by existing internal initiating events with significantly larger IE frequencies.

In view of the proposed screening approach and the quantitative screening criteria, it is recommended that
internal hazard screening needs to be extended with regard to the following aspects.

e Consideration of internal hazards originating from outside of the unit but from inside of the plant or site
perimeter. This should include the following effects, which can basically be treated like other (external)
man-made hazards,

a. Fires at other installations on the site like e.g. hydrogen or hydrocarbon fuel storage facilities,
b. Flooding originating from installations on the site like e.g. leakages from water storage tanks or
fire protection systems,
c. Explosions originating at other installations on the site, e.g. a hydrogen gas explosion after a
generator blowout,
d. Missiles originating at other installations on the site like e.g. a turbine missile from another NPP
on the site. Note: Such a missile might be screened out for the originating installation,
e. Electromagnetic interference from other sources on the site, e.g. due to welding work near the
affected unit,
f. Hazardous gas releases from other installations on the site, e.g. hydrogen releases during a
severe accident in another unit (multi-unit effect),
g. Accident level radiological releases from other installations on the site (multi-unit effect).
e Consideration of effects on containment function availability with respect to PSA Level 2 screening
measures,
e Combination of internal hazard scenarios and independent or correlated internal initiating events,

e Extension to the internal hazard scenarios affecting the spent fuel pool.

With respect to the determination of internal hazard scenario frequencies, basically the same comments as for
internal initiating events apply. To the extent sensible, internal hazard scenario frequencies should be based on
(mostly generic) operating experience. This should be combined with expert judgement using also information for
deterministic hazard assessment specific simulation models, as appropriate and available. Such generic operating

experience is available in particular for internal fire and also for internal flooding (from component integrity data
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bases). For other internal hazards, it is assumed that there is a dearth of generic information on such frequencies,
as these are commonly screened out from further detailed analysis.

It has to be emphasized that certain internal hazards are strongly dependent on time. For example, internal fire
initiators are known to be more likely during shutdown operation due to respective work. High energy faults of
components (power switches as well as pressure vessels) will depend on the component being in operation. For
screening purposes, internal hazard scenarios that strongly depend on time should be treated as “probability per
year” types of events. In that case, the peak probability value over a representative time interval should be

assumed for screening purposes.

The proposed screening approach for extended PSA requires the consideration of very rare events. Initiating
frequencies of such rare events (e.g. significantly below 10 /yr) will be hard to justify with a best-estimate
approach. For screening purposes, it is recommended using conservative point estimate values based on expert
judgement. Such estimations can then be refined, if a more stringent treatment of the event either in bounding
analysis or in a detailed PSA is merited based on its contribution to the risk measures of interest.
Internal hazard scenarios need to be mapped to initiating events. This requires the consideration of the effects of
the initiator event on the plant. Plant response analysis needs to consider the resilience of the plant (i.e. its SSC)
against hazard impact as well as the spreading of the hazard and its consequential effects (salient examples: fire
and flooding). It has to be pointed out that this necessitates a bounding assessment for internal hazard scenarios.
PSA analysts have to propose claims on two important aspects:

1) Conditional probability for the failure of provisions against potential spreading and other consequential

effects of the scenario,

2) Conditional probability of triggering an initiating event.

Due to the large number of potential initiators (e.g. rooms with a high fire load and prone to internal fire),

effective bounding assessment is an essential task for internal hazards PSA. Moreover, grouping internal hazards

scenarios, that have not been screened out (as not challenging plant safety), into enveloping hazard scenario
groups will be needed. This will significantly reduce the number of detailed PSA models.

In addition, the deterministic analysis of internal hazard should result in a comprehensive protection concept with
efficient protection measures. Internal hazards screening should confirm the effectiveness of the deterministic
protection concept. If more than a limited number of internal hazard scenarios are identified for detailed

probabilistic assessment, it is recommended to revisit the deterministic assessment and protection concept.

Finally, it has to be pointed out that a number of internal hazards are rather unlikely to get relevant with respect
to the FDF risk measures. A prominent example would be heavy load drop damaging a number of fuel elements in
the spent fuel pool (without impairing fuel cooling). Another example would be a high energy fault damaging the
radioactive waste treatment system. For such scenarios, screening against the proposed radionuclide mobilization

frequency risk measure should be considered. For further multi-source considerations, see section 6.8
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6.6 SELECTION OF THE INDIVIDUAL EXTERNAL HAZARDS SCENARIOS TO
BE CONSIDERED IN A SINGLE UNIT PSA

Improving hazard identification for PSA is one of the main lessons learned from the Fukushima Dai-ichi accident.
The following recommendations from the report ASAMPSA D30.2 [86] are particularly relevant.
“Site specific hazard identification has to be systematically extended to scenarios in the design extension
conditions range [...], especially for the purposes of an extended PSA.” [86], p. 11
“All natural hazards that might affect the site shall be identified; a wide spectrum of rare events should be
assessed.” [85], p. 11
“It has been recognized that current methods as well as data used for determining frequency vs. likelihood
curves for a lot of hazards are limited in their validity and often fraught with high uncertainties. Methods for
treating correlated (hazard) events - if available at all - are usually not mature. Consequently, this is identified
as a field for additional research [...].” [86], p. 29
“The screening process should consider justifiable frequencies for the hazards of relatively high magnitude
even if they have never been observed in the past in the plant vicinity. The impact of correlated hazards
should be carefully considered.” [86], p. 15
“Screening criteria should include suitable risk metrics for covering accidental release risk like e.g. large
release frequency or conditional containment failure probability.” [86], p. 15
“Screening should be done by combining fixed threshold values (e.g. for frequency of exceedance) with criteria

relative to the risk level of the plant (e.g. using metrics like CDF, LRF, CCFF, etc.).” [86], p. 15

External hazards screening for a specific site should start from a comprehensive list and narrow this down in the
further steps of screening. The report ASAMPSA_E D21.2 [[94]] provides a comprehensive list of natural and man-
made hazards that can serve as a good starting point. In addition, the operational history of the plant in question
and of similar plants should be reviewed to search for any events involving functional degradation or unavailability
of systems due to external events which should be added to the list. The publicly accessible databases that contain
summaries of accidents and near misses that have occurred in hazardous processes around the world should be
consulted. The report ASAMPSA_E D10.3 summarizes external hazards with high amplitude that have affected NPP

in operation [100].

The first step in the screening of external hazard will be applicability screening. Analysts need to identify those
hazards that are not relevant to the nuclear power plant and to the site due to site characteristics (e.g. tsunamis
usually cannot affect plants located far away from seas and oceans). Hazards can be screened out as not
applicable because

1) The hazard is not applicable to the site due to physical, geological or other properties.

2) The hazard does not challenge the safety of the plant (cf. section 6.2).
Applicability screening should initially be performed using a maximum (credible) impact and needs input from

plant response analysis, cf. section 6.3.
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With respect to the actual determination of frequency of exceedance curves for single hazards or combinations of

hazards, the reader is referred to the hazard-specific ASAMPSA_E topical reports.

The determination of frequency of exceedance curves for hazards will require input from (several) subject matter
experts on the respective hazards. Moreover, it is a well-known problem that the amount of data particularly on
rare, high amplitude hazard events is often severely limited. Current operating experience and knowledge often
limits frequency estimates for single events and phenomena to values in the range of 1 10* to 1 107 /yr. Using
statistical methods like extreme value statistics to extend limited data far outside of the reference time frame is
fraught with large uncertainties and might produce arbitrary results. Such extensions by several orders of
magnitude are therefore not encouraged. Instead, available data for the site have to be completed by using
regional data and by evaluating historical data or paleogeological information. Since rare mechanisms and
phenomena, which could result in severe hazard impacts, might be missing from the available observations
altogether, these should be complemented by investigations of such potential mechanism and phenomena. These

investigations will often require dedicated simulation models, calculations or expert judgement.

One essential step after the determination of frequency of exceedance curves (with respect of characteristic
hazard impact parameters like e.g. peak ground acceleration or flooding height) is the subdivision into more
specific hazard scenarios based on the characteristics of the plant. The partitioning should be informed by plant
response and hazard impact analysis, design values of SSC regarding different impacts, deterministic assessment

results, other hazard PSA results, etc. as appropriate.

The subdivisions need to be made in light of important thresholds of the plant with regard to the impact
parameter. Important limiting thresholds for screening will be the following.

1) Minimal hazard impact magnitude with challenges to plant safety (trigger for an AOO type of event),

2) Design basis hazard impact magnitude for design basis accident conditions,

3) (Maximum) hazard impact magnitude assumed for design extension conditions,

4) Hazard impact magnitude with an assumed cliff-edge to catastrophic failure.

Usually, (single) external hazard impact is characterized by a single impact parameter. If, however, a set of
impact parameters needs to be used (e.g. precipitation, wind speed, humidity, etc. for extreme weather), this

subdivision needs to be made on the set of relevant impact parameters.

As an example is discussed severe weather impact due to heavy snow. Usually the plant will cope with a certain
snow weight on buildings and snow levels on the plant site without significant impairments to safety systems or
adverse effects on operational systems, no event is triggered. This relates to the first alternative, the risk is
covered by the general risk of the plant. In case of more severe snow up to design basis limits, a shutdown and
likely loss of offsite power will be the main probable consequence of the scenario. For beyond design basis snow
loads, safety-important equipment will be rendered unavailable, for example (e.g. EDG air intakes covered by

snow) and emergency measures might no longer be possible. Based on plant response analysis, a maximum impact
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level needs to be determined'’. Excessive snow loads could potentially lead to catastrophic building collapse (e.g.

the reactor building) with catastrophic off-site consequences.

Based on the frequency of the occurrence curve (often a cumulative distribution), a bounding estimate frequency
for the respective subset has to be determined. The specific hazard scenario is then described by enveloping

impact parameters and the assigned frequency value.

The bulk of the frequency distribution will usually fall within the first two classes or even below. Moreover, these
two classes can often be screened out for further detailed analyses by (cf. section 6.2) the following criteria.

1) The event poses no challenge to safety systems,

2) The event is bounded by another initiating event,

3) The scenario is already captured in the PSA model as an intermediary state'®
The group corresponding to impact magnitude related to a catastrophic cliff-edge effect can often be screened out
from further detailed analysis because:

1) Such hazard impact magnitudes are not physically possible for the hazard source under consideration,

2) Such hazard impact magnitudes are not applicable to the site,

3) The estimated frequency for such hazard impact magnitudes is significantly below quantitative screening

values and thresholds for practical elimination.

It is emphasized that application of the latter criterion includes these hazard scenarios into the overall PSA

results.

The next step consists of identifying initiating events triggered by the specific hazard scenarios. When identifying
internal initiating events for hazard scenarios during screening for a hazard PSA, analysts should have access to the
internal events PSA Level 1 and Level 2 for all operating states for the plant and, if applicable, for the site. The
PSA model should cover the spent fuel pool and other major sources for fuel damage, as applicable. If this is not
the case, it is recommended to check hazard screening results as the internal events PSA models become
available. For the identification of initiating events and unavailabilities of safety-related SSC, so-called “hazard

equipment lists” are an essential tool. Guidance on these lists can be found in e.g. in Ref. [101].

“Probabilistic hazards analysis routinely maps the hazard impact on the plant to initiating events for an (internal)
accident sequence model, which is usually already present in the PSA” [86], p. 19. For that mapping, insights from

plant response analysis and bounding analysis will be essential. The following cases can be distinguished'®:

"7 It is noted that this impact magnitude might have been defined as maximum credible impact based on practical
elimination reasoning in deterministic safety analysis.

'8 This situation might arise if external hazard initiators or conditional probabilities are already considered in the
(internal events) PSA model, e.g. via initiating event fault trees.

191t should be noted that simplified probabilistic assessment approaches are already covered under bounding
assessment as described in section 6.3.
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1. The hazard scenario contributes to an initiating event which is already modelled in the PSA, and is not
altering any other conditions assumed in the internal events analysis. Analysts need to check that not only
PSA Level 1 but also PSA Level 2 boundary conditions are identical or at least comparable between the
internal IE and the hazard scenario. Based on the screening approach, the hazard scenarios should be
grouped into the initiating event group. Salient examples include loss of off-site power (heavy snow,
lightning, etc.) scenarios. Analysts need to check if these events are covered by the operating experience
used for the determination of (internal) initiating events frequency. However, grouping hazard scenarios
with very different ranges of uncertainty - regarding frequency of occurrence as well as plant impact and
accident development - should be avoided to the extent sensible.

Hazard-specific contributions can be derived from importance values for PSA end results. There is no need
for additional modelling.

2. The hazard scenarios induce an (internal) initiating event but with different boundary for the PSA Level 1

or PSA Level 2 model. Then, the hazard scenario should be linked to the existing IE, with appropriate
boundary conditions. Further consequences of hazard impact (e.g. common cause failures) relevant to the
event tree or fault tree modelling can then be considered by setting appropriate boundary conditions on
the availability of required safety functions and accident management measures. This standard approach
is well described in SSG-3 [4].
Depending on the overall PSA structure, modelling practices, and the modelling tool, either the hazard
event scenario is added to the (set of) initiators treated in the event tree together with the respective
boundary conditions. Alternatively, the existing event tree/fault tree model is copied, linked to the
hazard scenario as an initiator and the respective boundary conditions are set to the model. Whether
hazard scenario specific boundary conditions or effects are considered via setting logic switches or by
adapting the actual fault tree/event tree structure e.g. by adding additional (scenario-specific) basic
events depends on the overall modelling approach.

3. If the set of internal initiating events does not include a suitable initiator and accident sequence (event
tree) model that can be mapped to the hazard scenario, a new IE should be defined. In any case, analysts
will have to model the accident development and systems analysis under scenario-specific conditions as it
is done for internal events (cf. SGG-3 [4]). The Fukushima accident highlighted the need for defining
initiating events for risk sources other than the core (as the spent fuel pool) and systematically mapping

hazards to those initiating events for full power as well as low power and shutdown operations. [86]

Further guidance can be found in report D22.1 [96] and the hazard-specific ASAMPSA_E reports.

For screening purposes, this initial mapping to initiating events and the associated bounding analysis will often be
sufficient. If hazard scenarios might be screened out from further analysis due to initial mapping and respective
bounding analysis, analysts need to check for the following.

1) A hazard scenario might trigger several (distinct) initiating events with different probabilities. The

screening needs to ensure that at least bounding assumptions on the triggered event, the overall
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conditional probability, and consequences with respect to Level 1 and Level 2 risk measures have been
made.

2) If the hazard scenario triggers a “near miss”, i.e. there is only a (weak) line of defence left to prevent
core damage or (assuming the use of a PSA model) there are minimal cuts triggered by the hazard
scenario and its enveloping boundary conditions that include only one additional, non-consequential
failure.

If hazards screening is iterated in order to reduce the scope of detailed analysis, a refinement of the hazard
scenario subdivisions can be considered. Depending on further subdivisions of hazard impact magnitude, different
boundary conditions, conditional failure probabilities, and eventually consequences can be justified as bounding
estimates. Such subdivisions can be based e.g. on components operability limits, assuming that:

o SSCs will fail if the loads (acceleration, vibration, humidity, temperature, etc.) exceed the design loads

o SSCs will remain operational if the loads are below the design loads

o all equipment located inside damaged buildings/structures or close to the failed structures will be
inoperable

o human actions are successful if they are performed from a location not affected by the hazard and with

pathways available after the hazard occurrence

The principles for internal initiating events grouping can be transferred to hazard scenarios. In order to reduce the
amount of detailed analysis, a hazard scenario group with enveloping boundary conditions and impact
characteristics can be defined. The grouping should not be overly conservative and it shall be made in such a way
that hazard scenarios assigned to the group would induce the same or a reasonably similar plant response with
regard to same success criteria on the frontline systems, challenges to plant operators, and plant damage states
for PSA Level 1 and PSA Level 2. In particular, it should be checked if the accident progression after the initiating
event will trigger the same mitigating systems and with the same (or less onerous) success criteria. Moreover, the
availability and operability of safety systems and support systems, grace periods and requirements on operators

should be similar or less onerous than those of the bounding event.

It is emphasized that the process for the identification and mapping of internal events triggered by hazard
scenarios, the grouping and/or partitioning of hazard scenarios with regard to mapped internal events, the
identification and establishment of boundary conditions on the internal events assigned to each hazard scenario,

and the development of a model for an extended PSA is to be understood as an iterative process.

It is recommended applying the screening criteria outlined in section 6.2. No hazard-specific screening criteria are
recommended. Since external hazards are usually affecting the site, site-PSA considerations play a role, cf. section

6.8. For discussion on combinations of hazards and correlated hazards, see section 6.7 below.
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6.7 SELECTION OF THE COMBINED/CORRELATED HAZARDS SCENARIOS
IN A SINGLE UNIT PSA

With regard to the selection of combinations of external as well as internal hazards and correlated hazards and
internal events, the following recommendations from the report ASAMPSA D30.2 [86] are particularly relevant.
“A realistic set of combinations of hazards should be identified on the basis of a list of individual internal and
external hazards, before the application of any screening criteria.
It should be done through a systematic check of dependencies, by identifying:
e hazards occurring at the same time and in the same conditions (e.g. winds and snow);
e hazards and other internal events occurring at the same time (e.g. if a hazard situation persists);
e external hazard inducing other external hazards (e.g. seismically induced tsunami) ;

e external hazard inducing internal hazards (e.g. seismically induced internal fires);

internal hazard inducing other internal hazards (e.g. internal floods induced by missiles).” [86], p. 13
“The screening process should consider justifiable frequencies for the hazards of relatively high magnitude
even if they have never been observed in the past in the plant vicinity. The impact of correlated hazards

should be carefully considered.” [86] p. 15

The scope of hazard screening needs to be comprehensive. The ASAMPSA_E project has drawn up a list of external
hazards, including man-made hazards, which by themselves or as combinations can apply to the site of a nuclear
installation. The correlations between hazards can lead to the following categories of combinations [96]:
e causally connected hazards where one hazard may cause another hazard; or where one hazard is a
prerequisite for a correlated hazard,
e associated hazards which are probable to occur at the same time due to a common root cause.
The causality dependence can be divided into 2 categories:
e causality dependence between the specific hazard and the external natural hazards group,
e causality dependence of specific hazard with the man-made hazards group.
With respect to internal hazards, the analysis has to be extended to consider the following issues.
e Internal hazard scenarios are triggered as a consequence of external hazard impact (e.g. external flooding
entering the reactor building),
e Internal hazard scenarios triggered on the site but not in the unit or for the source currently analysed (cf.
section 6.5.,
e Internal initiating events, for which probability of occurrence correlates with the hazard scenario
frequencies. (e.g. a LOOP scenario might be more likely due to high grid load in conjunction with a heat

wave or during the hurricane season).

As a first step, PSA analysts should develop a matrix of all reasonable (bounding) combinations of hazards deemed
applicable to the site. Quantitative screening thresholds as defined in section 6.2.2 probably should be applied.
Such a matrix needs to consider all hazards, even if they have been screened out individually (for not challenging

the plant or based on bounding analysis). The screening of combinations should not only consider rare, high impact
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events, but also less intense scenarios at or even below design basis values, as these might be relevant in
combinations with other events. One salient example would be the combination of high external temperatures
with a design basis earthquake, which was identified as a contributor for a NPP, since ventilation systems were not
qualified for earthquake impact and the subsequent temperature increase in safety related buildings would impair
safety-related I1&C.

For each entry in that matrix, an enveloping set of maximum (credible) impact characteristics needs to be
defined. It then has to be checked if this enveloping set of impact characteristics would challenge the safety of
the plant. The results of an investigation following the Fault Sequence Analysis (FSA) method [67], [68] or similar
approaches will be invaluable for that purpose.

If combinations are identified as potentially applicable and relevant for the plant, the further screening will follow
the concepts outlined in sections 6.6, 6.5, and 6.4.

Screening of combinations of external and internal hazards for PSA is a field with need for further research. This
applies in particular to the determination or bounding estimation of adequate frequency of occurrence or
conditional probability values for combined/correlated hazard scenarios. The same considerations as for rare
external hazards apply. Regional frequency approaches as described in ASAMPSA_E report on flooding PSA are a

good way to enlarge the data basis.

Finally, the screening of combinations of hazards needs to efficiently use strategies for grouping hazard scenarios
for specific combinations into enveloping hazard scenario groups. However, grouping hazard scenarios that are
very different in terms of levels of uncertainty on frequency of occurrence or hazard impact and accident
development should be avoided to the extent possible. The use of bounding assessment will be essential for

limiting the amount of cases for a more detailed analysis.

6.8 SELECTION OF INITIATING EVENTS FOR MULTI-UNIT, MULTI-SOURCE
PSA

The report ASAMPSA D30.5 [87] includes a discussion of risk measures for multi-unit and multi-source PSA (site-
level PSA). Based on this discussion, the following important conclusions can be drawn.
e Site level risk measures can be defined by extending common unit- or source level risk measures.
Specifically, risk measures recommended for screening can be extended to the site level.
e Site-level risk results can be estimated from unit- or source-level risk measures.
e As corollary, initiating events and hazard scenarios that are screened in based on unit- or source-level risk
measures are also screened in based on the respective site level risk measures.
e  For the recommended risk measures from section 6.2 and given the recommended quantitative screening,
the following observations can be made
a. Events and scenarios not screened in based on FDF for any unit or source will not be screened in

on FDFgje.
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b. Events and scenarios not screened in based on LRF or ERF or RMF for any unit or source are for
practical purposes also not screened in based on LRFg. or ERF . or RMF .. Deviations would
result from multi-source release scenarios, for which all single-source releases are below the
release threshold for those three risk measures, but the combined releases are above. Since
release estimates during screening shall be adequately conservative, this possibility will not be
relevant in practice.

It follows that all events and scenarios screened in for site-level risk measures will be screened in based
on one unit- or source-specific screening risk measure. Consequently, no screening specific to site-level

risk measures will be necessary.

Importantly, this discussion rests on the assumption that unit- or source-level PSA results adequately consider all

site-level effects. Consequently, if screening for hazard scenarios (external but also internal) for an extended (i.e.

in this case site-level) PSA is to be performed, PSA analysts should have access to a comprehensive site-level

internal initiating events PSA Level 1 and Level 2 for all operating states and all sources.

The following comments are due regarding site-level PSA:

For each screened in event and scenario, PSA analysts need to check during the development of the
probabilistic model if and which multi-unit or multi-source aspects have to be included in the PSA model.
Some remarks and recommendation on that task are provided below.

The identification process of initiating events and hazard scenarios needs to consider shared systems and
connections between units and sources for determining if they can trigger an initiating event for each
single unit or source.

The issue of how to structure a site-level PSA model is still subject to research since only limited practical
experience has been gained so far. Generally speaking, site-level models can be constructed from existing
single unit/single source models, if the separation between the units/sources is highly effective (physical
separation, no shared or interconnected systems, including operating systems, dedicated control rooms,
dedicated severe accident installations and resources, etc.). Otherwise, an integrated, site-level model
will be needed.

Since external hazard scenarios are often affecting multiple units (and sources), dedicated site-level

models are particularly relevant for these scenarios.

The screening approach for a multi-unit, multi-source PSA is basically similar to the screening approach for a single

unit as discussed in the previous sections. The following comments and recommendations on specific aspects for

site-level PSA screening are given:

Obviously, internal initiating events have to be identified for each unit and source. The scope of an
internal initiating events site PSA consists of the set of initiating events for each unit/source.

Similarly, internal hazard are basically related for each individual unit. Relevant releases from one unit
(or source) should be considered as a potential (external) hazards for other units/sources .The set of
internal hazard scenarios for a site-level PSA consists of the set of internal hazard scenarios for each

unit/source.
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External hazard scenarios are basically events affecting the site. Consequently, external hazard scenarios
(or combinations of external hazards with other events) should be screened in for detailed site-level

modelling if they are screened in for any one unit or source.

Bounding assessment needs to consider multi-unit/multi-source aspects (cf. section 6.3).

Systems and other provisions or resources providing safety functions to more than one unit or sources
should be assumed to be unavailable, if they cannot provide simultaneous demands from all connected
units or sources simultaneously.

If shared or interconnected systems or other provisions providing safety functions to more than one unit
can fail due to hazard impact, propagation of hazards from any one unit, or due to consequential effects
from internal initiating events or internal hazard at any one unit/source or due to external hazards, these
should be assumed to be unavailable for every unit for all relevant cases per default.

If the propagation of internal or external hazard impacts or effects of consequential failures from one
unit/source to another unit/source cannot be excluded with a high degree of certainty, it should be

assumed to occur for bounding assessment by default.

More realistic bounding assessments should be well justified.

These recommendations should be applied for bounding assessment of each individual unit/source, irrespective of

whether the development of a site-level PSA model is intended or not.

For the development of a multi-unit and multi-source (site-level) PSA model, PSA analysts have to identify the

relevant events and scenarios affecting multiple units or sources at the same time.

Multi-unit accident sequences may be caused by two classes of initiating events:

Common-Cause Initiators (CCls): Initiators that simultaneously challenge all of the units at the site. CCls
include initiators that are caused by external hazards (e.g. earthquakes, severe weather).

Single-Unit Initiators (SUIs): Initiators that occur at one unit. SUIs generally include initiators caused by
internal hazards such as internal events (e.g. loss of main feedwater, loss of coolant accidents), internal
floods, and internal fires. SUIs may cause multi-unit accidents due to cross-unit dependencies such as
shared support systems, spatial interactions (e.g., internal flood and internal fire propagation pathways),

common cause failures or operator actions.

In addition, PSA analysts need to identify further dependencies between the units/sources in order to decide on

the need for a (dedicated) site-level modelling.

Six main dependence classifications are identified [92]:

initiating events,

shared connections,
identical components,
proximity dependencies,
human dependencies, and

organizational dependencies.
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Table 6-1represents the matrix showing the classification scheme and systems with respect to PSA Level 1

considerations potentially affected [92].

Table 6-1 Classification matrix for multi-unit dependencies [92]
Accident Sequence Definition Potential Systems Belonging to Classification
Classifications

Initiating Events Single events that have [ Loss of Offsite Power, Loss of Ultimate Heat Sink, seismic event (including seismically-
the capacity to affect | induced tsunami), external fire, external flood, hurricane, high wind, extreme temperature
multiple units

Shared Connections | Links that physically Reactor pool, chilled water system, BOP water system, spent fuel pool cooling system,
connect SSCs of circulating water system, reactor component cooling water system, high, medium and low
multiple units voltage AC distribution systems

Identical Components with Safety DC electrical and essential AC distribution system, reactor module bay, containment,

Components same design, decay heat removal system, emergency core cooling system, non-safety instrumentation and

operations or operating | control, chemical volume and control system, power conversion system
environment
Proximity A single environment | Reactors, ultimate heat sink, containment, non-safety DC electrical and essential AC
Dependencies has the potential to distribution system, control room HVAC

affect multiple units

Human A person’s interaction | Shared control room, operator staffing more than one reactor
Dependencies with a machine affects
multiple units
Organizational Connection through Same vendor for safety and non-safety system valves, consolidated utility ownership of
Dependencies multiple units typically | multiple nuclear power plant sites, decision-maker overseeing more than one reactor or more
by a logic error that than one operator
permeates the
organization

It should be noted that the examples given Erreur ! Source du renvoi introuvable.need to be extended to PSA
Level 2 considerations, i.e. dedicated severe accident management equipment, effects of radioactive releases of

one unit on others, hydrogen hazard, etc.

Therefore, any comprehensive screening for an extended PSA depends on the understanding of all
interdependencies between the different units/sources. Therefore, the identification of SSC and other provisions
that might be relevant for multiple units/sources is an essential step. To this end, a combination of the following
approaches can be recommended:
e Evaluation of deterministic safety demonstrations related to multi-unit effects,
e Evaluation of deterministic hazard impact analyses,
e Dedicated failure mode and effects analysis of SSC and other provisions on the site looking for effects on
multiple units,
e Evaluation of (existing) single-unit PSA models for minimum cuts sets that are (largely) the same for more
than one unit or of existing PSA modelling on multi-unit issues.
This information needs to be gathered into a comprehensive list of SSC and other provisions potentially affecting
multiple units/sources with regard to the six dependency classifications defined above. Based on such information,
the list of events, hazards and combinations thereof can be checked for those events which potentially affect

multiple units.
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Every multi-unit PSA is also a multi-source PSA. A quite common multi-source PSA is a PSA for the reactor core and
the spent fuel pool. The screening approach for a multi-source PSA is basically identical to the multi-unit approach
described above. Therefore multi-source aspects are included in the text above as applicable. Issues connected to
multi-source PSA are still a field of research and there is few good practice available to the ASAMPSA_E project
(apart from extension of the PSA to include the SFP). However, some remarks specific to multi-source PSA can be
made with respect to the proposed screening approach:

1. The identification of initiating events and hazard scenarios for non-fuel type sources has to be performed
along the lines described in sections 6.4, 6.5, 6.6, and 6.7. The identification process should use as failure
criterion for determining a potential challenge to plant safety the definition of the RMF metric: If an
event or scenario and its further development in plant response analysis might challenge the first
boundary design to contain the source, the event or scenario should be considered during screening.

2. Qualitative screening criteria defined in section 6.2 are fully applicable to screening for a multi-source
PSA,

3. For non-fuel sources, the RMF risk measure (cf. also D30.5 [87]) is recommended for PSA Level 1.

Typical sources in a NPP include radioactive waste treatment facilities, waste conditioning facilities, and
on-site interim storage facilities.

Analysts should be aware that RMF is intended to generalize the CDF/FDF metric. Therefore, CDF/FDF is a
subset of RMF; respective CDF/FDF contributions from bounding assessment and more detailed PSA
models should be treated as contributions to overall RMF results.

4, RMF is also recommended as a PSA Level 1 risk measure for capturing scenarios with (significant)
mechanical damage to fuel rods without excessive fuel heat-up not captured by the FDF metric. Such
scenarios are particularly relevant for some internal hazard impact scenarios like e.g. heavy load drop or
accidents during on-site transport of spent fuel.

5. No specific and additional PSA Level 2 risk measures are defined for multi-source PSA screening. Releases
from sources other than fuel should be converted to equivalent releases of the representative isotopes for

LRF and ERF.

For sites with multiple units, scenarios with potential accidental releases representative of severe accidents in
more than one unit might be of specific interest. As explained above, such release scenarios would be captured by
the proposed screening approach. Nonetheless, very large (e.g. from a spent fuel pool) releases might be of
specific interest in order to screen in specific scenarios for more detailed analysis, even though they have been
screened out based on LRF. For this purpose, using a variant of the LERF metric, the very large release frequency
(VLRF), by defining a very large release threshold, can be recommended.

For the VLRF metric, the threshold set to 500 PBq 1-131 (or equivalent) based on [88] p. 17 and the
recommendations on LERF in D30.5 [87] should be considered. It should be noted that the radiological equivalence

factor of a unit activity of Cs-137 to I-131 is 40 [88], p. 16.
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7 CONCLUSION

The major steps for initiating events identification

Based on the discussion in the previous section, the following refined methodology for initiating events
identification, screening and bounding analysis for an extended PSA consists of four major steps
1. Comprehensive identification of events and hazards and their respective combinations applicable to the
plant and site. Qualitative screening criteria will be applied.
2. Initial (possibly conservative) frequency claims for events and hazards and their respective combinations
applicable to the plant and the site. Quantitative screening criteria will be applied.
3. Impact analysis and bounding assessment for all applicable events and scenarios. Events are either
screened out from further more detailed analysis, or are assigned to a bounding event (group), or are
retained for detailed analysis.

4. Probabilistic analysis of all retained (bounding) events at the appropriate level of detail.

The main qualitative and quantitative screening criteria

The proposed screening approach for an extended PSA recommends using the following qualitative screening
criteria.
1. The event poses no challenge to safety systems.
2. The event is bounded by another initiating event or the induced accident scenario is already included in
the PSA,
3. The event (external hazard) has the potential to induce catastrophic levels of destruction on the plant

and regional scale offsite consequences.

The following quantitative screening criteria, relative to overall PSA results for the respective risk measures are
proposed.
1. Based on current overall PSA results of the unit or source (i.e. including bounding assessment estimates)
for FDF, LRF, and ERF, apply limits of 1 % of the overall PSA results for the following risk measures.
a. FDFevent < 1% FDFoyeran if < 107 /yr
(RMFevent < 1% RMFgyeray if < 107 /yr)
b. LRFeyent < 1% LRFgyera if < 10 /yr
C.  ERFeyent < 1% ERFoyeray if < 108 /yr
(LERFeyent < 1% LERF o eray if < 108 /yr)

The whole process

The identification of internal initiating events as well as internal and external hazard scenarios needs to be as

comprehensive as possible. The identification process should follow a systematic approach, use all relevant and
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available information on the plant and its environment, and be documented in a traceable manner. Guides like
IAEA SSG-3 [4] provide solid high-level guidance on this issue.

Important recommendations for the screening of internal initiating events and hazard scenarios for an extended
PSA are the following.

1. Grouping of internal initiating events and hazard scenarios into representative groups plays an important
role during screening.

Events and scenarios should be grouped into one bounding group only if they have similar properties in
terms of accident development up to fuel damage, accident progression after fuel damage up to release
categories, and relevant accident mitigation measures.

The grouping of events should consider uncertainties and levels of conservatism associated with frequency
determination and bounding assessments. As far as practicable, grouped events and scenarios should be
comparable in this regard. Importantly, the results for initiating frequency and the bounding scenario
should not be distorted by combining e.g. a moderately frequent event with small uncertainty bounds
with a rare event with excessive uncertainty bounds.

To the extent practicable, the implications of each event or scenario with regard to several sources in
one unit (e.g. reactor core and spent fuel pool) or for the site in case of a multi-unit site should be
considered.

Grouping of similar events and scenarios should be preferred to screening them out individually based on
bounding assessment from a more detailed probabilistic assessment.

2. Bounding assessment is an essential step in the screening process for limiting the number of cases for
more detailed probabilistic modelling. Bounding assessment is based on plant response analysis and
hazard impact analysis. Bounding assessment used all relevant information sources on the plant and its
behaviour in response to the analysed event or scenario.

Claims made based on expert judgement during bounding assessment shall be demonstrably conservative.
Estimations should be made consecutively on initiating event or hazard scenario frequency, conditional
probabilities to FDF or RMF, and conditional probabilities to LRF and ERF.

Bounding assessments for internal and external hazard scenarios should make use of internal initiating
event PSA models.

Bounding assessment for multi-unit and multi-source PSA should make conservative failure assumptions on
shared systems and the propagation of hazard effects through shared systems and other connections.

3. Screening of internal initiating events and internal hazard scenarios should be made specific for the
respective unit or source. A site-model should then be developed from those events screened in for each
unit or source.-

Screening for external hazard scenarios should be done based on the specific units or sources. If an
external hazard scenario is screened in for any unit or source, it should be treated for all units or sources
in the site-level PSA model by more detailed probabilistic modelling.

4. Plausible combinations of applicable hazard scenarios with other independent or correlated external or
internal hazards or internal initiating events need to be screened separately, even if the individual event

or hazard has already been screened out.
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10.

Applicability screening for hazard scenario (as well as each combination of hazards), PSA analysts should
make claims on the maximum credible impact. The ASAMPSA_E project recommends that maximum
credible impact is determined based on reasonable physical, geophysical, and chemical assumptions on
the source of the hazard, without explicit consideration on the likelihood of such a scenario.

Particularly for external hazards, a partitioning of the hazard frequency curve in a small number of
subgroups based on one representative hazard impact parameter of a set of such parameters will
necessary. The partitioning should consider design basis thresholds for hazard impact, design extension
condition analysis assumptions on beyond design basis impacts, and impact parameter values for a
potential cliff-edge to catastrophic failures.

Results from an analysis following the Fault Sequence Analysis method [66], [67] or similar approaches
can provide valuable input for the screening of internal and external hazards and their combinations.
Screening for non-fuel sources should use the on RMF as PSA Level 1 risk measure. The identification
process of events and scenarios challenging non-fuel type sources can be based on the RMF metric
definition as a potential challenge to the first barrier designed to contain the respective source.

Screening on the recommended release metrics LRF and ERF should be focus on aerial release. Analysts
need to confirm if aqueous release or release into the ground are relevant release paths.

For the construction of site-level PSA models, further screening needs to be performed on those events
and scenarios for which a dedicated site-level PSA will be necessary. Although this is not formally part of
the screening for an extended PSA but rather an issue of how to construct a multi-unit, multi-source PSA

model, we have provided selected recommendations in section 6.8.

Bounding estimates on the screening risk measures (i.e. FDF, RMF, LRF, and ERF) for each event and scenario

should be understood to be part of overall PSA results. Insights from bounding analysis and potential vulnerabilities

of the plant discovered during the screening process should be documented and treated in the further PSA process.

The screening process is inherently iterative in order to limit the number of cases for more detailed PSA models.

The overall approach to the determination of initiating events for an extended PSA can be summarized for internal

events PSA in Figure 7-1. The extension of the approach to hazard scenarios is depicted in Figure 7-2.
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Remarks for the PSA quality

Systematic use of quantitative bounding assessment in the screening for an extended PSA is seen as good practice.

e Explicit bounding assessment rules necessarily limit the risk of neglecting specific aspects of the event
and its impact on the plant, especially regarding severe accident scenarios. PSA analysts should be
encouraged to propose specific claims (at the appropriate level of conservatism and detail) and provide
supporting arguments,

e The quantitative bounding assessment, irrespective whether by expert judgement or by using simplified
conservative assessment models, as a valid probabilistic assessment approach. To that end, bounding
assessments have to be traceable.

e Having claims and supporting arguments significantly improves the traceability of the screening process

and thus contributes to the review of the PSA, both internally as well as by regulatory bodies.

Towards detailed PSA models ?

There is no sharp dividing line between progressively more refined bounding assessment and the development of a
more detailed PSA model. The transition is gradual and depends, amongst others, on the availability of assessment
methods, available data, and the scope and level of detail of existing PSA modelling for this and similar events or
scenarios. As a general guidance, probabilistic assessment leaves the area of bounding assessment, if results

should be reported with uncertainty bounds.

The development of detailed PSA models may require further iteration steps for screened in initiating events or
hazard scenario groups. Depending on the risk measures specified for PSA Level 1, PSA Level 2, and possible PSA
Level 2+ results, there can be additional constraints on the grouping of events and scenarios, because initially
grouped scenarios have dissimilar properties with respect to these additional (aspects of) risk measures. Then, PSA
analysts need to de-aggregate the respective groups.

Moreover, bounding assessment results from screening have to be forwarded to overall PSA results and need to be
compared with the more detailed results, based on the risk measures defined for detailed PSA investigations. The
risk measure for detailed PSA investigations may address additional characteristics and aspects of accident
sequences, not covered by the screening risk measures. For the comparison of detailed PSA results and bounding
assessment results, the latter should be assigned to the worst applicable category. For example, if the FDF
measure is differentiated by the aspect of time to fuel damage, all bounding assessments should be assigned to the
subcategory representing the earliest fuel damage by default. Assigning results to a less severe subgroup should be

justified by targeted or refined bounding assessment.

Detailed analysis of hazards scenario should follow a graded approach as well. The level of effort and the level of
conservatism should be commensurate to the overall contribution of the scenarios to relevant risk measures, to
the knowledge available on the hazard, its frequency, and its impact on the plant and site, and to the relevance of

respective PSA results to decision makers and other stakeholders.
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In order to have a better understanding of the quality of the quantitative results of the screening process, PSA
analysts should aggregate the bounding assessment claims on FDF, RMF, LRF, and ERF over all screened-out events.
These should then be compared to the respective PSA results from more detailed analysis.

o If the aggregated claims for FDF, RMF, LRF, and ERF are below 10% of the respective total results from
more detailed PSA, no further refinement of a comprehensive screening process is necessary.

Such a result should be seen as an indicator for a PSA which can not only support risk-informed decisions
in general but also decisions with respect to the risk profile of the plant in most cases.

o If the aggregated claims for FDF, RMD, LRF, and ERF are below the respective totals results from more
detailed PSA, analysts should consider

a. if bounding assessments can be refined or
b. if certain events should be considered for a detailed PSA investigation. Single events can be
prioritized by the contribution of their claims to the aggregated claims.
Such a result should be seen as an indicator for a sound PSA, which can support risk-informed decision
making. However, decisions with respect to the risk profile of the plant merit explicit consideration of
screened-out events.

e If the aggregated claims for FDF, RMF, LRF or ERF are larger than the respective results from more
detailed PSA but less than 10 times larger, analysts should at least refine bounding assessments for
important events or scenarios. Alternatively, important events or scenarios should be considered for a
detailed PSA investigation.

Such a result should be seen as an indicator for an acceptable PSA. While the PSA can support risk-
informed decision making in principle, the impact of screened-out events merits explicit consideration.
Decisions on the risk profile of the plant might be significantly impacted by screened-out events.

e If the aggregated claims for FDF, RMF, LRF or ERF are larger the 10 times the respective results from
more detailed PSA, the screening should be refined. Important events should be considered for detailed
PSA investigations.

Such a result should be seen as an indicator for a screening process, which should be improved. The PSA
might be able to support risk-informed decision making, but lack of knowledge about the risk of the plant

will reduce the validity of PSA insights.

Link with the situations that should be practically eliminated (if applicable)

If the concept of practical elimination is applied in the NPP safety demonstration, then the PSA analysts shall
explicit the link between initiating events selection for extended PSA and the situations that are considered to be

practically eliminated. They should verify that these situations negligibly contribute to the overall risk.
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