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EXECUTIVE SUMMARY

The Fukushima Datichi nuclear accident in Japan resulted from the combination of two correlated extreme

external events (earthquake and tsunami). The consequences (flooding in particular) went beyond what was

considered in the initial NPP design. Such situations can be identified using PSA methodology that complements
the deterministic approach for beyond design accidents. If the performance of a Level 1 and Level 2 PSA concludes
that such a low probability event can lead to extreme consequences, the indus try (system suppliers and utilities)

or the Safety Authorities may take appropriate decisions to reinforce the  defence-in-depth of the plant.

In this report, the implications from the Fukushima Dai -ichi accident for PSA Level 1 and Level 2 and to decision
making using PSA results have been investigated by the ASAMPSA_E project. Since the scope of PSA in Japan in
general as well as for the Fukushima Dai-ichi units did not extend to the relevant scenarios, direct lessons to be
learned on these issues are limited. Therefore, the authors have used their experience on the current status of PSA
Level 1 and Level 2 models worldwide and in Europe as well as the insights gained from the ASAMPSA_E
guestionnaire for identifying further gaps PSA methodologies and for d erived related conclusions and

recommendations.

Some main lessons learned on PSA Level 1 and Level 2 as well as decision making using PSA results are briefly
summarized in this report . The complete summary of this report is provided in section 6, which includes a
numbered list of the conclusions and recommendations .

In view of Fukushima Dai-ichi accident, the existing (Level 1 and Level 2) PSAs for NPPs manifest specific
insufficiencies about the identification of rare events and their combinations. Efforts should be put mainly on the
improvement of the adequacy of criteria for the identification of initiators, including rare events and their
combinations, of the assessment of their frequency of occurrence v ersus severity and of the models for
components/structures failure. More generally, initiating events should be systematically determined for all
operation modes and relevant sources of radionuclides, a nd include all hazard impact with a special focus on low
probability/high impact events, which can significantly challenge the safety concept of the plant and thus may
give rise to cliff -edge effects. Specific to hazards, this includes the systematic exten sion of the PSA scope to
beyond design basis hazard scenarios (at frequencies below ~ 10* per year) as well as combinations of hazards
events with other events, which includes correlated hazards as well as uncorrelated combinations with sufficient
probability. Internal and external hazards shall include natural and man -made hazards that originate externally to
both the site and its processes. The list of external hazards shall be as complete as possible. Justification shall be
provided on its completeness and relevance to the site. The insights in this report confirm that safety related
decision making should be made within a risk-informed context, encompassing deterministic, probabilistic and

other information.

Riskinformed decision making should consider the risk profile of the plants based on sets of PSA risk
measure/metrics for Level 1 and Level 2, which are understood and presented as uncertainty distributions. These
should be accompanied with sensitivity analyses demonstrating the influence of differ ent important sources of

uncertainty. Risk -informed decision making should consider always potential long -term consequences of accidental
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releases. Moreover, the decision making should take into account uncertainty assessments on safety margins,

particular ly those to known or suspected cliff -edge effects.

In summary, the Fukushima Dai-ichi accident justifies the basic assumption of the ASAMPSA_E project of extending

the scope of PSA to include all operating modes, all events and hazards, and all relevant p otential sources like e.g.

the spent fuel pool. It has to be acknowledged that extended PSA models, which cover all the scenarios and events

recommended above, will require a lot of work on the development of efficient PSA methods, generation of

(plant -specific) data, further research on such diverse areas as human reliability, geosciences, and severe accident

phenomena, and on the improvement of PSA models themselves. In this sense, the PSA community is facing a

series of complex and difficult problems. Th e ASAMPSA_E project will tackle the aforementioned issues during the

remainder of the project.
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GLOSSARY

AC Alternating Current

AESJ Atomic Energy Society of Japan

AM Accident Management

ASEP Accident Sequence Evaluation Program

ASME American Society of Mechanical Engineers

ASUNE Act on the Safe Use of Nuclear Energy

BNRA Bulgarian Nuclear Regulatory Agency

CCF Common Cause Failure

CFF Containment Failure Frequency

CDF Core Damage Frequency

DBA Design Basis Accident

DiD Defence in Depth

EDG Emergency Die€l Generator

ENSREG The European Nuclear Safety Regulators Group

EOC Errors of Commission

EOP Emergency Operating Procedures

HEART Human Error Assessment and Reduction Technique

HEP Human Error Probability

HPCI High Pressure Coolant Injection

HRA Human Reliability Analysis

IAEA International Atomic Energy Agency

ICS Isolation Condenser System

LOOP Loss Of Off-site Power

NAIIC National Diet of Japan Fukushima Nuclear Accident Independent
Investigation Commission

NARA Nuclear Action Reliability Assessment

NIED National Research Institute for Earth Science and Disaster Prevention

NISA Nuclear and Industrial Safety Agency

NPP Nuclear Power Plant

NRA Nuclear Regulation Authority

NSC Nuclear Safety Commission

LERF Large Early Release Frequency

LRF Large Release Frequency

PDS Plant Damage State

PRA Probabilistic Risk Assessment
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PSA Probabilistic Safety Assessment

PSF Performance Shaping Factor

PSHA Probabilistic Seismic Hazard Analysis

PSR Periodic Safety Review

RCIC Reactor Core Isolation Cooling

RIDM Risk Informed Decision Making

SAMG Severe Accident Mitigation Guidelines

SBO Station Blackout

SFP Spent Fuel Pool

SLIM Success Likelihood Index Method

SPARH Standardized Plant Analysis Riskd Human reliability analysis
SSC System Structure Component

SSM Swedish Radiation Safety Authority

THERP Technique for Human Error Rate Prediction
WENRA Western European Nuclear Regulator Association
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1 INTRODUCTION

"Lack of foresight, unwillingness to act when action would be simple and effective, lack of clear thinking,
confusion of counsel until the emergency comes, until self -preservation strikes its jarring gong fithese are

the features which constitute the endless repetition of history." Winston Churchill, 1935

1.1 CONTEXT

The Fukushima Datichi nuclear accident in Japan resulted from the combination of two correlated extreme
external events (earthquake and tsunami). The consequences (flooding in particular) went beyon d what was
considered in the initial NPP design. Such situations can be identified using PSA methodology that complements
the deterministic approach for beyond design accidents. If the performance of a Level 1  and Level 2 PSA concludes
that such a low prob ability event can lead to extreme consequences, the industry (system suppliers and utilities)

or the Safety Authorities may take appropriate decisions to reinforce the  defence-in-depth of the plant.

The project ASAMPSA_E aims atescribing good practices for the identification of such situations with the help of

Levell and Level 2 PSA and for the definition of appropriate criteria for decision making in the European context.

It offers a new framework to discuss, at a technical level, how extended PSA can b e developed efficiently and be

used to verify if the robustness of NPPs in their environment is sufficient. It will allow exchanges on the feasibility

of obextended PSAsO abl e t o qgu a n ttakihgyintoracceuntsthe ifolodiingcchalengbing NP P s
aspects: multi -units site, risk associated to spent fuel pools and coupling with reactors , and the modelling of the

impact of internal initiating events, and internal and external hazards on equipm ent and human recovery actions.

The ASAMPSA_E project will pay a particular attention to the risks induced by the possible natural extreme

external events and their combinations. In the post-Fukushima Datichi context, the respective results in WP30 on

Lessons of Fukushima Datichi for PSA will be taken into consideration.

The accident at Fukushima Datichi has shown that extreme external events, with a magnitude exceeding the NPP
design, can strike an NPP and make impossible to control the plant. In the history of nuclear industry, some  high
amplitude external events above the plant design conditions have already occurred in  some countries but without

off -site consequences. These events have then been investigated to reinforce the NPPs and the safety rules. (See

for example [1] for accidents before the Fukushima Dai-ichi event)

Additional post-Fukushima Datichi accident activities are as below:

a) What should be harmonized for P SA after the Fukushima Datichi accident?

It is recognized today that the Fukushima Datichi site protections against a realistically estimated tsunami were
not sufficient. This fact can be considered as a failure in the definition of the deterministic design basis condi tions
of Fukushima Datichi NPPs, but the PSA approach (if correctly implemented in complement of the deterministic

design), should have led to the identification of this weakness and to a decision of site reinforcement.
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For all industrial or natural disasters, it seems very easy to conclude that reinforcements were needed  after the
accident. But before t h e accident, t he fact t hat such di saster

simulations) and can be:

1 associated to a low frequency of occurrence,
1 associated to high level of uncertainties that does not allow for supporting a decision,

1 fully unidentified.
Everyone having worked on risk assessment knows that the decision-making process based on risk induced by rare
events is difficult and associated to societal acceptance of risks. It is also recognized that many disasters

associated to human construction were predicted but:

1 either have not been considered as frequent enough to justify reinforcement,

can

1 orthe decision-maki ng oOprocessd6 (rarely a single stakehol der) h

needed reinforcements.

The PSA methodology is, in theory, able to combine all components of risks (frequencies, consequences) but needs
to be credible. Its relevance depends on the quality of PSAG content which covers an extremely large scope:

1 definition, characterization and frequency of initiating events (internal events, external and internal hazards)
and their combinations, i n soureeslandpiant bperating modes to aonsidern o f
1 modelling of the accident sequences and of the NPP response (human and equipment) with, for instance a
fault trees devent tree approach,
assessment of accident consequences for each accident sequences,

presentation and summary of the results and their interpretation as input for the decision  -making process.

Each step needs to be appropriately performed to obtain a final relevant risk assessment. For European countries,
it seems that harmonization of practices or technical exchanges will be particularly fruitful for all the four steps

mentioned above but with a high focus on external hazards or in general high impacts events. For example:

1T What shoul d bereliablite adlsemament 6 ( HRA) e ofcadmajor earthquakehoe
flooding?

1 How to consider the containment efficiency after an earthquake in the assessment of accident  consequences?

b) Link with the stress test effort conducted in countries and at European level

The Fukushima Daiichi acci dent has | ead EC and National Safety
t e s t[2 of all European NPPs, with the objective to assess the robustne ss of NPPs and to identify some

possibilities of reinforcements where needed.

This review, organized by ENSREG, based ordeterministic approach, examined European NPPs resilience against
events like earthquake or flooding, and the response in case of part ial or total loss of the ultimate heat sink
and/or loss of electrical power supply.

ori sl

cas

Aut hort
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The review concluded that the level of robustness of the concerned plants is sufficient but for many plants, safety
reinforcements have been defined or accelerated to face the possibility of beyond design events. The

reinforcements include:

1  protective measures (against flooding, earthquake),
additional equipment (mobile equipment, hardened stationary equipment) able to control the NPP in case of
beyond design events,

9 protective structures (reinforced local crisis centres, secondary control room, protective building for mobile
equipment),
severe accident management provisions, in particular for hydrogen management and containment venting,
new organizational arrangements (procedures for multi -units accidents, external interventions teams able to

secure a damaged site).

Action plans to implement these measures are now discussed in all European countries.

1.2 OBJECTIVES

The objective of the present document is to identify lessons learned and prepare a report on the lesson learned
from the Fukushima Datichi accident that have an impact on PSAmethodology and results. Based on the available
public information (initiating events, material and human res ponse), the authors have performed a review on
existing L1 and L2 PSAs in order to examine the gaps/insufficiencies/incompleteness in this regard. The
consideration of external initiating events and their impact on the different levels of the defence-in-depth is one
of the focal points in this endeavour. As a synthesis, recommendations for developing the different components of

PSAsare proposed. Moreover, first recommendations on the use of PSA information in decision making are given as

well.

2 THE FUKUSHIMA DAICHIACCIDENT FROM A PSROINT OF
VIEW

2.1 MAJOR SAFETY GAPS IARNED FROMHE ACCIDENT

Prior to the Fukushima Datichi accident major safety regulation problems have been f ound, including weakness in

safety assessment and use of PSA. Major safetyregulation problems prior the accident were [3]:

T Regul atory requirements di dCountertneasurey againstdeverevaecidents matudingd e nt s 6
external events were left purely to the discretion of operators. (National Diet of Japan Fukushima Nuclear
Accident Independent Investigation Commission (NAIIC))

1 No legal framework was in place to retroactively apply new requirements to existing nuclear power plants,

which hindered continuous safety improvements (NAIIC)

Report IRSN/PSNRESSAG2015-00025 Technical report ASAMPSA_E/ WP30/ D30.22015-08  8/87




ASANpPA E Lessons of the Fukushima Daiichi accident for PSA

EURATOM

1 Japanese reguators made little effort to either introduce the latest foreign technology or improve safety
procedures dealing with uncertain risks (NAIIC)

1 Comprehensive risk assessment covering not only earthquakes and tsunamis but also fires, volcanic
eruptions, and s lope failures that may trigger accidents had not been conducted. (Investigation
Committee on the Accident at Fukushima Nuclear Power Stations of Tokyo Electric Power Company)

1 An integrated legal system is preferable to avoid confusion caused by multiple laws and the involvement of

multiple government agencies (NAIIC).

Specifically regarding the situation for PSA and the related regulatory framework, the following observations can

be made:

Before the Fukushima-Dai-ichi accident, Japanese electric utilities had conducted internal event PSA on a
voluntary basis. The PSA models were produced and updated within the framework of the PSR (Periodic Safety
Review), which was conducted every ten year s as requested by the regulator. PSA analyses were performed up to
0L evel ielth&eaxtension of a PSA Level 1 from core damage until potential containment failure, whereas
source term analysis is not performed. The PSA Level 1 model covered internal events during power operation and
the shutdown state. The PSA considered human errors including the related HRA.

After 1995 Kobe earthquake, the document ORegul atory
reactor facil i by MNudedr SafetysComnasgionsofeJdpanin September 2006. The revised Japanese
standard refers to seismic PSA. However, seismic PSA was not officially adopted in this standard as the method was

considered to be 0n dnsteadnse standacdoemghasisasthdr 0 r esi du al ri gshe 6

impact of an earthquake, which might exceed the design basislevel, and recommends related probabilistic seismic
hazard analysis (PSHA).In answer to that regulatory recommendation, Japanese utilities conducted updated
seismic hazard analyses at their plant sites and compared the results with the design basis earthquake ground
motion and in addition determined the annual frequency of exceed ance for beyond design basis ground motion due
to earthquake . More detailed seismic PSA had been under development by some utilities, but these were mostly
considered to be in an experimental and trial stage prior to the accident. Other external hazard PSA was out of

scope in Japan.

The following standards for PSA were issued by Atomic Energy Society of Japan before 2011:
1  Standard for PSA during power operation (Level 1 PSA)
1  Standard for PSA during power operation (Level 2 PSA)
1  Standard for PSA during power operation (Level 3 PSA)
1

Seismic PSA implementation standard

2.2 CHANGES IN JAPANESREGULATORY REQUIREMES AFTER THE

ACCIDENT

One of the centrepiece actions taken in Japan post-Fukushima to improve its nuclear safety management and
regulation is the creation of a new nuclear regulatory  body, the Nuclear Regulation A uthority (NRA). Following its

inauguration on September 19, 2012, the NRA carried out a complete review of safety guidelines and regulatory
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requirements with the aim of formulating a set of new regulations to protect people and the environment. On July

8, 2013, the new regulatory requirements for commercial power reactors got into force [3].

After Fukushima Dai-ichi accident, the following new regulatory requirements for commercial nuclear power

reactors have been enforced [3]:

1 Based on a bDdence-miPtepodoh o P e ssentispldced omipedhird and foueth layers of
defence and the prevention of simultaneous loss of all safety functions due to common causes.

1 Previous assumptions on the impact of earthquakes, tsunamis and other external events such as volcanic
eruptions, tornadoes and forest fires are re-evaluated, and countermeasures for nuclear safety against these
external events are decided to be enhanced.

1  Countermeasures have been taken against the internal fires and internal flooding, and to enhance the
reliability of on -site and off -site power sources to deal with the possibility of station blackout (SBOs).

1 In addition to the above described enhancement of countermeasures established for design basis,
countermeasures for severe accident, containment vessel damage and release of radioactive materials,
enhancement measures for water injection into spent fuel pools, countermeasures agai nst malicious airplane
crash, and installation of emergency response building have been also required.

"Safety Culture" should be fostered among operators, other industry sectors and the NRA.

New safety regulation emphasizing on major accidents r equires nuclear operators to conduct periodic and
comprehensive safety reviews and share the results with the regulator and public to ensure continuous safety
improvement.

T Introducefiat tdagcdk system authorizing enrequrementiennatreadyf t he
licensed facilities.

1 Integrate power plant safety regulations contained in the Electricity Business Act (periodic inspections) into
the Act on the Regulation of Nuclear Source Material, Nuclear Fuel Material and Reactors (the Reacto r
Regulation Act).

Figures 1 to 3 show the comparison between prior and post Fukushima Dai-ichi accident Japanese regulatory

requirements including new regulatory policies and requirements [3].
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< Previous Regulatory Requirements >

Design basis to prevent severe

(Confirm that a single failure would not lead to

core damage)

accidents

Consideration of natural phenomena

Fire protection

Reliability of power supply

Function of other SSCs*

Seismic/tsunami resistance

* SSC: Structure, Systems and Components

< New Regulatory Requirements>

Response to intentional aircraft crashes

Newly introduced
(measures against

Measures to suppress radioactive
materials dispersion

<, terrorism)

Measures to prevent containment vessel
failure

> Newly introduced
Jmeasures against

Measures to prevent core damage
(postulate multiple failures)

severe accidents)

Consideration of internal flooding
(newly introduced)

Consideration of natural phenomena in
addition to earthquakes and tsunamis-—-
volcanic eruptions, tornadoes and forest fires

Fire protection

> Reinforced or
newly introduced

Reliability of power supply

Function of other SSCs

Seismic/tsunami resistance

Reinforced

Fig. 1 Comparison between Previous and New Japanese Regulatory Requirements [3]

Prevent
imultaneous loss of
all safety functions

Strengthen measures
against large-scale
natural disasters

due to common
causes (prevention
of severe accidents)

Enhance resistance to
fires, internal flooding,
and power failures, etc.

(Insufficient measures
before the Fukushima

accident)

Prepare equipment

Revise evaluation methods for earthquakes and
fsunamis

Introduce measures against tsunami inundation

Include volcanic eruptions, tornadoes, and
forest fires into design consideration

Strict and thorough measures against fires

Introduce measures against internal flooding

Enhance the reliability of off-site power sources

Prepare redundant on-site power sources and
switchboards in diverse locations

Strengthen systems for monitoring and
communications

and procedures to
deal with a severe
accident

2| Prevent core damage

Strengthen measures to shut down reactors

Strengthen measures to reduce reactor
pressure

(Not legally required before

Maintain confinement
integrity

Strengthen measures to inject water into
reactors and remove heat

the Fukushima accident )

Suppress radioactive
materials dispersion

Strengthen measures to inject water info spent
fuel pools

Strengthen measures to prevent containment
vessels failure

Prepare measure
against terrorism

Ensure support
function for emergency
response

Introduce measures to prevent hydrogen
explosions at reactor buildings, etc.

such as intentiona

(Not required before the
Fukushima accident .)

Prepare measures to
combat damage to
equipment outside of
reactor buildings

Introduce measures to suppress radioactive
materials dispersion

Prepare an emergency response center

I———

Fig. 2 New Japanese Regulatory Policies and Major requirements

Keep power units 100m away from reactor facilities,
and establish a permanent and specialized safety
facility to further enhance reliability

(3]
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Pre-existing Regulatory New Regulatory Requirements
Requirements

Off-site power Two circuits (independence Two circuits (independence is required)
was not required)

On-site AC Two permanently installed In addition to those set forth in the left
power source units (emergency diesel column, another permanently installed
generators) unit and two more mobile units , and

storage of fuel for seven days

On-site DC One permanently installed Increase of the capacity of the system set
power source system with a capacity for forth in the left column to 24 hours
30 minutes duration and addition of one mobile

system and one permanently installed
system, both with 24 hours duration

*Additionally, require that switchboards and other equipment will not lose
their operational capabilities because of common causes

Fig. 3 Comparison between the pre -existing and New Regulatory Requirements for power sources  [3]
Specifically related to PSA for Japanese NPP, the situation is as follows.

The Japanese Nuclear Regulation Authority (NRA) has promulgated the regulation title d ONew regulatory
requirements for co mmer ci al nucl ear reactorsdé in June 2013. Thereb
effectiveness of severe accident measures for accident sequence groups as designated by the regulator NRA. In

addition, licensees are required to perform P SA Level 1 for internal and external events for their individual plant

in order to investigate if there are any other important accident sequence groups.

Licensees are also required to evaluate effectiveness of preventive measures against containment failure in cas e of
a severe accident for those containment vessel failure modes designated by NRA. In addition, licensees are
required to per f or m PSAs foo intermaednd ektermab events for their individual plant in order to

investigate if there are any other important failure modes.

In compliance to this new regulat ory requirement after Fukushima Dai-ichi accident, utilities are carrying out or

extending plant -specific PSA in preparation for the restart of NPPs.

The scope of these PSA model covers:

1 Internal event s PRA (Level 1)
- Operating state

- Shudown

1 Seismic PRA (Level 1)

1  Tsunami PRA (Level 1)

T Internal event s PRAOLevel 1.56

- Operating state
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In addition, NRA has issued the guide Ol mplremeommérn oinalg ulNR |

in November 2013. With regard to PSA, the guide strongly recommends performing/updating PSA models every five
years. As first stage and in response to the shutdown of Japanese NPP after the Fukushima Dai-ichi accident, the
guide requires that PSA results shall be updated within 6 months after the first periodic inspection after restart of

the NPP. Part of that first stage PSA shall be an internal events PSA L e v e | 1 and Level 2 fgror
power operation and shutdown modes as well as seismic hazard and tsunami hazard PSA Level 1 and Level 2.
Thereafter in the second stage, PSA models shall be extended to include internal hazards (flooding and fire),
external hazards PSA other than seismic and tsunami, combined external hazards (e.g. seismic and tsunami). In

addition, multi -unit issues and the risk from the spent fuel pool shall be assessed as well.

The following standards for PSA were issued by Atomic Energy Society of Japan after 2011:

1  Seismic PRAimplementation standard (revised)

1  Tsunami PRA implementation standard

1 Tsunami PRA implementation standard (considers combination of earthquake and tsunami, under revision at
during the preparation of this report.)

Internal flooding PRA implementation standard

Standard for PRA during power operation (Level 1 PRA, revised)

Shutdown state PRA standard (Level 1)

= =4 -4 -

Internal fire PRA implementation standard

Moreover, AESJ is preparing or planning additional PSA standards, e.g. on earthquake/tsunami induced in ternal
flood, fire, Level 3 seismic/tsunami PRA, etc.

2.3 LESSONS LEARNED

Based onthe lessons learned from Fukushima, laws in Japan were amended in June 2012, adding the environment
in addition to the general public as major safety targets, expanding coverage to include severe accidents and
introducing a provision that new requirements can be applied to the existing nuclear facilities also. Amendments
shall be enforced within 10 months after the date on which the Nuclear Regulation Authority was established (b vy
July 18", 2013).

Atomic Energy Society of Japan (AESJ) summarized the technical lessons learned generally from the Fukushima

Dak-ichi accident in English at their webpage [7]; these lessons are summarised below:

1) Emphasis onDefence-in-Depth
Prepare multi -layered protective measures and achiev e specific objectives in each layer independent of other
layers

2) Significantly enhance design basis and strengthen protective measures against natural phenomena which may
lead to common cause failure
Strict evaluation of earthquakes, tsunamis, volcanic eruptions, tornadoes and forest fires: countermeasures

against tsunami inundation and due consideration to ensure diversity and independence

1 AESJ has changed the designation of PSA to PRA after 2011.

Report IRSN/PSNRESSAG2015-00025 Technical report ASAMPSA_E/ WP30/ D30.22015-08 13/87

rat



ASANpPA E Lessons of the Fukushima Daiichi accident for PSA

EURATOM

3) Enhance countermeasures against events other than natural phenomena that may trigger common cause
failures
Strict and thorough measures for fire protection, countermeasures against internal f  looding, reinforcement of
power supply systems to prevent power failure

4) Performance-based requirements in regulatory requirements

Operators select concrete measures to comply with requirements and the characteristics of their facilities.

Japan Nuclear Safety Institute (JANSI) has drawn the lessonslearned from the Fukushima Daiichi accident and from
the major accident investigation reports, and has compiled a report on the principal activities for the purpose of

supporting activities of utilities reflecting the  lessons karned in their operations for improving safety.

Not e: Waknskima@Datichid & site name and Fukushima is a prefecture name. Fukushima prefecture
government generallyclai med t hat do not use the wording |like O0Fuku:

the site name oifclhiFikiusst enad Dafi O6Fukushi mad

Before discussing the lessors learned from Fukushima Dai-ichi accident in detail , below sections will briefly

summarise the accident and its causes, reasons for happening, probability to occur and the consequences.

2.3.1 THE ACCIDENT ANDS CAUSES

On 11™ March 2011, Units 1, 2, and 3 at Fukushima Dai-ichi were in operation; Units 4, 5, and 6 were shut down for
routine refuelling and maintenance activities; Unit 4 reactor fuel was offloaded to the spent fuel pool. As a result

of the earthquake, all of the operating units appeared to experience a normal reactor trip; the three operating
units automatically shut down, appa rently inserting all control rods into the reactor. As a result of the earthquake,
off-site power was lost to the entire facility; the emergency diesel generators started at all six units providing
alternating current (AC) electrical power to critical syst ems at each unit. Approximately 45 minutes following the
earthquake, the first tsunami wave inundated the site followed by multiple additional waves. It resulted in
extensive damage to site facilities and a complete loss of AC electrical power at Units 1, 2, 3, 4 and 5; Unit 6
retained the function of one (air -cooled) diesel generator (then used to provide AC power for Units 5 and 6,
maintaining their reactors and spent fuel pools in cooled conditions). Cooling was lost in the reactors of the Units

1, 2 and 3 and in the spent fuel pool of the Unit 4, resulting in damage to the nuclear fuel of Units 1, 2, and 3.
Units 1, 3 and 4 also experienced hydrogen explosions, further damaging the facilities and the secondary

containment structures.

As shown inFigure 4, t he main causesof the accident were:
1 Loss of @afety functions

Off -site power was lost due to earthquake, but shutdown was successful and emergency diesel generator

operated without any trouble, until tsunami came.

1 The initial impact spread and thecrisi s eventually developed into a O6dsevere a
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Simultaneous

loss of all safety (i) Loss of off-site power due to the 4 e il N\
functions as earthquake a severe
common cause - accident due to
failures due to (ii) Damage and loss of on-site power pool loss of safety
LoD earthqu-flke sources due to tsunami functions
and tsunami.
(iii) Loss of the
cooling
_______________ I
(iv) Core damage
I
(v) Generation of
Breakwater mergency ) hydrogen
enerator poiterjes Switchboards :
wall !
(vi) Leakage of
hydrogen
L Loss of containmen
integrity)

Fig. 4 Fukushima Dai-ichi accident [3]

The tsunami generated by the Great East Japan Earthquake caused the sequence of events and cascading
accidents resulting in total station blackout at Fukushima Dai -ichi, loss of cooling, hydrogen explosions, and

eventually radioactive dispersion into the air, deposition onto the land, and flow into the ocean.

The earthquake did cause the loss of offsite power initiating event as well as severely hampering recovery
activities because of th e damage to the local infrastructure. Current knowledge, gained by analysing the
observations, monitoring records and visual ly checking on-site where possible, supports the conclusion that safety -

related SSCs (including concrete structures) were likely not damaged by earthquake shaking [101], [118], [119].

It should be noted that in Level 2 PS A, seismic-induced diesel generator failure, leading to total station blackout,
leading to failure of cooling systems is the most likely cause of nuclear accidents from an external event. While
not directly contwreink utwrrbgoegaidy cantidutaed to an attitude of complacency and

subsequentb el i ef that the events which[lO.i d occur were ounforese

The long-term consequences of the accident at Fukushima Daiichi are continuing to unfold. Radiation readings

have risen to 100 to 1,000 times the normal level on the Pacific seabed as measured near Datichi as late as May
10" [10], [101]. The persistence of radioactive deposition on the land and in the ocean; the ability of the evacuees
to return to their homes; the economic viability of TEPCO; the shortfalls in electricity generation; these are some

of the important consequencesthat should be remembered .

2.3.2 UTILIZATION OF PSIN JAPANESE CONTEXT

Based on lessors learned from Fukushima Dai-ichi accident, NRA aims at adequate control of nuclear risks, by using
PSA and safety goals[4]. NRA recognizes that the approaches in the former regulatory organizations, Nuclear

Safety Commission (NSC) and Nuclear and Industrial Safety Agency (NISA), regarding the utilization of PSA remain
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valid even after t he T E P CO& s DaFichkaccsldni. MRA also summarised the use of PSA in Jaanese context
[4]:

1  Use of PSA and safety goals is essential.
1 Limitation of PSA, incompleteness and uncertainty, must be strictly recognized, and

1  PSA should beused to revise the existing deterministic rules as much as possible.

Utilization of PSA and safety goals, however, had been stagnant in Japan in the past decade. NRA recently

expressed its policy on the active use of PSA and safety goals.

NRA is contemplting PSA utilization; in revision or rationalization of regulation rules e. g. 0Sei smic De
Gu i d e |andninedécision makin g for various regulatory issues e.g. adequacy of provisional countermeasures on a
sump blockage problem. The approaches were described in NSCO6s "Interir

on safety goals"and NISA documents provided for IRRS Mission to Japan.

NRA is developing design requirements for: measures against significant initiators, e.g., earthq uake, tsunami, and
airplane crash, and measures against severe accidents. In some areas, safety assessment methodologies are not
mature enough to examine the adequacy of design and to define the adequate protection. As a matter of fact, itis
presumed that all the PSA methodologies are still being imperfect [4]. NRA will, however, use PSA actively in the

regulation taking into account the PSA limits.

According to Atomic Energy Society of Japan (AESJ/NSD)4], in the Japanese context estimation of the frequency
of rare external initiators is extremely difficult. A relationship between probabilistic consideration and regulation

is shown in figure 5.

Historical records of earthquakes, tsunamis, volcanism etc., are very limited [4]. Extrapolation is inevitable but it
gives large uncertaint ies. Estimation of accident consequence is also very difficult. For example, past PSAs in

Japan did not take account the following [4];

1 Hydrogen explosion in reactor building,
1 Hydrogen transport from one unit to another, and

1 Adverse effect of external initiators and severe accident phenomena on accident management operation.
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Regulatory requirements
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Regulatory [and operation _ | Nuclear facilities

-

decision-making and their operations

Risk
information

Risk
Expert ) information
judgment Operational
Probabilistic
consideration
Fig. 5 Relationship between Probabilistic consideration and regulation [4]

Figure 6 shows the use of PSA in regulatory decisionr making under uncertain conditions. Furthermore, it is

required that PSAs must be carried out for various initiators.

In Japan, after Fukushima Dai-ichi accident, PSA is to be peer-reviewed by the third group and is to be open ed for

the public .

Decision-making

X

Expert
judgment
Referencing to
risk information

Direct use of
risk information

Sufficient
margins

Considerations of
technical maturity,
etc.

PSA based on

statistical data PSAbasedon  Qualitative evaluation

Eng. Judg. thru Eng. Judg.

Fig. 6 Regulatory Decision -making under Uncertain Conditions  [4]

2.3.3 DEFENSIN DEPTH (DID)

Atomic Energy Society of Japan (AESJ)has performed a review of IAEA Safety Fundamentals (SF1) taking into
account the Fukushima Datichi lessons learned Also, AESJis still pursuing discussons on DiD focusing on the basic
concepts to be recognized, and DiD objective s that are recognized in IAEA Safety Report Series No.46 considering

the experience of Fukushima Datichi accident. These discussionsare not finished at this time. Reference [4]
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briefly introduces another investigatio n of Fukushima Datichi accident by AESJ.The investigations are still going

on regarding the IAEA recommended DiD and the Japanese regulation.

2.3.4 INITIATING EVENTS

The NRA requires that plant risk evaluation includ es a PSA asa reporting matter (not a licensing matter), for both
internal and external hazards including earthquake and tsunami (More NRA documents arein the NRAwebpage [8]

in English).

Atomic Energy Society of Japan (AESJ)issued the guideline s for the selection of the risk evaluation method to be
applied and external hazard correlation like earthquake and tsunami based on IAEA and ASME recommended

methods. These activities are very similar to the w ork scope of WP20 in ASAMPSA_E.

2.3.5 RISK CRITERIA

Before the Fukushima Datichi accident, Safety Goals to be implemented in Japan were discussed in one of the
former regulatory bodies of Nuclear Safety Commission (NSC). Though results of these discussions were reported in
the commission, Safety Goals were not implemented in the nuclear regulation. Current regulatory body of Nuclear
Regulation Authority (NRA) refers to these Safety Goals of the former NSC and introduces additional criteria on the

source term. NRA new Safety Goalsare the followings:

1 Core Damage Frequency: approximately 10*/year,
1 Containment Failure Frequency: approximately 10 “/year, and

f  Discharge of 100TBq CS137: not exceeding 10 ®/year.

These Goalsare applicable to all hazards including external hazard but not terrorist attack which is excluded.
Since PSA is nota licensing matter but a reporting matter in the NRA regulation, there may still be some further

discussions on how to use the Safety Goals.

Note: Brief discussions of risk criteria in Japan are shown in the last page of [3], and also on pages 5 and 6 of [4].
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3 PSA LEVEL USSUES IN LIGHT OFHE FUKUSHIMA DAICHI
ACCIDENTS

Section 2 has provided an overview over the Fukushima Dai-ichi accident contributed by JANSI. As there are quite
a number of reports available or under preparation that summarize the events leading up to the accident, the
development of the accident at the differen t phases, and the consequences of the accident and related mitigation
measures, no repetition of this endeavour is merited (cf. e.g. [101], [104], [5], [7], [8], [9]. [14], [15], [19], [22],
[26], [70]). The same reports also give lessons learned from the a ccident on a number of fields dincluding the use
of PSA. In this section, the methods and practice of Level 1 PSA are evaluated in light of the Level 1 PSA related

issues highlighted by the Fukushima Datichi accidents.

In the following, the major issues related to Level 1 PSA are brief ly repeated :

1 The CDF and CFF for the Fukushima Daichi plants were determined only for internal initiating events. The
results obtained by TEPCO for the CDF of up to 107 per year were very low compared to other results for
ot her BWR6s, including those with more backfitting and/ or

1 The low CDF reinforced the belief of Japanese decision makers that the plants were safe and severe accidents
were excluded. Nota bly, the Japanese nuclear community communicated to the Japanese public that the risk
of a severe accident could be ignored.

1 There was an event at Fukushima Dakichi in 1993 where seawater from a corroded pipe leaked into the
turbine building and flooded t he emergency power supply. Based on this event (alone) a frequency of 10 ° per
year for a scenario with a flooding of the below ground levels of the turbine hall and an extended SBO would
have been merited. This investigation, however, was not performed in  Japan. Also, the precursor event of the
Le Blayais plant flooding in France in 1999 did not trigger sufficient probabilistic investigations.

1 The frequency of beyond design seismic events as well as beyond design tsunamis was investigated by TEPCO
(and the Japanese nuclear community). Some results showed that beyond design tsunamis, and particularly
tsunamis with a run -up height exceeding the site level of 10 m could happen with an annual probability of at
least 10°® per year. These investigations, however , were seen as preliminary by TEPCO, as there was no
agreement on the methods and data to be used. In addition, these results came with large uncertainty bands.
For experts, a site flooded by a tsunami is related to a high conditional probability of core d = amage, especially
in light of previous operating experience with flooding at the site.

1  The probabilistic as well as deterministic assessment of SBO scenarios assumed a high probability of recovering
AC power either via offsite power or via cross -connection to the adjacent unit(s) within 30 minutes. In fact,
that chance was judged to be 95%. Therefore, extended SBO scenarios were not adequately modelled in the
PSA. Potential common cause and/or consequential failures like flooding induced failures were nott aken into
account in that estimation.

1 Similarly, other accident management actions like e.g. containment venting (mitigative prior to core damage)
were evaluated as rather reliable. The failure probability assessed by TEPCO for PCV venting is about 2 x 107

That figures neglects the performance shaping factors typical for scenarios from e.g. catastrophic hazards.

Report IRSN/PSNRESSAG2015-00025 Technical report ASAMPSA_E/ WP30/ D30.22015-08  6/87




ASANpPA E Lessons of the Fukushima Daiichi accident for PSA

EURATOM

1 Multi-unit issues have been neglected in the unit -specific PSAs at the site. Particularly, common cause failures
that would affect several units , as exemplified by the tsunami of March 2011, have not been considered in the
PSAs.

As a general conclusion, no fundamental issues related to Level 1 PSA methods have been identified. There are

however some evident areas where the methods and the practic es of PSA need to be improved. In the following

subsections, the authors have performed a review of existing Level 1 methods and practices in light of the
aforementioned issues. Conclusions are drawn related to initiating events and low probability/high im  pact events,
systems reliability, emergency operating procedures and event specific boundary conditions, and human reliability

assessment.

3.1 INITIATINGEVENTS ANDLOW PROBABILITY/HIGHMPACT EVENTS

This section analyses the identification of initiating event s, particularly of low probability high impact events, for
the purposes of PSA in light of the Fukushima Dai-ichi accidents. The ASAMPSA_E project will investigate the issue
of identifying initiating events for an extended PSA further with the report D30.3 0Methodology for Selecting

Initiating Events and Hazards for Consideration in an Exter

First, it has to be noted that the basic approach for identifying initiating events and particularly low
probability/high impact events has a lot commonaliti es for deterministic as well as probabilistic analyses. In this
respect, most of the following issues apply to probabilistic and deterministic assessments. Still, the section focuses
on the impact on the identification of ini  tiating events for an extended PSA. To this end, the lessons learned from
the Fukushima Daiichi accidents regarding initiating event determination for PSA will be summarized and mirrored

against current major regulatory requirements.

The Fukushima Datichi accidents obviously highlighted the identification of hazard scenarios (i.e. hazards and the
combination of hazards) for safety assessments. During the event, a beyond design magnitude tsunami caused a
flooding of the site and in particular safety related (lower) parts of the buildings, introducing common cause
failure mechanisms and producing permanent or long -term damage to the safety support systems (power supplies
and ultimate heat sink), which hampered the fulfilment of the fundamental safety function s and an effective
management of the resulting severe accidents [78]. The flooding of the plant site constitutes a good example of a
cliff -edge’effect, as this led to the extended loss of all EDG for units 1 to 4, which in conjunction with the
extended loss of all external power supply led to a severe accident SBO scenario. The following challenges are
identified in view of the Fukushima Dai -ichi accident, presenting new demands on the relevant scientific and
engineering communities [74]:

I Characterization, screening and treatment of full spectrum of hazards;

I treatment of correlated hazards (e.g. earthquake -induced tsunamis and fires);

2Cliff -edge effect is where a small change in a parameter leads to a disproportionate increase in consequenc es.
[75].
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I treatment of multiple shocks (and associated component fragilities) and periods of elevated hazard;

I treatment of multiple damage mechanisms

(e.g. a tsunami analysis should consider, in additi on to inundation,

such things as dynamic loads from water and debris, clogging from debris, water level drawdown effects, and

soil erosion).

These issues are discussed in more detail in the following sections.

3.1.1 HAZARDS IDENTIFICAON

FOR PSA

Improving hazard identification for PSA (as well as for deterministic analyses) is one of the main lessons learned

from the accidents in Fukushima Dai-ichi. However, it has to be noted that earthquake as well as tsunami hazard

was evaluated by the licensee TEPCO[101]. With regard to the tsunami hazard identification, there were multiple

issues.

I The tsunami hazard was underestimated (significantly) during the initial

siting and design of the plant in the

1960s. This underestimation is partly due to the focus on the use of recent historical seismological data and

the exclusion of more uncertain pre -historical and historical data by the Japanese civil engineering community

[101]. Moreover, the scientific understanding of seismic and tsunami risk was not as far developed as

today.

I with improved scientific understa nding of seismic and tsunami risk in the Japanese scientific community, re -

it is

evaluations of the initial hazard analyses were performed by or on behalf of TEPCO. These, as already

mentioned, showed significantly higher maximum probable floods. The preliminary studies by TEPCGObetween

2008 and 2010 actually showed maximum probable tsunami floods with a run -up height that could & under

certain assumptions 0 flood the plant [98], [101]. Still, at design basis levels, the maximum probable flood

calculated with methods approved by the Japanese regulator for tsunami flooding height calculations * was

always significantly below the site level .

I The scientific understanding of the maximum probable earthquake magnitude in the Fukushima region of the

Japan Trench before 2011 was proven inadequate by the actual

underestimation of tsunami flooding height.

events. This contributed to an

I The possibility of multiple tsunamigenic sources being triggered simultaneously with wave interference

leading locally to significantly larger tsunami flooding heights was not reali

before 2011.

I TEPCO actually installed an in-house tas

depth investigation s of tsunami hazard. However, neither task force nor division proposed adequate actions

remediate the plant vulnerability to tsunami

{ The estimated tsunami rate of occurrence

k force wi t hi n t he ¢ ompan \Diision Munoredana r

flooding  [98].

zed by the scientific community

to

for exceeding the relevant design basis (i. e. with a run -up height

larger than the site level) of approximately 10 “® per year was significantly smaller than 10 * per year as the

*The Japan Society of Civil Engineers began to create (in 1999) a unified methodology for the risk assessment of

tsunami to NPPs. A first det er mi ni
Assessment Met hod f or

stic method was proposed
Nucl ear Power Pl ants in

in
Japané.

a

and a whole methodology for tsunami hazard analysis was developed f rom 2006 to 2008 but not published before
March 2011. Still, the hazard identification approach was applied by TEPCO for newly received information on

potential tsunamigenic sources.
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reference value frequency for the design basis. In light of the very low CDF and LRF frequency below 10 per
year determined by TEPCO for the plant, that scenario should have been flagged as potentia Ily risk important ,

triggering further probabilistic assessment .

From the issues discussed above it is quite evident that the hazard identification itself  actually did in principle
work even for the tsunami risk at the Fukushima Dai -ichi site. Information available at least to TEPCO well before
the 2011 earthquake would have merited at least a detailed probabilistic assessment of beyond design basis
tsunamis with a run -up height sufficient for flooding the site. However, these assessments were postponed as were
any decisions on corrective measures. This is, however due to factors which are independent of the hazard

identification itself [101].

Furthermore, there are some other deficiencies of the hazard identification process regarding the Fukushima Dai -
ichi site and Japanese nuclear site in general, that a re mentioned in several rep orts. Particularly , the issue of fault
displacement during or triggered by an earthquake has been identified in several reports. Surface fault and fault
displacement were & and often still are - generally not included in the hazard identification or the PS A models,
indeed (but cf. SSG-9 [23]). This is a problem since the fragility of S SCs (e.g. diesel generators, off -site power,
steam generators, backup cooling pumps) is usually defined depending on the ground acceleration. Groun d fault
displacement can impact on the operability of SSC as well . Moreover, ground motion due to fault displacement can
damage tsunami barriers and ground subsidence can make them ineffective against run -up heights lower than the
design value. The effects of aftershocks in the time period after a major earthquake needed for putting the plant
into a safe state are rarely considered in PSA and generally not addressed by seismic PSA standards however, see

the recent AESJ standard [79]).

With respect to current regulation on Level 1 PSA initiating event as well as deterministic hazard determination, it
has to be acknowledged that recent regulatory requirements already call for an extensive investigation of internal
and external hazards scenarios.

 WENRA Rierence Levels for existing power plants from 2008 required a (deterministic) investigation of an
external and internal hazar ds [67]0pald,dortheldesign of theplard, gayaise nt i al ¢
I i st of hazards for consideration and required to inves
threatst o t he safety of t hB7],mpult. Inaddion,redibk compidatiomstpaticularly of
hazards were required to be assessed, including with probabilistic methods.
The updated WENRA Safety Reference Levels for Existing Reactorsfrom 2014[99] have incorporated lessons
learned for the Fuk ushima Datichi accidents. In the new issue T, specific requirements on the analysis of
natural hazards are given. A systematic screening for all hazards, including combinations of hazards, shall be
performed. Safety assessments should be done for design basis as well as design extension conditions.

Assessments should be done with deterministic as well as probabilistic methods.

I IAEA SS@ on Level 1 PSA calls for systematically analysing all hazards which could impact the plant on . The
basic recommendations are in line with the updated WENRA Safety Reference Levels [99]. Moreover, there are
several IAEA guides on hazard analysis for NPP, which incluee hazard identification requirements ([56], [57],
[58], [61], [62], [63] and [64]).
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f The ASME/ANS PRA guide S®2008 [100] as well as ASME/ANS SA&a2009 [46] call for a systematic
identification and screening of all potential hazards affecting the site. However, combinations are not

addressed specifically.

I National regulations and guides, also from EU countries, required systematic hazard identification even before
2011.

In short, the authors find no major problem s with current basic regulation and regulatory guidance regarding

hazard identification.

From the authors experience and the results of the ASAMPSA_E questionnaire D10.2 it is evident that the actual
hazard identification for NPP (in Europe) has been somewhat limited before 2011. Often, the hazard identification

from the original siting analysis had not been updated, even if frequency of exceed ance curves were. Moreover,
combinations and correlations of hazards have not been investigated systematically. And importantly, hazard

identification was performed for determining the design basis of the plant. It was  not used extensively for beyond
design basis analysis. Probabilistic assessments, particularly detailed PSA models, were extended mostly only to
seismic, fire and flooding ; most hazards were screened out justified by low frequency of exceedance and an

assumed sufficient resilience of the plant . This is, from the authors 6 point of view due to the following issues:

I Although hazard identification needs to be site -specific, ther e is a dearth of actual site specific data for rare
events (with a oreturn perGenemtig swoh Hata iskaegstly erdleatlr,Gnvoviega r s ) .
experts from multiple (geoscience) disciplines. The lower the frequency of exceedance (i.e. the higher the
hazard intensity), the harder it is to determine  such data.

I Especially for low probability/high impact events, which are usually connected to a frequency of exceedance
of below 107° per year, there are very large uncertainties associated with t he results. There is no established
method for a valid extrapolati on of the limited amount of measurements, historic and pre -historic data to
these very low frequencies. Expert judgements and simulation results can be important as well. Moreover,
the results can largely depend on the extrapolation method chosen. Thus, it may be even hard to justify that
events of such magnitude could reasonably happen at the site.

I Particularly for the combination of hazards, the knowledge about the actual (site -specific) correlations
between different hazards or aspects of hazards, like e.g. how likely is a very severe flooding event with
extremely high winds as well as debris levels in the service water intake jeopardizing the heat sink, is very
limited. Therefore, these kinds of scenarios are difficult to assess.

T 1tis quite difficult to assess the impact of hazards with a large intensity/magnitude on the site and the plant
in detail. In most cases, this will require detailed, time -consuming investigations and possibly complex
simulations. These kinds of data and the respective methods are not easily available for the site or the plant.

I The design of nuclear power plants, particularly regarding hazards, usually includes significant safety margins.
This can instil an inappropriate sense of safety in hazard analysts, if multiple failures and consequential

failure due to hazard impact are not fully identified.

Finally, during the further progression of the accident at the Fukushima  Dai-ichi reactors demonstrated tha t the
inventory of fuel pools could be a significant contributor to the risk of accidental releases for long  -term scenarios.

Although none of the fuel pools on the Fukushima Dai-ichi site actually reached a state with an immediate risk for
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loss of fuel int egrity [101], it has to be acknowledged that this risk can no longer be summarily excluded. From the

aut hordés experience and t he an siwédisobvibug, thathazardAidAtifitRienA _d&
especially for the purposes of PSA, did usually not include hazard identification for spent fuel in dry or wet storage

on the site.

Conclusions

Based on the analysis above, the authors arrive at the following conclusions regarding hazard identification for an
extended PSA.

1 Hazard frequency assessment should take into account all events occurred in the immediate vicinity of the

plant, in wider regions around the plant, and around the world  [71];
I The frequency assessment should take account all correlation mechanisms [71];

I A necessary precondition for hazard identification for PSA is sufficient scientific knowledge about rare hazard
scenarios with a potentially high impact. It has to be recognized that geosciences have not yet arrived at the
level of understanding desirabl e for PSA assessment in a lot of casesbut this cannot justify neglecting this
area of risk. Obviously, further research in these fields and PSA experts on hazard assessment for nuclear
facilities should establish strong links to geoscience researchers an d integrate the best available scientific
insights into their risk assessments.

I Since hazard identification needs to be site -specific, the original siting analyses have to be updated regularly
for PSA purposes as well as for deterministic assessments. Site specific hazard identification has to be
systematically extended to scenarios in the design extension conditions range (cf. WENRA Reference levels

[99]), especially for the purposes of an extended PSA.

I Hazard identification should be extended beyond the already established hazards like flooding or internal fire.
All natural hazards that might affect the site shall be identified; a wide spectrum of rare even ts should be
assessed (cf. WENRA reference levelq99]).

I There is a lack of accepted methods for extrapolating hazard intensity over frequency of e  xceedance curves in
the range (frequencies smaller than approximately 10 ™ per year) that can usually not be supported by actual
data. T here is on-going research in this area and PSA experts for nuclear facilities should be actively involved
therein. Moreover, improved methods and better data are needed for limiting uncertainty bands for such

extrapolated rare event frequencies.

I The lack of methods and/or data on hazard frequency should not be utilized to skip an assessment of the
vulnerabilities of a plant to a hazard scenario, which is deemed physically plausible by experts. At least, the
margins of the plant to severe accident scenarios and conditional core damage/large release probabilities

should be estimated with a probabilistic approach. Use of expert judgement should be made as needed.

f  More attention should be paid to worldwide operating experience in the nuclear industry as well as other
industries regarding precursor hazard events and near misses. These insights should be systematically used in
the site-specific hazard identification.

I Hazard identification should be made not only in regard to the risk to fuel in the core but extended also to the

risk of spent fuel in dry or wet storage on the site.
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3.1.2 CORRELATION OFAZARDS

In the Fukushima Dai-ichi accident, seismic and tsunami (correlated) hazards manifested themselves through
events (earthquake and external flooding) beyond the NPPs design basis. These dependent initiators caused the
loss of the (off -site and on-site) power supply and of the ultima te heat sink, leading to core damage. In extension
of the discussion in the previous section, the assessment by TEPCO on tsunami hazard did not adequately consider
the correlation of the tsunami hazard with the simultaneous effect of a major earthquake, al though Japanese
experts were obviously aware that these events are correlated. Nonetheless, tsunami risk was evaluated by
tsunami flood levels alone. Apparently, the combination of an extended loss of off -site power due to seismic
impact with a long -term | oss of the ultimate heat sink due to tsunami impact was not really addressed [101]. In
fact, TEPCO apparently assumed a high probability for recover y of off -site power supply in its (internal events) PSA
models. This assumption has apparently been (possibly implicitly) transferred also to most hazard scenarios,
particularly the tsunami hazard [98], [101]. As anote: The modelling of safety systems recovery in internal events
and hazards PSAcan be a crucial issue regarding decision-making using PSA results Optimistic assumptions for
recovery in PSA muld mask dominant risks)

Thus, the Fukushima Dai-ichi accidents highlight ed the need to properly address the correlation of hazard s in the
hazard identification and hazard screening process. Based on the authors® experiences
ASAMPSA_E questionnaire, a systematic consideration of combinations and correlation of hazards is not

systematically performed in PSAs.

In looking at recent international guidance for hazard identification and screening for PSA as well as deterministic

analyses, the following observations can be made :

According to IAEA SS&3, initiating events occurring at the plant may be the result of the impact of a single hazard

or a combination of two or more hazards [56]. According to IAEA SSR 2/[65], where the results of engineering
judgement, deterministic and probabilistic safety assessments indicate that combinations of events could lead to
anticipated operational occurrences or to accident conditions, such combinations shall be considered to be design
basis accidents or shall be included as part of design extension conditions, depending mainly on their likelihood of
occurrence. Moreover, both the WENRA Reference Levels from 2008 [67] and 2014 [99] require a systematic
investigation of credible combinations of hazards and combinations with other faults. The use of probabilistic
assessment methods is mentioned [99].

According to the IAEA SSG3 [56], initiating events occurring at the plant may be the result of the impact of a
single hazard or a combination of two or mor e hazards. Furthermore, SSG3 ¢ a ut i o omsbinatibna df habaods
may have a significantly higher impact on plant safety than each individual hazard considered separately, and the
frequency of occurrence of a combination of hazards may be comparable to that of the individual hazards , e.g.
high level water and dam failure caused by storm precipitation . The process of identification of hazards should
include all combinations of hazards that may be significant for risk. 6 [56], p. 60.

It has to be recognized that important international regulatory guidance raised the issue of combination of hazards
(and other faults) on a conceptual level already well before 2011. The authors are, however, aware, that these
basic requirements were dand still are - not fully reflect ed in national regulatory guidance. Moreover, the authors
are aware that national guidance on performing PSA for NPP often does not address the issue of cor related
hazards. In particular, there are no recommended methods in such guidance documents on how to actually
perform a probabilistic investigation into correlated hazards.  Simultaneously, there are no recommended methods

for investigating the correlation between hazards and other faults (like internal initiating events). Finally, analyses
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of hazard scenario contributions to accidental release risks (PSA Level 2) were not required in most cases.
Consequently, most current PSA assessments for NPP (in Europg did not systematically consider all potentially

relevant combination s of events.

From the authorsd point of view, this is mainly due

1 As already mentioned, there is a lack of scientific understanding of the correlation of hazards with other
hazards and events. Moreover, there is also a lack of site specific data on which estimations for those

correlations could be based.

I Correlated or simultaneous events were perceived as very unlikely. Thus, they have often been summarily (or
implicitly) screened out as minor contributors for core damage , as the estimated probability of low
frequency/high impact hazard scenarios (from e.g. correlated ha zards) was often near or below screening
limits.

I As analyses on the hazard contribution to accidental release were usually not required, screening based on

accidental release frequencies was simply not done.

Conclusions

It appears that the importance of the risk associated to the correlation of hazards may have been underestimated
by many PSAteams.

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:

I hazards occurring at the same time and in the same conditions (e.g. winds and snow);

I hazards and other internal events occurring at the same time (e.g. if a hazard situation persists);
1 external hazard inducing other external hazards (e.g. seismically induced tsunami) *

§I external hazard inducing internal hazards (e.g. seismically induced internal fires);

§ internal hazard inducing other internal hazards (e.g. internal floods induced by missiles).

Investigated correlation mechanisms should include at least the following [71]:

I source correlated hazards (e.g. seismic and tsunami);
I phenomenologically correlated hazards (e.g . climatic events: strong winds and heavy rain, etc. €);
9 duration correlated hazards (e.g. hazards occurring during a long hot summer period);

I Induced hazards (see above)

Moreover, PSA experts should follow and encourage the scientific progress on hazards and hazards correlation .

Probabilistic hazard assessmeris should be regularly updated with new information on (site -specific) correlations

of hazards and other events.

4Combinations of natural and human -induced external hazards cannot be excluded a priori.

(o]
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3.1.3 EXTERNAL HAZARDS EERING

A screening process is generally established to focus on hazards that are risk significant. Screening criteria sho uld

ensure that none of the significant risk contributors are omitted.

With respect to the hazard assessment by TEPCO for the FukushimaDai-ichi plant, it needs to be recognized that
the (beyond design) tsunami hazard was effectively screened out from fur ther probabilistic analysis due to its low
perceived frequency of occurrence [101], [98]. However, if the low core damage frequency and accidental release
values (PSA Level 1 and Level 2 results) reported by TEPCO for the FukushimaDaiichi units are taken into
consideration, the frequency of exceedance estimation reported by TEPCO [101]could have merited further

(probabilistic) analysis as significant contributor to both core damage and a ccidental release risk.

Based on the authorsd experience and the results of the ASAMPSA_E questionnaire, most hazard scenarios are
screened out for the majority of European plants based on frequency of exceedance or on estimated core damage
frequency. Often, only selected external natural hazards like seismic and possibly flooding remain for detailed
assessments.Even in light of the lessons learned from the Fukushima Dai-ichi accidents this is not necessarily an
indication of any deficiency in the screeni ng process. There are some European plants for which hazard scenarios
have been investigated in detail and for which those scenarios are identified as risk important or even risk
dominant (albeit at relatively low core damage/release  frequency figures). Still, in light of the Fukushima Dai-ichi
accident, a closer look at hazards screening for PSA is justified.

Looking into the basic international guidance on hazards screening for the purpose of PSA, there are generic
recommendations in e.g. SSG3 [56]. The following screening criteria are typically applied (individually or in

combination) to screen out a hazard (or to its subcategories) [56]:

I that will not lead to an initiating event; this criterion is generally applied when the hazard cannot occur close
enough to the plant to affect it;

f that will be slow to develop and it can be demonstrated that there will be sufficient time to eliminate the

source of the threat or to provide an adequate response;
{| thatis included within the definition of another hazard;

| that has a significantly lower mean frequency of occurrence th an other hazards with similar uncertainties and

will not result in worse consequences.

Moreover, SSG3 provides guidance specifically on the screening of combined hazards and cautions against

summarily screening out specific hazards prior to looking into the impact of hazard combinations [56], p. 63f. For

the WENRA Reference Levels already in 2008, the combination of hazards was an issue for defining the design

basis. There were no specific requirements on including combined hazards into the PSA, although the PSA should

extend to hazards and should oOproviedlgec e fioigon BdEhe P04t t he
version of WENRA Reference Leveld99] emphasizes the PSA treatment of hazards, if practicable, and underscores

the potential of hazard combinations. In addition, the importance of analysing hazards in the design extension

range is highlighted.

A O0screeningdé is a type of analysis aimed at eliminating f
for the aims of the analysis in order to concentrate on the more significant factors. This is typically achieved by
considering pessimistic hypothetical scenarios [53].
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Based on the authorsd experience, these gener al reaqali remen

regulatory guides and been substantiated with specific screening criteria. Consequently, a lot of PSA models still
lack a systematic hazard screening, especially with consideration of design extension conditions induced by

hazards leading to release scenarios. These open issues are mainly due to the following points.

91 Prior to 2011, developing (detailed) hazard PSA up to severe accident scenarios was not commonly regarded as
highly important in order to identify potential vulnerabilities of NPP. Consequently, hazard scenarios were
screened out based on their small contribution to core damage frequency. Particularly, release frequencies
were not used as additional screening metrics.

I The incomplete understanding of (site -specific) hazard frequencies and the correlation of hazards to other

hazards and events (see above) impedes systematic screening.

Conclusions

In view of the Fukushima Dai-ichi accident, the screening of external hazards should take into account the

following :

I The screening process $ould 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 .

I The set of screening criteria should ensure screening in low probability/high impact scenarios to the extent
practicable.

I screening criteria should include suitable risk metrics for covering accidental release risk like e.g. large
release frequency or conditional containment failure pr obability .

I Screening should be done by combining fixed threshold values (e.qg. for frequency of exceedance) with criteria
relative to the r isk level of the plant (e.g. using metrics like CDF, LRF, CCFF, etc.).

With regard to hazard identification and quanti fication as well as correlations, the respective issues have already

been described in the previous sections.

3.1.4 EXTERNAL HAZARDS ASSMENT

Uncertainty in the analysis of external events (i.e. estimation of risk for accidents caused by external events)
tends to be greater than uncertainty for internal events. This uncertainty arises from the lack of data , analytical

models and lack of scientific understanding of some of the phenomena and processes involved. It concerns [11]:

I the frequency of occurrence of the hazard intensity;

I the characterization of the phenomenon (e.g. line source or point source for seismic events, path width and
length models for a tornado, available sources of missiles for a tornado, and models for explosive -vapour
cloud transport);

§ the characterization of the transmission of effects from the source to the site (e.g. overpressure, missiles, and
ground acceleration);
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I the component-fragility e valuation (due to an insufficient understanding of the properties and failure modes
of structural materials, errors in the calculated response due to approximations and use of generic data and

engineering judgment).

This explains why hazard assessments forcomplex facilities such as NPP need significant effort and resources. In
view of the (probabilistic) hazard for the Fukushima Dai-ichi units by TEPCO as well as the Japanese nuclear

community the following points have to be noted

I Design basishazards were assessed deterministically for the units. Most experts agree with hindsight that the

design basis assessment for the tsunami hazard was inadequate

9 Probabilistic assessment of external hazard risk was not performed for the Fukushima Dai-ichi units by TEPCO
as it was not a regulatory requirement in Japan. Notably, a seismic back-check required by NISA in 2006 for all

Japanese NPP was not yet finished. [101]

I with hindsight, most experts assume that a probabilistic assessment of beyond design basis hazards,
particularly of external flooding/tsunami hazard, would have clearly exposed existing plant vulnerabilities in

the design extension region and woul d have served as justification for plant improvements 6.

Based on the authorsd experience and the results of t he
investigations have been performed only for selected hazards at some NPP. This is for several reasons. For a
number of sites, most (if not all) external hazards can be screened out from further consideration based on
established screening criteria. Sometimes, external hazard PSA was not specifically required by the national
regulator and not produc ed by the operator . (For example, they reached a consensus on the difficulty to perform
such PSAsas no state-of-the-art methodology had been identified and in conclusion decided to neglect the risks
that could appear from such situations.) Moreover, in most countries (detailed) probabilistic assessment of hazards
was only required up to the core damage level (to the extentit was important to core damage risk). In addition,
the analysis of slowly developing core damage scenarios was often aborted on the assumption that preventive
mitigation measures would be able to reliably control such situations with sufficient time. In this case, the site
impact of hazards was usually not investigated. Moreover, instead of following specific criteria for a controlled
state, the amount of time between the initiating event and the end of the analysis period (without apparent core
damage) was specified for all systems and all accidents. Then, a time period of 24 hours was generally used [75].

This may be assciated to optimistic views on equipment recovery possibilities.

With reference to the basic regulatory guidance on the international level and respective PSA guides, the following

points can be highlighted. General and specific requirements for external hazards analysis are given in IAEA Safety

Standard NSR-3 [59] from 2003. Only minor changes (about the characteriza tion of hazards) are introduced into

the new draft revision [77]. The WENRA Safety Reference levels from 2008 already require a systematic assessment

of (natural) h azards. However, probabilistic assessment is only required for selected hazards [67], p. 33. In light of

the Fukushima Dai-ichi accident, the WENRA Safety ReferenceLevelsf r om 2014 requires the f ol
natural hazards that have not been screened out, hazard assessments shall be performed using deterministic and,

as far as practicable, probabilistic methods taking into account the current state of science and technology. This

shall take into account all relevant available data, and produce a relationship between the hazards severity (e.g.

STEPCO staff proposed related plant improvements (e.g. elevating emergency diesels) after design basis tsunami
level re-evaluations. Consequently, the underlying plant vulnerabilities in the design extension range were not
completely unknown. Unfortunately, not remedial actions were derived.  [101]
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magnitude and duration) and exceed8hcep.f r50q ucertaczyashalbkaesrsee spsrr
based on all relevant site and regional data . Particular attention shall be given to extending the data available to

include events beyond recorded and historical data. Spe cial consideration shall be given to hazards whose severity

changes during the expected lifetime of the plant . The methods and assumptions used shall be justified.

Uncertainties affecting the results of the hazard assessments shall be evaluated6 [99], p. 51. Regarding the
probabili sti cle]xemal hazadsehall be inoluded 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

p | a n[@9], @ 38

International guidance documents on level 1 and level 2 PSA likewise treated hazards PSA already before 2011.
IAEA SS& [56] contains basic recommendations on hazards identification, screening and performing (detailed)

probabilistic hazards analysis. Moreover, SSG4 recommends extending the probabilistic assessment of severe
accidents to hazard scenarios. Both SSG3[56] and SSG4[57] emphasise to extend the analyse s up to a point where
a safely controlled state has been reached in order to catch potential cliff -edge effects. The basic

recommendations are in line with e.g. [99].

Thus, there is no apparent gap in the basic regulatory requirements and recommendations on the international
level. As already mentioned, regulatory guidance and safety assessment practice in a number of countries did not
entail probabilistic assessment of hazards, in particular with respect to Level 2 PSA. And, especially regarding
hazard assessment in Level 2 PSA, this is currently still applicable.

Based on the authorsd experiences and ASAMPSA_E questionngq

hazards PSA is due to following issues:

I No respective requirements in national regulat ion.

I Current screening criteria (whether set by the regulator or defined by the licensee) in conjunction with hazard

frequency estimations do not require more detailed assessments.

I Lack of (site-specific) data and large uncertainties in hazard frequency as well as impact on the plant are
cited to doubt the validity of (specific) hazard PSA.

I Large amount of work for realistically determining the hazard impact on the plant and the essential safety

functions because fragility of components

I Lack of models and tools for effectively performing (detailed) hazard PSAs for a number of specific hazards
results in time -consuming and costly hazard PSA projects.

I Lack of expertise in the operator and regulatory organisations on state -of-the-art hazards assessment for

specific hazards.

I The cost-effectiveness of (specific) probabilistic hazard assessments i s questioned in light of existing large

(deterministic) safety margins.
Conclusions

In view of the Fukushima Dai-ichi accidents and in respect to probabilistic assessment of (external) hazards, the

following issues should be considered in addition to the points stated in the sections above
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I Probabilistic hazard assessment should be systematically extended to support design extension and level 2 PSA
(significance for the risk of radioactive release s). Respective safety assessment practices should be

established.

I Sufficiently detailed (probabilistic) hazard assessments are required to identify existing plant vulnerabilities
particularly for low probability/high impa  ct events.

1 Detailed probabilistic assessment of hazards, which have not been screened out, should be performed up to a
controlled safety state, which is defined by clear criteria for plant parameters and availability of essential
safety functions. Challenges to such a controlled state should require additional, independent events  in PSAs
modelling.

I The community of hazard assessment and PSA experts should work towards establishing effective probabilistic

hazard assessment approaches.

f Significant research effort is still needed for further improving the methods and tools needed for probabilistic
hazard assessment, which requires long-term funding for public bodies and involvement of fundamental

research institutions as well as end -users

3.1.5 EXTERNAL HAZARDS ANDTIATING EVENTS

At the Fukushima Datichi plant, the earthquake (first initiator) caused the automatic emergency shutdown (scram)

of the units in operation and the Loss Of Off-site Power (LOOP) due to common cause failure of supply via the
external power grid. The core was not damaged and recovery-prevention procedures could be adopted to prevent
further damage.

After these initiating events (Scram and LOOP), the NPPs situation was (apparently) within the design basis
accident envelope (although SSCs wre exposed to beyond design seismic stresseg. Then, the tsunami (second
initiator) overcame the tsunami barriers producing an external flooding, introducing common cause failure
between the electrical equipment (all nine water -cooled DGs and all but one of the air -cooled DGs) and leading to
a station blackout (SBOY. The situation was aggravated by the loss of most switchboards and cabinets as well as

large parts of the battery -secured DC power buses.

Station blackout is one of the most challenging accidents. For BWRs many safety systems required fo r core cooling,
decay heat removal and containment heat removal depend on AC power and are not available during SBO®. During

the further development of the accident it became apparent that restoring heat removal for the spent fuel in the

'SBO is the complete loss of AC electric power to essential and non -essential switchgear buses in a nuclear power
plant, i.e. the loss of offsite electric power system concurrent with turbine trip and unavailability on the onsite
emergency ac power system (10 CFR 50.2).

8 The following safety systems can act in a BWR NPPswithout the need for AC power:

I Isolation Condenser System (ICS), which is used in the Fukushima Datkichi Unit 1;

I Reactor Core Isolation Cooling (RCIC), which is used in the Fukushima Datichi Units 2 and 3;

I High-Pressure Coolant Injection (HPCI), which is used in the Fukushima Datichi Units 1, 2 and 3.

ICS aims at removing decay heat and conserving water inventory when the reacto r becomes isolated from the
turbine/condenser. RCIC has a steam-driven turbine -pump. It provides makeup water to the vessel, maintaining an
adequate level. HPCI has a steam-driven turbine -pump and about seven times the capacity of RCIC. It can act as a

backup for RCIC, providing water in isolation transients in which the main heat sink is lost and for small  -break loss-
of-coolant accidents.
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respective pools was also important and consequently required respective resources and attention by operator
staff.

The Lossof Off -site Power (LOOP)is normally included in the Level 1 PSA, generally as an internal initiating event.

Sequences of events starting from LOOP typically are important contributors to the core damage frequency. When
these sequencesevolve into the SBO scenario, it is one of the most important contributors.  The Station Blackout
(SBO)is often included in the PSA model as an initiating event with its own event tree. Then, event sequences

from other initiating events leading to SBO conditions are jointly treated.

The loss of spent fuel pool cooling is usually investigated during low po wer and shutdown PSA as an internal event.
The accidental risk for the spent fuel pool can be assessed with conventional PSA methods and tools. Some aspects
on the scope of such an analysis are e.g. found in [51].Fuel damage can be reached in case of e.g. extended SBO
scenarios after a hazard impact. Extended SBO scenariosusually are major contributors to the risk of the plant
from the spent fuel pool. However, internal events PSA models for the spent fuel pool or other relevant risk

sources are often not available.

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. This can be used for screening purposes as
well as for detailed probabilistic assessment. Further consequences of the hazard impact (common cause failures)
can then be considered by setting appropriate boundary conditio ns on the availability of require d safety functions

and accident management measures.

With respect to guidance on PSA on the international level, the approach of mapping hazard scenarios to existing
initiating events (or defining new initiating events, if  needed) is well described in e.g. SSG-3 [56]. Consideration of
hazard specific boundary conditions for that mapping is also routinely done and mentioned in basic guidance. No
need for significant improvements in basic PSA guidance can be identified in that regard (a comparison of
applications may be done in ASAMPSA_E)However, the accident highlighted the need for defining initiating events
for risk sources other than the core (most importantly the spent fuel pool) and systematically mapping hazards to
those initiating events for full power as well | ow

experiences, in particular national regulation and PSA guidan ce would benefit from improvements in that regard.

Concerning the current state -of-the-art of hazard PSA with respect to initiat ing events, the following point can be

madebased on the authorsd experience

I Current PSA models do not systematically includ e screening and subsequent detailed assessments for initiating

events for the spent fuel pool or during low power and shutdown states that are triggered by hazards

I Additional correlated hazard events, which are likely to  occur within the analysis time for the scenario, are
not systematically considered in the selection of initiating events, nor in the respective events trees as further
branches or additional boundary conditions.

T As longterm (hazard) scenarios are usually not considered systematically, addi tional independent frequent

(hazard) events are not investigated as well in current hazard PSAs.

Conclusions

I Hazard PSAs need to be extended to risk sources other than the reactor core, in particular to a spent fuel
pool. Respective initiating events have to be mapped to relevant hazard scenarios. Sent fuel pool and waste

treatment facilit y related events should be considered in at-power PSAsas well.
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I Hazard PSAs for other risk sources than the reactor core necessitate the development of PSA models on
internal events for these sources. If such models are unavailable, the internal events PSA of a plant should be

extended.

I The occurrence of further initi ators during the time frame of the PSAanalysis (specifically for correlated and
long-term hazards) as well as the implementation of some recoveries should be considered.

3.2 SYSTEMS RELIABILITYAND CONDITIONAL UNANILABILITIES FOR
THE DID LEVELS

3.2.1 SYSTEMS REABILITY

System reliability is usually achieved by an appropriate choice of measures including the use of proven

components, redundancy, diversity, and physical as well as functional separation and isolation. An important

means for increasing DID and robustness of plants is improvingt he pl ant s ability to withst
safety functions such as residual heat removal, and of correlated events such as the loss of power and the loss or

degradation of critical instrumentation and control  (I&C) systems. The reliability of safety functions is routinely

assessed within a PSA (Level 1) for different initiating events and their specific boundary conditions. Indeed, one

objective of PSA assessments is complementing deterministic assessments in identifying unacceptable

vulnerabilities of safety systems.

With regard to the Fukushima Dai-ichi accident it first should be reiterated that neither the licensee nor the
regulator actually performed a detailed probabilistic assessment of a beyond design tsunami (see above). While
PSA experts agree that a detailed PSA would have exposed the related plant vulnerabilities and provided sound
arguments for backfitting actions, information available from TEPCO [101] indicates that the basic vulnerabilities
were at least partly known already from deterministic approaches. In any case, due to lack of modelling, no

immediate lessons are evident for reliability assessment with PSA methods from the accidents.

However, the Fukushima Dai-ichi accident underscored the importance of common cause failures, particularly
consequenti al failures after a beyond design i mpact, for t
experience, systematic consideration of common cause failure s and consequential failures is already a major issue

in the PSA of NPP (and other multiple -redundancy technical systems) at least for internal events PSA . In addition,

one major issue for detailed PSA events of hazards is the identification, quantification and modelling of

consequential and common cause failures due to hazard impact. As evident from the answers to the ASAMPSA_E
questionnaire, t here is still a significant research effort needed for im proving this part of probabilis tic hazards

assessment. In addition, PSA assessments araisually not used for assesing the reliability of safety systems within

the scope of DiD assessments. This is partly due to the current structure of PSA models, which often are not

suitable for such assessments (cf. e.g. [102], [103]), and partly due to the fact that compl ementary PSA

assessments aremostly not required by regulators as part of DiD assessments.

In any case, the Fukushima Datichi accidents exposed some vulnerabilities of the plant design related to DD,
which are worth summarizing. The first plant vulnerability is related to the loss of electrical systems due to
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common cause failures induced by the tsunami. Importantly, the common cause failure affected redundant,

diverse and physically separated systems more or less simultaneously. Moreover, systems and functions on all
levels of DiD were rendered unavailable leading to a failure of basic safety functions.  Derived improvement
measures relate to the electrical power generation and d istribution systems within and outside the plant for
maintaining critical safety functions (core cooling, containment integrity, spent fuel cooling and confinement of

radioactivity) and for effectively monitor ing them during prolonged loss of power events. Consequently,
backfitting measures include optimizing DCbattery loads and battery capacities and sustaining critical ly important
power supply for extended periods of time , e.g. by protecting emergency diesels against hazard impact or by using

mobile diesels as accident mitigation measures.

The second area of vulnerabilities relates to the loss of ultimate heat sink . Again, direct tsunami impact and
consequential failures resulted in common cause failures affecting multiple redundancies, diverse and p hysically
separated systems; systems and functions on all levels of DID were affected. Consequently, measuresfor ensuring
core cooling and spent fuel pool cooling, the provision of alternate water sources for the reactor and for the spent
fuel pool and for improving the availability of the electrical power supply [20] in case of a long-term loss of
ultimate heat s ink were derived .

Looking at the regulatory framework, the authors are aware of the increased importance of  DiD assessments,
specifically related to design extension conditions, in current regulatory positions. In reaction to the Fukushima
Dai-ichi accident, WENRA has publshed updated reference levels for existing reactors [99] in September 2014. The
updated requirements intend to strengthen DID and underscore the importance of effec tive measures on the
design extension conditions level (cf. also IAEA SSR 2/1 [55]). The use of probabilistic methods for assessing the
effectiveness of measures on the design extension level, e.g., is explicitly mentioned. However, the authors are

not aware of current specific requirements regarding system reliability or criteria on systems independence
verification (in a DiD sense) with PSAmethodology by regulatory authori ties.

There is another area of concern which is underscored by the events at the Fukushima Dai -ichi plant. This is the
consideration of detrimental actions for the reliability assessment of systems (and operating procedures). Human
fail ure is known as one major root cause for severe accidents in the nuclear industry (Chernobyl, Three Mile Island)
and in non-nuclear fields (chemical industry, aviation and transport, etc.). Within the Fukushima Dai  -ichi context,
the isolation of the ICSof unit 1 was identified with hindsight as probably detrimental  despite being in accordance
to the operation manual , because it rendered a safety function unavailable. This highlights the potential relevance
of detrimental actions during before an accidental state has been reached for the reliability assessment of

systems. The issue is further discussed in also section 3.4.
Conclusions

In view of the Fukushima Dakichi accidents and based on the analyses above, the following issues should be

considered with regard to system reliability and PSA :

I Regulators should ensure that actions taken and resources relied upon at one level of DiD are independent
from the other le vels in order to minimize the potential for common -cause failures propagating from one level
to another as occurred at the Fukushima Datichi NPP[19][8]. Specifically, assessment of these issues with PSA

methods to the extent appropriate should be done.
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I System reliability assessments with PSA methods should be extended to the design extension conditions
regime. Similarly, DiD assessments for severe acident management measures, procedures, or systems should
be performed using PSA methods as appropriate. Consequently, PSA Level 1 and Level 2 models should be

considered for such assessments.

I Best practices for using PSA for DiD assessments need to be gathered. This issue will be treated by the
ASAMPSA_E project with the scope of a separate technical report. In any case, there is still need for further
research into how PSA models can be efficiently used to do DiD assessments. Maeover, related criteria need
to be defined.

3.2.2 MODELLING AND ASSBENT ISSUES

As in the previous section, it has to be acknowledged that due to the lack of detailed modelling for the Fukushima
Dai-ichi plants, no direct lessons on PSA modelling can be drawn from the accident. However, the accident
highlighted some issues relevant for PSAmodel | i ng. These are described in the

experiences, the ASAMPSA_E questionnaire resultsand other sources.

I Adequately modelling hazard impact on plant components (common cause and/or consequential failure as
well as component/structure specific fragilities) is still an open issue. There are some hazards like e.g.
seismic, where quite sophisticated methods and procedures have already been appl ied for some sites, and
there are hazards (or rather hazard impacts) like e.g. electromagnetic interference, for which detailed
probabilistic modelling is only in the developmental phase. Thus, to a different degree for the hazards, there

is still a lack o f efficient modelling approaches as well as respective fragility/reliability data.

I cliff-edge effects or threshold values, at which or by which the transient behaviour of the plant changes
significantly (e.g. from a controlled state to a severe accident sc enario) are recognized as highly important for
the modelling of safety system effectiveness in event/fault trees. There is still a need for methods for

efficiently identifying such critical values, particularly as part of screening proce  dures, for most hazards.

I For multi-unit sites, there can be interdependencies between the different units also on the systems and
components level (e.g. via common support systems or even commonly used trains, or via common buildings
and structures). These issues have been often not systematically considered in current PSA or deemed not

relevant.

 Reliability assessment of systems (rather safety functions) or components with established basic event models
can be dependent ontheir as s ume d 0 mi sThis mission timenapplies, e.g., to the failure to operate
(e.g. for emergency diesels during an extended lo ss of offsite power), to the number of system starts and
shutdowns, and even to generating CCF data. In this respect, the widespread use in PSA Levell of 24 h as

maximum mission time for all purposes is definitely a problem.

f In some PSA models, (manual) recovery actions or repair of faulty equipment of a certain time period are
assumed. The recovery actions are quite difficult to model even for internal events  as each component failure
needs an appropriate assessment of recovery time and conditions. For external hazards conditions, the
situation is even more complex. Firstly, the human reliability assessment methods for these operator actions
are usually not really suitable for boundary conditions as seen during the Fukushima Dakichi accident.
Consequently, these adverse boundary conditions are often not adequately reflected in the assessments of

operator failures leading to optimistic results. Secondly, repair time s and grace periods assumed for the PSA
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modelling might no longer be reasonable for boundary conditions as seen during the Fukushima Dai -ichi
accident. This can have a significant impact on system reliability assessments. Here, there is a need for

improved, more detailed investigations.

Systems, which are not safety class systems, are often summarily excluded from PSA modelling, as they
usually have no (adverse) impact on controlling an internal event. However, adverse effects due hazard
impact can be trans mitted from non -safety systems to safety systems. In addition, the potential effects from
non-safety system can be dependent on the operating status of the plant. These are open issues for a lot of
current PSAs.

With regard to the regulatory framework, the issues stated above are covered in a general sense by the

recommendations given e.g. in SSG3 or in ASME/ANSRA S2009, and they are seen as well by national regulators.

However, the authors are not aware of specific regulat ory requirements or good practices for solving these issues.

Conclusion

Regarding system reliability PSA modelling and assessment the authors arrive at the following recommendations in

light of the lessons learned for the Fukushima Dai -ichi accident :

f

PSAanalysis times should be extended until a stable controlled state or an accidental stage has been reached.
Success criteria for a controlled state in the long term after an event should be defined. Justified analysis
times should form the basis for system s or component specific mission times in the fault tree modelling
dependent on the scenario. This may necessitate changes to some PSA software tools.

Common cause failures and consequential failures induced by hazards impact need to be systematically
addressed considering site-specific conditions, particularly for detailed PSA assessments. As this task includes
also spatial interactions (fire and flood spreading, impact of collapsed SSC), 1&C interactions (faulty signals),
and system interdependencies (e.g. supporting systems), it can be very complex. Moreover, erroneously
established dependencies (e.g. due to faulty operator actions prior to or during the event scenario, should be
considered in Level 1 PSAs, if relevant. Also, in addition to failed barriers or protective measures, degraded
states should be included into detailed PSA assessments. Of particular importance are containment failure
modes due to hazard impact, i.e. prior to accidental states. These should be systematically investigated in the
PSALevel 1; respective pathways need to be described. On all these issues, new and improved methods as

well as reliability/fragility estimations need to be developed.

The dependencies of barrier effectiveness as well as safety systems effectiveness to non-safety class
functions, which are in turn dependent on the plants operating status, should be investigated systematically.

There is a need for new and improved methods as well as data.

Similarly, failure and degradation mechanisms of qualified and no n-qualified equipment for specific hazard
impacts and their secondary effects need to be investigated in more detail. Dynamic loads (e.g. vibration,
overpressure, etc.) should be considered as well. Consequently, respective failure modes and eventually basic

events have to be defined. For this, probabilistic methods have to be improved.

The analysis period assumed for system reliability (as well as event progression) should not be artificially
limited to 24 h. Instead, mission times should be chosen in a real istic way based on the time, the system
performance is needed for controlling a scenario. Respective success criteria should be defined and

justification should be provided, particularly on why a controlled state has been reached. The mission time
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should be used in basic event models and for quantification of e.g. certain common cause failures.

Consistency with accident progression analysis should be maintained.

1 For multi-unit sites, the interdependencies between the units, including dependencies on component or
system level, should be included into the event tree/fault tree modelling. This includes dependencies
between the units due to existing connections betwee n units (e.g. shared turbine building, cable trenches,
ventilation ducts, spatial interactions between plant units compartments), which are usually neglected for
PSA purposes. Potentially relevant dependencies can arise due to failed isolation or erroneous ly open
connections. On these issues, further developments are needed. In addition, appropriate conditional
probabilities and/or event correlations have to be established for PSA modelling and quantification. This

constitutes a significant challenge; metho ds and data for this task have to be developed.

 In system reliability modelling, a particular focus should be on common cause and consequential failure
analysis. This has to include hazard impact (whether direct or indirect, by environmental conditions or as an

area event, etc.).

3.3 EMERGENCY OPERATINGPROCEDURES AND EVENTSPECIFIC
BOUNDARY CONDITIONS

Accident management consists in taking a set of actions or applying existing measures during the evolution of a
beyond design basis accident:

(a) To prevent the escalation of the event into a severe accident;

(b) To mitigate the consequences of a severe accident;

(c) To achieve a long term safe stable state .

Consequently, accident management comprises preventive and mitigative domains . The former are subject to
Level 1 PSAwhereas the latter belong to Level 2 PSAand to the extent that those measures are external to the
plant to Level 3 PSA. In this section, only preventive measures and procedures will be discussed. Mitigative

measures as part of SAMG are treated in section 4.3.

For the Level 1 PSA, the preventive measures consist of Emergency Operating Procedures (EORs), which are
tailored to contain design basis level accidents and some beyond design basis scendos (sometimes as part of
SAMG)99].

As EOR are intended to cover accidents without core melting , protection systems trigger most (or even all) safety
functions foreseen for containing the event. Consequently, the primary ro le of the shift staff and particularly the
control room perso nnel is monitoring the plant status and initiating measures for reaching a long -time controlled
state (e.g. cold plant shutdown) after a certain grace period (for DBA analysis, usually 30 minutes is conservatively
assumed). If EOP measures are not working as intended, the plant staff will either solve these problems (e.g. by
manually starting systems, initiating repairs, etc.) or they will resort to preventive accident measures. The latter
usually require a more direct involvement of operators for their execution, e.g. for connecting or starting systems,

and of course for initiating these measures in the first place. It should be noted that there is quite s ome flexibility
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for assigning a specific measures or procedure to EOPs or preventive accident management (AM), respectively. In

the following, aspects relevant to PSA modelling will be discussed.

The Fukushima Datichi accident has re -emphasized two important insights. First, the reliability assessment for
EOP and AM rests on assumptionsegarding the operability and accessibility of the respective equipment  as well as

the feasibility of measures . For internal events PSA,

9§ first dwith the exception of parts directly affected by the initiating event and/or the accident progression &
undisturbed situation is assumed. Consequently, operability and accessibility of systems and components is
often of minor importance in these assessments as is the basic feasibility of measures. Thi s situation may be
altered drastically in the case of hazard impact or if an event affects a multi  -unit site with one unit
progressing to a severe accident, thereby affecting measures for other units. These aspects are evident from
the Fukushima Datichi accident.

1 second, the reliability assessment for EOP as well as AM often utilizes human reliability assessment methods.
While there are several more or less accepted methods for assessing operator actions during typical internal
events scenarios it is less clear how this can be adequately treated under boundary conditions typical for
severe hazard impact or severe accidents. This question will be discussed in more detail in sections 3.4 and
4.4,

With regard to the first issue, a review of current regulation shows that  the operability and accessib ility of

equipment needs to be taken into account, cf. [99], p. 33ff. The guide IAEA SS& in addition to the generic

requirement for taking into account scenario -specific boundary conditions [56], p. 44, specifically recommends

taking into a ccount hazard specific boundary conditions in several instances ( [56], p. 76, p. 86, p. 109f). Similar
recommendation can be found in ASME/ANSRAS&2009 [46], p. 128, pl84ff, p. 241, p. 279, and p. 294. However,

some national regulatory guides on PSA do not treat this topic explicitly . Moreover, there is no commonly accepte d

specific methodology available for actually doing all the se assessments.

Based on the authorsd experience and the results of the AS
for hazards, EOPs and accident management measures are considered 0 if at all & without systematically

investigating accessibility and operability issues or multi -unit dependencies.

Conclusions

I The probabilistic assessment of EOPs and preventive AM procedures/measures in PSA Level 1 should
systematically consider accessibility and operability of equipment as well as feasibility of measures in case of

hazard impacts. There is a need for more sophisticated methods and for better data on these issues.

I Similarly, Level 1 PSA for multi-unit sites should systematically consider the impact of a severe accident
scenario in one unit on the accessibility and operability of equipment for other units. In addition,
simultaneous availability of staff for performing actions needs to be taken into account. There is a need for

more sophisticated methods and for better data on these issues.
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3.4 HUMAN RELIABILITY ASESSMENT AND EVENTPBECIFIC BOUNDARY
CONDITIONS

Despite significant efforts and progress, Human Reliability Analysis (H RA) remains a challenging issue. There is a
number of methods used for the identification and quantification of human errors, starting from traditional
methods such as the Technique for Human Error Rate Prediction (THERP), Accident Sequence Evaluation Progam
(ASEP), Success Likelihood Index Method (SLIM), Standardized Plant Analysis RisB Human reliability analysis
(SPARH), etc., which are still widely used by PSApractitioners . Other methods such as Method for Assessing the
Completion of Operators Action for Safety (MERMOS), Human Error Assessment and Reduction Technique
(HEART)/Nuclear Action Reliability Assessment (NARA), Crew Response Tree, etc. have also been developed and
are used in particular countries. A discussion of the most common HRA methodsis presented in e.g. [89], which
identifies gaps or limitations that exist ed in the current HRA methods and which are still relevant for HRA methods
available at the time of writing of this report . While several limitations may be covered in some methods, they are
not adequately addressed in the remaining methods. In summary, the authors of [89] identified no method that
could provide valid solutions for all limitations . All methods promote, although at varying degrees, working with a
multi -disciplinar y team for performing HRA so that none of the potentially important performance shaping factors
(PSF) is missed anda clear understanding of the performance conditions can be obtained. Further more, a high
level of knowledge and expertise of HRA and human factors on the part of the analyst is found to be required in
the implementation of many methods. This necessary precondition is not sufficiently stressed in the descriptions
and guides for several methods. Consequently, this issue should be emphasized in current guidance on HRA
methods and their application, especially for those methods which claim that they can be easily implemented
without such expertise or corresponding training). With these preliminary remarks , the aim of this section is to
identify some gaps and insufficiencies in the application of HRA methods in light of the Fukushima Datichi

accident.

After the Fukushima Datichi accident, a number of HRA challenges (and, consequently gaps) have been identified.

Regarding PSA_evel 1, some of these challenges can be expressed as follows:

Y HRA needs to include a more comprehensive and realistic assessment of the effect of hazards on human

performance:

- conditions where information /indications/ announcements (flying blind syndrome) are either no t
available or not reliable;
- harsh environment al conditions on operatords perfor m:

I For multiple -unit sites, specific human reliability analysis of the actions and activities to be taken by shared
staff, especially in light of work -load and availability of staff, during a scenarios affecting several units should

be performed;

I Effectsoflong-t er m scenarios prior to core damage (including fa
and associated human errors should be addressed better;
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I Treatment of different or multiple decision makers, including external distractions is missing. The issue is
related to the inclusion of different decision makers (i.e. in extension to a typical control room crew) who
made potential errors i n the prioritization of work or the initiation/omission/abortion of certain procedures
(possibly due to incorrect information regarding the system and plant status or input from external
organizations).

1 Asdiscussed already in section3.2.1, potentially relevant detrimental actions (e.g. erroneously shutting down
a safety function) are often not included into PSA Level 1 models. Faulty decisions which aggravate a sit uation
(human failure) are important root causes for severe accidents. They are more likely if operators are put into
a situation which is outside of pre -planned procedures and required knowledge-based actions of, if
information overload, faulty informatio n and other stressors impair their performance. These situations are a
current field of research for HRA, also outside of the nuclear field. Consequently, this is a gap of current PSA

models and an area with a need for further research.

Furthermore, there is an additional potential HRA insufficiency which relates to the usual assessment (and
modelling) approach with two distinct phases, a screening analysis and a detailed analysis. For the screening
analysis, a simplified initial quantification of human err or probabilities, i.e. a tentative over -estimation, is
applied. Based on quantification results of affected sequences, key human actions (e.g., those with high
importance contributions to risk) are identified and a detailed HRA and quantification of the ri  sk-significant HEP is
performed. These results are then used for the final PSA quantification and the interpretation of PSA results.
Mechanistic application of this approach may lead to skewed results, where seemingly important contributors to
risk from op erator actions are routine and/or well -described staff actions for operating systems according to
trained procedures. This typically happens if analysts have performed in-depth, best estimate assessmentsof
initially risk -significant human actions while ot her routine actions were kept at a rough, conservative evaluation.
The consequence might be that critical, complex actions are assigned smaller HEPsthan routine actions. For
example, some PSAs that used THERP /ASEP methadand a screening/detailed assessment approach reported that
rather routine operator actions during long-term cooling in transients are the most risk -important operator actions
in the model .

Looking at the general regulatory framework on human reliability assessment for the purpose of PSA, the following

points can be made:

I The importance of operator actions and their consideration in PSA models is acknowledged in the relevant
guides and regulations, like e.g. IEA SSG3 [56] and ASME/ANS R/ [46]. The importance of assessing human
reliability assuming representative and appropriate boundary conditions is stressed, especially for hazard
scenarios. In general, there are no specific requ irements or recommended methods with regard to the issues
and problems described above.

I Regulators usually do not specifically require the application of one of the aforementioned HRA methods.
There are, however, explicit or implicit recommendations by som e national regulators on specific methods.
For example, the US NRC has contributed to the development of the SPAR-H method and uses SPARH for its
own PSA.

In summary, current regulation on HRA for PSA is sufficiently generic to cover the issues identifi ed from the
Fukushima Datichi accidents, but it does neither explicitly require consider ing specific issues nor can provide

specific help and guidance for performing assessments on these issues.
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Conclusion

The above mentioned challenges are related to phenomena or situations for which current HRA methods do not
appear to be sufficiently developed and/or qualified for supporting routine, efficient analyses Although the
current PSAmethods and tools for HRA seem to be well matured for a number of aspects, they however need to be

appropriately applied and improved as necessary. Aspects related to PSA Level lare listed below :

T I'dentification and tr eat megmBOC)(e.fperformanae ofrinappropriatecactionmiha s i o n 6
may aggravate an accident scenario) involving intentional disabling of safety systems (e.g. intentional
isolation of the Isolation Condenser system at Fukushima Dai-ichi as per operation manual). However, EOCs
along with the associated contexts that would make such errors probable are not included in most PSA models
except for quite obvious scenarios. There are HRA methods capable of treating some aspects of EOCs (e.g.,
ATHEANA), and such methods (or at leasttheir key underlying concepts) should be useful when searching for

cognitively challenging human failure events. These practices need to be improved.

I Assessment of the feasibility of recovery actions and delays in performing these actions (including accessibility
and operability under accidental conditions; long time window needed to complete action). This aspect needs
to be considered more systematically in PSA models and HRA methods and data need to be further improved
in this regard ; at minimum, all rec overy actions modelled in a PSA should be precisely described, justified and
their impacts on the PSA final results explained.

I Assessment of the effects of lack of or even misleading information (including loss of instrumentation and
control equipment) and related uncertainties on decision making and operator actions. This aspect should be
better included into PSA models. Particularly for knowledge -based decision making, development of

practicable and qualified HRA methods is needed.

I Assessment of the variability in plant crew performance. This aspect needs to be accounted for in the

uncertainties assigned to HEP, and there is a need for better data to that effect.

I Adequate treatment of cognitive between -person and within-person dependencies among sequential or
parallel, operator actions due to weak knowledge about dependencies. There is still a strong need for the

development of efficient, practicable methods on this aspect.

I Analysts need to find a balance in the application of initial (conservative) screeni ng values and of (more
realistic) values based on sophisticated HRA methods for the basic events for operator actions in the PSA
model in order to prevent skewed results.

f HRA analysts should be sufficiently experienced, be informed about available assessme nt methods and should
have access to expert level knowledge on plant behaviour, procedures, handling of components, etc. as

appropriate for each assessment.

3.5 LESSONS LEARNEBORPSA LEVEL 1

This section summarizes the main lessons learned on PSA Level 1based on the conclusions in the previous sections
(see above). Following the topical structure of this section, the main insights regarding the different topics are

given below.
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3.5.1 INITIATING EVENTS

The probably most important is that initiating events should be systematically determined for all operation modes
and relevant sources of radionuclides, and should include all hazard impact with a special focus on low
probability/high impact events, which  can significantly challenge the safety concept of the plant and thus may
give rise to cliff -edge effects. Specific to hazards, this includes the systematic extension of the PSA scope to
beyond design basis hazard scenarios(at frequencies below ~ 10 * per year) as well as combinations of hazards
events with other events, which includes correlated hazards as well as uncorrelated combinations with sufficient
probability. It has been recognized that current methods as well as data used for determining frequenc vy 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 dif available at all & are usually not mature. Consequently, this is
identified as a fiel d for additional research ; the PSA community should link -up with the geosciences community on

this issue.

Further important lessons relate to the screening of initiating events, where screening criter ia 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. In order
to screen and eventually model hazard impact for radionuclide sources out of the core, adequate internal events
PSA models for these sources (e.g. in the spent fuel pool) are needed and have to be completed as appropriate.

3.5.2 SYSTEMS RELIABILITY

PSA assessments should not only be extended to all reasonable scenarios and relevant sources, but should also be
used more systematically to complement assessments of Defence in Depth. Particularly, DiD measures dedicated to
design extension conditions should be assessed by means of PSA with suitable Level 1 and Level 2 models. In
addition, best practices for efficiently using PSA models and results for assessing DiD and the independence of

safety features on different levels of DID need to be gathered and developed further.

During the development of accident sequence models for a PSA and for reliability assessments of systems,
components, and operator actions best estimate boundary conditions should be used to the extent practicable.
Specifically, analysis times for scenarios as well as mission times for safety functions should be extended until a
defined stable or an accidental state has been reached as demonstrated with appropriate justification. This might
require changes to current PSA models and eventually even to some current PSA software tools. PSA models should
systematically consider dependencies between systems affecting safety function availability, including the effect

of non-safety systems. This pertains particularly to multi -unit sites, for whi ch relevant dependencies on the
systems levels, e.g. via shared support systems or buildings, as well as dependencies on the accident sequence
level, e.g. via the impact of a severe accident in one unit on measures or systems in another unit, have to be
included into the PSA models. In addition, special attention should be given to common cause failure modelling,
including design errors, hazard impact, operator errors, environmental conditions, and consequential failures of

e.g. support systems unavailabili ty.
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3.5.3 EMERGENCY OPERATI®BROCEDURES AND SAMG

The probabilistic assessment of EOP and preventive AM procedure/measures in PSA Level 1should systematically
consider accessibility and operability of equipment as well as feasibility of measures in case of haza rd impacts.
Similarly, PSA Level 1for multi -unit sites should systematically consider the impact of a severe accident scenario
in one unit on the accessibility and operability of equipment for other units. In addition, simultaneous availability

of staff f or performing actions needs to be taken into account. There is a need for more sophisticated methods and

for better data on these issues.

3.5.4 HUMAN RELIABILITY 8&&SSMENT

While there are a rather large number of HRA methods available, there are still areas for which commonly
accepted methods are lacking. Particularly, the authors have identified the assessment of knowledge -based
actions like e.g. recovery action, of action in high -stress situation like e.g. operability under accidental conditions,
and of potentially aggravation actions during and before the event as areas with a need for further improvement.

In addition, the PSA model should be well balanced in its reliance of basic events with initial screening values and
those based on more sophisticated assessments. Finally, HRA assessments for the purpose of a PSA should be
performed and/or reviewed by analysts with sufficient experience and with access to expert level knowledge on

all disciplines relevant for the analysed action.

The importance of recovery actions modelling on final PSA results has to be precisely explained in PSA final

reports, especially if these actions significantly influence the results while their justification is difficult.
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4 REVIEW OF EXISTINGSA LEVEL 2 ON GAPS AND

INSUFFICIENCIES

The status of the PSA Level 2 for the Fukushima Dai-ichi units can be summarized as follows. there was a limited

scope Level 2 PSA, restricted to internal events and to the determination of the containment failure freque

(CFF)[98], [101]. Apparently, several severe accident management measures were considered within the limited

scope PSA models, and found to be effective. However, the reliability assessment for these measures did not
consider the potential influence of severe hazards impact or even severe accident conditions on site on the human

reliability assessment for these measures. Consequently and with hindsight, the reliability assessment by TEPCO is

seen as optimistic by PSA experts.

4.1 INITIATING EVENTS AN COMBINATION OF RAREVENTS

PSA Level 2 starts with the plant damages states determined by the PSA Level 1. Since the PSA Level 1 for the

Fukushima Datichi plants did not comprise hazard impact scenarios (see section 3), these scenarios were not

ncy

covered by the PSA Level 2 as well. Consequently, as even single hazard events were missing from systematic

probabilistic consideratio n, no combinations of rare events were considered at all. Notably, this included

respective deterministic assessments for the Fukushima Dai-ichi units as well.

In the following, the authors discuss lessons learned for the scope of PSA Level 2 and the trea tment of rare events

within the PSA Level 2 based on their experiences with such PSA models, the results of the ASAMPSA_E

questionnaire and the events during the Fukushima Dai -ichi accident.

The events at the Fukushima Dai-ichi plant during the accidental

relate to assumptions usually made for PSA and especially for PSA Level 2 with respect to initiating events and

accidental scenarios considered.

I The screening of events for (more in -depth) consideration in the PSA happens usually during the PSA Level 1
(see section 3.1). Consequently, Level 1 risk metrics related to frequency of core damage are applied for the
screening. It has to be noted that with effective mitigative accident management, large accidental releases
can be prevented with some chan ce of success. Conversdy as demonstrated by the events for the Fukushima

Dak-ichi site, there might be low probability/high impact scenarios, for which not only core damage but also

phase have highlighted a number of issues, which

large and/or early releases are almost inevitable. Moreover, these events can be screened out ba sed on Level

1 risk metrics due to their small contribution to core damage states, but might be highly important
contributors to specific Level 2 release categories, in particular release categories for large and/or early

releases. Moreover, there are ofte n no specific regulatory requirements on considering PSA Level 2 metrics for

the screening of initiating events. Consequently, this currently is an issue for a number of PSA models.

I Obviously, the Fukushima Dakichi accident underscored the importance of p erforming PSA Level 2

investigations not only for internal events during full power operation but also systematically for shutdown

modes, for hazard

current PSA Level 2 models are often incomplete in this regard.

performing probabilistic assessments for all plant damage states derived for all relevant sources, operating

mpact s, and for risk sources
Although e.g. IAEA SS&4 [57] recommends

k e
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modes, and for all initiating events, including hazards, national regul ation and recommendations on PSA
Level 2 have often been restricted to PSA Level 2 for internal events at full power operation. This situation is

currently changing.

I The accident has underscored the importance of analysing scenarios irrespective of their duration ( d mi ssi on

t i meundti) either an accidental situation is finalized or a controlled plant state can be justified. Based on
the authorsd experience, accident al t y grem RSA daved hic thes
PSALevel 2 only because of the long period of time up to the accidental state (e.g. core damage). = Sometimes
PSA Level 2is restricted as well to a mission time, neglecting sequences with late releases. This shortcoming

is mostly motivated by concent r at i on earl pé6geebeases. The exper-ichknce

releases clearly shows that neglecting late releases and restricting mission times should no longer be
accepted.

I The accident underscored the importance of sequences with containment failure to o ffsite release. But it is
important to note that neither the powerful earthquake nor the extreme tsunami seems to have caused
containment failure. In this respect the Fukushima Dai -ichi experience confirms most existing PSA which
identify external hazards as potentially cutting power supply or interrupting core cooling before the
containment itself is destroyed. Containment failure in Fukushima Dai -ichi was a consequence of core melt
impact associated to a lack of efficient containment heat removal possibil ity in severe accident conditions.
Taking into account that the NPPsin Fukushima Datichi were neither designed against nor sufficiently
upgraded to withstand severe accidents, the consequential containment failure after core melt had to be

expected.

I Sequences triggered by (severe) hazard impacts are commonly regarded as candidates for containment failure

before accidental conditions (e.g. core damage) have

sequences are often estimated with compara tively small likelihoods to the Level 1 results (core damage
frequency). They are thus either not transferred to the PSA Level 2 via an interface or are assigned to another
interface state . In this case it has to be made sure that its representative scenario is not optimistic for these

rare sequences.

I Concerning the initiating conditions to be considered in a PSA Level 2 (if it starts at core damage) and based
on the Fukushima Datichi accident conditions, situations of core melt from PSA level 1 should be considered

(in the PDS) while another or several reactors are already in severe accident conditions.

In addition, the authors have found useful to remin d of some further issues associated to PSA Levell and 2

interface, although there is no direct connec tion to the Fukushima Dai -ichi accident.

9 For this interface to be consistent, the definition of  plant damage states needs to be common to both the PSA
Level 1 and Level 2. Specifically, there is sometimes no clear agreement on the states with only partial core
damage and the treatment of EOP and preventive severe accident measures during such conditions. Moreover,

this issue is usually not specifically addressed in regulatory guides.

e S

Wi

bee

§ If accidental scenarios for potential sourcesot her t han the core are investigated,

states6 to the PSA Level 2 needs to be defined. Thi
damage states. In light of the aforementioned issue partial damage scenarios for e .g. the spent fuel pool have
to be included as well.

Moreover, it should be noted that there are potential sources in the plant for which fuel heat  -up and melting

(i.e. Level 2 issues) are not relevant at all. This includes e.g. mechanical damages to fue | assembly cladding

S
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that are coolable by air or severe damage to radwaste processing facilities on site. These may directly lead to
releases within the plant. In any case, the interface between PSA Level 1 and Level 2 (and possibl y Level 3)
has to be able to accommodate for these scenarios if they are considered relevant in terms of accident

evolution, e.g. if they impair SAM actions due to radiation

I The starting point of a PSA Level 2 event tree is the interface plant damage states as defined and
characterized by the PSA Level 1. Interface plant damage states are defined by binning PSA Level 1 scenarios
with similar properties regarding severe accident progression to limit the amount of modelling wo rk needed
for the continuation of the analyses in the PSA Level 2. For each plant damage state, a representative
scenario is selected, which is then assumed in the further PSA Level 2 analysis. This is particularly relevant in
the case a two-tiered approac h for the PSA model is applied, where the PSA Level 1 software (and model) is
actually different (or at least separated) from the PSA Level 2 software (and model). This kind of grouping or
binning at an intermediary step of the PSA usually ¢ omes with a loss of information, e.g. on failed or available
components or operator actions. If the representative scenario chosen for such a plant damage state is not the
worst case scenario with all failures but a scenario with high importance for the interface group f  requency,
this can lead to optimistic assumptions on the availability of components or even systems in the further
modelling of the PSA Level 2 with regard to specific binned sequences, which could e.g. be related to low
probability/high impact scenarios. This deficiency might lead to overestimations of the reliability or even
feasibility of specific accident management measures, and consequently might distort PSA Level 2 results for
large and/or early release category frequencies. This issue could become important when analysing highly
distorted plant conditions as in the Fukushima Dai -ichi case. This situation is currently changing thanks to the
progress in PSA Level 2methods and on severe accident knowledge.

Conclusions

I The scope of PSA Level 2 shouldbe extended to include all operating modes, all events and hazards, and all

relevant potential sources. National regulators should impose respective requirements.

I The screening of initiating event s 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 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.

I In order to assure consistency between the PSAL e v e | 1 and Level 2, a common def.
and other Level 1 interface groups shall be assumed. Moreover, partial core damage states should be

considered and these should be treated consistently between PSA Level 1 and Level 2.

I Inorder to also take into account accidents in the spent fuel pool, appropriate definitions for these Level 1
end states, eg. 0f uel edéa,magh o ddfirled. Bhe respective end states should be part of an

appropriately defined interface to the PSA Level 2.

I The binning of sequences into Level 1 interface plant damage states should be restricted to those sequences
that can be adequately and realistically be subsumed into one scenario. All sequences within an interface

group should have the same characteristics with regard to all branching points in the Level 2 accident

Report IRSN/PSNRESSAG2015-00025 Technical report ASAMPSA_E/ WP30/ D30.22015-08  33/87




ASANpPA E Lessons of the Fukushima Daiichi accident for PSA

EURATOM

progression event tree, i.e. not only with regard to severe accident phen omenology but also with regard to
similar characteristics for accident management measures and other operator actions as well as boundary

conditions of the scenario.

I Concerning the initiating conditions to be considered in a PSA Level 2 (if it starts at core damage) and based
on the Fukushima Datichi accident conditions, situations of core melt from PSA level 1 should be considered

(in the PDS) while another or several reactors are already in severe accident conditions.

{ Al PSA Level 1 interface end states should be transferred to the PSA Level 2. If some end states are excluded
from further analysis or are assigned to other, not fully representative groups, this should be done based on
justified criteria, commensurate to the screening criteria and th e objectives of the PSA. Level 1 end states
with potential contributions to large or early releases should not be excluded from further analysis to the
extent practicable. The latter routinely includes scenarios with containment failure prior to the accide ntal
state (e.g. core damage).

I Accident type PSA Level 1 end states shall not be excluded from further consideration in a PSA Level 2 only

based on the duration of the respective sequences up to t

I As already pointed out (see PSA Level 3, grouping scenarios at different steps of th e PSA process should avoid
any significant ol oss of memoryd6 about the spec[69,ke.g refatedotpteer t i es o
initiating events, boundary conditions of the scenari 0, unavailability or availability of certain components,

systems, or measures.

4.2 MEASURES ANBYSTEMS RELIABILITXKND CONDITIONAL
UNAVAILABILITIES-FOR THE DID LEVELS

Regarding the reliability of systems and measures in the PSA Level 2 the author s have some initial remarks. It has
to be acknowledged that systems, which are assigned to DiD Levels 1 to 3 (i.e. operational systems up to design

basis safety systems), can be relevant for further accident progression. This would be e.g. in the case of a
previously failed operational system , which is repaired and then used during the accidental phase by manual
operation. In that case, all issues already discussed for PSA Level 1 modelling are relevant as well for PSA Level 2.
Conversely, certain operationa | or safety systems like ventilation systems usually not considered in a PSA Level 1
might open up release pathways in case of failures, which should be considered in a PSA Level 2. Moreover, there
usually are dedicated systems and measures assigned to DiDLevel 4. These fall squarely within the scope of the

PSA Level 2, but might have been treated in the PSA Level 1 part already, if they were used to prevent an

accidental state. Finally, the PSA Level 2 is restricted to on -site accident management. This, h owever, might be

influenced by measure or events outside of the plant.

Finally, it has to be acknowledged that there was no detailed PSA Level 2 for hazard events for the Fukushima Dai -
ichi units. The PSA Level 2 assessment was limited to the containment f ailure frequency for internal events only
[101]. Consequently, there are few lessons which can be drawn directly from the accident with regard to PSA Level
2. There are, however, several issues which merit further consideration in light of the events of the Fukushima

Dai-ichi accident.
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4.2.1 MEASURES ANBYSTEMS RELIABILITY

The events during the Fukushima Dai-ichi accident have spotlighted several issues, which can be identified as
potenti al weaknesses for current PSA Level 2 model s
more detail in the following.

9 The feasibility of severe accident mitigation measures is usually considered only for boundary conditio ns on
the site and in the environment of the plant, which are reasonable during a scenario developing from an
internal initiating event. Specific boundary conditions for hazard events (whether internal like e.g. fire or
external like earthquake) and the ef fects on the feasibility of severe accident mitigation measures and the
operability of respective equipment are usually not included PSA Level 2 assessments. Indeed, reliability
assessment of severe accident measures and systems done for the Fukushima Daiichi plant was performed
under such boundary conditions. Importantly, this applied also to deterministic assessments of severe accident
measuresforeseen or backfitted for the units [101]. The whole issue of severe accident management and HRA
for severe accident scenarios will be discussed in more detail in section 4.3 and 4.4, respectively. In this
section, some fundamental assumptions for the reliability of measures and systems are further discussed.

- By not considering the hazard i mpact on the site and its environment, important restrictions on the
feasibility of measures and on the availability of equipment were not taken into account.
Specifically, the single most important accident management measure foreseen at the plant was the
restoration of AC in case of a prolonged station blackout from the off -site grid. A situation, in which
off -site power was unavailable for several hours or even days, was simply not anticipated. Similarly,
these of a fire truck for emergency containment spray via the fire-fighting system for the
containment rests on the premise that the truck can be brought into the right position on the site.
This was proven to be difficult during the accident. These effects distort not only the results for
Level 2 release categories but also the results of reliability assessment for the accident measures in
question. Actually, a false impression of safety was instilled within the Japanese nuclear community
with regard to the feasibility for said measures. This aspect will  be further discussed in section 5. In
any case, the boundary conditions for the feasibility and operability of specific measures or systems
for accident mitigation play a crucial role. Although current regulatory guides on PS A stress the

importance of assessing the reliability of systems and measures based on the plant conditions for

their operation/execution, there is no extensive guidance on the spe cific issues discussed above.

Consequently, current PSA Level 2 models have weaknesses in this regard.

- Particularly for severe hazard impact scenarios, the conditions in the surroundings of the plant may
be significantly altered compared to other scenarios. This affects e.g. access to the plant for
additional emergency support staf f, access to mobile resources stored off -site, the feasibility of
changes of shifts, or resupply with commodities like diesel fuel or even food for on -site staff. These
aspects were not considered for the Fukushima Dai-ichi plant, and they are not systemat ically
considered in current PSA Level 2. Moreover, there are currently no specific requirements on this

aspect by most regulat ors regarding PSA

- The reliability of measures and systems in accidental situations depends not only on the reliability of
pre-planned actions and the availability of components, but also on operators not performing
detrimental actions. During the Fukushima Dai -ichi accident operators on the site, despite their best
intentions and following the operation manual , disabled e.g. the ICS of unit 1, although with

hindsight this was identified as detrimental to the accident progression.  Such detrimental actions

based
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often play a role in major accidents to a larger (Three Mile Island, Chernobyl) or lesser extent. ~ While
the authors are not aware of obviously detrimental actions during the accidental phase for the
Fukushima Datichi accident, there is e.g. the example of external spent fuel pool cooling for unit 4,
which was identified with hindsight as not urgent, thus draining resources from more advantageous
actions. As already discussed in section 3.4 current PSA models lack a systematic consideration of

detrimental actions. This is a weakness of current PSA Level 2 models as well.

As demonstrated by the events in Fukushima Dai-ichi, the a ccidental phase and the time needed for
controlling a severely damage core far exceeds a 24 hour or 48 hour fixed time window. Based on the
aut hor sd eseyeralicurrenhRSA Level 2 models do have either an explicit or implicit cut  -off
for the scope of the modelling based on a fixed period of time. The modelling is not always extended
up to a point where a n accidental state has been reached which is either controlled based on
justified criteria or for which further releases are demonstrated to be not relevant. This remains a

potential weakness of PSA Level 2 models’.

I Further aspects pertain to the reliability of measures and systems with regard to DiD.  For a start, most of the

discussion in section 3.2.1 is directly applicable to severe accident mitigation measure on DiD level 4. In the

following, some aspects specific to the severe accident phase (DiD Level 4) are highlighted.

Although it ha's to be noted that all units were not designed to withstand severe accident conditions
the accident has exposed specific vulnerabilities in their severe accident behaviour. Most obviously
were probably the weaknesses in the accidental venting function, which was not sufficiently operable
under severe accident conditions so that delayed venting contributed to containment failures and
subsequent hydrogen explosions in the reactor buildings. Similarly, operating rooms were no longer
habitable soon after the first releases from the containment, and there were no fall -back possibilities
which would have allowed for remote operation of the most important systems.  Moreover, there was
a lack of reliabl e indications and measurements qualified for severe accident ¢ onditions and relevant
scenarios. Unavailable or even misleading measurements and indications after the tsunami impact
and particularly during the accidental phase impaired accident management measures. Such
weaknesses might have been exposed with a more in-depth PSA Level 2. Moreover, there is still a lack
of information about the accident progression and current state in the containments of units 1, 2,
and 3.

The whole severe accident management strategy foreseen for the Fukushima Dai -ichi plant assumed
the short-term availability of electric power, either from the grid or from other units. It has to be
noted, though, that these power sources should be assigned to safety functions on DiD level 1 to 3.
Moreover, in order to utilize these sources working ele ctrical cabinets and switchgears as well as
related 1&C have to be assumed. More detailed investigations could have exposed the level of

interdependencies between the DiD levels.

The high level of attentions to the spent fuel pool of unit 4 has highlighted the problem of
simultaneous/correlated severe accident scenarios in the core and in the pool. Such a scenario would
pose specific restrictions on mitigative actions, e.g. in the use of single redundancy severe accident

measures like a mobile pump. Moreover, such a scenario would impact heavily on PSA Level 2 end
results as the source terms would be quite different dand possibly | arger.

® Note: This issue was already identified in ASAMPSAZ[69].

Report IRSN/PSNRESSAG2015-00025 Technical report ASAMPSA_E/ WP30/ D30.22015-08  36/87

Based



ASANpPA E Lessons of the Fukushima Daiichi accident for PSA

EURATOM

experience, a lack of investigations into spent fuel pool scenarios in general and into simultaneou s

spent fuel/core melt sequences in particular is a weakness of most current PSA Level 2 models.

- The issue of multi-unit sites with regard to the assessment of DID Level 4 capabilities has been
brought to the attention by the accident as well. Specifically, simultaneous accidents might
challenge the assumed availability of systems or measures on DiD Level 4. As an example, cross-
connections between the power supplies of different units were an important element of Fukushima
Daiichi severe accident mitigation measures for coping with extended SBO for a single unit.
Similarly, certain equipment foreseen for use in a severe accident situation was present with less
than six redundancies like for e.g. fire trucks for emergency injection into the containment with 3
trucks on site for in total 6 units [101]. Additionally, the accident highlighted the availability of staff
sufficiently trained to manage severe accident situations, which was one bottleneck on the
Fukushima Datichi site initially. The limitations due to shared resources for severe accident
management are usually not included in the scope of curren t PSA Level 2 models to the best
knowledge of the authors. Moreover, there are no specific regulatory requirements on this issue.
Thus, this is another potential weakness of PSA models.

With regard to DID assessment with PSA methods it should be recognized that DiD level 4 as understood e.g. in
WENRA Reference Level§99] and IAEA SSR 2/155] is aimed at mitigating the consequences of a severe accident,
whereas DID lewel 5 is dedicated to off -site consequences. Thus, the end-points of a PSA Level 2, i.e. release
categories, are at the boundary of DiD level 4. Conversely, the interface plant damage states of PSA Level 1 are

usually not on the boundary from DD level 3to Di D | ev el 4 . Therefore, PSA Level
used directly for DiD Level 4 assessments. However for dedicated mitigative measures or systems, which are only
executed or operated after a core damage state has been reached, PSA results on e.g. system reliability may be

applied directly. In this respect, PSA Level 2 models are often better tailored to PSA assessments of DiD than Level

1 models.

Conclusions

Based on the aforementioned discussion, the authors arrive at several recommendatio ns as given in the following :

I The feasibility, operability, and reliability of severe accident mitigation measures should be systematically
analysed with PSA Level 1 and PSA Level 2 models. This includes, but is not restricted to the evaluation of
hazard impact on the site and the availability of off -site resources. Particularly, the availability of off -site

electric power and the ultimate heat sink in the long term should be critically examined .

I Assessments of DID Level 4 measures and systems should be done taking into account adequately detailed and
comprehensive PSA model results. Particularly , the DiD Level 4 assessments should consider all operating

modes and internal as well as external hazards.

I The degree of dependency of severe accident measures or systems to other (design basis) safety functions or
measures, or to accident sequence boundary conditions, or even to other severe accident measures shoud be
investigated using probabilistic methods . To the extent practicable, information about failed systems or

components during the accidental scenarios from PSA Level 1 should be taken into account.

I Critically important instrumentation and measurements  should be investigated using PSA methods on their

availability during severe accident scenarios including scenarios developing from severe hazard impact.
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Importantly, adequate instrumentation and measurements should be available to the operators and crisis
management crew for identifying, monitoring and assessing accidental situations in the reactor core and the
spent fuel pool. Conversely, failure of such instrumentation and measurements should be part of PSA Level 2

models.

T PSA Level 2 analyses should sysmatically investigate potential detrimental actions or decisions by operators
and additional emergency centre staff, which might aggravate an accidental scenario. To the extent

practicable, such possibilities should be identified and included into PSA Le vel 2 models.

I PSA Level 2 models should consider the effect of (near) simultaneous accidental scenarios in the spent fuel

pool and in the reactor core on the availability and reliability of dedic ~ ated systems or measures.

T PSA Level 2 modelling should be extended (like PSA Level 1 modelling) until either a controlled accidental
state has been reached, e.g. if containment failure can be practically excluded, and/or until further
additional releases can be demonstrated to be not relevant [13]. Respective criter ia should be defined and
justified for the PSA Level 2. Further independent failure s should only be considered, if they are likely in the
period of analysis and would significantly worsen the situation.  This particularly applies to certain hazards.
For example, the risk of strong aftershocks affecting the operability of key systems, whose structure may

already be compromised [10], should be analysed in seismic PSA.

I For multi -unit sites, the dependencies between the units should be systematically included into the PSA Level
2 model. This includes, but is not restricted to, common parts of safety, support or operational systems,
capacity and availability of common accident mitigation measures or systems for multiple units, availability of
staff for performi ng measures in case of simultaneous accidental situations, effects of an accidental scenario
in one unit on other units and the staff , etc.

4.2.2 MODELLING AND ASSBEHESNT ISSUES

In this section, specific issue relate to PSA Level 2 modelling and assessments are discussed. However, PSA issues
on severe accident measures and HRA are discussed in sections4.3 and 4.4, respectively. In addition, most issues
discussed already in section 3.2.2 for PSA Level 1can be transferred to PSA Level 2. Nonetheless, there are some

issues worth mentioning for PSA Level 2 modelling and assessment in light of the Fukushima Dai-ichi accident.

I The hydrogen explosions in the reactor buildings of units 1, 3, and 4 have underscored aga in the importance of
adequately modelling the risk contribution of hydrogen deflagrations or detonations during a core melt
scenario. While this issue has long been recognized as important for PSA Level 2, most models restrict the
analysis to potential exp losions within the containment or after containment failure. Some PSA models did
investigate the respective risk for hydrogen in e.g. the venting lines. The accident development emphasized
the potential relevance of hydrogen explosions in rooms adjacent to the primary containment (i.e. reactor
building) or connected via common air ducts (e.g. venting line). Although these explosions might not endanger
primary containment integrity, they pose a significant risk to staff on the site. Consequently, accident
mit i gati on can be hampered. Based on t he aut hor s®o expel
improvement for current PSA Level 2 models. Moreover, this can be an issue for further plant modifications for

improving severe accident capabilities.

I Another issue relates to the modelling of long -t er m SBO scenarios in PSA Level 2

experience, often (common cause) failures of specific components e.g. diesels and circuit breakers are
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assumed. Such a failure scenario might be adequate for internal events. For hazard events, more complex

failure scenarios that affect whole cabinets, switchyards, and the related 1&C are at least as relevant. These

complex failure scenarios can prevent dedicated accident management actions which would otherwis e be

possi bl e. Based on the authorsd experience, P S Atailece v e | 2
modelling of component failures to ensure that these effects are captured by the modelling itself. Indeed, this

is an area for which proven methods are lacking. Consequently, this is an area of potential weaknesses for

current PSA models as well as PSA Level 2 methodology.

I Complementary to the extension of the period of analysis (see above), the mission times for accident
mitigation measures or systems have to be adapted in the PSA Level 2 modelling. Currently, component
reliability models often assume fixed mission times in th e range of at most several ten hours. These time
periods might be insufficient in order to demonstrate that a controlled state after an accident has been
reached. In any case, these time periods are often inconsistent with the boundary conditions impose d by the
specific accident sequence. Moreover, with extended mission times there can be increased demands on
support systems (e.g. cooling, lubrication), fuel or power supply systems (e.g. batteries, compressed -air
cylinders), or refilling of consumables like diesel fuel or water in storage tanks . These boundary conditions
also affect the availability of measures. Based on the authorsd experience, ther
in current PSA Level 2 models on the aforementioned issues.

I Concurrently with extended analysis periods, the potential relevance of component and system repair is
increased. Based on the authorsd® experiences such (beneficial)
PSA Level 2 models, because the time needed for repair actions with a high chance of success under adverse
conditions is often larger than the analysis time of the PSA Level 2. This conservative approach might no
longer be merited in case of extended mission times, for which at least reasonably simple repair actions might
have a good chance of success.Nevertheless each repair action modelling having a large i mpact on PSALevel
2 results has to be appropriately justified (e.g. availability of repairing components and staff).  There is still a
lack of effective modelling approaches for this issue of how to model appropriately the increasing chance of

repair with time.

 Some PSA Level 2 analyses endwith containment failure modes, as was the case for the models of the
Fukushima Datichi units. The analysis is typically carried on until all phenomena challenging the containment
are over, within typical time scales of one to several day(s). However, when no source terms are defined, and
respective criteria are lacking, there is neither any information about the release categories nor any
assurance that accidental releases are covered until they become insignificant [69 ]. Indeed, the limitations of
the modelling do not guarantee that all measures and phenomena with significant impact on release
characteristics (amount and composition of radionuclides, release rate over time, etc.) are included in the
modelling. In this r espect, such Level 2 models might be of limited use for evaluating accident measures

aimed at reducing releases.

I One issue highlighted by the accidents is the potential relevance of releases to the ground or to water in
addition to aerial releases. Usually , only the latter are considered for defining (and assessing) release
categories of a PSA Level 2. However, the accidents at Fukushima Dai-ichi have again reinforced the relevance
of additional release pathways for the environmental impact. This is an area  where many PSA Level 2 models
can be i mproved based on the authorsé experience. Mor eov
regulatory guidance (exception maybe in France, with importance given to the prevention of basemat

penetration for Gen |l reactors).
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