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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear
Energy Agency (NEA), is an international committee made up of senior scientists and engineers.
It was set up in 1973 to develop and coordinate the activities of the Nuclear Energy Agency
concerning the technical aspects of the design, construction and operation of nuclear installations
insofar as they affect the safety of such installations. The Committee’s purpose is to foster
international cooperation in nuclear safety among the OECD Member countries.

The CSNI constitutes a forum for the exchange of technical information and for
collaboration between organizations which can contribute, from their respective backgrounds in
research, development, engineering or regulation, to these activities and to the definition of its
programme of work. It also reviews the state of knowledge on selected topics of nuclear safety
technology and safety assessment, including operating experience. It initiates and conducts
programmes identified by these reviews and assessments in order to overcome discrepancies,
develop improvements and reach international consensus on technical issues of common interest.
It promotes the coordination of work in different Member Countries including the establishment
of cooperative research projects and results to participating organizations. Full use is also made
of traditional methods of cooperation, such as information exchanges, establishment of working
groups, and organization of conferences and specialist meetings.

The greater part of the CSNI’s current programme of work is concened with safety
technology of water reactors. The principal areas covered are operating experience and the
human factor, reactor coolant system behaviour, various aspects of reactor component integrity,
the phenomenology of radioactive releases in reactor accidents and their confinement,
containment performance, risk assessment, and severe accidents. The Committee also studies
the safety of the nuclear fuel cycle, conducts periodic surveys of the reactor safety research
programmes and operates an international mechanism for exchanging reports on safety related
nuclear power plant accidents.

In implementing its programme, the CSNI establishes cooperative mechanisms with
NEA’s Committee of Nuclear Regulatory Activities (CNRA), responsible for the activities of
the Agency concerning the regulation, licensing and inspection of nuclear installations with
regards to safety. It also cooperates with NEA’s Committee on Radiation Protection and Public
Health and NEA’s Radioactive Waste Management Committee on matters of common interest.







FORWARD

In October 1989, the Principal Working Group on risk assessment (PWGS5) discussed the
most problematic areas of Level-1 PSA. Methods in several areas of PSA were assessed to be
not yet fully mature, such as analysis of dependencies, human errors, time-dependent phenomena,
external events and uncertainties. As a result of this discussion, PWGS outlined the contents of
a new Task, "State-of-the-Art of level 1 PSA Methodology". Because of the broad expertise
needed, the task force was divided into five subgroups representing the aforementioned topics.

A general objective of the group was to review the use and maturity of the respective
methods and to comment on the challenges from the expected evolution of methodology, as well
as to make recommendations as to the direction to go. In order to provide support to the Task
Force, a workshop on "Special Issues of Level 1 PSA" was jointly organised by OECD and
Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit (BMU) and held in Cologne,
May 27th-29th, 1991.

A state-of-the-art report was finalised in autumn 1992 for CSNI review and subsequently
published as a CSNI report [NEA/CSNI/R(92)18]. The report provided insights into the maturity
of Level 1 PSA methods for the parties who use or intend to use PSA for management and
regulation of nuclear power plants, as well as incentives to research institutes to explore solutions
to unresolved issues of Level 1 PSA methodology.

In support of this activity, a systematic evaluation of the Level 1 results of recent PSAs
was carried out for 7 PWRs and 5 BWRs in France, Germany, Japan, Sweden and the United
States. This documentation represents current practices. By comparing methods and results on
different levels of consideration, the findings of the main report are made more explicit, giving
additional guidance to the further improvements of methodology, as well as to the use of PSA.

The evaluation was performed by W.F. Werner, GRS, Germany with major contributions
for M. Hirano, JINS/NUPEC, Japan, G. Johannson, IPS/SKI, Sweden, S. Kondo, University of
Tokyo, Japan, J.M. Lanore, IPSN, France and J.A. Murphy, NRC, U.S., with financial support
from BfS/BMU, Germany.







Abstract

The level-1 results of probabilistic safety assessments (PSA) for 7 pressurized water
reactors (PWR) and 5 boiling water reactors (BWR) were evaluated with regard to
accident initiators, reliability data, scope and extent of operator actions and accident
management (AM) measures, and core damage states.

The objective was the comparison of the principal results of the studies and of the
insights derived therefrom, as well as the identification of generic problems common
to all studies and of approaches to their solution. By performing a top down
comparison with identification of dominant sequences and system unavailabilities,
insights of general interest for the use and improvement of PSAs and their application
in safety relevant decision making were generated.

Results for PWRs

The design of the newer plants, REP 1300, Biblis B and Japanese 1100 MWe PWR,
includes more redundancies and better spatial separation of redundant trains, and an
increased use of automatic systems as compared to Surry, Sequoyah and REP 900.
The core damage frequencies for the newer plants are about one order of magnitude
lower than for the older plants, if compared on the basis of power generation states.
The significant reduction of core melt frequencies is accompanied by a substantial
increase of the relative contribution of common cause failures and a reduction in the
relative contribution of human errors of omission.

in general, preventive AM is highly effective for sequencies with degrated capability
for heat removal to the secondary side; therefor, system unavailabilities for transients
are significantly lower than for LOCAs, the exception being unavailabilities of the
systems needed to cope with LOSP cases at the two US plants Surry and Sequoyah.
For most plants, contributions of SLOCA events to core damage frequencies are
dominant.

Among the Surry, REP 1300, Biblis B, Ringhals 3/4 and Japanese 1100 MWe PWR
plants, system unavailabilities differ little for that case. The core damage frequencies
then mainly depend on the initiator frequencies of the SLOCA, which may be artefacts
of the analyses, determined by the choice of the data bases and the number of
reactor years considered in them. This conceptual problem may lead to sizeable
uncertainties that do not show up in the quantified uncertainty distribution and which
may seriously affect the risk profiles of the plants.




Results for BWRs

The core damage frequencies differ little among older and newer plants. The newer
plants are equipped with more redundancies, improved spatial separation of redun-
dant trains, and enhanced automation of the systems. in the older plants, the absence
of such features is compensated by a high degree of intermeshing and greater
flexibility, that can be used for alternative ways of RPV-injection and for heat removal
from the wetwell. Owing to the long times and many alternatives available, AM for
prevention of core damage is highly effective in accident situations, that include the
loss of heat removal from the wetwell. In the US plants, the contributions to core
damage from loss of offsite power is higher than in the other plants.

General Conclusions _
For the BWRs, the core melt frequencies are in general lower than for the PWRs.

In both PWRs and BWRs, AM measures are very effective for prevention of core
damage.

For the newer plants, PWR as well as BWR, the contribution to the total core damage
frequencies from common cause failures is higher, and the contribution from operator
errors is lower, than for the older plants. Presumably, this difference is the resulit of the
lower degree of automation in the older plants, which require more operator actions.
The largest impacts on the results and on their uncertainties are consistently observed

for
¢ human errors
e common cause failures

* initiator frequencies for LOCAs, in particular SLOCAs in PWRs.
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Introduction

Several important probabilistic studies of the safety on nuclear power plants have
been completed between 1989 and 1992 in the Federal Republic of Germany,
France, Japan, Sweden and the United States.

In June 1989, Phase B of the German Risk Study on Nuclear Power Plants
(DRS-B) /1/ was published. It was produced under the direction of the
Gesellschaft fur Reaktorsicherheit (GRS). The object of the study is the nuclear
power plant Biblis-B, a 1300 MWe 4-loop pressurized water reactor in a large dry
containment. It was built by Siemens-KWU.

in June 1989, the second draft, and in December 1990, the final version of the
study NUREG-1150 "Severe Accident Risks. An Assessment for five US Nuclear
Power Plants" /2-16/ was published. it was produced under the direction of the US
Nuclear Regulatory Commission (USNRC). Object of the investigations of the
study are five nuclear power plants of different design and from different vendors
in the United States:

- Surry Power Station Unit 1, a 788 MWe 3-loop pressurized water reactor,
designed by Westinghouse, in a subatmospheric containment.

- Zion Nuclear Plant, Unit 1, a 1100 MWe 4-loop pressurized water reactor of
Westinghouse design, in a large dry containment.

+  Sequoyah Nuclear Power Plant, Unit 1, a 1148 MWe 4-loop pressurized water
reactor of Westinghouse design, in an ice-condenser containment.

+ Peach Bottom Atomic Power Station, Unit 2, a 1150 MWe boiling water
reactor (BWR-4) of General Electric design, in a Mark | containment.

- Grand Gulf Nuclear §tation, Unit 1, a 1250 MWe boiling water reactor
(BWR-6), of General Electric design, in a Mark Ill containment.

In this report, only the pressurized water reactors Surry and Sequoyah, as well as the

two boiling water reactors Peach Bottom and Grand Gulf are considered.

In February 1990, the English translation of the Forsmark 1/2 PSA was published.
It was produced under the direction of Statens Vattenfallswerk. The objects of the




Study are the two identical 900 MWe boiling water reactors of ASEA Atom design
of the Forsmark NPP.

* In May 1990, the Study EPS 900 "Etude Probabiliste de Streté des Réacteurs a
Eau sous Pression du Palier 900 MWe" (REP 900) was published /17/. It was
produced under the direction of the Institut de Protection et de Sareté Nucléaire
(IPSN). Object of the study is a standardized pressurized reactor of type CP2, a
900 MWe 3-loop pressurized water reactor of Framatome design, in a large dry
containment.

¢ |n May 1990, the Study EPS 1300 "Etude Probabiliste de Streté d’une tranche du
Centre de Production Nucléaire de PALUEL" (REP 1300) /18/. It was produced
under the direction of Electricité de France (EdF). Object of the study is unit 3 of
Paluel Nuclear Power Station, a 1300 MWe standardized 4-loop pressurized
water reactor of Framatome design, in a large dry containment.

* In September 1990, "Recent Results of Level 1 PSA for Nuclear Power Plants in
Japan" /19/ was published. Object of the study are

«  Typical 1,100 MWe-class 4-loop pressurized water reactor in a large dry
containment and

- Typical 1,100 MWe-class boiling water reactor (BWR-5) in a Mark [l
containment.

* In February 1992, the Ringhals 3/4 PSA was published /20/. It was produced
under the direction of Statens Vattenfallsverk.
Object of the study are units' 3/4 of the Ringhals Power Station, which are 2
(identical) 915 MWe 3-loop pressurized water reactor of Westinghouse design in
a large dry containment.

¢ In Dec. 1992, the Gundremmingen PSA was published. It was produced under the
direction of the Gesellschaft fur Reaktorsicherheit (GRS). Object of the study is
the 2 unit BWR plant Gundremmingen, with two iaentical 1310 MWe BWRs of
Siemens KWU design, in a Series '72 containment

A comparison of PSA results has been performed before in Sweden /21/. It aimed at
establishing a recommended treatment of various subjects covered in the PSAs to
gain properly balanced safety assessments and enhanced credibility. To this end the
comparison went into considerable detail, carrying out sensitivity analyses for the




important data and assumptions. At this level of detail the comparison of the studies
considered in this paper would require efforts exceeding the resources presently

available to us.

The objective of this paper is the comparison of the principal results of the studies and
of the insights derived therefrom, as well as the identification of generic problems
common to all studies and of approaches to their solution. This includes the
identification of commonalties and differences in data and methods, and the
discussion of their impact on the results. By performing a top down comparison with
identification of dominant sequences and system unavailabilities', insights of general
interest for the use and improvement of PSAs are generated.

As for the scope of probabilistic risk studies, three levels are distinguished:

Level 1 Analysis of the operational and safety systems of the plant. Essentially, such
an analysis consists of investigations of the responses of the safety systems
to various challenges. Its objective is the determination of accident
sequences that may potentially lead to core damage. This includes the
determination of the principal causes of such events and of their expected
frequencies of occurrence.

Level 2 Besides the investigations of level 1, containment loads resulting from core
damaging events are analysed. This requires additional analysis of plant
systems and their responses to accident sequences. Results of the analysis
are times and modes of failure of the containment that are characteristic of
the attendant releases of radioactive substances, and the expected
frequencies of occurrence of such events.

Level 3 Besides the investigations of level 2, offsite consequences are analysed.
Thus, an assessment of the risk of a plant becomes possible.

Furthermore, distinction is made between plant internal initiating events originating
within the plant equipment boundary, (e.g. pump failure due to hardware fault) and
plant external initiating events originating outside of the plant equipment boundary
(e.g. loss of pump due to fire or earthquake). Finally, the analyses distinguish between
initiating events in the state of power generation, during start-up or cool-down, or in
the shut-down state of the plant.

-




With regard to the outlined distinctions, the studies considered in this report can be

classified as follows:

NUREG-1150:

level 3

conditions of full-power generation

plant intemnal initiating events; for the plants Surry and Peach Bottom,
also plant external events

State of the plants: August 1988, including all modifications of the plants

realised by this time.

EPS 900:

level 1

conditions of full-power generation
start-up and cool-down conditions,
shut-down conditions

plant internal initiating events

plant state: January 1990, including all modifications being realised or decided
upon at this time

EPS 1300:

DRS-B:

level 1

conditions of full-power generation
start-up and cool-down conditions,
shut-down conditions

plant internal initiating events

plant state: January 1989, including all modifications being realised or decided
upon at this time

level 2




« conditions of full-power generation
- plantintemal and plant extemal initiating events

- State of the plant: August 1988, including all modifications being realised or
decided upon at this time.

Japanese 1100 MWe PWR:
+  level1
« conditions of full-power generation
- plantinternal initiating events

-  state of the plant: March 1988

Ringhals 3/4 PWRs:
- level1
- conditions of full-power generation
- plantinternal initiatiqg events

+ state of the plant: January 1992

Forsmark 1/2
+ level1
+ conditions of full-power generation
- state of the plant: ... 1988
The comparisons in this paper are restricted to the level 1 results of the studies, and

to the analysis of plant internal events.
The abbreviations used in the text and in the tables are explained in a list on page 41.




1 Methods and Data

1.1 Analysis of Initiating Events and Quantification of their Frequencies of
Occurrence

In this step, potentially important accident initiators are identified and their expected
frequencies of occurrence are quantified. The identification of the initiating events to
be accounted for in the analysis is generally based on the results of previous PSA's
and on plant data and operating experience. This includes the review of unusual or
unique events that might affect a specific plant. In all studies, events during normal
power generation are considered. In EPS 900 and EPS 1300, initiating events during
the shut-down state and during start-up and cool-down are also investigated.
Common cause initiators (CCl, due to internal or external hazards like fire, flooding or
earthquake), which may compromise several safety systems simultaneously, are only
considered in NUREG-1150 and in DRS-B.

The identification of system functions needed to prevent core damage, of the front-line
systems performing these functions, and of the support systems required for the
operation of the front-line systems is based on the review of the plant design and on

operational experience.

Results of the step are groups of initiating events and their frequencies of occurrence.
The grouping of initiating events is based on similarity of system response; it defines
the number and types of event trees to be constructed in the subsequent steps of the

analysis.

The frequencies of accident initiating transients were generally determined by plant
specific operating data. For the Grand Gulf and the Japanese studies, US, resp.
generic Japanese operating experience was used, supplemented by generic informa-

tion, if little plant specific was available.

For the determination of accident initiator frequencies of the various categories of loss
of coolant accidents, the French, German and US studies rely on generic data derived
from the respective national operating experience.

In the Japanese, resp., Swedish study, national operating experience is pooled with
US operating experience for the determination of the frequency of small LOCAs. In
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the Swedish study, the small LOCA frequency includes the very small LOCA

frequency.

There is a factor 22 between the largest and the smallest frequency of small LOCAs
(SLOCA) in the PWR studies, and a factor 5 in the BWR studies. Those differences
are caused by the choice of the data bases for LOCA events, i.e., by the number of
reactor operating years, and in part by varying definitions of the leak sizes. They
cannot be claimed to be characteristic of the investigated plants.

In DRS-B, the initiator frequencies for large and hedium breaks in the main coolant
pipes were obtained from a combination of zero event statistics and findings of
probabilistic fracture mechanics analyses. The same procedure was used for the
estimation of the initiator frequencies of large breaks in a main steam line at the
Gundremmingen plant. This leads to significantly lower initiator frequencies for these

event groups than in the other studies.

For accidents caused by steam generator tube rupture and secondary side pipe
breaks, the analyses in all PWR studies rely on generic data derived from international

operating experience.

Tables 1.1 PWR and 1.1 BWR show the groups of important initiating events
considered in the studies, together with their expected frequencies of occurrence.

1.2 Accident Sequence Analysis

® Success criteria
In the French, German and US studies, realistic (also called "best estimates")
success criteria are used in the analysis of the sequences dominating core
damage. For the sequences of lesser importance, conservative success criteria
were also used. In the Japanese and Swedish studies, conservative success
criteria from the licensing process are used throughout.

® Accident duration
All success paths of the event trees are traced to stable hot shut-down or to a
point where stable long term cooling conditions exist. The event tree analysis is
terminated at a physical time of about one day in DRS-B, Gundremmingen PSA,

7
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NUREG-1150 and the Japanese and Swedish studies; in EPS 900 and EPS
1300, it is terminated after 15 days. For the long term phase subsequent to the
termination of the event tree analysis DRS-B, the Gundremmingen PSA,
NUREG-1150, the Japanese and the Swedish studies assume that successful
repair of failing equipment or innovative recovery action is always possible. In
EPS 900 and EPS 1300, the end states of the event tree analysis are used as
initial data for a long term analysis based on a state graph method which allows
for the quantification of failure to repair and for the consideration of correlations
between systems and the use of altemative injection modes.

With the groups of initiating events as starting points, event trees are constructed
which define the accident sequences leading to the "undesired event".

The interpretation of "undesired event" differs between the studies:

In DRS-B and in the Gundremmingen PSA, intermediate states are introduced as
"undesired end states" of the systems analysis. These are states that are reached if
one (or more) necessary functions of the engineered safety systems are unavailable
according to realistic success criteria; the resulting conditions are characterised by
insufficient heat removal from the core. They are beyond design basis and are
designated as "hazard states" in DRS-B and in the Gundremmingen PSA.

The hazard states are further differentiated with regard to characteristics like pressure
in the reactor coolant circuit, failure of primary side and/or secondary side systems in
PWRs, failure of RPV feeding, failure of decay heat removal in BWRs and the time
intervals available to perform accident management (AM) measures. End points of the
complex systems analysis event trees and top events for the associated fault trees
are the hazard states (not core damage).

By preventive accident management measures called "anlageninterne NotfalimaB-
nahmen" the plants can be brought from a hazard state to a safe state. It all
preventive accident management measures applicable to a certain hazard state fail,
core damage will result. The measures considered in the studies are compiled in
Tables 1.2.1 PWR and 1.2.1 BWR.

The quantitative assessment of the procedures in DRS-B was preliminary because the
procedures had not been determined in all detail by the time of the completion of the
study. The probabilistic quantification of the measures is based on simple event trees;
it produces transition probabilities from the intermediate hazard states to core damage

i 8




states. The classification of core damage states accounts for pressure in the reactor
coolant system and for the state of the reactor containment. AM procedures are
discussed but not quantified in the Gundremmingen PSA. For the purpose of this
comparison a screening analysis was performed.

In the US studies, certain operator actions that were applicable to entire sequences
were modelled directly into the event trees and fault trees (e.g., the use of 'bleed and
feed' cooling using the charging pumps and of power operated relief valves if the
auxiliary feedwater system were unavailable). Others were added after Boolean
reduction. The choice of whether to include such actions in the models or to treat
them as separate recovery actions was made on the basis of simplifying the analysis,
as well as whether the restoration likelihood would differ depending on the symptoms
resulting from the various sets of cut sets making up the sequence. Thus, the
intermediate states identified in the report before recovery do not have physical
meaning but are an analytical convenience.

Recovery actions were generally restricted to those actions directly related to the
emergency or abnormal procedures if sufficient time were available for diagnosis and
completion of the action. Credit was given in a few selected cases for actions not
specifically identified in the procedures in those cases where there was sufficient time
for the utility's offsite accident response team to respond.

The recovery actions considered are compiled in Tables 1.2.2 PWR - 1.2.3 PWR,
1.2.2 BWR - 1.2.3 BWR.

The scope of the measures considered in DRS-B, Gundremmingen PSA and
NUREG-1150 and their relationship to the design basis/beyond design borderline is
shown in Table 1.2.4.

In EPS 900 and EPS 1300, several recovery actions are considered. Recovery can be
either by the repair of failed systems (treated in the fault trees), or by operator actions
during the accident (introduced in the event trees). These actions are derived from
emergency procedures: incidental or accidental procedures (I and A), complementary
procedures (H procedures), and ultimate (U1) procedure. The |, A and H procedures
are event-oriented procedures, applied by the operating team, and U1 is a symptom-
oriented procedure applied upon a decision of the safety engineer, when the event-
oriented procedures are inadequate due to multiple equipment failures or human
errors. Moreover, in some cases, recovery actions were considered that do not
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correspond to written procedures but were observed during simulator experiments (for
instance intervention in case of ATWS).

The recovery actions were introduced in order to model the accident sequences as
realistically as possible, and are not directly comparable to AM measures.

The French studies do not consider the intermediate "hazard states™. Such
intermediate states would be situations without some of the recovery actions. This
would require to define which of the recovery actions can be called "A.M. measures”
and how the accident scenarios would be without these measures.

This was not done because such an intermediate state did not correspond to a
realistic situation (the emergency procedures are already implemented on the French
plants) and had no clear usefulness.

Important recovery actions considered in EPS 900 are listed in Table 1.2.5 PWR.

in the JINS PWR and BWR PSAs , several recovery actions are considered, which are
summarised in Tables 1.2.6 PWR and 1.2.5 BWR. These actions are provided in the
Emergency Operating Instruction and Emergency Response Guide. Although the
intermediate state corresponding to the "hazard state” has not explicitly been
considered in the study, the group of actions marked as AM measures in the tables is
tentatively designated accident management measures and its effectiveness has
been evaluated for the present study.

In the Ringhals 3/4 study, several recovery actions are considered, which are
summarised in Table 1.2.7 PWR. These actions are derived from event oriented
emergency procedures: (ES-procedures) and from symptom based procedures (FR-
-procedures). Credit is given for the correction of errors of omission without written
procedures and for the use of accident mitigation systems for accident prevention
(use of diverse containment heat removal system for RHR from core).

The combined numerical effectiveness of preventive AM measures applicable to the
event sequence groups is explicitly given for all event sequence groups in DRS-B,
Gundremmingen PSA and in the JINS PWR and BWR PSAs, and for some of the
event sequence groups in EPS 900 and EPS 1300 in terms of reduction factors
between core damage frequencies with and without consideration of AM measures.

The results of the accident sequence analysis are models of all the accident
sequences to be quantified in the subsequent step.
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1.3 Systems Analysis

In order to estimate the expected frequencies of occurrence of the accident sequence
groups, the success, respectively, failure probabilities, conditional on the accident
sequence, of all required safety functions are quantified. The important contributors to
failure of each system are determined by fault tree analysis /22/. For each accident
sequence leading to an endpoint identified as "undesired event”, the fault trees
corresponding to the system function that must fail along the system path, are merged
into one large fault tree. Dependent and subtle failures resulting from system
interdependencies, and common cause failures are modelled directly in the fault trees,
as well as human errors associated with test and maintenance activities and actions of
the operating personnel. Except for the Swedish studies, the level of detail to that
fault-trees are developed depends on the importance of the systems and on the data
base for the quantification of the component failure probabilities. In the Swedish
studies, the same high level of detail of system modelling is applied to all systems. In
the German, US, Japanese and Swedish studies, the interrelated tasks "accident
sequence event tree analysis” and "systems analysis" are combined using the "small
event tree/large fault tree” approach. In EPS 900 and EPS 1300, the quantification
method takes into account time dependencies between the events, but no functional
dependencies, since these two types of dependencies could not be treated together.
For this reason, a large event tree/large fault tree approach was necessary. However,
the results are grouped in small fault trees in order o make the presentation more

transparent.

1.4 Data Base

Except for the Ringhals 3/4 and Forsmark 1/2 studies which are based on point
estimates, the data for the frequencies of initiating events, independent as well as
common cause component failures, and human failures are described in terms of
probability distributions. The uncertainty ranges characterised by the distributions vary
in origin. If an estimate is based on plant-specific data, the range should be
characteristic of the statistical uncertainty of the data. If an estimate is generic (or
non-plant specific) it is supposed to be characteristic of those factors that may affect
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the failure properties of the components in uses and environments different from
those for which the data for the estimate had been gathered.

The following probability distribution functions are used:
- lognormal distributions in all studies,

- Gamma distributions in DRS-B,

- Weibull distributions in DRS-B and JINS PWR PSA,

- maximum entropy distribution in NUREG-1150.

If in a plant specific analysis, plant specific data are of insufficient quality, Bayes'
Theorem may be envoked. In this case, a prior distribution is determined by generic
data. It is then combined with the available plant specific data to obtain an a posteriori
distribution to be used for the plant specific analysis. This process is widely used in
DRS-B, Ringhals 3/4, and Forsmark 1/2, in NUREG-1150 for the estimation of the
LOSP initiator frequencies, and selectively in EPS 900 and EPS 1300. In the JINS
PWR and BWR PSAs, onlygeneric data are used.

1.4.1 Independent Failures

The sources of data for independent failures of components used in the studies are
compiled in Table 1.3.

The data base in EPS 900 and EPS 1300 is much larger (200 reactor years for the
standardized 900 MWe plants and 10 reactor years for the standardized 1300 MWe
plants in which many components are identical) than in any other study. Accordingly,
the error factors for many components are considerably smaller in EPS 900 and EPS
1300 than in the other studies.

The value of "failure to start” of an emergency DG used in JINS PWR and BWR PSAs
is small compared with those used in the French, German, Swedish and US PSAs. It
is evaluated based on Japanese starting test results. These tests are conducted
monthly so that the operating experience may be sufficient. The value of “failure to
run" is extrapolated on the assumption that the ratio of "failure to run" to "failure to
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start” in Japanese data is the same as that of licensee event report data.

1.4.2 Dependent and Subtle Failure Analysis

Dependent failures that result from direct functional dependencies are explicitly
incorporated in the fault trees in all studies. "Miscellaneous” dependent failures
resulting from less direct causes, called common causes failures, are incorporated in
the fault-trees analysis by the use of models. Except for DRS-B, Ringhals 3/4 and
Forsmark 1/2, the B-factor method in its original form for double redundancies is used.
A generalised form that generates beta-factors for multiple failures on the basis of the
binomial failure rate model /23/ is used in NUREG-1150 and in the JINS PWR and
BWR PSAs. In DRS-B, a modified form of the binomial failure rate model is used
directly /23/. In the Swedish studies, the multiple Greek letter (MGL) method /23/ is
applied. Common cause failure rates are quantified in all studies for mechanical
components like redundant pumps, valves and diesel generators, in NUREG-1150
also for batteries. Common cause failure rates for the electrical control logic are only
considered in DRS-B.

In EPS 900 and EPS 1300, the B—factors were estimated using French operating
experience feedback for the following equipment:

- sensors and instrumentation,

- check valves,

- contactors and circuit breakers,
- reactor trip breakers,

- pumps,

- steam isolation valves,

- motor-operated valves,

- pneumatically-operated valves.

For equipment for which experience feedback was insufficient, the values were
estimated either by analogy with the above listed components or using engineering
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judgement, accounting for the values used in probabilistic safety studies in other

countries.

As for the quantification of uncertainties of common cause failure data, it is observed
that, in general, DRS-B assumes larger error factors than the other studies. The error
factor k=3, based on engineering judgement, is used for almost all failure
combinations in NUREG-1150. In the JINS PWR and BWR PSAs, basically the same
database as in NUREG-1150 is used for the evaluation of common cause failures. In
EPS 900, 1300 common cause data derived from EdF operating experience are used
and error factors are estimated by standard statistical techniques. In DRS-B and in the
Gundremmingen PSA, error factors of k=5, k=7, resp., k=12 are used for failures of
2, 3, resp., 4 reduncancies . Their estimation is based on engineering judgement.
For the analysis of common cause failures in the scram system of the Biblis B and the
Gundremmingen 1l reactor, the uncertainty distributions are consistently obtained from
uncertainty distributions for single failure, shock rate, and binomial parameter. At the
Biblis-B reactor, the resulting error factor for the mean unavailability of the rods
required according to the minimum success criterion (failure of more than 7 rods out of
61 rods) is about 500.

1.4.3 Human Reliability Analysis

Pre-accident and post-accident human errors are explicitly incorporated in the event
tree and fault tree analysis. In 90% of NUREG-1150, in the JINS PWR and BWR
PSAs, the Ringhals 3/4 PSA, the Forsmark 1/2 PSA, in DRS-B and the
Gundremmingen PSA, the error probabilities are evaluated using a simplified THERP-
technique /24/, reflecting plant-specific characteristics. For the ATWS analysis at
Grand Gulf, the not simplified THERP technique is used. Additionally, the SLiM /25/
approach is used in the Japanese studies and for the ATWS analysis of Peach
Bottom. The Human Cognitive Reliability Model (HCR) is used supplementary in the
Swedish studies. In EPS 900 and EPS 1300, the human failure rates are determined
based on field experience in the plants of the 900 MWe and 1300 MWe classes. The
experience is evaluated with regard to

- identification of potential causes of failure;




- quantification of their probabilities by observed statistical data if the investigated
situation corresponds to one of the observed cases;

- construction of models that permit to extrapolate from observed events to other
situations.

The most important sources of information are observed incidents, specific investi-
gations, and interviews as well as experiences collected by EdF with their training
simulators. The simulator tests constitute a particularly valuable source of information.

With a few exceptions, errors of commission are not considered for the post-accident
phase. Some commission errors were introduced in the French studies, for example
the inadvertent shut off of safety injection (due to misdiagnosis) in the case of a small
LOCA.
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2 Discussion of Resulits for PWRs

2.1 Quantification of preventive AM- and recovery actions

Based on the expected frequencies of the initiating events given' in Table 1.1 PWR,
and the conditional systems unavailabilities for the various accident sequences, the
contributions to core damage frequencies of the individual sequences are estimated.
This involves the quantification of the effectiveness of preventive AM- and recovery

actions.

In DRS-B two separate steps are performed: at first, intermediate "hazard states” (see
section 1.2) are determined and their occurrence frequencies estimated by extensive
and complex systems analysis. Secondly, AM measures suitable to prevent the
accidents from progressing from hazard states to core damage are identified and
quantified.

Table 2.1.1 presents the expected frequencies of hazard states of the dominant
contributors of event sequence groups to the overall occurrence frequency of hazard
states. 58% are operational transients and 28% are PCL leaks. In terms of system
function unavailabilities, 68% of the main contributors are from auxiliary and
emergency steam generator feedwater supply, and 11% are from the secondary side
steam relief station. The contribution from ECCS failure is only 8.%.

The preventive AM measures applicable to the hazard states are summarised in Table
1.2.1 PWR. Their success probabilities are quantified according to the event tree
diagrams at the bottom of Table 1.2.1 PWR. Table 2.1.2 shows the effectiveness of
such measures in terms of a reduction factor R = (expected frequency of hazard
state) : (expected frequency of core damage). The transition probabilities from hazard
states to core damage states are the inverses of the reduction factors.

Various actions considered iin other studies in the context of recovery or AM, are part
of the procedures for coping with design basis accidents at Biblis B, e.g.:

The establishment of cross-ties for steam generator feeding from Unit A (emergency
feed water supply). Its failure probability is 0,04-0,07, depending on the sequences.
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Depressurization of the primary side through cool down of the secondary side. This is
necessary at Biblis-B because

- high pressure injection can only operate at pressure < 110 bar,

- the coolant make-up capacity of the charging pumps of the volume control system
is insufficient for SLOCA break sizes.

Depressurization is practically automatic at Biblis-B. Therefore, it is not reasonable to
compare it to manual actions considered in other studies. At the time of completion of
Phase A of DRS, however, this action was still manual; its failure probability was then

estimated to be 1.6 x102 per demand.

In case of LOSP, event oriented EOPs are performed. Their failure probabilities, as
well as “recovery curves' expressing the time dependent probability of recovering
power from the offsite grid, are incorporated in the determination of the corresponding

hazard state frequency.

The effectiveness of the preventive AM-measures is relatively small in loss of coolant
accidents, with the exception of steam generator tube ruptures. For large or
intermediate size loss of coolant accidents, hazard states occur due to the failure of
high pressure and/or low pressure emergency core cooling (ECCS) in the injection or
recirculation mode. For such cases, no AM measures were considered in DRS-B. In
case of small leaks, additional failures due to the loss of heat removal to the
secondary side are important. For such situations, AM measures are highly effective;
a discussion of hazard states associated with transients follows. But due to the
possibility of concurrent failures of the ECCS, the effectiveness of AM measures in
case of loss of coolant remains limited to the cases with intact ECCS (60% of the
small LOCASs).

Hazard states associated with transients result from failures of the heat removal to the
secondary side. For such situations, effective AM measures are possible through

- the use of existing systems under conditions different from the normal ones, e.g.
passive feeding of a steam generators from the feedwater tank after depressuri-
zation of the secondary side,

- the use of altemnative systems, for example mobile pumps for feedwater make up
after depressurization of the secondary side,
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- the induction of controlled loss of coolant through pressurizer relief valves and
subsequent use of low pressure recirculation ("bleed and feed").

In NUREG-1150 PWR, the types of restoration actions varied with accident initiators.
The actions considered are presented in Tables 1.2.2 PWR and 1.2.3 PWR for Surry
and Sequoyah, respectively. With only two exceptions, all the actions considered
either involved recovery of PCS or offsite power, repair of diesel generators, or were
procedure directed. The exceptions involved sequence that developed slowly and
consisted of gagging an open steam generator relief valve at Surry and the
cross-connecting of 6.9 kV buses at Sequoyah. The direct impact of these restoration
actions in the NUREG-1150 studies is difficult to determine, since some actions are
directly included in the initial quantification because they were modelled in the event
trees and fault trees. Those actions that were added as part of the recovery analysis
performed on a cutset basis after the initial Boolean reduction of the trees, reduced
the core damage frequency by approximately a factor of 24 for Surry and 3.7 for
Sequoyah.

In the JINS PWR PSA, the expected frequencies of "hazard states" are given in Table
2.1.3. As already mentioned in Section 1.2, the intermediate states corresponding to
"hazard states" were not explicitly considered in this PSA. Therefore, the numbers in
Table 2.1.3 were obtained by recalculating the frequencies assuming that the
contribution of the recovery actions marked as AM measures in Table 1.2.6 PWR is
ignored. Table 2.1.3 shows that 44% of the dominant contributors to the overall
occurrence frequency of "hazard states” are secondary side steam line breaks and
38% are steam generator tube ruptures. In terms of system unavailability, 44% of the
main contributors are from the failure of auxiliary feed water éupply to steam
generators

Table 2.1.4 gives the effectiveness of the tentativeiy defined "AM" measures in terms
of the reduction factor R. In the case of LOSP, four kinds of recovery actions are
considered; they are:

- feed and bleed operations,

- switch-over of water source for the auxiliary feed water system,
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- manual actuation of necessary systems in case of failure of their automatic
actuation,

- recovery of offsite power.

The feed and bleed operation is performed only on the primary side. The failures of
the first 4 recovery actions are evaluated using the THERP method. The failure
probability of fthe feed and bleed operation is evaluated to be 5x10°. The recovery
probability of offsite power is evaluated as a function of time by extrapolating the
statistics of operating experience by use of the Weibull distribution.

In EPS 900 and EPS 1300, start-up and cool-down, as well as shut-down states were
investigated in addition to normal power operation. They account for 32 % of the total
core melt frequency in EPS 900, and for 56 % in EPS 1300. These high values may
result from the fact that there are generally no automatic system responses to
accident situations in shut- down conditions and that human intervention is therefore
necessary.

The risk is particularly high in the case of mid-loop operation (i.e. during maintenance
and refuelling shutdowns, with low water levels in the primary circuit) because only a
short time is available for the operator to take any action, due to the low primary
coolant inventory. It should, nevertheless, be noted that the uncertainties associated
with the quantification are high, as regards the probabilities associated with human
error and the frequency of the initiating events.

Particular sequences initiated by a spurious dilution of the primary coolant were
identified, particularly one involving the formation of a slug of unborated water in a
primary loop during a loss of the main coolant pumps. Starting up a pump in this
situation can send the water slug into the core and cause a reactivity excursion. This
type of sequence was considered important, and a modification was decided upon by
EdF during the course of the PSA for both the 900 MWe and the 1300 MWe series.
Another important initiating event is the loss of the residual heat removal system in
mid-loop operation; a quick response from the operator is needed to cope with such
sequences. Several measures were defined to help the operators in this situation.

In both studies, account is taken of the recovery actions envisaged in the com-
plementary and ultimate accident procedures, H and U; this reduces the frequency of
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core meltdown significantly, relative to that estimated when procedures are restricted
to incident and accident procedures (I and A) alone.

For example:

Sequences involving loss of coolant with long term systems failures have a
contribution that, although not negligible, is not significant. On the other hand, if no
allowance was made for backup of safety injection (procedure H4) and containment
spray (procedure U3), the long term risk would be significant.

The additional resources brought to bear under the procedure for dealing with station
blackout (H3), namely, emergency gas turbine generator supplying power to
instrumentation and injection to primary pump seals, result in a negligible contribution
of sequences leading to leakage at the primary seals.

Allowance for "feed and bleed" cooling (procedure H2) reduces by a factor of about
10 the core melt down frequency associated with loss of steam generator feed water

supply.

Another factor contributing to risk reduction is human redundancy due to the presence
of the safety engineer and the existence of the ultimate symptom oriented procedure,
U1. Taking into account the U1 procedure reduces the frequency of a large number
of sequences by a factor of 3-10. Such sequences include small primary system
leaks, steam generator tube rupture with high pressure safety injection failure, and all

sequences involving a failure of the auxiliary feed water system.

For all plant conditions, human factors clearly play a very important role. 80% of the
sequences contain at least one human error. Furthermore, human factors play a role
both in the probability of failure of the systems and in the frequency of the initiating
events. However, it should be noted that in most cases the possibility of human
intervention has been taken into account in recovering from a degraded situation, and
a sequence leading to core damage thus includes failure of the operator to provide
the needed remedial action.

For the full-power generation conditions, the main contributions to core melt frequency
correspond to sequences in which no recovery action is performed, mainly:

- LOCA with failure of safety injection in the short term,
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- ATWS leading, in certain conditions, to overpressure in the primary circuit within
a very short time (with the conservative assumption that this over pressure leads
to core damage).

The contributions from the shut-down and low power states are shown separately in
the tables presenting the results of the comparison.

22  Core damage frequencies

Table 2.2.1 shows the expected frequencies of occurrence of core damage (point
values) for the individual studies. Table 2.2.2 shows the average unavailability of the
system functions needed to cope with the initiating events. For important event
sequence groups, Figs. 2.1 - 2.2 demonstrate how the combined effects of accident

initiator frequencies and system unavailabilities determine the core damage

frequencies.

Table 2.2.3 shows the relative contributions of the most important groups of initiating
events to the expected frequency of core damage.

For the Surry plant, the event sequence group "loss of electrical power supply" is
dominant, whereas in the other plants the loss of coolant events are dominant. For
the power generation state of the REP 1300, plant the contribution of the ATWS
sequences is also high.

Table 2.2.4 shows the risk reduction importance measure for important system
functions, relative to core damage, and Table 2.2.5 the important component failures
contributing to those system function failures.

In all studies, the influence of common cause failures and human errors is significant.
Table 2.2.6 shows their relative contributions (in the sense of risk reduction
importance) to the analysis results.

For the Surry and Sequoyah plants, the relative contribution of common cause failures
is smaller than in the other plants; the relative contribution of human errors, however,
is higher than for the other plants. Presumably, this difference is the result of the lower
degree of automation in the two American plants, which require more operator
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actions. On the other hand, the relatively high contribution of common cause failures
of the electrical control logic for highly automated systems cannot occur in Surry and
Sequoyah. The highest contribution of common cause failures, and the lowest
contribution of human errors are observed for the most highly automated plants
Biblis B and Japanese PWR. At Biblis, the most important CCFs are: failure to run of 4
RHR pumps (30%), premature switch-over to LPR due to sensor miscalibration (20%),
and failure to open of 4 motor sump isolation valves (18%). About 10 % of the 60 %
contribution of common cause failures are due to failures of the electrical control logic
needed to cope with loss of coolant accidents. Such common cause failures are not
considered in the other studies. 4

At the Japanese PWR plant, about 56% of the 61% contribution of common cause
failures are due to failure to open CV sump suction valves and to close RWST outlet
valves. The valves are common to HP-ECCS and LP-ECCS and they are required in
HP-ECCS and LP-ECCS recirculation modes in LOCA situations.

In part, the higher share of common cause failures in Biblis B and in the Japanese
PWR may also result from the generally higher degree of redundancy in these plants
that makes independent failures less probable.

In this context, it is interesting to note that there seems to be a lower bound of > 10*
for the unavailabilities per demand of multiply redundant trains of safety systems,
presumably due to CCF modelling.

At Biblis B, the unavailability of the 4 redundant trains of the auxiliary feed water
system is ~ 5 10*.Considering the feed water cross ties from unit A, the unavailability
is reduced to 2 10°. Also at Biblis B, the unavailability of the four train LP ECCS is 6
10

At the Japanese 1100 MWe PWR, the unavailability of the combined HP/LP ECCS,
each of which can perform the emergency core cooling function, is 2 10*. The
potential reduction of the ECCS unavailability through two diverse systems is not seen
because of CCF vulnerable shared equipment. Thus, the unavailability is not much
below the unavailability of a single four train safety system. A reduction of system
function unavailabilities below those achievable by redundant multiple train systems
seems to require the addition of some diversity.

The relationship between "hazard" states, "recovery” or "AM" measures, and core
damage states can be summarised as follows:
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During accident sequence evolution, plant states (*hazard" states) may develop
that could finally lead to core melt, because at last one of the following conditions
prevail:

- The emergency core cooling function is not available.

« The capability of heat removal to the secondary side is degraded, and the
plant condition prevents the actuation of primary side cooling. The causes for
such conditions are mainly failures of secondary side systems or support
systems.

The dominant system unavailabilities contributing to such states are very plant
specific.

In no one of the studies is the unavailability of the ECC function among the
dominant contributors.

Comprehensive, ideally effective and reliable “recovery" or preventive "AM"
measures would remove all but those causes of core damage, against which no
AM is performed e.g. the loss of the ECC function in low pressure sequences, or

the failure of reactor scram in ATWS situations.

Small contributions result from the non zero failure probabilities of preventive AM
measures.

The systems and operator actions used to transfer "hazard" states to safe states
can be viewed as a further line of defence in addition to those made up by the
systems and actions for the control of incidents.

Preventive AM measures are applied in all plants but at different states of accident

sequence evolution. Therefore, their quantitative effectiveness can not be readily

compared. However, regardless of where in the accident sequence evolution the

preventive measures are initiated, their effectiveness can be measured by the risk

reduction importance or other risk reduction measures at the system function level,

relative to core damage. ldeally, the contribution to core damage of those system

functions that are not subjected to preventive AM measures should be high.

For the Surry plant the single I'argest contribution results from the emergency power

supply systems (note that the Surry plant has only 3 diesels for its 2 units). Also,

credit was not given for the on-site turbine generators because of the lack of
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procedures for ‘black start' capability and the lack of direct control by the operating
staff at the plant. For REP 1300 (in the power generation mode), the system with the
highest risk reduction importance is the reactor protection system; in certain situations
its failure leads to sequences for which AM is impossible. '

In all other plants, the dominant contributors to the total core damage frequency
result from failures of emergency core cooling systems with varying contributions from
failures of the high pressure system, low pressure system, and accumulators. The
contributions of failures of the feed and bleed operations (on primary and secondary
side, and of primary side cool-down through secondary side depressurization) are less
significant, relative to the ECCS failures.

This result underlines the usefulness and effectiveness of recovery actions, preventive
AM, etc. that remove the majority of the very plant-specific vulnerabilities to secondary
side ang support system failures, leaving the unavailability of the ECCS (for which no
or only limited AM is considered) as the major cause of core damage.
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3 Discussion of Results for BWRs

3.1 Quantification of preventive AM- and recovery actions

Based on the expected frequencies of the initiating events given in Table 1.1 BWR
and the conditional systems unavailabilities for the various accident sequences,. the
core damage frequencies of the individual sequences are estimated. This estimation
also involves the quantification of the effectiveness of preventive AM and recovery
actions.

In the Gundremmingen PSA two separate steps are performed. First, intermediate
"hazard states" (see section 1.2) are determined and their occurrence frequencies
estimated by extensive and complex systems analysis. Secondly, AM measures
suitable to prevent the accidents from progressing from hazard states to core damage

are identified and quantified.

Table 3.1.1 presents the expected frequencies of hazard states. Of the dominant
contributions to the overall occurrence frequency of hazard state 58%, are operational
transients, and 21% are loss of offsite power. In terms of system function
unavailabilities, 51% of the main contributors are loss of decay heat removal from the
suppression pool , and 48% are loss of RPV feeding . A potentially important hazard
state could be failures to isolate the main steam lines and to switch off RPV feeding
(overfilling transient), followed by a consequential failure of the steam lines outside the
containment. This hazard state was not assessed because of the inability to soundly
quantify the conditional probability of failure of the steam lines.

The preventive AM measures applicable to the hazard states are summarised in Table
1.2.1 BWR. For the quantification of their success probabilities, screening values were
used which are oriented on results of simulator experiments. Table 3.1.2 shows the
effectiveness of such measures in terms of a reduction factor R = (expected frequen-
cy of hazard state) : (expected frequency of core damage).

Various actions considered in the context of recovery or AM in other studies are part

of the procedures for coping with design basis accidents at Gundremmingen.




For example:

For a LOSP, event oriented EOPs are used. Their failure probabilities, as well as
‘recovery curves' expressing the time dependent probability of recovering power from
the offsite grid, are incorporated in the determination of the corresponding hazard

state frequency.

Use of several alternatives for coolant makeup after failure of the main feed water

supply to the RPV:

- Condensate storage tank inventory through a direct connection from the
condensate system to the feed water system

- Core isolation cooling system for high pressure injection

- Core isolation cooling system for low pressure injection

No credit for AM is given for the ATWS case (failure to actuate reactor scram)
because of the short grace periods for recovery actions (< 10 minutes). The
effectiveness of AM is moderate when the main feed water is unavailable with the
initiating event (LOSP, LFW and LPCS), because, for most of the hazard states
associated with these events, the grace periods for recovery actions are short. . AM is
highly effective for the cases where RPV feeding remains originally available, but
decay heat removal is lost. In this case LPCS), grace periods for recovery from the
dominant hazard states are very long (at least 5 hours).

For NUREG-1150 BWR, the types of recovery actions considered varied with accident
initiators. The actions considered are presented in Tables 1.2.2 BWR and 1.2.3 BWR
for Peach Bottom and Grand Gulf, respectively. Most of the human actions involved
EOP directed actions except for the restauration of PCS, offsite power, repair of diesel
generators and DC faults. The direct impact of the human actions in the NUREG-1150
studies is difficult to determine, since some actions are included in the initial
quantification because they were directly modelled in the event trees and fault trees.
Those actions that were added as part of the recovery analysis performed on a cut set
basis after the initial Boolean reduction of the trees, reduced the core damage
frequency by the approximately a factor of 50 for Peach Bottom and 1600 for Grand
Gulf.




For JINS BWR PSA the expected frequencies of "hazard states” are given in Table
3.1.3. As already mentioned in Section 1.2, the intermediate states corresponding to
"hazard states” have not explicitly been considered in the PSA. Therefore, the
numbers in this table were obtained by recalculating the frequencies under the
assumption that the contribution of a group of recovery actions marked as "AM"
measures in Table 1.2.5 BWR is ignored. Table 3.1.2 shows that the dominant
contributors to the overall occurrence frequency of "hazard states” at the BWR are
transients caused by loss of feedwater, loss of the power conversion system, and loss
of offsite power with contributions of 25 %, 35 % and 28 %, resp. In terms of system
unavailability, evaluated using the risk reduction importance measure, 60% is
contributed by the loss of RPV feeding

Table 3.1.4 gives the effectiveness of the tentatively defined "accident management
measures"” in terms of the reduction factor R. Considered recovery actions are:

- containment venting for RHR from suppression pool,
- manual actuation of necessary systems in case of failure of automatic actuation,

- recovery of offsite power.

3.2 Core damage frequencies

Table 3.2.1 show the expected frequencies of occurrence of core damage (point
values) for the individual studies. Table 3.2.2 shows the average unavailability of the
system functions needed to cope with the initiating events. For important event
sequence groups, Fig. 3.1 visualises how the combined effects of accident initiator
frequencies and system unavailabilities determine the core damage frequencies.

Table 3.2.3 shows the relative contributions of the most important groups of initiating
events to the expected frequency of core damage.

Table 3.2.4 shows the risk reduction importance measure for important system
functions, relative to core damage, and Table 3.2.5 the important component failures

contributing to those system function failures.

In all studies, the influence of common cause failures and human errors is significant.
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Table 3.2.6 shows their relative contributions (in the sense of risk reduction
importance) to the analysis results.

For the Peach Bottom and Grand Gulf plants, the relative contribution of common
cause failures is smaller, however, the relative contribution of human errors, however,
is higher than for the other plants. Presumably, this difference is the result of the lower
degree of automation in the two American plants, which require more operator
actions. On the other hand the relatively high contribution of common cause failures of
a highly automated electrical control logic cannot occur at Peach Bottom and Grand
Gulf. The highest contribution of common cause failures, and the lowest contribution
of human errors are observed for the highly automated plants, Gundremmingen and
Japanese BWR. At Gundremmingen, the most important CCFs are: failure to start of 6
(2 groups of 3) cooling pumps (75% each).

In part, the high contribution of common cause failures in Gundremmingen and in the
Japanese BWR may also result from the generally higher degree of redundancy in
these plants that makes independent failures less probable.

The relationship between hazardstates, recovery or AM measures, and core damage

states can be summarised as follows.

During accident sequence evolution plant states (hazard states) may develop which
could finally lead to core melt, because at last one of the following conditions prevail:

- The coolant injection to the RPV is lost early (10-30 min) in the accident
sequence.

- The coolant injection to the RPV is lost late (after several hours) in the accident
sequence, e.g., due to heat up of the suppression pool and consequential
temperature induced failure of injection pumps.

- Heat removal from the suppression pool is lost. The causes are mostly failures of
support systems.

The dominant causes for the three listed conditions are very plant specific. Compre-
hensive, ideally effective and reliable recovery or preventive AM measures would
remove all but those causes of core damage, against which no AM is performed e.g.
the early loss of the RPV feeding function, and ATWS situations with a too short time
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budget for effective response. Additionally, small contributions result from the non
zero failure probabilities of preventive AM measures.

The systems and operator actions used to transfer "hazard" states to safe states can
be viewed as a further line of defence in addition to that made up by the systems and
actions for the control of incidents.

Preventive AM measures are applied in all plants but -at different states of accident
sequence evolution. Therefore, their quantitative effectiveness can not be readily
compared. However, regardless of where in the accident sequence evolution the
preventive measures are initiated, their effectiveness can be measured by the risk
reduction importance or other risk reduction measures on the system function level,
relative to core damage. Ideally, the contribution to core damage of those system
functions that are not subjected to preventive AM measures, should be high.

For the US plants, the largest contributions result from the emergency power supply
systems . This reflects the fact the Peach Bottom plant has only 4 diesels, shared by
both units, and that the Grand Gulf plant has only 3 diesels. If it were not for the
weakness of the electric power supply systems, the core melt frequencies of the two
US plants would be very low.

in all other plants, the dominant contributors to core damage frequency result from
early failures of coolant injection. The contributions of failures of heat removal from the
suppression pool are less significant, reflecting the fact that ample time is available for
carrying out AM measures to restore heat removal. The measures include filtered
containment venting as the ultimate resort.

This result underlines the usefulness and effectiveness of recovery actions,
preventive AM, etc., that remove the majority of the very plant specific vulnerabilities
of the decay heat removal function and of consequential failures of the RPV-feeding
functions caused by high temperature of the suppression pool.
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4 Uncertainties and Limitations of the Studies

4.1 Quantifiable Uncertainties

Quantifiable uncertainties are an integral part of all the studies. They result from the
uncertainties about initiating event frequencies, reliability parameters, the actions of
the operating team (data uncertainties) and from uncertainties related to the physical
modelling of the accident (modelling uncertainties).

The standard technique to quantify data uncertainties is to perform Monte Carlo
sampling from the probability distributions describing the various uncertainties and
propagating the samples through the steps of the analysis, thus generating a
mapping from the parameter uncertainties to the uncertainties of the analysis results.

Monte Carlo sampling is either performed directly (in DRS-B, EPS 900, EPS 1300 and
in the JINS PSAs), which permits to quantify the sampling error by tolerance limits, or
it is done by Latin Hypercube sampling (in NUREG-1150), which is sometimes
numerically more efficient than direct Monte Carlo sampling, however, with the
disadvantage of not providing a mechanism for quantifying the sampling error. Yet, in
view of the substantial overall uncertainties, the sampling error may be of minor

significance.

The influence of the modelled data uncertainties on the analysis results is shown in all
studies but EPS 900 and Gundremmingen PSA. In the Ringhals 3/4 PSA no
uncertainties are modelled.

No one of the studies contains a comprehensive treatment of level 1 modelling

uncertainties.

Figures 4.1 PWR - 4.3 PWR show the probability distributions for core damage at the
Surry, Sequoyah and Japanese 1100 PWR plants, respectively. Figure 4.4 PWR
shows the probability distribution for the expected frequency of occurrence of hazard
states in the plant Biblis B. Fig. 4.5 PWR shows the 5 % quantile - 95 % quantile
range and the location of the mean of the core damage frequencies for all seven PWR
plants. (For the French 900 MWe plant and the Ringhals 3/4 plant no probability
distribution for the result is available.).
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Figures 4.1 BWR - 4.3 BWR show the probability distributions for core damage at the
Peach Bottom, Grand Gulf and Japanese 1100 BWR plants. Fig. 4.4 BWR shows the
5% quantile - 95% quantile range and the location of the mean of the core damage
frequencies for the Peach Bottom, Grand Gulf and Japanese 1100 MWe BWR plants.
For the Gundremmingen and Forsmark 1/2 plants only point values are available.

As shown in Tables 2.2.6 and 3.2.6, the influence of common cause failures and
human errors is significant in all studies. As large uncertainties are associated with
these issues, the contribution of their associated uncertainties to the total analysis

uncertainties is also large.

4.2 Limitations of scope

The result of the studies are limited to certain classes of issues that can be readily
included in the structure of PSA models. The scope of accident sequences analyses
is generally limited to component failures of specific types and operator errors of
correctly performing prescribed actions. The consideration of initiating events is also
limited in scope. It is important to be aware of the potential implications of such

limitations.

In all studies, a large number of very low probability events are excluded, because of
their anticipated unimportance, or because of the difficulty of modelling them. For
example, errors of commission are not treated comprehensively simply because there
is no generally accepted modelling approach.

Most of the studies produce core damage frequencies between 10 and 10* per
reactor year. It is, therefore, reasonable to neglect accidents that occur with
frequencies two or three orders of magnitude below the core damage frequencies.

Careful examination should be conducted, if it is concluded that the overall core
damage frequency is below 10 per year. That examination should be focused on the
discussions whether or not contributions of events outside the scope of the study can
be neglected. '
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The uncertainty analyses conducted for the studies provide realistic characterisations
of the quantified uncertainties. However, issues whose uncertainties are not quantified

may become significant. Some of these are discussed below:

Accidents occurring at low-power and shut-down conditions

Until recently, virtually all PSAs for nuclear power plants were performed for
full-power conditions. This was considered to be a conservative approach, based
on having the maximum amount of energy available in the core, which maximises
the system response requirements and minimises the time available to prevent
core damage. However, the EPS 900 and EPS 1300 studies and precursor
events observed during the last years indicate that accidents occurring at
conditions other than full-power may be significant contributors to the core
damage frequency.Some of the reasons for these findings are:

Sufficient decay heat is still present to lead to core damage.

In these conditions, automatic systems may not be available, necessitating human
interactions.

Major maintenance activities related to safety are often carried out during
shut-down. Depending on the particular shut-down mode, technical requirements
for safety systems may be minimal. Thus the redundancy usually required at
full-power may not exist.

The operator's response can be expected to be less proficient in shut-down con-
ditions. Emergency operating procedures are limited for shut-down conditioné; the
plant's state is often not clear due to the large number of maintenance activities
under way, and the control room staff may be less attentive.

The integrity of the primary cooling system may be compromised as a result of
ongoing operations. With the primary system depressurized and partially drained
down in some cases, the boil-off time may be reduced and the effectiveness of
retention of radionuclides in the primary system may be degraded.

The analysis of accidents during low-power and shut-down is difficult. For different
plant operating modes, different technical requirements apply and therefore
different plant configurations are possible, requiring separate analysis. A larger
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number of usually more complex human interventions may be required. This
poses problems of quantification.

Design and construction errors

In a PSA, it is generally assumed that all components in the plant are properly
constructed and designed. These assumptions are only confirmed in cases where
components are correctly tested under the same conditions that will be present
during an accident. Unfortunately, many safety systems do not fall in this
category, along with non-safety systems that could be used as altemative coolant
injection sources such as firewater systems.

Currently, the technical basis for comprehensively estimating the importance of
design and construction errors is weak. However, such errors could constitute
significant contributions to the results of PSAs that exhibit low core damage

frequencies.

Organisational factors

PSA's, in general, do not consider the overall effect of organisational influences
on operator performance. Many studies have pointed out the profound influence
of the safety attitudes of plant and utility management on operator performance.
This influence could lead to a common cause increase in human error
probabilities not recognised in these PSA's. For a well-managed plant, it also has
the potential of improving overall operator performance to levels which may
exceed that credited in these .analyses.

Operator errors of commission

Operator erors of commission are acts by operators outside specified
procedures. They can occur as a result of vague procedures, misleading
instrumentation, or simply errors of the operators. Including such errors in PSAs is
extremely difficult, because the number of possible actions to be considered is
almost unlimited. Even if such actions can be identified, quantification remains
difficult.

With a few exceptions, such errors are not considered for the post-accident
initiator phase. Yet, analyses of events observed during recent years indicate that
serious errors of commission in the control room, that could bring a plant into a
deteriorated state with regard to safety systems, could occur with frequencies
comparable to that of technically initiated incidents /26-30/.

Common cause failures between systems
All studies consider common cause failures of identical components within a
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system. However, the effect of some common cause failures, such as faulty
maintenance, is not limited to components within a particular system. Yet, such
failures between systems are not systematically included in the studies.

Sabotage

Sabotage differs from an operator error of commission in that it implies willful
damage to the facility. Sabotage scenarios are generally not considered in the
studies for several reasons: Sabotage is not an accident and is usually
considered to be inherently different from the events normally included in PSAs.
The frequency and character of the sabotage events are very difficult to
determine.
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5

5.1

Conclusions

PWRs

Numerous, plant specific vulnerabilities were identified in the studies, e.g. to:

steam generator tube rupture in the Surry and Sequoyah plants,
loss of the steam generator feedwater supply at the.Biins B plant,
loss of offsite electrical power supply in the Surry plant,

boron dilution in the shut-down state at the French MWe 900 and 1300 MWe
plants,

small LOCA situations because of problems with the control logic of the steam
relief valves on the secondary side at the Biblis B plant,

LOCA situations because of weakness' in LP- and HP-ECCS at the Ringhals 3/4
plant,

loss of the steam generator feed water supply because of insufficient redundancy
of valves in the feed water line at the Ringhals 3/4 plant.

The results of the studies led to a number of system modifications, for example:

improvement of the feed water supply by the provision of a diverse system in the
Biblis B plant,

improvement of the control logic of the steam relief valves on the secondary side
of the plant Biblis B,

installation of an automated system for coping with transients caused by boron
dilution in the French 900 MWe and 1300 MWe plants,

installation of a mini flow line in the low pressure ECCS in the French 900 MWe
plant.

in the JINS PSA, the hazard state frequency related to the two main contributors

(failure to isolate the auxiliary feedwater from the faulted steam generator in case of

secondary side pipe break and failure to isolate the faulted steam generator in case of
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steam generator tube rupture) was already very small, because plant improvements
had already been carried out before the conduction of the PSA.

AM measures and recovery actions to prevent core damage were evaluated in all
studies. For a number of situations the potential for such measures was identified and
concrete measures were proposed and realised in the plants, for example:

- improved procedures for the isolation and restoration of the integrity of steam
generators after a steam generator tube rupture in the Surry and Sequoyah
plants,

- secondary side bleed and feed in case of degraded decay heat removal to the
secondary side in the plant Biblis B,

- improved operating procedures during mid-loop operation at the French plants,
- improved procedures for coping with SLOCA situations at the Rinéhals 3/4 plant,

- procedures for utilising the diverse containment heat removal system for
prevention of core damage at the Ringhals 3/4 plant.

At the Japanese PWR and at the French plants, preventive AM measures were
already incorporated into existing emergency operating instructions and emergency
response guides for full-power operation at the time of the study.

Several observations can be made:

The design of the newer plants, REP 1300, Biblis B and Japanese 1100 MWe PWR,
includes more redundancies and better spatial separation of redundant trains, and an
increased use of automatic systems relative to the older plants, Surry, Sequoyah and
REP 900.

The core damage frequencies for the newer plants are about one order of magnitude
lower than for the older plants, if compared on the basis of power generation states.
This significant reduction of core melt frequencies is accompanied by a substantial
increase of the relative contribution of common cause failures and a reduction in the
relative contribution of human errors of omission. However, the relative contribution
due to operator errors of commission, when introduced in the PSA increases for the
newer plants. For example, contribution of the inadvertent shut-off of safety injection is
higher in EPS 1300 than in EPS 900, due to the lower failure probability of the
systems.
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In general, due to the high effectiveness of preventive AM for transients, system
unavailabilities for transients are significantly lower than for LOCAs, the exception
being unavailabilities of the systems needed to cope with LOSP cases at the two US

plants Surry and Sequoyah.

For most plants, contributions of SLOCA events to core damage frequencies are
dominant.

Between the Surry, REP 1300, Biblis B, Ringhals 3/4 and Japanese 1100 MWe PWR
plants, system unavailabilities differ little for that case. The core damage frequencies
then mainly depend on the initiator frequencies of the SLOCA, which may be artefacts
of the analyses, determined by the choice of the data bases and the number of
reactor years considered in them. This conceptual problem may lead to sizeable
uncertainties that do not show up in the quantified uncertainty distribution.

5.2 BWRs

Several plant specific vulnerabilities were identified in the studies, e.g. to:
- Loss of PCS with and without loss of MFW, at Gundremmingen.
- Loss of station power at Grand Gulf, involving

- Faults causing failures to run and start of the RCIC turbine driven pump.

. Faults associated with electrical power supply, including hardware and
common cause failures to run and start of the diesel generators and common

cause failures of the emergency batteries.
- Events causing failure of offsite power supply.
- Loss of station power at Peach Bottom, involving
« Human errors associated with electrical power recovery.

«  Faults associated with electrical power supply, including hardware failures to
run of the diesel generators and common cause and depletion failures of the
emergency batteries.

- Events causing failure of offsite power
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Events causing transient scrams at Peach Bottom, involving
«  Failure of the RPS.

« Human errors associated with ATWS

The result of the studies led to a number of system modifications, e.g. at Gundrem-

mingen:

Installation of a cross-tie condensate - féedwater system

Upgrading of one HP injection pump (does not need LP injection as booster)
Improvement of the control logic for actuation of suppression pool cooling
Improvement of the control logic for activation, respective deactivation of RPV
injection

Addiﬁon of the 3 diverse relieve valves for RPV depressurization (additional to 8

already existing valves)

Installation of an additional shut-down cooling line exiting the RPV at the level of
the feedwater line nozzle to enable cool-down procedure in case of steam line
break and failed isolation of faulted steam line.

Addition of a diverse RPV injection and RHR system. Implementation planned for
1994/1995. No credit is given for this system in the results reported in this
comparison.

Accident management measures and recovery actions were evaluated in all studies.
For a number of situations, the potential of such measures was identified and con-
crete measure were proposed and realised, e.g., in Gundremmingen: by provision of

alternative RPV injection by

« control rod drive system

« fire water system

+ mobile pumps

+  service water cooling system

heat removal from suppression pool by (filtered) containment venting
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- cross-ties between emergency AC buses of units 2 and 3

- additional grid connection to nearby hydro-plant.

Several observations can be made :

The core damage frequencies differ little between older and newer plants. The newer
plants are equipped with more redundancies, imp(oved spatial separation of
redundant trains, and enhanced automation of the systems. In the older plants, the
absence of such features is compensated by a high degree of intermeshing and
greater flexibility, that can be used for alternative ways of RPV-injection and for heat

removal from the wetwell.

Owing to the long times and many alternatives available, AM for prevention of core
damage is highly effective in accident situations, that include the loss of heat removal

from the wetwell.

5.3 General observations
For the BWRs, the core melt frequencies are generally lower than for PWRs.

In both PWRs and BWRs, AM measures are very effective for prevention of core
damage.

For the newer plants, PWR as well as BWR, the contribution to the total core damage
frequencies from common cause failures is higher, and the contribution from operator
errors is lower, than for the older plants.

The largest impacts on the results and on their uncertainties are consistently observed
for

- human errors,

- common cause failures,

- initiator frequencies for LOCAs, in particular SLOCAs in PWRs.
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This underlines the need for intensified efforts for improved quantification of these
issues; this is particularly important for the SLOCA events in PWRs where the
combined effects of the uncertainties of the initiator frequencies and of the common

cause failure data influence the computed numerical results.
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List of Abbreviations and Acronyms

AC
ACC
AFW
ATWS
CCF
CT

DC

DG
ECCS
FWS
HP
HPR
LFW
LOCA
LOSP
LP
LPCS
LPR
MSL
PCL
RHR
RPS
SA-Valves
SG
SG-Syst
SLB
SLC
SLOCA
STR

AC Power Supply

Accumulator-Injection

Auxiliary Feed Water

Operational Transient with Failure to Scram
Common Cause Failure

Containment

DC - Power Supply

Diesel Generator

Emergency Core Cooling System

Feed Water

High Pressure

High Pressure Recirculation

Loss of Main Feed Water

Loss of Coolant

Loss of Offsite Power

Low Pressure ECCS

Loss of Power Conversion System

Low Pressure Recirculation

Main Steam Line

Primary Coolant Loop

Residual Heat Removal

Reactor Protection System

Safety Valves

Steam Generator

Systems for the Control of SG-Tube Ruptures
Steam Line Break
Stand by Liquid Control
Small Break LOCA
Steam Relief Station
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Figure 4.1 PWR
at the Surry plant

Core damage frequency

Probability distribution of the expected frequency of core damage
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Table 1.2.5 BWR Recovery Actions in Japanese BWR PSA

Recovery of offsite power AM

Recovery of diesel generator
from failure to start

Recovery of RHR actuation AM X X X X
Recovery of PCS X

Containment venting for RHR from

suppession pool AM X X X X X

Table 1.2.5 PWR EPS 900 - Important Recovery Actions "

Back-up of LPSI and/or CSS

LOCA (large - medium - small)
during long term

H4/U3

inventory

Homogeneous dilution -
Loss of RHRS

Cooling and depressurization by LOCA (medium - small) U1 P

SG after loss of HPSI (to reach

LPSI actuation)

Feed and bleed after loss of SG Loss of SG feed water - Secondary | H2 - U1 P
side breaks - Small LOCA - SGTR '

SGTR management (cooling - SGTR A3 P

depressurization SG isolation)

Protection of CVCS pumps after Loss of heat sink H1 P

loss of CCS/SWS (to avoid seal

LOCA)

Subcriticallity (manuel reactor ATWS - Homogeneous dilution A7 - SPI P

trip - boration) ' .

Manual make-up of primary water | LOCA (all size) - Black out - A10 - H12 S

" This table does not present the repair of systems, included in all the sequences

2 P = Power, S = Shut down
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Table 1.3  Sources of Component Failures Data for Independent Failures

DRS-B 132/ /33 - 35/

Gundremmingen X

NUREG-1150 LER, OLB" . 13/

EPS 900, EPS1300 131/, French event EPS 900
reports data base

Japan 13/, Japanese operating

experience, LER,
IEEEst-500
Ringhals 3/4 T-Book, /36/
Forsmark 1/2

Uncertainties of failure data:

The error factors (95% quantile: 50% quantile of the lognormal distribution) vary between
1.03 and 11.

The error factors for plant specific data usually do not exceed 5.

Y LER: Licensee Event Reports for US Commerical NPPs
OLB: Operator log books
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Table 2.1.1 Expected Frequencies of Hazard States (1/a) at Biblis B

Large Break PCL < 10°®
Intermediate Break PCL < 10°®
Small Leak PCL 3,710°
Very Small Leak PCL
Pressurizer Valve Leak 2,510°
during Transients
through Inadvertent
Safety Valves
SG-Tube Rupture
1 Tube 1,6 10°®
2 Tubes
V-Sequence < 107
Loss of Offsite Power 2,010
Loss of Main Feed Water 1,0 10°
Loss of PCS 2,6 10°
Loss of Ultimate Heat Sink -
Inadvertant Dilution -
inside Containment,
Steam * Large + Intermediate
Line Small .
Break outside Containment, 2,0 10°
Large + Intermediate
Small
Rupture of Feed Water Line -
ATWS 2,0 107
Fire (Loss of Secured DC-Bus) 1,0 107
Flooding of the Annulus 2,9 107
Total 2,7 10%
Under High Pressure in PCL 88%

75




Table 2.1.2 Quantitative Effectiveness of Preventive Accident Management Measures
("anlageninterne NotfalimaBnahmen") in terms of Reduction Factors
(frequency of hazard state) : (frequency of core damage) for Biblis B

Large Break PCL 1
Intermediate Break PCL 1
Small Leak PCL 2,5

Very Small Leak PCL -

Pressurizer Valve Leak
during Transients 2,5
through Inadvertent
Safety Valves

SG-Tube Rupture
1 Tube . 80
| 2 Tubes 10
‘ V-Sequence -
Loss of Offsite Power 80
‘ Loss of Main Feed Water . 80
Loss of PCS 80

Loss of Ultimate Heat Sink -
inside Containment,

Steam Large + Intermediate 80
Line Small -
Break outside Containment,

Large + Intermediate 80

Small -
ATWS 5
Fire (Loss of Secured DC-Bus) 1
Flooding of the Annulus 1
Global 75
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Large Break PCL

Intermediate Break PCL <23107
Small Leak PCL 48107
Very Small Leak PCL -
Pressurizer Valve Leak
during Transients -
through Inadvertent open
Safety Valves
SG-Tube Rupture
1 Tube 1.5 10
2 Tubes -
V-Sequence -
Loss of Offsite Power 1.8107
Loss of Main Feed Water 1.210%
Loss of PCS < 10°
Loss of Ultimate Heat Sink -
Inadvertant Dilution -
inside Containment,
Steam Large + Intermediate
Line Small
Break outside Containment, 1.9 10°
Large + Intermediate
Small
Rupture of Feed Water Line
ATWS < 10®
Fire (Loss of Secured DC-Bus) -
Flooding of the Annulus -
Total 4310°
Under High Pressure in PCL 94%
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Table 2.1.4 Quantitative Effectiveness of Preventive Accident Management Measures
in terms of Reduction Factors (frequency of hazard state) : (frequency of
core damage) for Japanese 1100 MWe PWR

Large Break PCL ‘ 1
intermediate Break PCL 8,2
Small Leak PCL ' 5,3

Very Small Leak PCL -

Pressurizer Valve Leak during Transients
through Inadvertent Safety Valves -

SG-Tube Rupture
1 Tube 195
2 Tubes -
V-Sequence -
Loss of Offsite Power 27
Loss of Main Feed Water 261
Loss of PCS 330

Loss of Ultimate Heat Sink -

inside Containment,
Large + Intermediate
Steam Line Break Small 173
outside Containment,
Large + Intermediate

Small
ATWS 1
Fire (Loss of Secured DC-Bus) -
Flooding of the Annulus -
Global 26
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Table 3.1.1

Expected Frequencies of Hazard States (1/a) at Gundremmingen ||

Large Steam Line Break inside Cont. (LSLBI) <10*
Intermediate Steam Line Break inside Cont. (ISLBI) <10°®
Small Steam Line Break inside Cont. (SSLBI) 4,0 107
Very Small Steam Line Break inside Cont. (VSSLBI) -
RPV-Rupture -
Small Feed Water Line Break (SFWLBI) 3,0 107
Steam Line Break outside Cont (SLBO) 2,0107
V-Sequence -
Loss of Main Feed Water (LFW) 5510
Loss of Power Conversion System (LPCS) 2,010°
Loss of MFW and PCS 1,510°
Loss of Offsite Power (LOSP) 3,210°¢
Scram Transient -
Transient caused by Inadvertent Open Relief Valve (IORV) 4,1 10°
Transient Caused by Loss of Safety AC-Bus -
Transient Caused by Loss of Safety DC-Bus -
Transient Caused by Loss of Instrument Air -
ATWS 1,0 10°
Total 5,0 10°
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Table 3.1.2 Quantitative Effectiveness of Accident Management Measures ("recovery
actions", "anlageninterne NotfallmaBnahmen") in terms of Reduction Factors

’ (frequency of hazard state) : (frequency of core damage) at
Gundremmingen ||

Large Steam Line Break inside Cont. (LSLBI)

i Intermediate Steam Line Break inside Cont. (ISLBI)
Small Steam Line Break inside Cont. (SSLBI)

| Very Small Steam Line Break inside Cont. (VSSLBI)
RPV-Rupture

- b emdh b b

Small Feed Water Line Break (SFWLBI) 10
Steam Line Break outside Cont (SLBO) -
V-Sequence 5
Loss of Main Feed Water (LFW) 40

Loss of Power Conversion System (LPCS) 88
Loss of MFW and PCS 2,1

Loss of Offsite Power (LOSP) -
Scram Transient 8,6

Transient caused by Inadvertent Open Relief Valve (JORV) -
Transient Caused by Loss of Safety AC-Bus -
Transient Caused by Loss of Safety DC-Bus -
Transient Caused by Loss of Instrument Air -
ATWS 1
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Table 3.1.3 Expected Frequencies of Hazard States (1/a) at Japan 1100 MWe

Large Steam Line Break inside Cont. (LSLBI)

Intermediate Steam Line Break inside Cont. (ISLBI) . <10*®
Small Steam Line Break inside Cont. (SSLBI) <10*®
Very Small Steam Line Break inside Cont. (VSSLBI) -
RPV-Rupture -

Small Feed Water Line Break (SFWLBI) -

Steam Line Break outside Cont (SLBO) -

V-Sequence -
Loss of Main Feed Water (LFW) 6,810°
Loss of Power Conversion System (LPCS) 9,4 10°

Loss of MFW and PCS -
Loss of Offsite Power (LOSP) . 7,610°

Scram Transient Co-

1)

Transient caused by Inadvertent Open Relief Valve (IORV)
Transient Caused by Loss of Safety AC-Bus -
Transient Caused by Loss of Safety DC-Bus -
Transient Caused by Loss of Instrument Air -
ATWS K

Total 2,71 o7

Y included in transients
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Table 3.1.4 Quantitative Effectiveness of Accident Management Measures ("recovery
actions”, "anlageninterne NotfallmaBnahmen”) in terms of Reduction Factors
(frequency of hazard state) : (frequency of core damage) at Japan 1100 MWe

i
Large Steam Line Break inside Cont. (LSLBI) 4,1
Intermediate Steam Line Break inside Cont. (ISLBI) 4
Small Steam Line Break inside Cont. (SSLBI) 1.7
Very Small Steam Line Break inside Cont. (VSSLBI) -
RPV-Rupture -

Small Feed Water Line Break (SFWLBI) -

Steam Line Break outside Cont (SLBO) -

V-Sequence .
Loss of Main Feed Water (LFW) 1,2
Loss of Power Conversion System (LPCS) 1,2
Loss of MFW and PCS -
Loss of Offsite Power (LOSP) 14
Scram Transient -

Transient caused by Inadvertent Open Relief Valve (IORV)
Transient Caused by Loss of Safety AC-Bus -
Transient Caused by Loss of Safety DC-Bus -
Transient Caused by Loss of Instrument Air -
ATWS Y

"included in transients
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Table 3.2.3 Relative Contribution (%) of Important Initiating Event Groups to Core Damage
Frequency, BWRs

Loss of Offsite Power 49 97,5 2,6 21 28
ATWS 41 2,5 4,4 14 14,7 "
Transients 5 i 84 53 68,7
Loss of Coolant 5 - 13 12 3,3
Under High Pressure 65 97 80 41

Yincluded in transients

Table 3.2.4 Risk Reduction Importance Measure for Important Systems, BWRs

Systems for Electric 49 97,5 2 15 1,8
Power Supply

Decay Heat Removal 31 6,7 6,4 -4
Feed Water Supply to 52 92 83 90 54
RPV

Depressurization of 6,4 5 76 32 65
RPV

Pressure Limitation 4 -
System

Reactor Protection 41 3 4 13 15
System
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Table 3.2.6 Risk Reduction Importance Measure for Common Cause Failures and

Human Errors, BWRs

Common Cause

Failures % 10

20

70

80

50

Operator Error % 79

85

76

20

65
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